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7.1 

The philosophy of conts , i .mi~rr t  of  reactors has changed throi.igli the 
years of development of tnc nuclear induatry, The purpose of t h i s  chapter 
is  t o  b r i e f l y  r e l a t e  the  story of this change, desei-ibe the  dezigja and 
philosophy of existing and r ecen t ly  const-meted containers,  describe some 
n e w  and dil'fe:rent approaches t o  the  problem of contaiiunent, and present 
ta'oulated da ta  on the fea-tirnxs c d  e x l s t i ng  cont;ai-mient ays.t;ems. 2ifo:rrm- 
trion for the preparation of t h i s  chapter vas gained pr imari ly  from Z.k>,zEtjds 
Summary Reports (mnd a:iriendments) f o r  Ync ~ a ~ * I o u s  reac tors  discussed, W.e:re 
necessary, v i s i t s  t o  t h e  i n s t a l l a t i o n s  were made to obtaliiz mre detail.& 
informit ion mid. +io become famj.lia,r ~ i t h  t h e  i .nst ,alla. t ion.  Tnformation 
obtai..ci.ed from sources other than these i s  referenced. 

Th.i s 2.aek. of containment vas not necessari.1-y t h e  resin1.t of ignorance un. 
the part of the designer bu t  was more t'ne r ea l i za t ion  that the  po ten t i a l  
dmiger from these reaxtors %ms i n s ign i f i can t .  These react(x8 were IIOUSC~. 
i n  conventional buj.l.d.ings, which were provided pr im.r i iy  t o  sheltei: the 
plant  and i ts  operators. A ty-pic:a,i example .i.s l;he GRNL c:;raphri.te Reactor 
(Ffg. 7 . l ) ,  a grsphi te-mode~a.~ed,  natwal-uranium reactor c o n s t ~ u c t e d ~  
i n  1943. It TEN the  second c r i t i c a l  reac tor  ever built and was i n  con- 
tinuous service u n t i l  it was rekired on Nov. 4, 1963 a€te:r 20 years of 

?"ne ear ly experimental reacthrs bad no containment provisions a'c all. 

operation 1 

As the poten-t ia l  power level. of reac tors  increased and, as a rcsu l t ,  
the fi s s ton-produc t inventory increased, the philosophy changed f:rom khat  
of she l t e r ing  the  reactor t o  one o f  control-ling, i n  sorm way, the  disposi-  
t i o n  of the ra.dioactive partlcles arid gases %hat might be rel-eased i n  case 
of accident o r  firel. element f a i l u r e .  One o f  t he  f i r s t  methods cmpl~ycd 
i n  an attexpt t o  minimize th.e publlc hazard from a r e a c t o r  accidcrit  ?EL$ t o  
enclose the  reactor  i n  a rel.ati.vely gastight; envelope, 'The Krlolls Atorntc 
Power :L2boratory (KAPL) f a c i l i t y  at West l i l t o n ,  TJ. Y e ,  IGS one of t he  first 
(1953) and rerna,i.ns the l a r g e s t  ( 6,000,000 j?t3) gastTght, a h e l l  ever t;o he 
b u i l t  t o  contain a reac tor  (Fie;. 7 . 2 ) .  'Diis rap id ly  becane the most used 
type of contaimnenk f a c i l i t y ,  mi.nly because i.t offers Yne most certai.n 
capab i l i t y  of confining the  reac tor  accidkri-t with least, dependence upm 
engineering devices trat must operate i n  order t o  mlt igate  t,he e f f e c t s  o f  
the  accident.  This type of container has been um:d i n  both high- and l o w -  
p r e s s w e  appl icat ions.  
i s  one of de f in i t i on  aid i s  general ly  placed. u.L apyrox.i.m&tely 5 psi.. 

penelrat ions (ai.r locks, equipment doors, piping;, and e l e c t r i c a l  lines) 
t h a t  must seal and be relatively leak free a-1; Lhe desI.gP- pressure of' t he  

The dividing l i n e  between high and low pressure 

The i n t e g r i t y  of a gas t igh t  contal.ment system i s  dependent upon the  
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system. In general, as container. s i ze  or  design pressure increases,  the 
problems OS Ynis method of contaf.riment also increase.  In pa,rtici~.lar, with 
g rea t e r  p l an t  conip1-exity, the number of container penetrat ions increases.  
A s  these  design requirenients increa.se, the  r e l i a b i l i t y  of t,be syst,em de- 
creases.  ThFs f a c t ,  together wi.th t h e  des i r e  f o r  im-provemenLs i n  reac tor  
safety,  .the imderstanding of reac tor  safe-tq, a.nd the  ixcent ive provided 
by the goal of economic power, h.as led t o  inves t iga t ion  of other, more 
economicaJ. methods of containment. 

the  same time that the  f i r s t  gas t igh t  reac tor  container vas bui l t  a t  KAPL. 
The ORR i s  housed in a conventional bui lding (Fig. '7.3) -tha.t is maintained 
at a sl.ri.ghtly negative pressure. T'ne pressure i s  maintained by continu- 
ously diachargi-ng bui lding a i r  'chx-ough Ti l - ters  t o  a stack, la the event 
of acc identa l  velease of rad ioac t iv i ty ,  the  gaseous effluent; would pass 
through the T i l t e r s  and -the st:ick. It is considered t h a t  this i s  an eco- 
nomical rriethod of containing some reac tor  sys-Lemi, especrially those that 
tmuld not have a large energy r e l ease  a s  part of t he  mxin1i.m accident o r  
t hose  :For which -the energy re lease  and a c t i v i t y  Telesse processes WOILLCI. 
be se-prated. i n  time. 

(Fig. 7.4) .  
Pressu r i zed -T~~te r  reac tors  i n  whLch the  n3.xlm7m accident i s  one involving 
-the re lease  of a grea t  smoirnt of eriergy i n  the form of E;.team from the  
reac tor  primnjry system. '!Illis s-Leam i s  d i rec ted  from t ine reac tor  vesse l  
contair?er, i I e .  I drywell-, th-r.oii.gh duc-ts, t h e  discharge en.d.s of wMch a r e  
submerged under a few f e e t  of  ~ 8 t e r .  The s t e a m ,  in bubbling -Lhrougb. t;he 
w a t e ~ ,  i s  coiidensed, and fission fragments may be scrubbed out.  Thus 

T'ne O s k  Ridge Research Xeactor (OKR) was constructed a t  ORNL x'oout 

h io ther  -type of containment cystern2 provides for pressure suppression 
ThiR system Ls espec ia l ly  sui-table f o r  use ~ , . t h  boiling- o r  

CRNL-LR-DNG 36384R4 

BUILDING 

Fig. 7.3. ON3 Negative-Pressure Coitaimnent System, 



ORNL- DWG 63-7310 

REFUELING 3IJIL.DING 

DRY WELL- 

Fig. ?. 4 .  Simplified PresLure-Suppression Containment System. 
(From ref. 2 )  

-Lhe coiitainment problem i s  greatly reduced and may be dealt with in a more 
convrntivnal manner, such as by a ]..ow-pi-essurc gastight envelope or by a 
negative-pressure system. 

Pressure relief i.s another scheme t h a t  has received attentj .on re- 
cently.  The sys'cein would allow the initial pressure silrge that accom- 
panied -the design accitlent to be vented. directly to t he  atmosphere under 
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tine assumption t h a t  a negl ig ib le  quant i ty  of f i s s i o n  fragment,s would be 
released i n i t i a l l y .  
onds o r  minutes), tjhe vents would be valved closed s o  that, the  f i s s i o n  
fragments sinbsequently released. when ( i f " )  t he  f u e l  rnelted v0ul.d 'oe con- 
f ined,  ,Subsequent r i s e s  i n  pressure eould be control led by a spray-dousing 
system or by cont ro l l ing  the ai-rf low ins ide  the  sealed building. 
type of confinement,, the  buildi-ng must be eons-tructed t o  more s t r i c t  speci-  
f i c a t i o n s  than those for an ordinary m i l l  s t ruc ture ,  but  t he  requirements 
a r e  l e s s  s t r ingen t  thn those f o r  the  high-pressure container.  The New 
f ioduct ion Reactor a t  Hanford uses such a conta iner .3  

Cavern containment i s  being used i n  sm.e European countr ies  where the  
und.erlying rock formations a r e  amenable t o  t h i s  aapFlicatian. This idea 
f o r  containment has been considered but  not ye t  used i n  t;ine United States .  
Figure 7.5 shovs a t y p i c a l  plan and eleva-Lion view of  a cavern conLaiment 
sys tern. 

Af-Ler  t he  pressure peak had abated (a rmt.Ler of sec- 

For t h i s  

4 

7.1.1 General Design Cnnsideraticsns 

'There a r e  many problem aid considerations common to p r a c t i c a l l y  all. 
containment systems. Components inust meet system spec i f ica t ions  as t o  
s i z e  and capabi l i ty ;  t h e  types of accidents  t h a t  may occur must be con- 
sidered; the  penetrat ions and closures  must be designed; the t e s t s  t o  be 
used t o  measure conta inmat  lealrage must he determined; and the  rmximuni 
c red ib le  accident  (mea) m u s t  be defined and descri-bed. 

The top ic  of s i z e  must be considered ea r ly  i n  the  design. It i s  a 
function not only of t h e  physical dimensions of the bui lding .t;hat wi.l1 
house the  reac tor  p lan t  b u t  also of t h e  type of containment t o  be employed 
For instance,  with pressixre suppression the  ductvork i s  irporta.nt because 
of the  turbulent. pressure drop as  8 r e s u l t  of  -the escaping a i r  and steam; 
w i t h  pressure-venting containment (control led a i r f low)  the  blowers thEt  
provide .the suct ion f o r  the  bui lding a r e  the  cont ro l l ing  i.tern; wi.th the  
pressure- re l ie f  system the vent ducts must be properly sized t o  quickly 
r e l i eve  the  pressix-e buildup i n  the  bui lding.  

'The e l e c t r i c a l  connections t o  a power reac tor  a.re an important con- 
s ide ra t ion  both frrorn the  point  of  view of continuous del ivery orc" reactor 
power t o  t h e  network and the a v a i l a b i l i t y  of  power st the plant  f o r  the  
operation of v i t a l  eqiiiprnent during emergencies. The e l e c t r i c a l  power 
d i s t r i b u t i o n  system i n  nuclear plan-t;s i s  not discussed i n  t h i s  chapter 
but i s  covered i n  Section 9.9 o f  CTnapter 9. 

7 . L . 1 . 1  High- and Low-Pressure Containers 

The considerations involved i.n s i z ing  high- and low-pressure contain- 
ment s h e l l s  m y  be discussed toge.t;her, because they a r e  simi.l.arr i n  concept. 
The d i f fe rence  i s  only i n  b e  convention of naming those designed t o  con- 
t a i n  pressure above 5 p s i g  as high-pressure containers and  those designed 
f o r  up t o  5 ps ig  as  low-pressure containers .  

she11 containment vessel .  These include -the mea energy re lease  (pressure) ,  
the  physical  s i z e  ( f r e e  volume and configurations t o  be contained), and 
the  t,y-pe of s t e e l  p l a t e  t o  be used. A s  f a r  as t h e  s h e l l  pl.a-t,e i s  con- 
cerned, the i.rfl.ort,ant considerations are t he  design s t r e s s ,  the r e su l t i ng  
thickness,  and the  -temperature a t  which the  required Charpy V-notch imp3ct 
values can be obtained ( s e e  See.  8 . 5 )  . The l.atter temperat,u:re es tab l i shes  
the  mini.rzim operating temperature. 

'There a r e  three  important parameters involved i n  select ing a s t e e l -  

To avoid s t r e s s - r e l i ev ing  the  vesse l  



Fig. 7.5. Typical Reactor ConLariner B u i l t  j:n a Cavern Excavated 
in Rock; the R - 3  Plant, Sweden, (a) Horizontal s e c t i o n .  (b) Vertical 
section. (From ref. 4)  
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upon coiripletion of welding, ?,he thickness of  the welded s h e l l  
not  exceed 1.5 in.  for the usual :steels. The 1 .5 - in ,  m3ximurn 

j o i n t s  m . s t  
i s  estab-  

l i shed  i n  Table IJCS-56 of Sect,i.on VI11 of the AS-ME Code for s t e e l  p l a t e s  
of P- l  c l -ass i f ica t ion ,  and Par. N-1211 of Section 111 pemii-ts such p l a t e s  
when meeting the i-equirem?nts of SA-300 and the s t a t ed  impact values. Most 
contahrnent she1.l.s have u t i l i z e d  SA-201 grade B s t e e l  p l a t e s .  

S t ress - re l iev ing  a completed vessel i n  the  f i e l d  can increase the cost 
considerably, although f i e l d  s t , ress-rel ieving of l a rge  reinforcement assem-. 
bl.i.es i n  contai.nment vessels  has been successful ly  accumpl.i.shed on several 
occasiorx by the use of temporary furnaces, To keep the  recplired p l a t e  
thickness (or butt-welded j o i n t )  f r o m  exceeding l,5 i n .  , the cyl indricad-  
shell. radius  can be l imited,  o r  a spher ica l  ves se l  can be cons-tructed. 
Theoretically,  a. sphere requi res  half t h e  thickness o f  a, cyl inder  having 
the s8me radius  and In t e rna l  pressure.  ‘Die rel.atior* between diameter nnd 
pressure f o r  a cyl inder  and a sph-ere of S4-201 grade B s t e e l  o r  equiva1t:n-b 
w i t h  wall t h i c k m s s  of 1.5 i n .  i s  shown In.  Fig.  7.6 ( r e f .  5).  h y  vessel  
whose reqgirements f a l l  below the  curves of  Fig,  7.6 1ik2y he fa’nrica.tetl 
witizout stress -rel.ieving 

volved with a sphere t h a t  are offset Lo a 7mciable extenl; by .Lhe decreased 
n l a t e  .thickness (reduced material- and veldifrg costs) 
space ri.n tlne cyl.ind.er from thtr: equ.ipirien-’i. p1acemm-t; poI.nt of view; tiiere- 
lo re ,  the cy l ind r i ca l ly  shaped. container i s  a good choice as long R.S .the 
plate thtcliness i s  wi-.thin the  tliickiess limits and the required Charpy 
V-no-Lch impact values can be o b t a i m d  30 degrees below t h e  service tern- 
pesa-ture. 

whri.ch 7 . t  i s  conta1.ried j-nvolves deperident as well  as independ.en’t factors. 

Generally speaking, there a r e  f ab r i ca t  ion and erec Lion expenses in-  

There i s  less vasted 

.n - 

The consideration of pressure t o  be contairied. and the  f r ee  volume i.n 

Fig. 7.5.  Internal Pressu~e  of  Cylinder and Sphere as a Function 
OF Diameter for a Given Energy Release. (From ref‘. 5) 
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YTe amount of energy t h a t  might be relea,sed as a result of a reactor ac- 
cideiit and the  mini-mum free volume required f o r  se rv ic ing  and maintenance 
are somewhat independent, bu-i; energy and s i z e  combine t o  dzterrnine pres  ~ 

sure .  mere are, OP course, unlimited combinations of s i z e  and pressure 
t h a t  may be used as design parameters f o r  the  container .  Figure 7.7 i.s a 
plot of free volume per pound of re leased  coolant versus f i n a l  pressure 
as a funct ion of  t he  av-erage interiinl. energy of the  coolant.  Iln this 
case the coolant i s  water; and the  process o f  t he  release i s  considered 
t o  be adiabat ic ,  with per fec t  mixing o f  t he  gases and vapors in the con-. 
.t;Ri.i?eT. If there i s  any energy addi t ion  a s  a result  of a chemical reaction 
or a nuclear excui-sion, or Ihss of t3iIeI:g;31 due t o  hea'i t r a n s f e r  o r  con- 
densation, si~.cli e f f e c t s  mus-i be added. FQpres  7.6 and 7.7 gi.ve, however, 
R first a p p m x h a t i o n  to containel- dimensions; a f t e r  thi.s, Tefineinents m y  
be mde t h a t  renu1.t i n  a mo:x particu.l.ar so lu t ion  t o  a deslign problem (see 
Chap. 6 ) .  

Fig. 7.7 Free Vol-ume and ~ ? . - I x L ~  Pressure of Containment %ell f o r  
a Given Energy Release. (E'rom -ref. 5) 



'7.1.1.2 Pressure Suppression - 
The same general  ?.+ems must be taken i n t o  accormt i n  the design of 

a, pressure-suppression system as those c i t e d  above f o r  a pressure-contain- 
rflent s h e l l .  The main difference i s  t h a t  the high peak pressure -for which 
the  reac-tor dry w e l l  must be designed w i l l  be quickly reduced as the  pres-  
sure  i s  rel ieved by large-diameter due-6s 'Ghat disckiarge t h e  vapor and gas 
contents of the dry wel l  into the  pool of t he  suppression chamber. RE- 
ther., the  suppression chamber must,  be designed f o r  minimum leakage under 
the  dr iv ing  force of the  pressure l;o which it w i l l  be subjected. 

The dry well. of tine pressure-suppression system i s  physical ly  small, 
s ince  it contains  only the  reac tor  pressure vesse l  and other  primary system 
components ( e .  g. , c i rcu la t ior i  pumps) connected t o  the r eac to r  vessel. i.jith- 
out intervening i s o l a t i o n  valves.  malI pumps, primary piping (steam gen- 
e r a t o r  and pressur izer ,  i f  any) ,  and cer-taj.n valves a r e  outside t he  dry 
well  bu t  a r e  ins ide  the plant  bui lding.  

con-Lained. 'The wall thickness  of the  dry well i s  determined i n  the same 
way as t h a t  f o r  the  high-pressure container;  t h a t  i s ,  it i s  usua l ly  as- 
sumed that the ves se l  must take t h e  pressure of  .the loss-of-cool.an1; ac- 
cid-ent, with conservati-ve c r e d i t  being taken f o r  condensation and time 
dependence of t h e  re lease .  
r e s i s t ance  -to f low of t h e  steam-water mixture from t he  dry T ~ e l . l  to t he  
suppression pool t o  l i m f t  dry-well pressure.  This i s  R straightforward" 
fl.uI.d-flow problem. Experirnenta have indicated i;ha,t t he  pi-essixe i.n t he  
suppression chamber (above the  pool.) w i l l .  be d u e ,  p r imwi lyJ  t o  t h e  dry- 
wel l  a i r  t h a t  has been displaced by .the escaping steam (i. e . ,  a.l.1. the steam 
i s  condensed i n  .tAe suppression pool) .  

The r e fue l ing  bui ld ing  houses, 01' contains,  the suppression systern 
snd. provid.es sh ie ld ing  i n  the  event o f  an inc ident  during the  re-r"u.eling 
operat ions,  
a dropped f u e l  el-ement) , containment i s  e f fec ted  by the  pressure-venting 
system (discussed below), i n  t h i s  case {;he build,ing i.s .mi.ntai.ned a t  a 
negative pressure so  that a i r  i s  leaked i n .  The bui ld ing  a i r  i s  fi lhered. 
and discharged through a high s tack.  

The s i z e  of the  dry wel.1- i s  d.i-ctal;ed by the  s i z e  of the  reac tor  being 

'Be  r e l i e f  ducts are designed t o  of fe r  s r i d l  

If an emergency occurs i n  the  fuel-handling operations ( e .  g., 

7.1.1.3 Pressure Venting 

The conbairn-ent capabil.ity o f  t h e  pressure-veiri;ing sys ten1 t1epend.s on 
a d i r ec t ed  t ranspor t  o f  a i r  in to  t h e  bu.ilding and. the f i l t r a t i o n  and s tack  
discharge of the  bui.lding ail,. 
tures t h a t  are rila,intained below atmospheric pressure,  i i ;  i s  frequent1.y 
ca l l ed  negative-pressure containment. 'This syst,erfi has been referred t o  as 
t he  ORR t y p e  of containment, mainly- because the  OHR w a s  the f i . :rst reac-tar 
t o  use t h i s  scheme i n  t h e  TJnited. S t a t e s .  This sch:xrit? i.s not irsefiil f o r  
housing a reac tor  t h a t  may be subjec t  t o  a l a rge  and sudden energy re lease ;  
it i s  s u i t a b l e  f o r  reac tors  that have a s1na1Ler amount of s t o r e d  energy, 
such as some l a rge  gas-cool.ed power reac tors  and the  production reac tors  
a t  Iianford. These reac tors  may, under se-sere conditions, re lease  a l a rge  
quant i ty  of f i s s i o n  fragments, but; bhere would b e  l.i.tt1.e acconipanying pres- 
sure r i s e  due t o  the  sudden re lease  of s-tored, nu.clear, or  chemical energy. 
The purpose of t h i s  containment system i s  t o  control,  predi.ctab3..y, t h e  

When t h i s  tec'mique i.s empI.oyed with s t rue-  
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i?isposi.ti.on of the  released f i s s i o n  p i -duc t s .  I i i  oi-der t o  perform t h i s  
fuicti-on.7 t he  capac i t i e s  of va.7-i ous components must be carei-lly d e s i  
t o  be adeqimte to do t h e  work. 

sys ten1 i s  capable of' maintaining in-lectk3ge u n d e r  a.1-l probable atmospheric 
conditions.  Thz pressixe d i f fe rence  m u s t  bc provided by a system of  Cans 
and d.uctwoi-k t h a t  w i l l  yicl~d R i~.nk?orrfl negative p re s swe  i n  t h e  buildi.ng 
when operating at t h e  spec i f ied  volurneJGric flow rai;e. Next, t h e  f i l t e r s  
i i i  the  discharged gas stream (caus t ic ,  charcoal, e t c .  ) f o r  removing the 
halogens and pa r t i cu la t e s  mus'i be b u i l t  to ~einove, with a spec i f ied  e f -  
f ic iency,  t he  mxi.imi:m amount of the  cons t i tuent  t h a t  i s  expec Led. %rina.l.l.y, 
a s t ack  o f  s u f f i c i e n t  heigh'i arid capaci ty  to guarantee safe dispers ion of 
the rem3iriing f i s s i o n  products a t  the 7iJors-L conceivable meteorologica3. 
conditions must  be prov-ided. 

Several i*es.ctiir b s t a l l a t i o n s  use t h i s  i des  i n  con.juncti.iin. with some 
other  bas ic  c o n t a i m r n t  schemes;, For 3-nstance, t h e  Humbold-t Bay mii; uses 
t h i s  for i t s  refu.eling system contairment, w"ii1.e i t s  prjtnary or  main con- 
sideration wiYh regard t o  accidents  i s  t h e  pressu~e-suppress?:-on system. 
The Indian Point Reactor, which. i-s contaiiied by a steel sphere, uses ' c h i s  
confi'.neroent scheme f o r  t he  a i r  space be'owen. the sphere and the  concrete 
bu-ilding t h a t  surrounds i t .  'l'he NS Lhvznnah empJ.oys t h i s  p r inc ip l e  i - n  
the outer  por t ton  of its dual containment system. 

The bu i ld ing  must be si.zed and constructed so t h a t  i t s  veni i laAion 

7.1. 7.. 4 Pressure Rel.i.ef 

A system t h a t  would vent the ini- i ia l .  pressi.ire surg? which accompanied 
some mxi-mui accid.en-t i s  used for t h e  New Pi-oduction Reactor a t  Hanford. 
For su.ch a system -the pressure- re l iz f  p o ~ t s  must he designed so  t h a t  t he  
pressure drop in the  j;JOi"t, due t o  the escaping a i r ,  gads, and. vapor w i l l .  
n o t  impose an in to l e rab le  pressure cn the building. Similarly,  intercon- 
necti.c;ins between vai1l.t~ or  c e l l s  within 'ihe bu?.l.d.i-ng must be s ized t o  
allow rapid transpor-'i, oi' t'ne escaping coolant and steam to the main p a r t  
oT t h e  bu.i.2ding. 

A f  i;er a given t i h e  t h e  bui.3.ding mist be mde lcak-Light; Lhis means 
t h a t  t h e  vent ports, which are designed t o  al.l_ow rapid escape of gases, 
must be sealed an.d must r e s i s t  leakage under -the dr iv ing  force  of some 
given pressure.  
this f1Jini'.tioiI. ) 
t h e  building, a spray o r  water-fog system that, i s  capable of maintaining 
Fressure cont ro l  i n  the bui ld ing  w i  l;h excelleni; dependabJ.1.i.ty- mu.st 'oe 
provided. I 

(Thzse vent po r t s  mus i; 'ne phy-sically large t o  accomplish 
R x t h e r ,  i i c t  order t o  con t ro l  the long-term pressure In. 

7 .1 .2  Example of Coniainment Systclii Plamiine; 
__I ........... 

In the  design o f  t h e  pressurized-water reacLor p lan t  ( t he  PWR) t h a t  
w a s  bidf.1-t a t  ,Shippi.ng;port, Pennsylvania, it 1m.s f irs t consid.ered des i rab le  
t o  p lace  the  system underground. i.n ord.er t o  u t i l i z e  the  e a r t h  as sh ie ld ing  
from d i r e c t  r a d h t i a n .  However, t he  ex i s t ing  water t a b l e s  limited t he  
depth of  the lower level,  and t h i s  factor, Loge-Liirr with the  expense of  
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excava,ti.on, ruled out an underg:roim.d loca t ion .  A cy l ind r i ca l  ves se l  with 
i t s  long a x i s  p a r a l l e l  t o  Dhe ground w a s  then selec'Led. It was decided 
t h a t  the ma,xim-um pressure should be about 50 psig (as i'i turned. out the 
design pressure was 52.8 ps ig)  and t h a t  t h e  p l a t e  thrickness should be 1.25 
in .  ( f o r  s t r e s s  r e l i e f ) .  These consid.erations r e su l t ed  i n  a. diameter of 
50 f t  f o r  the  container .  In  t<his  case the pressure,  shape, and diameter 
of the  ves se l  were specif ied;  so  the  length  ha.d. t o  be determined a c c o r d h g  
t o  t h e  energy t o  be contained. 
a vesse l  about 300 fl; long, which would have provrided adequa-te volume f o r  
the contained equipment. It was obvious, however, thak fabr ica t ion ,  sup- 
port ,  and 'Lhermal e x p n s i o n  problem.; would have been severe i n  such s ves- 
s e l .  Therefore it w a s  decided t o  use seveiral such vessels interconnected 
by large-diameter ducts ( see  Sec. 7.2, Fig. 7.25).  The severa l  containers  
had t o  s a t i s f y  other  requirements with regard t o  equipment arrangement : 
(I) the r eac to r  compar-tment had Lo be below a canal. t o  f a c i l i t a t e  under- 
water refuel ing,  ( 2 )  the b o i l e r s  bad t o  be higher than the r eac to r  vesse l  
t o  provide nat.ural convection a,nd a. synmetrica,l arrangement w a s  desirabl.e, 
and (3) a.uxi.l.iai-y equipment needed t o  be close t o  t h e  reac tor .  The ar- 
rangement se lec ted  cons i s t s  of four vesse ls :  two a r e  cylinciess 50 fl; i n  
diameter and 97 f t  long, one 9s a c y l h d e r  50 f t  i n  diameter and 147 f t  
long, and the  other  i s  a 38-Tt-diam sphere tha-t contains  the, reac tor .  

The pressure 1.S.mitation would have required 

Since m n y  reac to r s  have been housed i n  high-pressure coataineTs, 
more experience has accumulated with t h i s  type of containment than any 
other. Available Fnf ormation on I8 se lec ted  react.ors that have high- 
pressure contairiment vesse ls  i_s sw~m.ri .  zed i n  Tables 7.1 t.hrough 7* 13. 
These tabl.es a r e  followed by discussions of p e c u l i a r i t i e s  of t h e  var ious 
systems. ?'he r eac to r s  chosen for review include the  following types : 
pressurized water, bo i l i ng  miter ,  gas cooled., homogerieous, fast breeder,  
and pressure -tube. The containers  a r e  of var ious shapes. 

wi ths tand  the e n t i r e  design a.ccident, without rupt.v.r-i.ng rmkes t h i s  system 
appl icable  f o r  any t-ype of reac tor .  ConsequentJy, almost every t-ype of 
reac tor  h a s  been o r  i s  being contained i n  a high-pressure envel.ope, with 
t.he no-table exceptions being the  ponl.-type react,ors for which much l e s s  
s t r ingen t  conta,ixQeni; c a p d b i l i t i e s  are required.  'Yhe installat.i..ons a-t 
Indian Poin t  and the  N S  Sava.m,ah a r e  i.ncl.i.Ged J.n t h i s  discussI.on because 
t h e i r  inner c o n t a i r i e n t  vesse ls  a r e  of t h e  high-pressure type.  These 
p l an t s  are, iri reali-by, doubly conta,j.ned and wj.I.1. be fur t ,her  discussed 
from t h a t  aspect  i n  Section 7.8, "Mul-Liple Containment. I '  

the  i n s t a l l a t i o n s  discussed here.  

s i z e s  and with severa l  d i f f e r e n t  s t r u c t u r a l  m.teri.al.s and techniques. 
The s i z e  and shape of t h e  container are d.eterr;iined usua.lly by a coiiipromise 
between. severa l  requirement,s. The container  should o f f e r  s u f f i c i e n t  room 
f o r  equipment without a l a rge  amount of wasted space, and the  physical  
s i z e  shou3.d be such t h a t  the  pressure Lo be coni;ained ris no-1; excessiTTe. 

Die f a c t  tha-t the  high-pressme contai-naent syst-eui i s  designed t o  

Table 7.1 lists 

Etgh-pressure containers  have been b u i l t  .in a v a r i e t y  of shapes and 
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Table 7.1. High-Pressure Containment Vessels 

Reactor 
-Prime 

Contractor 
Architect - 
Engine e r 

Contaim,ent 
Fabr i ca to r  

I\Tucl.ear 
.EGu.icme n t 
S q p l l e r  

@el-ator 

Cl;s.rlevoi.x, 240 

Br", S.C. 63 

Iflich. 
Boiling water, 

Pressur ized  tube,  

power 

rower 

3 e c i t e l  

Kestlnghouse 

Becktel  Genera!. E l e c t r i c  Big Xock 
Poin t  

CVTX 

Dresden 

Elk River 

Enrico 
Fe mi 

x w -  I1 

EGCR 

:*C% 

hXT 

B4g Bock ?oin: 

Carolinas -Virginia 

P lan t  

Tube Seac tor  

Wes t ioghouse Carol.iaas -Virgic ia. 
Nuclear Power 
Associates,  Inc. 

Commonwealth EB ?.son 

Stone & We3s+er 

General X lec t r i c  Decht,e? 

Sargec t  & Lwdy 

C B G  General Elec tTic  Dresden Nilclear 
Power Station 

E l k  River Reactor 

Xorr is  Tll. 626 3oj.ling water, 
power 

Boi1ir:q water 
n w l e a r  sTJper- 
heat,  power 

&st breeder,  
power 

Past, breeder,  

G a  s - c o o l e  d., 

Heevy vaker, t e s t  

oower 

power 

Elk River, 72.7 
.w-n-a. (58.2 3- 2.4.5) 

ALlis -Chalaers R u r a l  Coogerative 
Power Associates 

Iagonns. Beach, 2co 
Mi c h . 

LJTS, Idaho 62.5 

UE&C Coamonwealth 
Ass oc i a t e s  

H. K. Ferguson 

CB&T Var i ou,s Power Reactor 
Develo??nent C o ~ p .  

Laboratory 

Authority and AEC 

Argonne National 

Tennessee Valley 

A x ,  Ell Poct 

Ekrico F e n i  Atomic 
Power Pknt 

E q e r i m e n t a l  
Ereeder Reactor 11 

Zxperimentai Gas- 
Cooled Reactor 

Heavy Water Compo- 
nents  Test  lieactor 

Homgeneous React07 
Test 

Argonne Kaational 

.4BC-ORO 

Laboraxory 
Graver Tan.k and 

€4a.aufactLL-ing Co. 

?it* s'Sur&- 
Des Nooines 

CB&I ( s t e e l  
g o r t  i o i )  

C B U  

Axgome n a t i o n a l  

SJ-i s - Chalrrers 

Laboratory 

Oak Kidge, 85 

61 Aiken, S.C. 

Tern. 
ICZ i. E er 

Keewport News 
Shipbu?.lding - 
pressure  v e s s e l  
an6. core t ank  

Foster-Wheeler - 
hea t  exchangers 

b?eestiaghouse - 
pumps 

Babcock & Wilcos 

Oak Eidge, 5.2 
Tern. 

Aqueous h e m -  
geoeous, power 

Corsolida Led Edlsoi 
Thoriurn 3eac tor  

Indian Point, 
X.Y. 

585 Pre isur ixed  water, 
power zhor im. 
converier 

69 2 e s s u r i z e d  water 

Comolidated Edlson 

Nu.c?.ear Ship 
Szvamah 

[nobile ) Pabcock & Wilcox Geo. C. Sharp, New Y c r k  Slip- 
Inc. & New York bu i ld ing  Gorp. 
Shipbuilding 
Gorp. 

Uli s - Cnalme r s  Pion e e r  Service Pi. tt sburgh- 
and. Engineering Des Mo5.nes 

W x o c k  & k'i:.cox h e r i c s n  Exr,ort- 
Isbrandtsen Lines 
f o r  t h e  U.S. 
Goverrm,ent 

A1I.i s - Chalmer s Nor t hern S t a t e  s 
Power Co. 

X\Ts Savamah 

199.6 SoilLng water 
(175.2 -b 42.4) nuclear  super- 

hea t ,  power 

70 Heavy m t e r ,  ? e s t  

Wthf  inder  Atomic 
Powel? PI-ant 

Sioux F a l l s ,  
S. D. 

PlL?t,onim Recycle 

Saxtoc 3uc lear  Es- 
perimental  Reac+;or 

Snippingport A-kornic 
Power Station 

S t a t  ior-ary Neec'..iLm 

Vallec it os Bo i l l ng  

Tesz Reactor 

Power 

Xater Reac%or 

Yankee 11-z OKL c 
E l e c t r i c  Co. 

FETR 

Light wztcr, 

Pres sur i zed water, 

1. C Fressurized wcter, 

3c Eioillng water 

20 
exger iqenta l  

231 
power 

power 

3e th lehen  S t e e l  Saxton 

Shipping- 

3 6 -  1 

p o r t  

VBWR 

Shippingport, 
Fa. 

Westinghouse A X ,  Euquesne Westinghouse Stone & Webster ?it tsburgh- 
Des Moices Light Co. 

u. s. a m y  Bethlehem S t e e l  Alco Port Belvolr,  
Va . 

Calif .  
P!.ea sartor, Be c lit e 1 Bechatel Consolid.zJ4e6 General T l e c t r i c  Gerera l  Z l e c t r i c  

S t e e l  

O w x r  Store & Webster C9&I Vest iIlghous e Yazix-ee A t o ~ i c  
Zlect-.ic Go. 

Rowe, .%ass. Fre s sur ized  w a e r  , 6C0 
power 

aChicago Bridge and Iron. 



An economic balance must be s t ruck  between s ize ,  shape, material ,  and 
method of construction, with the  mater ia l  and metfhod o f  construct ion being 
d i c t a t ed  i n  general  by the design pressure.  
shape, design pressure, temperature, and conventional load fac tors ,  su.ch 
as wind, snow, and seismic loading, considered f o r  t h e  p lan ts  l i s t e d  i n  
Table 7.1. 

The i n t e r n a l  pressure t o  be withstood usual ly  determines the  thick-  
ness of mater ia l  t o  be used and the  physical s i z e  of  the  container.  The 
dependence of f r e e  volume on i n t e r n a l  pressure I s  s t r i c t l y  a pressure- 
volume r a t e  r e l a t i o n  whose independ-ent var iab le  i s  t h e  amount 03 energy 
t o  be contained if the  r a t e  a t  which heat  i s  released to,  and. removed 
from, t he  system i s  not considered ( i . e . ,  t he  sd i aba t i c  case is  consid- 
e red) .  In general., l a rge  water-cooled reac-Lors have a l a rge  amount of 
s tored energy and thus require  e i t h e r  a l a rge  container designed f o r  a 
reasonable pressure or a reasonably s ized vessel  designed t o  contain a 
high pressure.  

c a l  because of economics (see Table 7 .2) .  
r i a l  t o  contain a given pressure than a bui lding of another type of con- 
f igura.tion. One no-table exception is the  EGCX conta,inment vessel  , which 
has a very l a rge  contained volume but a, r e l a t i v e l y  low pressure of 9 p i g .  
Most of the  other vesse ls  age cy-lind.ers with hemispherical tops and ei.ther 
hemi.spherical, hemi-ellipsoidal., o r  f l a t  bottoms. Exceptions a r e  discussed 
individu.a,lly below. 

The e n t r i e s  rin Table 7.2, column 6, regarding design containment 
temperature may be misleading. The n w k e r s  quoted a r e  the  f i n a l  tempera- 
tu res ,  bu t  t he  point  of i n t e r e s t  here is  r e a l l y  the  change i n  temperature 
during %he accident,  which would cause expansion of s t r u c t u r a l  members 
t h a t  should be analyzed for excessive s t r e s s e s .  Usually some i n i t i d  
tempera-Lure i s  assumed i n  the  conta,inment vessel ,  and the temperature 
difference i s  obtained by subtra,ction from the  number quo-Led a s  the  f i n a l  
temperature. The absolute  value of t h e  temperature becomes s ign i f i can t  
( a s  f a . r  as the  conta.i.nment s t ruct ,ure  i s  concerned) only If t-k. is above 
approximately 600" F, which i s  the  temperature a t  which si.ibstantia1 ckmnges 
i n  mater ia l  p roper t ies  begin t o  occur. However, temperatures below G O O O F  
a r e  of i n t e r e s t  t o  those who design any contatned equipment t h a t  includes 
t h e r m l l y  sens i t i ve  nla-teria,ls, such a s  e l e c t r i c  motors and gasketx. 

influence of considerable pos i t i ve  i n t e r n a l  pressure,  the designer does 
not  (and should not)  inc1u.d.e the  s t rength necessary to r e s i s t  crushing 
by the ac t ion  of a negative i n t e r n a l  pressure.  Thu.s negative-pressure 
p r o k c t i o n  (columri 7, Ta.ble 7.2) i s  o f  concern. In  the  event of a nega- 
t i v e  i n t e r n a l  pressure, which might be brought about by condensation of 
steam a f t e r  a, major a,ccident, some r e l i e f  device m u s t  be a,vailable t h a t  
would be much more r e l i a b l e  th.a,n the  ordinary "vacuum breaker. ' I  The MS 
,%-vanna.h has t h e  highest  ex terna l  pressure spec i f ica t ion .  This i s  a 
spec ia l  case, s ince t h i s  contajmer could s ink i n t o  t,he depths of  the sea. 
If, however, t h e  vessel  sank deeper than 100 f t ,  the b o l t s  on the manway 
hatches would elongate and f a i l . .  
and -the pressure to be equalized. After press-ure equaliza-tion w a s  a t -  
tained, springs wou1.d close t h e  hatch t o  reseal. t h e  vessel.. 

Table 7.2 gives the  s ize ,  

Vessels t h a t  a r e  required t o  have a very la rge  f r e e  vol-mne a r e  spheri-  
The sphere requires  less m t e -  

Since these vesse ls  a r e  constructed t o  prevent outleakage under t he  

This wou7.d allow t h e  water t o  rush i n  
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Table 7.2. Desi@ Parameters 0." Kigh-Pessuce Contairnent Vessel 

Tegat j.ve - 
Pressure" Ternperature Pres sure 

Corvectiona!. Load Factors 

Se isa ic  

Design &Sign 
Dimensions 

R e e  
Volune 

Other !x 9 )  
( f t 3 )  i f t )  (ps5.g) (OF) Protec":ior. Wind mow 

Reactor %-ape 

x io3 
922 

243 

Yes 

NO 

30 l b / f t 2  43 I b / f t 2  0.05 

84 nph 0. 1 

@here, p a r t i a l l y  below grade 

Reir.forced conc-ete cylinder,  
par%-ially below graee, with 
s t e e l  done-kop 

@ h e x ,  par%ial:.y below grede 

VertiLca?- cy l i cde r  w:th hemispherical 
t op  an6 herniellj.ysoidal bottom, 
p a r t i a l l y  below grade 

';op and. hemiel.lipsoida1 botton, 
p a r t i a l l y  below grade 

top  an6 :?ernielligsoFdal bottoa,  
p a r t i a l l y  belov g x d e  

ends, p a r t i a l l y  below grade 

Ver t i ca l  cy l inder  with hemispherical  

Ver t i ca l  cy l icder  ~ i t h  hemispherical  

Ver t i ca l  cy1inder with hexispher ica l  

130 27 (-1.22) 

21 

235 

220 

Big Rock 

CSrR 

2b80 

267 

29.5 (-1.0) 

21 (-0.33) 

325 

220 

12.0 mph 25 Lb/f t2  0.033 

30 !.b/ft2 30 l ' J / f t 2  

Dresder? 

Elk River 

190 

74 d 
115 h 

Yes 

Yes 

32 (-2) Earico Fern3 280 72 d 
120 h 

460 ( a t  

w a l l  ) 
build!.ng 

Yes 

450 24 ? EW-I1 

4C l b / $ t 2  (<:op) 10 13/f+,2 C. 05 (:lor. ) 1 l k , / f t 2  
3 C  lb /2 t2  ( c y l .  1 C. 025 (ver . ) ( i c su ie -  

tion) 

IFo ex te rna l  ?.@ads considered 

l o o  mph 0.10 (hor . )  
C.025 (ver . )  

EGCR 1360 12.4 6. 
216 n 

9 20c Yes 

24.7 

32c 

54 X 30.5 

7C d 
1.25 h 

3c (-7.5) 

24 (-C.75) 

270 

226 

No 

Yes 

Rectangular parall.elpiped 

Prestressed concrete cyXnder belov 
grade, s t e e l  cylillderr w i %  dome t o p  
above grade 

Sphere, p a r t i a l l y  3elow p a d e  

Sphere encl.osed 5.r concrete :milding 

25 (-1.25) Totally encloses 

AS, 55 A?? 58 0.CS 

Srdian Foist 

Shie:.ding 
bu i ld ing  

MS Savannah 

lSC0 

165 

16C 22:3 Yes 

Yes 

186 (-100 
f t  of sea- 
water) ' 

7s i-3) 

Yes (mnway xe7.1  
f a i l  a t  2-00 f t  
of  see  water) 

Yes 

Hori 2 onts.1. cyl inder  with sphe r i ca l  
heads 

32.3 35 d 
5C h 

3 6C Nc external. loads considered, bu t  loads due t o  
shio notion are considered 

d 30 lb/fic2 35 l b / f t 2  UBcd 'JBC W t h f  inder  Ver t i ca l  cy l inder  with hemispherical. 
t op  and hemiellipsoida.1 boLtom, 
p a r i i a l l y  below g m d e  

t o p  er.d hex2eilri.psoid.al bottcm: 
2artia.Z.ly below grade 

P r e e  c y l i n d r l c a l  con ta i se r s  with 
hemispherical ends and one 
spherlcal conta iner  

-top a.26 heniell i-psoidal bottom, 
p a r t i a l l y  below gra.de 

ends, p a r t i a l l y  below grade 

eatis, par t ia . l ly  below grade 

Ver t i ca l  cy l inder  witk hemispherical  

VertFcaZ. cyl!.rr?er v f t h  henisphecical 

Ver'ical cy l inder  wi th  herdspher ica l  

Vert , ical  cy2.inder with I.enispherica1 

@here, .above grade 

145 50 d 
123.5 h 

320 

1 5  (-C.58) 400 8C d 
121.5 3 

205 ve s 

52.3 (-3.0) 473 Multiple e 
conta iners  

28D KO No ex te rna l  'oads considered 

80 qph 25 lb/l"c,2 

20 l-a/f-,2 

2C 1 b / f t 2  on s lope  
@50$ 

Saxton 141.5 50 d 
109.5 h 

30 Yes 

32.8 

125 

8GC 

36 d 
64 h 

4% d 
39 ?l 

125 

66 

45 (-2) 

34.5 

273 

292 

249 

KO 

? 100 nph 0.134 

FC 100 mph 
~ - ~ ~~ ~- 

'The numbers i n  parentheses represent  t h e  design l i m i t  f o r  

bDianeter. 

He igh +, . 

iega';i.ve interne: pressure .  
d u n i f o m  Building Code. 

b o i l e r  cknbehers 50 f t  i n  diameter, 97 f t  i n  length ;  one 
e m i l i e r y  chember, 50 f t  i n  diameter, 1.47 ft %n length; one sp:?ere, 
33 f t  ir di.ameter ( s ee  sec.  7.2, Fig. 7.25). 



7.1s 

7 . 2 . 1  Spherical Contajners 

The Gresden (Fig. 7.8, r e f .  6), Indian Point, (Fig. 7.9, r e f .  7), and 
9ig Rock Point (Fig.  7.1.0, r e f .  8) containment vessels  tire typl.ca1- s t e e l  
spheres t h a t  have as t h e i r  foundations concrete pads which surround t h e  
lower one-fourth of t he  sphere. The outer  port ions of the s t e e l  a r e  i.n 
contact with the supporting concrete, except f o r  an intervening coat of 
an an t icor ros ion  substance, such as paint ,  Bitumastic, or epoxy. Con- 
c r e t e  foundatioas for t h e  reac tor  and other  heavy equipment a r e  poured 
ins ide  the  s h e l l  i n  direct ,  contact with it. 

I n  general, the  container i s  supported by the bottom foilndation and 
by c o l i m s  t h a t  support t he  vesse l  a t  the  hor izonta l  g i r t h  l i n e .  The 
ins ide  hardware i s  supported on foundations tha-t are, i n  -l;urn, supported 
by the foundation pad. 

7.2. I, 1. Yankee -- 
The Yankee containment s h e l l  i s  qui te  d i f f e r e n t  from the  t y p i c a l  

s t e e l  sphere, both i n  the  rnanner i n  which the  s h e l l  i s  supported. and i n  
.the way t h a t  "ne equipment foundations are supported. The bottom of the 
s h e l l  i s  24 f t  above grade. The vapor container i s  supported by s t e e l  
colum~is a t tached a t  tne hor izonta l  g i r t h  l i n e .  The concrete work (foiun- 
dat ions for equipment, shielding, e tc .  ) I.s completely independent of  the  
containment she l l .  %ne i -mer  concre-te work i s  swpported by rei.nforced 
concrete columns t h a t  penetrate  t h e  sphere through coiitrolu-Led s t e e l  ex- 
pansion jo in t s .  These expansion j o i n t s  are velded t,o t h e  shell- a t  one 
end and a r e  i n t e g r a l  with the  concrete support columns a t  the  other  ( see  
Fig. 7.11, r e f .  9). 

7.2.1.2 Indian Point 

The Indian Point reac tor  containnient struct-iu-e i s  pecu l i a r  i.n t h a t  
the  conventional s t e e l  sphere is  i t s e l f  contained within a 5 l /2- i3t- thick 
concrete cyl inder  (Fig.  7.9) with an arched top  of concrete blocks 2 3 / 4  
f t  th ick .  The purpose of t h i s  i s  t o  provide shielding i n  the  event of a 
rraximixn accident .  Prestressing wires a re  wound near t he  top of the  cy l in-  
d r i c a l  port ion of t'ne sh ie ld  .to give addi t iona l  s t rength f o r  support of t he  
arched concrete (pres t ressed)  beams that car ry  the  load of the  roof blocks. 

a,cci.dent t o  red.uce the  amowit of f iss ion-product  a c t i v i t y  ava i lab le  t o  be 
released t o  the  atmosphere. The alzntilar apace i s  rmintained a t  a s l i g h t l y  
negative pressure, and the ai-r i s  routed through f i l t e r s  and up the  :;-tacks. 
Tlis containment scheme i s  fu r the r  discussed i n  Section 7.8. 

The concrete bui lding would be fu r the r  u t i l i z e d  i.n t h e  event of an 

7.2.1.3 Dresden 

The containment design basis w a s  required f o r  Dresden (Fig.  7.8) 
pr io r  t o  t h e  establishment of t h e  mJximum credib le  accident concept. In  
order t o  proceed with containment s t ruc tu re  procurement, a design pressure 
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of 29.5 ps lg  w a s  se lec ted  t o  provide f o r  coolant- loss  energy sources. 
The i n i t i a l  concept was -that t h e  d i f fe rence  betweeii the  containment desigli 
pressure and t h e  tes.t pressure of  37 ps ig  would permit -the considerat ion 
of o’cher poten-i ia l  energy soiirces, such. as chemical. reac t ions  and nucl-ear 
excursions. 
yuan-Lities o f  system energy were hiown, it w - a s  deteimined -that coolant 
3.0s~ under the  most energe t ic  
pressure of about 2 1  psi.g and t h a t  -the mea pl’esswe from full-power opera- 
t i n g  conditions would be 19 ps ig ,  

Tater, when the  mca concept w a s  developed and t he  design 

not s-Landby condi t ion” wou.ld produce a ‘ 4 

10 

7.2.2 Cylindrical  Containers .._ 

Most cyl-indrical. containel-s are ver-ti-cal. with hemikpherical. tops  and 
ei.t,iaer hemispheri.ca1, hemi.ellipsoidal., or f l a t  bottoms. Ynis i s  a barge 
group, and it i s  f u r t h e r  broken down Poi- t h i s  discussj-on by shape of head 
and. construct ion technique. In general ,  t h e  cyl-indrical  vessels have a 
S ~ l l ~ i :  contained volime thar-: t he  spheres, again writh the  exception of 
t h e  EGCR container .  
i n  the SM-1 t o  450,000 YL’ foi- the EBH-I1  and t h e  excep-tic,nall.y la rge ,  
l,360,000...ft 3, EGCR coataiiufient s h e l l .  The design pressures ,  physical  
d.ri.men.sions; R.nd o ther  design parameters are given i n  ‘1‘abI.e 7. 2. 

‘I‘he s i z e s  range from a smmll, 37,000-ft3, f r z e  volutne 

‘7. 2. 2 . 1  Fkmisphzrica.l. Top and ilerni.ellipsoid.al ____-. Hottorn -I... _.. ..... ... . 

Seven vessels comprise a subgroup havtt3.g hernispheri-cal- tops and. 
hemiel l ipsoidal  bottoms (EHK-11, Fig. 7.12; Enrics Fermi, F.z. 7.13; 
FGCR, Fig= 7.14; E l k  River, Fig. 7.15; Pathfind.er, Fig,  7.16; PHl’E, Fig. 
‘7.1.7; and Saxton, Fig. 7.I .8).  11-’’ 
i s  the most economical shape, both from t h e  standpoint of amoi.imt of s t e e l  
used and the cosL of construction. HoweveT; the  use of t h i s  shape foi- 
a, bottom woul.d resu l i  in niueli wasted space, sj.nce l a rge  aiiounts of  con- 
c r e t e  would be needed t o  form. the  fornilattons and f l o o r s  f o r  equipment, 
The fla’L hot tom would be bes-t from the s tandpoint  of space and equipment 
aifra.ngemenl; but  could p sen t  scri0u.s s t r e s s  probl-ej-is. A compromise be- 

the hemispherical bot-tom i.s t h e  hem-i e1L.ipsoida.l. head. 

The top  i s  hemispherical. because i - L  

Line s t r e s s  proisl-ems and less concre-te is needed f o r  
t he  floor. 

ii’i-g-ire 7.19 shows three  containmenl; s t ruc tu res  -that are t h e  same 
from the bottom f l o o r  up. This f igu re  l.s intended -to i.llus-i;rate the f a c t  
t h a t  -the hemispheri-cal bo t  t o m  is t h e  1eas.t economical from tize standpori.nt 
of usable space. It i s  apparent t ha t  much of the  space shown as concrcte 
i.n the con-LaLnei-s with spher ica l  and.  e l l i p t i c a l  e n d s  i s  usable, but even 
so, the  g rea t e s t  amount of usable space i s  provided by t he  flat-bottomed 
vesse l  Rind t he  lens-t  is provided. by t h e  spherrical,-bo-t-i;orned. vesse l .  

Ykese containers  a re  usual.1.y erected wtth founda-Lions supporting a 
concrcie pail on which the botioiii head r e s t s .  Coiicrete i s  poured. ins ide  
-the bui lding t o  form the  varrious operat ing f loo r s ,  p a r t i t i o n s ,  and C o r n -  
i h i > ~ O A S ,  I n  general ,  the  concrete,  both i.nside and outside,  i s  poured 
i n  contact  with t h e  vapor container,  vhich i s  protee-Led from corrosion 
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Fig. 7.15. H u r a l  Cooperativz Power Association's E7k River Plant 
Con1,ainmeni Vessel. (From r e f .  14) 
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Fig. 7.16. Pathfinder Reactor Euilding.  (From ref. 15) 

Fig. 7.17. Plutonium Recycle 'Test Reactor (PRTR) Building. (From 
ref. 16) 
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SPHERICAL SOTTOM ELL l fT ICAL  BOTTOM FLAT EOTTOM 

Pig. 7.19. Ccrrpcarison of Containers with Various Bottom Shapes. 

by mois ture- res i s tan t  paint .  hi cases  where the concrete and steel w i l l  
no t  be isothernmal- ;at  al.1 t i . m e s ,  provision. must 'oe made t o  a l l o w  f o r  the  
d i f fe rences  i n  thermal expinsion of the  t--wo mater ia ls .  
more fu~_~_y  i n  Ghapter 8.) 

'The flnisl ied grade of -the E l k  River rei?bCtOL* i s  approximte ly  a t  the 
bend l i n e  of t he  lower head (Fig.  7.15). This puts the :rm.J.n opera'cfng 
f l o o r  .and .the reac tor  above grade. The reasriri for this 'was eeoiiomic; it 
was determined t h a t  the excavation irrould have cost, more thxn the add.i .-  
ti.onal. concrete used f o r  shielding. 'Pie EGCR container is a l so  I-argely 
above gruund, with the  reactor vesse l  eornpletely above f in i shed  grrzde. 
The reasor? for t ,his was t h a t  the Mdton X i 1 1  Iake water .t;a'lj1e vou.ld. have 
preserihed serinixs probl-ems for cieepr excavations. Tkie other  f ive  m a n -  
hers of this group have - the i r  f ir i ished grades approx-imtely even w:-tli t h e  
T f i % i h  El-oors; this places the bulk d' the  heavy concrete wryrk and the re- 
actor. below grade, allowing the eur.-th t o  act as sh ie ld ing  from direct 
r.ad.iatri.on. 

be considered. If t h i s  presents a probleiii, the fnlMldati.<:jns must be 
d:ca,l.ned, a s  f o r  the Enriccj Fer-mi Reactor, or {;he problem eliminated i n  
sone other rmfiiier. 

(TZzis i s  discussed 

lprl a l l  cases tlle hydraulic: i:i.nd boi~yancy e f fec ts  of ground w z t e r  must 

7.  2. 2. 2 Hemisphcrie::tl Top and Bo'ttom 

The VBWR (Fig .  7.  20) and. kiie SM-l (Fig. 7.  Xi-) l9 d i f f e r  
from t h e  foregoiizg gri3w2 only Fn  the shape of the  bottom. They have Iierni- 
spherical. bottoms t h a t  &re suppc7rted In the  irsu.a.1 manner-, s.nd the in t e r  lor 
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arrangenents a r e  s l m i l a r  t o  those of t h e  0t;he-r containers,  w i t h  grade 
l e v e l  coincident with the  main f loor .  

D i f f i cu l ty  w a s  e,uperienced i n  one phase of the  construct ion of t he  
SM-1. vapor container .  It w s  p a r t  of t h e  design .to pour 2 f t  of concrete 
on t h e  ins ide  and 3 f t  of concrete on t h e  outs ide of t he  s t ee l  contain- 
ment s h e l l .  ‘.This concrete was t o  provide missi le  protect ion,  as we1.3. as 
shielding.  The j.nsj.de of‘ the  inner concrete l i n e r  was t o  be covered wikh 
a steel  membrane to f a c i l i t a t e  cleanup i n  case of an accident  tha-t  ml.ght 
spread contamj.a.ants ins ide  the  container .  Elrection of t h i s  l / g - in .  -thi.ck 
membrane I ias d i f f i cu l - t ,  and i.t i s  thought t h a t  t h i s  would not  be included 
i n  f u t i x e  p lan ts .  

7 .2 .2 .3  Hemispherical Top and F l a t  Bottom 

1. CJ‘TR. The CVTB container  (Fig.  ‘7.22, re f .  20) i s  a, conere’ie 
cyl inder  wlth a hemispherical s t e e l  t op  and a f l a t  concrete bot”iorn. 
ma-LerLials and method of cons-truction iilake t h i s  system uniques The con- 
ta3.mer vas b u i l t  on a 5 - f t  9--Ln. - t h i ck  reinforced concrete found-ation 
pad, and the  container  i-tself ri.s a reinforced concrete cyl inder  with 
2-ft--Lhick w a l l s .  The cylindrical .  por t ion  i-s 83 f t  high and. i.s covered 
by a 1 /2- in . - th ick  s t e e l  hemispherical. dome tha t  i s  covered by 20 1 / 2  in .  
of concrete.  The top  of  t he  foundation rmt and. t he  ins ide  of the  v e r t i c a l  
cyl inder  wall a r e  l i ned  with l / & i n . - t h i c k  s t e e l  pl.ates t o  foi-m a vapor- 
t i g h t  membrane. The use of t h i s  i h i n  membrane i s  simi1a.r j.n concept t o  
t ha t  of t he  LSM-l, with t h e  main d i f fe rence  being the p l a t e  tirickneso. 
Al.though the  l / 8 - i n e  p l a t e  w a s  quite d.ifficu1-L t o  handle during e rec t ion  
of the SM-1, j . t  proved t o  be use fu l  when the  con”iai.ner was contaminated 
by R minor a c t i v i t y  yelease.  In order  t o  obta in  t h e  convenience of the  
m e t a l  l i n e r  and. ye t  employ l e s s  expensive construct ion techniques, the  
th i cke r  l /4 . - in .  p l a t e  was w e d .  
were c a s t  i n  t h e  concrete shel.1.. When the  concrete work w a s  f inished,  
t h e  s t e e l  p l a t e s  were welded t o  these ba-t-Lens ( s e c  See. 7.2 .4 .3 ,  Fig. 
7.28, deta7.l R) . 
sure  is provided. by ?;he 2 f t  o f  reinforced. concrete;  no c r e d i t  i s  taker  
f o r  the r e s t r a in ing  potent, ial  of t he  s t e e l  ] . he r .  I-t was f e l t  t h a t  no 
spec ia l  aLteiition needed t o  be given t o  ambient and seasonal temperature 
changes. The concrete on the  outs ide of t h e  s t e e l  l i n e r  i s  consi.dere2 
t o  be s u f f i c i e n t  thei-mal i n su la t ion  t h a t  ther-mal.l.y induced s t r e s s e s  w i l l  
not  present  any problem. 

the  l a rge  fouda-t i -on mi.  Finished. grade i.s about t h e  saine l e v e l  as the 
main opera’cing floor. 

2 .  IWCTR. IYie HWCTR containment ves se l  (Fig.  7 .23 ,  ref .  21.) has 
Lhe s a m e  general  sha,pe as -that of t h e  CWR, but  again the  method of con- 
st ruct i -on was unique. This container  i s  a. cornposlte s t e e l  and pres t ressed  
concre.l;e struc-Lure. The lower ha l f  of t h e  bui-lding j -s ’nelow grade and 
i.s of p res t ressed  coilci-ete 18 i n .  th ick .  It i s  supported. by the  fonada- 
t i o n  s lab,  which i s  nominally 5 ft th ick .  The upper halP of the buildiiog 
i s  a conventional s t e e l  cy]-iiider with a hemispherical dcme. 

By using pres t ressed  concretc insi;ead of ordinary Tei.i?forced. concrete, 
t h e  required wa1.l thickness  was reduced, and t h e  permeabili ty by gas was 

The 

Continuous iiietal ba t t ens  (welding s t r i p s )  

All. t he  s t rength  necessary t o  contain t h e  maximum pres- 

All in’ieriial par.’iitions and equipmerit foundat h n s  are supported by 
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Fig. 7.22. Carolinas-Virginia Il’~-ioe Reactor Vapor Container. 
(From ref. 20) 
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Fig. ‘1.23. Heavy-Water Components T e s t  Reac-tui- ( S J C T R )  Contain- 
ment, Vessel. (From Yef. 21) 
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a l s o  reduced. Since concrete i s  porc3u.s, the  w a l l s  t h a t  were not covered 
by s t e e l  we:ce coated by an epoxy-base pa in t  t o  provide a hard 11oriporou.s 
surface for easy decontamination. It i.s estimated t h a t  t h i s  ccntainer  
vas consti-ucted a t  a cos t  of a?)oi~t i;.wo-.t;hlrds that; of a eonventioi:tal. welded 
steel building.  

Po in t s  of p a r t i c u l a r  cCjncem were the transi.t,ion from prestressed 
t o  ordinzry rel .nforced concrete and from reinforced concrete t o  -the s tee].. 
ol" the upper por t ion  of the container.  These t r a n s i t i o n s  are shomi i n  
Pig. 7.24. Water s top  gtites were  sed. .to enslxe the l eak t ightness  o f  t he  
vapor container ;  fur ther ,  a thermal-set t ing p l a s t i c  resir! (Liquid Tile) 
was used., as shown i n  %lie tktails  of Fig. 7. 24. Mter completion of t.he 
building, furi;her work was necessary because of cracks i n  the concrete and. 
j.:na,bility to achieve the req-u.ircd leakage c r i t e r i o n .  
p a i r ~ t  > n s  u ~ e d  o ~ e r  in:t,erior s ~ r f a c e s  and at the  j u i c t i o n  of the floor 
slab and the cyliilder .w-;aLI. Fibergl-as and res.i.11 vere irsed t o  R distance 
of 6 ft f:i"cro. t h i s  j o i n t  on both the  floor and rsal.1:; around the  fu.l.1. cl:.r- 
cLurrference of the bui lding t o  n s s i x e  l eak t ightness  o f  this j o i n t .  Con- 
si.dera'ol.e time a ~ i d  effor-t were expended t o  m?et inj.tia.1 reqiJ.j.!*ements . 

The dl.:tTerences in therrrzil proper'Liet; of t h e  t:.ro rmat,erisl..s of con- 
s t ruc t ion ,  concret,e and. steel., co1;ll-d result, ia ser ious s t r e s s  d i f f i c u d t i c s  
at -!;he poiant of t r a n s i t i o n .  Tnis pro'blem .ctms ti-ea1;t.d i n  t he  following 
manner, The steel su.pwct;ructi.re has as its base a fixed tee secLFon 
flange that 1.s r i g t d l y  attached t o  the  concrete s t ruc tu re  hy 323 b o l t s  
placed about .t;lrr circumference of t,ne s t ruc tu re  and by reinforced i::oneri.t;e 
pcji.az*ed o v e ~  t1ii.s tee sect ion.  A s  my be seen i n  b'ig* 7. F?Lt3 the .thick, 
port ion of t h e  t e e  sec-Lion i s  embedded i n  concrete, 'nut t,he she i l  wall 
(the thinner s t e e l )  i s  allowed ;i l / & i n .  expansion region Q L ~  each s ide.  
It i s  corisidered. that  t h i s  is sufficient allowance f o r  movement and de- 
fomm-Lion of t h e  s-teel she1.l due t o  effects  of ambiemt, txmpera,ture changes 
and wl:.nd I..oa.dings. In +;he case of  the ~ m x i m m  accl.d.ent, under the  ir?- 
f l U e i l C 2  of 3x1 i.nterna!. pressuu.e of 24 psig wid a tcmpxature of 226"F, 
the ].over flange, and also -the cbel.l., :cmy be expected to sv.ffer permanent 
d.eforrmtion ard, upon subsid.erice of -Uie accident effects, t ~ k e  n perminefit, 
s e t  withou-t faili~re. YTtLs i s  consid.ered t o  be acceptable 

Most of the pl-astic 

7.2.3.1 PWR 

The .p(;.TR container (FTg. 7.25, ref .  22)  provides an e:~mpI.e of a. novel 
ap-proach - -  t o  f;he design o f  a l a rge  containment vessel .  Uthough riot as 
large as the spher ica l  TJessel.s, i l ;  has R grea ter  eontarined volime Ynan 
any- of t he  cy l ind r i ca l  vessels ,  excep-t the  EGCR container.  Its design 
pressure i s  r a the r  high, about 53 psig. (For the  des ip -  philosophy of 
t he  PWEi container, see %ec. 7.1.2.) 

The system cons i s t s  of four intercormected vessels ( three  cylinders,  
and 8 sphere),  with a gross contained volume of 600,000 ft3. '.The sphere, 
which contains the reac tor ,  is 38 ft i n  diamter,  wi-th a cylindrri.ca1 dome 
(17 ft; i n  di.arneter, 20 ft high) OLI top.  
sphere a r e  4.7-f t-diam, 97-f-i;-long, hor izonta l  cyl-inders with hemispherical 

Lacated on each s ide  of -the 
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Fig a 7.25.  Shippingpor-t Prcssurized-Water Reactor Container 
Arrangement. ( F r o m  ref. 22) 
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heads; these are ca l l ed  b o i l e r  chambers, and together  they contain the  
fou r  r eac to r  coolant loops and the  steam generators.  
ca l l ed  the ai ixi l iary chamber, i s  47 f t  i n  diameter and 147 f-t i.m length,  
and it has hernispherical heads. A l l  chamhers a r e  interconnected by severa l  
large-diameter ducts .  The vessels a r e  housed i n  concrete c e l l s  constructed 
below grade. 
inspect tons required by the ?emsylvania Code I 

The t h i r d  cylinder,  

This type of  housing of the  vesse ls  permits t he  per iodic  

7 .2 .3 .2  KRT 

The HE?T container  (Fig.  7.26) i s  a rectangular  welded-steel  s t ruc tu re  
erected on a reinforced concrete s l ab  and shielded on the  t o p  arid s ides .  
The dimensions and shape of the  -tank were determined by the space avail-  
ab le  iii -the bui lding,  whi-ch had been used f o r  the fj-last homogeneous re- 
ac-tor experiment, HRI3-1. 'The t op  of Lhe container  i s  f lu sh  with tile f loor ,  
and thus the ea r th  i s  used as much of t he  shiel-ding. The roof i s  made 
of t w o  l aye r s  of removable high-densi-by' concreLe blocks t h a t  are 5 f t  i n  
t o t a l  thickness.  The vapor container  cons is t s  of an all-welded s t e e l  
mergorane l i n e r ,  nominally 3/4  i n .  Lhi-ck on the  s ides  and the bottom and 
l / 8  in .  t h i c k  a t  the  top. The top  port ion of  the l i n e r  i s  sandwiched 
between two l aye r s  of' shielding blocks and i s  made ixp of sections t h e  
s i z e  of t he  upper blocks. 'This makes i L  poss ib le  to remove one or ~iiore 
seal pans for maintenance i n  a given p a r t  of 'ihe container wtitlioiit d i s -  
turbing thc  en-t i re  vapor s e ~ l .  Further,  the  below-grade construct ion 
makes possib1.e floodi.:ilg of the  container  f o r  radiat,i.on pro tec t ion  during 
maintenance. After completi.on of -the container  and placement OZ all pene- 
t r a t ions ,  t he  ins ide  surfaces  were painted with Amercoat 74. 

7 .2 ,3 .3  N S  Favannah 

Tbe N S  Savannah vapor container  (Fig.  7.27, r e f .  23) o f f e r s  a n  ex- 
ample of high-pressure conta jment  thak i.s uniqim Fn severa l  w a y s .  F i r s t ,  
it i s  aboard a ship;  second, t he  desi@ pressure i s  rp.i.zl.i-te high; and th i rd ,  
the contairuwnt vessel Fs, in a senseS contained. 'The reac LOT container 
i s  a hori-zontal cyl inder ,  t h e  ax i s  of which l i e s  fore  and. af t ;  it i s  si.tu-. 
a ted  i n  one CJf the  ship's holds designated 8s  t'ne reac tor  space. This i s  
located just, forward of t h e  bridge Znd d i r e c t l y  below the  promenade deck. 
The reac tor  space i s  kept a t  a s l i g h t l y  negative pressixe,  and tile ex- 
hausted a i r  i s  fed  through a fi l t ,eri .ng sys'iem and then up the s tack.  'The 
design phil.osophy of t h i s  system i s  s i m i l a r  t o  that ,  of the h d i a n  Point 
Reaci;or, as discussed i n  Sections 7.2 and 7.8. 

The vapor container is, of course, not  subjected t o  loads due t o  
wind or snow or seismic d is turbancw bu-t may be dyliaraically loaded by 
pitch?-ng and rolling of  t he  ship.  The design c r i t e r i a  dei"i.ize a maximum 
loading ( s t a t i c  plus  dynamic) of 0.6 times g rav i ty  (0 .6  x g )  , It i s  
estimated, however, tha t  a1.3. componen-Ls cain stand a-t l e a s t  1-g loadi.ng 
and i n  most cases 2 g ,  Y'hese adverse movements a r e  minimized by s t a b i -  
3.i.zing fins protruding from the  s h i p ' s  huJ-1; buL, if these were inopera- 
tive, the  container would withstand the s t r e s s e s  imposed by extreme 
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7.2.4.2 Ind.ian Point 

The containment s h e l l  f o r  .the Indian Point Reactor me-t i t s  o r ig ina l  

A:Cter a l l  equipment was instal-led,  tine "ready t o  opera-Le " 
design spec i f i ca t ion  upon comple-tion of the s h e l l  but before insta . l la , t ion 
of equipmen-t. 
p lant  ims leakage-rate  t e s t e d  a t  l 0  psig, and an ex%ra:>ol.ation was rade 
t o  ob-tai.n the r a t e  of leakage to be expected a t  dksign pressure. 

7.2.4.3 CVTR 

A concrete bui lding l i ned  with s t e e l  plate i s  d.i.l"fi.cult, i f  not i m -  
After possible, t o  check f o r  leaks by pressr.xizing i n  the usual rrL2rmer. 

-the l i n e r  p l a t e  w a s  i n s t a l l e d  i n  'the CV7'N con-Lsiner, .the butt-welded 
j o i n t s  were coveTed with inverted channe1.s ( see  Figa 7.28, d e t a i l  B) ; 2o 
both s ides  o f  the channels w e r e  continuously f i l l e t -welded  t o  the l i n e r  
plates. 
Fig. 7.28, d e t a i l  Bl) wl.'c'n a mixture containlng Freon 12. All chanuel 
we1d.s were probed v i t h  a halogen leak  detec-tor. 
because it WOLLJA be impossiisle -to dete:m.iwe whether any gas escaped 
t,brough. the but-t-welded joj .nts  o f  t h e  l i n e r  p1.ate a.nd then through the  
e x t e r i o r  concrete. 

Tne space inside the  channel WRR pressurized .Lhrou.gh bases ( see  

The clinnnels were used 

7 .  2. 4. 4 l?xtu-e Testing ( S e e  a l s o  Section 10.6) ____-__-__ 

Most of the  reac tors  do not i n c h &  i.n t h e i r  future operating pro- 
cedures provisions for  peri.odic or  coni;imuou.s conlr.;.i.nment leak testing. 
M m g r  ind ica te  t h a t  fi.i-ture l eak  tes t ing  ~3.1.1- be coaducted i f  i?ecessaY;.. 

At IWT, however, it wss possible  t o  conduct contininous leakage-ratx 
s.uvei.llance dusing reac tor  operations. The IBT c e l l  w a s  rmintai.ned a t  
a negative pressure of 7. 5 p s i  dixing operation so  t h a t  rrieaningful I.eak- 
age rates could be calcu1.ated using reference -ves s e l  dlf ' ferent ia l -pres  s w e  
data. 

The Yankee p lan t  has p:mvisioris for corl-tiniAous mc:)i?itoring o f  the 
buildin.g leakage. The coiltairm.ent shell i s  pressurized to I psig, and a 
'oank of compressed-air b o t t 1 . e ~  i s  miintained -to keep the shell pressure 
a t  i;his l eve l .  Periodic readings are  nlade on the mass o f  a i r  l\ih.j.::h has 
been a , h i t t e d  to t he  containment over a period 03 t i m e ,  1st i s  considered 
tba-t i f  the period over whicZh the leakage i s  calculated j-s long (severa l  
days) I then teniperature e f f e c t s  will cancel- ourt and a believable leakage 
Pate will be oh-i,ai.ned. Since the container i s  p~essir.inLzed a t  a l l  times, 
t h e  reference-vcss@l system -is used. a1.so to determine the leakage r a t e  in 
a cont;Fnuous .fa.shiosn. The CVTR has a. si:mi.l.ar system. ,%tch systems serve 
p:c:incipaI.ly t o  de tec t  devel.opmnt of  major leaks during 0peratin.g periods 
and m y  eventua1.l.y be conside-red- as a siik,stitutjc for. in tegra ted  leakage- 
r z t e  tes-Ls at design pressire  once tlze leakage r a t e  v-ersus pressure r e l a -  
t ionship  has been establ ished for a gi.ven structi.nre. 

high- pr  e s s u e  c o n t a k e r  s ?:.n -Lha 1; t he  be Low- gradc pre s t r e s s  ed.- c oncr e 1; e 
portion i s  not si~eel. lined and depends iipm t h e  l.imiteil. porosity nnd 
cracking of th i s  'iype of concrete t o  mai.ntai.ri I.ts vapor. i n t eg r i ty .  Al- 
.Liiov.gh s t i l l  considered promising, t h i s  system has no t  been without 

'l%e IIWC'L'R contaaimmnt building i s  s ign5.f icant ly  d i f f e r e n t  from most 
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Fig. 7.28. Deta i l s  of the CVTH Container. (From ref. 20) 

ser ious d i f f i c u l t i e s "  
(0.56$/hr). 
ready t o  operate (except f o r  i n s t a l l a t i o n  of  pressure-sens i t ive  i n s t m -  
men-ts), a r e t e s t  was m a d e -  
cess  of  the al.l.owable r a t e .  By repai.riiig conventional openi.iias, such 
as a ven t i l a t ion  valve t h a t  vas not  closi-ng tight,l.y, an a i r - l o c k  gasket 
that  was ?.eaki.ng, and some others; t h i s  r a t e  w a s  reduced subs tan t ia l ly .  
Additional repair wol-k on the i n t e r i o r  concrete a t  corners a.n.d. under 
suppoi t  p t l l a r s ,  where sevei-ai cracks had appeared, was niaik, and the  
repaLrs were coatzd with Fiherglas a n d  res in .  
rate down to the  spec i f ied  range, 

The bui lding me.L i t s  leakage requirement of <l$/day 
Then, when eqiilpment was placed i n  it and the  sys-teili w a s  made 

'llaris t e s t  yielded leakage Val-ues well  i n  ex-- 

T h i s  brought the  lesksge 
If, was f e l t  by the  p1an.L i.n%nagement, 
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However, i n  e a r l y  1.964 the  a'i-titude toward the I-eakage ra-Le was 
a l t e r e d  s l i g h t l y ;  the design Leakage i s  t o  be met a t  t h e  time of con- 
s t ruc t ion  t o  prove t h a t  -'&e f ab r i ca to r  has properly done h i s  job, bu t  
subsequent leakage - - ra te  tes ts  a r e  t o  mee-i; site c r i t e r i a  boiundary dose 
requirements, which may aJ.low a leakage rate higher -than the  one speci-  
fied. f o r  des5.gn purposes. 

7.2.5 Materials and Specif icat ions 

Table 7.4 l i s t s  codes, spec i f ica t ions ,  and types of mater ia l  used 
i n  the  containers  and t h e  s i . ze  and mater ia l  of the  r eac to r  prinkwy pres-  
sure vessel .  Ln gciIeral, tht. high-,pressure containers  have been b u i l t  
Ln conformance w i t i ?  Sect:ir:m VI11 ( inclxding t h e  r e l a t e d  code cases)  of 
t he  ASME Boiler and Pr?ssure Vessel Code. New Section TI1 on Nuclear 
Vessels w i l l  apply t o  futu.i-e contaiimemt vesse ls .  

In eolunu?. 5 of Table '7.4, a n i l -due - t i l i t y  t r a n s i t i o n  (NDT) tempera- 
t u r e  f o r  -the containment vesse l  i s  l i s t e d  f o r  f o i ~  reac-Lors. The inipor- 
w i c e  of t h i s  number i s  sometimes queo:;ioned, s ince the ASME Code accep- 
t a b i l i t y  of  t he  si.ve:i. s t e e l  covers t h i s .  (See Sec. 8.5 f o r  a discu.ssion 
of tine b r i t t l e  fi-ac'i,ure of  s t ee l .  ) The technri-tal. spec i f ica t tons  of the 
E l k  River Reactor requi re  t h a t  the  temperatuy?2' o f  the s t e e l  container  
shall not  be all.owed 'Lo p p  below 10°F. 
elltry i s  usua l ly  taken -to mean t h a t  all.. welds are x-rayed; bui;, i f  it i s  
rimpossible t o  obtain a meaningful representa t ion  on x-ray-, m g n e t i c -  
p a r t i c l e  or  dye-.penetrant t e s t s  must be made. 

In some cases the ASME Code does noi  a ~ p l y .  In -this event, t h e  
" s p i r i t  I '  of the  Code is  adhered -'Lo. 
t i o n  because the  lower p a r t  of the  vessel. was concrete and no cod.e spe- 
c i . f ica l ly  appl ied.  

sect ion.  T h i s  method was no-i; according to  the  code, but  the  code could 
not  be followed i n  Lhis case. 

.,. ~ . 

In  col.i.~rmn 6, the  100% x-rayed 

The HTrJCTX w a s  faced ~ i . t h  t h i s  s i t v a -  

The CV'YR method of testing welds i.s f u l l y  described i n  t h e  previous 

7.2.6 Penetzations 

'The pene tmt ion  of t he  vapor cori'iainer w a l l  by any means s e m e s  t o  
compromise t,he containment and requi res  .that very careful, precautj-onary 
measures be talien t o  ensure closure during an accj_d.ent. General detail.:; 
of ven t i l a t ion  designs a r e  presented i n  Chapter 9. Information concerning 
the  number, s ize ,  and t m e  of  penetrat ions is g.ven i n  Table 7.5, and 
'Table 7.6 ind-icates the  nwn'oer of cl-osri.ng devices p e r  l i n e  and the  log ic  
used t o  c lose  these  l i n e s  i-il case of accident  or  emergency cond.itions. 

It limy be seen 7.n Table 7.5 t h a t  t he  HKT contairmeiit s t ruc tu re  i s  
pecul ia r  i n  t h a t  i.t i s  penetrated a large i?U.mber oP times. bhny th ings  
account for t h i s  anomaly. There are more than 200 penetrat ions f o r  the 
primary system leak-de-tection l i n e s ,  -more than 100 for 'ihe e laborate  
r e f r i g e r a t i o n  system i n  the cell, and a hos t  of  instrument pene'wations 
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Table 7.6. Contaiment 7enetraL.j on Closul-es 

Action oi h t o m t i c  Valves 
On Loss of  Power 

Ymber and m e  of Val.ves Per Line" parameters Sersed t o  Close Possl.Sle her- 

Ember o f  Sensors i f  Valve Does 
process Linesb (Air, k s s  of Loss cf Valves 

Per Paraneter Xot Close 

Sys:;em Lop;?'.c 
Automt lc  Val.ves and For A-utomtic gency Actior. Reas t o r  

V2CUUE &closwe 
3e l i e f  Vent i la t ion  Stearr, Water, e t c . )  Z l e c t r i c  Power Instruxent A;r 

s i g  7ock Enclosure 2 a u t m z t i c  

valves open 
automati- 

P o h t  veiiti:.ai;:.on (~olcna!.ly o-sen) 

c a l l y  

C P F  

Dresden 

Kone 

E l k  River 2 

2 e x l o s u r e  2 au tonz t ic  
vent i lak ion  (rorna?.ly open) 
valves open 
automat i - 
c a l l y  

a r i c o  
Pe mi 

2 

1 e u k m t i c ,  1 mnual  f o r  
l i n e s  oper t o  i-nterior 
of containment: I. auto- 
imt ic ,  1 manml., one f o r  
each s ide  of t he  co1ital.n- 
3en.t s h e l l  f c r  l i n e s  ope9 
t o  p r i m r y  systen; li.nes 
noz?ralIy cl.osed have 

o r  i n t e r lock  
mrnal con t ro l  plus lock 

1 m,cual o r  1 l o c a l  o r  
30th on a l l  process 
l ines;  1 autopat ic  and 1 
l o c a l  on rad.iation m m i -  
t o r ing  san9le i n l e t  and 
:?eturn and instrument alr 
regula tor  bleed 

1 rs.nual a:id 1 check i n  
i n l e t  l i n e s ;  1 zu4:omatic 
and 1 check i n  o u t l e t  
l i a e s  

Xom?llaily open l i n e s  
ca-qriag Zluids i n  
or out of t h e  con- 
teimient c;ose, 
except conzroi rod 
dri-cre pvap sugply ; 
v e s t i l a t i o n  valves 
c lose  

32~3ia';ior mori tor - 
Ing samp!.es 
{CLOSC) ; instru.- 
ment eir bleed 
(open) 

?k?;or-ope?sted 
valves switch tc 
stat ior .  ba t t e ry ;  
o ther  vs.l.ves cl.ose 

1 autonat ic  1 manual (loeke8 closed) Close 
(normally open, 
except none in l i n e s  have 1 au-lomtic 
c losed -c i r cu i t  n o m a l l y  open valve 
n i t rogen  cool- (YTote: no va,i;er o r  
ing loops)  

i n  p r g e  l i n e ;  o ther  

s t e m  l i n e s  i n  enclo- 
sure)  

Norm1l.y 'open L h e s  
car ry icg  f l u i d s  i n  
cr 3u.t cf t he  con- 

excep'; cont ro l  rod 
dr ive  punp s7~q2.y; 
ven t i i a t ion  valves 
w i l l  s t i l l  operate 
off accmvla to r  i n  
event of a i r  f a i l -  
1ir e 

Txs%rurr.ec? ail- 
bleed (open) 

/,. ;.,,nment i close, 

Vzlves close 

Ventj.la!;ioi valves, all scram 2 out of 4 
3ers.rce2iers, 4;  othe:cs : l o w  
reaczor m t e r  ].€vel, 4; high 
enc! osure pressure,  4;  zanual 
operat  ion pos s ib1.e 

2 automatic o r  Manual block valves OD Vent i la t ion  valves No ac t ion ,  but l o s s  High s tack  inmediate par t icu-  
m m a l  (cor- each 15.r.e (one m.lve on c!.ose (de) of serv ice  air; l a t e  m.oritor, 1; hLg,h s tack  
m!.ly open) ea.c!i s ide  of contai;ment) v e n t i l a t i o n  valves delayed p a r t i c u l a t e  nonltor,  

c lose  1; high s tack  gas, 1; primarx 
system gress1;re >1210 p i g ,  
I; conta$.nnent pressure >2 
?sig, 1; manm1 operation 
poss ib le  

Xgh gzs or ? a r t i c u l a t e  ac- 
t i v i t y  i n  enclosure or  both, 
4; high enclosure pressure,  
2 

Close 

Eigh enclosure p e s s u r e  Pay 1 s igna l  
t o  c lose  
valves 

Enclosure ventilat3.m valves, 
a l l  scran:garameters,  4 o r  
6; ot:hel- va!.ves: high 
caclosure pressure,  4.; low 
reac tor  water level., 4;  
nanual operatior: possj.ble 

a 
Automt ic  ind ica tes  a vzlve closed by i.nstru7en.ls. Ivbr.ual. denofes 

a valve operate6 renoteby by an operator i n  the  con'xo:. roon.  Local 
means a valve oper6ted. by haid a t  o r  near? -l;k,e vaLve. 

'3 t h i s  'iabula%io:i it has rot been poss ib le  t o  take  S.l;to account 
t he  pressure  r a t i n g  o r  spec ia l  con6.itions t h a t  m y  ap$y t o  the  system 
t o  which these  l i n e s  a r e  connected. 

2-ou-i.-of-4 or 
2- out  - of -  6 t 0 
c lose  enclo- 
s m e  v e c t i l a -  
t i o n  valves;  
2-out-of-& ?or 
o iher  valves;  
annunciates only upon high 

rad ie t lon  
!.eve1 o r  steam 
l eak  i n  e rc lo-  
s w e ;  ind iv id-  
ual l i gh%s  and 
annuncia-ior 
only on enclo- 
sure ven t i l a -  
Lion Va l -Tes  2- . 

Any 1 s i e a 1  t o  
close valves 

Close manual.ly 
from cor 'zol 
room o r  
1.ocally i n  
sone cases;  
close manual 
backup valves 
where scp- 
p l ied  

Close l o c a l l y  

Close imnually 
f r o m  cont ro l  
room acd, i n  
sone cases, 
l o c a l l y  a l s o  

CEn be closed 
marually f rom 
c o n 2 0 1  room 

h y  1. of 4 serL- 
aors t o  c lose  
e l l  valves;  3 
nddi t 5.onai 
seEsors c lose  
c e r t a i n  se-  
l e c t e d  valves 

Close l o c a l l y  



rTb.-sle 7.6. (continued) 

Parhmeters Sensed t o  Close PossiDle l h e r -  
gemy Action 
i f  Valve Does 

Kot Close 

Action of h t o m a i i c  Valves 
on Loss o? Power Syscen; Logic 

Por Aut o m t  i c  
Valves 

Awtomtic Valves and 
Number of Sensors 

Per r%rarnettir 
Loss of Loss of 

E lec t r i c  Power Instrument A i r  

Ncnber aiid Type of Valves Per Line" 

Zeac tor 
vacuum Enclosure Process Linesb (Air, 
Relief Vent l la t ion  %earn, ya te r ,  e t c . )  

Close Close 1 o r  more i s o l a t i o n  valves 
per  l i n e  (cLusornat<c; 

2 ac tom- t i c  (normally 
spen) fo:. cori'arninated 
water,  drair.,  and sani-  
.- ua.y ,? sever, 1 a u t o m t i c  

( n o r m l l y  open) f o r  
nonessent ia i  se rv ices  
2 s u t o m t i c  (normally 
openj fL.orn hign-p-fessure 
helium supply 

open) $ran steam, Teed- 
w a t e r  

2 automatic ( n o r m l i y  

2 au';omatic EGCR 1 Close Close Figh s t ack  a c t i v i t y ,  3; low 2 out of 3 per Close rmrrdally 
r eac to r  cooLant pressure,  3 parame-;er from con t ro l  

i'0OII: 

Open Open Low r eac to r  coolant pressure 2 o u t  of 3 per 
parameter 

2 out of 3 per 
parume t e r 

Close m n u a l l y  
Zrorn con t ro l  
room 

Close manually 
rrom con t ro l  
Toon 

Zlectric-motor 
act-GLed 

Low wazei- l e v e l  m steam 
generator,  3; high water 
l e v e l  i n  lower plenum of 
steam &enerator,  3 

temgersture, 1; high s tack  
a c t i v i t y ,  I; ma11ual operation 

Figh enclosure effluen-; HWCT3 2 2 vent i la - t ion  1 automa-Lic a.nd 1 r~amz~l  
valves i n  i n  loh--pressure gas vent 
s e r i e s  iin both -GO extiadst stack; 1 auto- 
t h e  supply and m t i c  and 1 nianual i n  
exhaust 6uc2s SLXT~ pulp uischhrge l l n e ;  
( n s m l l y  open) 2 cctomatic and i manuit 

i n  high-press;lre vent t o  
exhzust s tack;  1 axto- 
m t i c  three-wcty b u t t e r f l y  
valve i n  gss-pressure- 
r e l i e f  l i n e  (normally 
posit ioned to r e l i eve  t o  
steam discharge l i n e s )  

Close, excep-; 
three-way b u t t e r -  
f l y  valve pea:- 
tioned -to r e l i e v e  
gas t o  ins ide  of 
containmen-t s h e l l  

Clgse, except 
-mi-ee-way bu t t e r -  
f y  valve; reserve 
sir tank  provides 
f o r  a t  l e s s t  1 
operat i s n  

Any 1 t o  c lose  
valves 

Close ven t t l a -  
t i o n  valves 
loca l ly ;  
c lose  addi- 
t i ona l  l o c a i  
valves i n  
process lines 
tfnsre they  
e x i s t ;  swit,:h 
three-way 
' ou t t e rZy  
vzLlve t o  con- 
t< admen t  : 

s h e l l  with 
l o c a l  hand- 
wheel 

Close l o c a l l y  
where pro- 
v i s ion  is 
m d e  

Kone I au'iomatic and I m r a l  
i n  main s : e a  l l n e s ;  1 
manual and I check in 
srstcr i n l e t  l i n e s ;  1 
aG-Lomatic i n  wt. t e r  o u t l e t  
l i n e s ;  1 ac.to=tic a rd  1 
rranual I n  c e l l  v ~ c u m  
l i n e  

Varies with valve Varies w i t h  valve Sump discharge ac-i;vity; in-  
strument cubic le  a c t i v i  by; 
stack gas ec-lfvity;  steam 
activi-by; cooling water ac- 
t i v i t y :  c e l l  a i r  a c t i v i t y ;  
oxygen a c t i v i t y ;  low oxygen 
pressure  a c t i v i t y ;  h i g h  or 
low f u e l  system pressure;  
high sampler pressure;  high 
c e l l  pressure 

High eilclosure pressure,  6; 
mnila l  operation poss ib le ;  
high s t ack  radioac.Livity 
f o r  veu t i l a t con  val-res, 1; 
Low 2res su r i ze r  i e v e i  f o r  
others, 2. 

1 of 1 for c e l l  
vacuum; 2 or' 
2 for  o the r s  

Xone 

Indian 2 
Point 

2 auto,mtic 2 automatic i n  l i n e s  con- 
(nor ra1 ly  
c losed)  i n  m i n  :or ex-Lernal contamina- 
s;.s-+em & b ~ o n ;  : 2 , a z i ~ d ~  i n  v i t a l  

s tit.attlrLg >os s i b l e  routes  

se rv i ce  l i n e s ;  I auto- 
m t l c  and 1 rnanual i n  
o ther  l i n e s  

Enclosure vent i - 
l a t i o n  vaives 
and valves i n  
l i n e s  cons t i -  
t u t i n g  poss ib le  
rou',;es f o r  ex- 
t e r n a l  conzaxina- 
t i o n  close 

Close i n  l i n e s  con- 
ud . t Z  ing goss ib le  

r o m e s  for ex- 
t e r m 1  contanina- 
t i o n  

Any one of 4 
pa i r s  of sen- 
sors  c lose  1 
automatic 
valve of each 
p a 3  of valves 
i n  every non- 
v i t a l  system 
penetratiori 

Second valve 
i n  each pene- 
t ra t ior ,  pro- 
vided w i t : ?  
e l e c t r i c  power 
from separa te  
s o u c e s  where 
e l e c t r i c  power 
i s  required 
for c losure  

Close addi- 
valve t i o n a l  where l o c a l  

L L  e x l s t s  * .L 

NS Savannah ?Tone 1 manual (nor- 1 check valve In b l e t  
l i n e s ;  i autom-t ic  i n  
ou-:le-t l i n e s ;  most l i n e s  
have adclitionai l o c a l  

m l l y  closed) 
Close Close High enclosure pressure,  3 2 out of 3 t o  

close valves 
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Ta.ble 7.6. (continued) 

Possible Emer- 

!.f Valve Does 
?Tot Close 

Brameters  Sensed t o  Close 

Nu~3er  of Sensors 
?er Wraineter 

Action of Auto,natlc Valves 
on Loss of Power a s t e n  Logic 

"or Automatic 
Valves 

Au tcmt ic  YKLves a,nd gency Action 
Nmber and Type of Valves Per Line" 

Reactor 
Va'acu.m &closure Process Linesb ( ~ i r ,  Loss of b s s  of 
Relj.ef Vent i l a t  ion. Btearr, vat.er, e t c . )  E l e c t r i c  Power 1ristnmen.t A i r  

Psthfinder 1 and d l  2 a u t c m t i c  
ven t i l a t ion  (n.orma1.1y open) 
valves open 
automati- 
c a l l y  

PRTR 

Yankee 

2 

Xone 

None 

1 check i n  i n l e t  1-ines; 1 Motor-operated Close 
automatic ic o u t l e t  l i n e s  va.lves sv i tch  t o  

s t a t i o n  ba t t e ry ;  
o ther  valves c lose  

I autcmatic 1 check valve i n  i n l e t  No e l e c t r i c a l l y  Close 
(normally open) l i n e s ;  1 automatic valve o-pera:ed valves 

i n  o u t l e t  l i n e s  i n  c onta im-ent 

2 automatic 
(normally open) 

None i n  k,ydraulic valve Ehclosure ven t i l a -  Does not app1.y 
l i n e s ;  1 manual i n  main t i o n  w.l.ves c lose  
steam and feed-water (Wote : carjnot 
l i n e s ;  1 manual or l o c a l  c lose  enclosure 
and 1 check valve i n  vent:la.tion on 
o ther  i n l e t  l i n e s  loss of hydraulic 

pres  sure ) 

Va-ies with t h e  valves but  
includes 1 o r  mcre of t he  
following : high r eac to r  
bui.ld.j.ng pressure,  1; los s  
of cond.erser c i r c u l a t i n g  
water, 2; high a i r  ejectl-on 
ex iaus t  rad-iation, 1; high 
turb ine  bui ld ing  v e n t i l a t  Lon 
exhaust rad ia t ion ,  2; high 
main steam l i n e  rad ia t ion ,  1; 
high vent i la . t i cn  s t eck  ex- 
haust rad ia t ion ,  1; high 
reac tor  bilild j.ng ven t i l a t ion  
exhaust, rad ia t ion ,  1 

High exbaust a i r  a c t i v i t y ,  3 ;  
high aqueous effl-uent ac- 
t i v i t y ,  3;  man~ml  operation 
pos s ib2.e 

Bigh enclosure pressure,  2; 
h i& s tack  activl . ty,  1; high 
enclosure a i r  a c t i v i t y ,  1; 
manual. operation poss ib le  

1 automatic; 1 1 au'somtic and. 1 local. 
l o c a l  (nor- i n  l i n e s  cons t i t u t ing  
inally open) poss ib le  rou te s  f o r  ex- 

t e r n a l  contamination; 1 
l o c a l  in other process 
l i n e s  

411 valves c lose  Enclosu?e ven t i l a -  Varies with valve but icc!.G.des 
2 t o  10 of fo!.lowing: high 
steam radia t ion ,  1; l o s s  of 
power, 1; high s t ack  rad ia-  
tiom, l; high condenser pres- 
suye, I.; ?.ow r eac to r  water 
l eve l ,  1.; low circula 'sing 
water pressure,  I; high sSeam 
flow, 1; high enclosure ?res- 
s x e ,  I; seismic disturbance, 
1; high enclosure rad ia t ion ,  
1; mnml operatiLoln poss ib le  

t i o n  valves 

1 aanual (nor-  1 automatic and 1 .mnual Electrica1.lg Close 
mal1.y closed) i n  main steam l i n e s ;  2 operated valves 

check vzlves i n  o ther  c lose  using sta- 
i n l e t  l i n e s ;  1 t r i g  valve t i o n  b a t t e r y  
i n  o the r  oE t l e t  l i n e s  

High enclosure pressure,  2 

k y  1 s igna l  to 
c lose  valves 

2 out of 3 

Any 1 signnel t o  
c lose  enclo- 
s w e  v e n t i l a -  
t i o n  valves 
only 

Close ranual ly  
from control 
rocm; c lose  
add i t iona l  
l o c a l  valves 
where one 
e x i s t s  

Close manuall) 
from cor.trol 
room except 
f o r  mechani- 
c s l  Slock- 
a.ge of 
:m>res 

Close enclo- 
sure ven- 
t j - l a t i o a  
valves 
loca l ly ;  
would t ake  
considerable 
t i n e  

Any 1 s i g m i  Lo Close l o c a l  
c lose  valves valve s , 

handles out- 
si.de enc1.0- 
sure ( a l s o  
can be 
closed 
m m a l l y  
from con t ro l  
rood 

Any 1 t o  c lose  Ciose l o c a l i y  
valves 

C I n f o m t i o n  not ava i lab le .  
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I-t m y  be naked. from Table 7.6 lh,t a number of parameters aye sensed 
to close various valves. 
it ind ica t e s  -the greatest var ie ty  of parameters monitored. It may. be 
fw-Lher noted t h a t  a t  l e a s t  two of these  pa_ramt,ess mu.s-t; indicate the 
need f o r  closii-tg t h e  given valve; t h i s  redundancy i n  rrmny r3ases o f fe r s  
t h e  assinance that an ac t ion  w i l l  not begin i f  sone piece of mr,ni_tor.ing 
equipment i s  no t  fumt ioa ing  properly. 

high teapel-ature i n  the  ventila-Lion duet dotmstream of the  blowey or high 
fi-ssion-product a c t i v i t y  i n  the  stuck.. 
normil) would i nd ica t e  in -this case a wijor steam. system ruptut-e. 
blgh a c t i v i t y  (-Lwice s t ack  background.) wo-iLL.d obviously shov t h a t  an ac- 
t i v i t y  release of r r a jo r  pz-oportions had  taken pl.a.ce C1!3:sixre of this 
valve is afforded by e i t h e r  of these systt-.insj s ince even acc:i.den.t;al. c lo -  
sure would not resul.-t i n  any sesious conseqinences d 

'The VDWR is a pr t icuLar1 .y  gocd example, since 

The HWCTII vent i la t ion valve i s  cl.osed by e t ther  of two monitors: 

The high temperature (.38" E' above 
The 

7.2. '7 Conta.iment Protec t ion  

7.2.7. L External Piotecti.on 
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Tablk 7.7. Containment S:ructure Exter ic r  and Missile Protection 

- ~ ~~~ 

Reactor Exter ior  Frotection Niss i le  Protection 
__.I__ _I_ ......... ...... _- -. .___I 

Big Rock 
Point 

C'SrR 

Dresden 

E l k  Rivzr 

Zmieo 
Fermi 

EBR- 11 

EGCR 

I!VCTR 

m': 

Indisn 
Point 

Pathfinder 

PRTR 

Yankee 

Insu la t ion  ( 3 / 8  i n .  ) ; cathodic 

Concrete exterioi- 

p ro tec t ion  

' i V i " n e ~ ~ 1 . 1  i nsu la t ion ;  corrosion 
pro tec t ion  provided by 
sprayed in su la t ion  covered 
with na in t ;  cathodic 
pro tec t ion  

Foam glass  (2 in .  ) covered by 
Sitixmstica a'oove grade; 
sandblasted m d  painted with 
3 i t imzs t ic  Selcw grcde 

Asohalt p s in t  below grade; 

Aluminim pa in t  abo3-e grai?e ; 

l i sh tn ing  rods 

Bitlurzistic bel-ow grade 

Pa iat 

Polystyrene blocks covere6 by 
f ibe rg la s s  end epoxy pa in t  

Totally enclosed 

Conc.retc ex te r i c r ;  spkpre i s  
coa ted  v i t h  Amerz3at ins ide  
and ou; (see Fig. 17.9) 

Vessel painted and t c t a l l y  en- 
clcse6 In s h i p ' s  hcld 

Insulated tc 5 f t  below glade; 
cathodic protection 

3el~cs~, 1/), i.r . merh-ane ; 
abcve, 3  in^ i csu la t ion ;  
cathodic pro tec t ion  

T o t o i l y  enclcsed 

hir,t.  

Paint cn d3me, cylinder i s  
ccncL~t te  

p.~ : <- lllt 

Coated with h e r c n a t  

... 
"A cozl-za: epcxy paint.  

In t e rna l  sz rac tures  provide in t e rna l  miss i le  

J4issil.e pro tec t ion  f r o 3  the  ex te r io r  by the  con- 

pro tec t icn  

c r e t e  building, from the  i n t e r i o r  by thc: operating 
f l o c r  and struc:ires below 

24 to 60 i n .  of concrete surrounds the n u d e a r  
steam supply system 

Concrete sh ie ld ing  ( 2  f t )  

Concrete and steel. sh i e lds  i n  and below f loor ;  
mzchinery dome above f i m r  

By w a l l  and top and bottom closures of t he  reac tor  
vessel: above r:ai.n f l o o r ,  1 4  i n .  of coccrete wall  
a-id ce i l i ng  

w i l l  be generatcd t h a t  would penetrate the  
contairnerit s h e l l  

By design and placeiiie~it, of equiyment, no in?ssile 

No serlous miss i le  generation i s  feasLble simul- 

lhernal. sh ie ld  above, below, and around. t h e  rezi-tor 

taneous with pr imIy  system rugtul-e 

vesse l ;  l ayers  of sh ie ld  bl:icks p ro tec t  i n  the  
upxerd d i rec t ion  

5 112 f-c concrete around 2nd I 314 ft ZIX~W reac- 
t o r ;  no conceivable missile would possess nrougli 
qnerpji t o  per,etrnte t h e  s h e l l  ffcm t h e  ins ide  
because of 3 - 2  biologi.i-aJ. sh i e ld  

>bable that, a miss i le  of su f f  
t c  cause d.iirage cculd be generated; pro-tected from 
pcnet ra t ion  by sh ip  c o l l i s i c n  by a conpcsi.l;e s t e e l  
and redwocd c o l l i s i o n  iia t and coricrete secondary 
sh ie ld  

h y  ccnceivab1.e miss i le  would be stopped by the  
s t r i l e tu rn1  and s h i e l d i i y  cnncrete ( 2  f t  miniinurn 
'thickness ) 

high above i;hc .=in f l o o r  
Cylindrical ccncrete w a l l  1 ft t h i c k  and 33 f t  

T s . 0  serihiis nLssi7 e generation i s  f eas ib l e  s i n i i i l L s -  

Concrete l i -ner  (1 112 f t )  below grade provides 

neous with ru_nture of t he  c o o l m t  systen 

miss i le  protection; no additiorLsl miss i le  pro- 
t ec t ion  is  ccnsidered necessary 

concrcte l i n e r  
Sufr"icii?nt miss i le  pro tec t ion  provided by t he  2.-ft 

S tee l  (18 in .  th ick)  p ro tec t s  from miss i les  driven 
i n  the  upward d i rec t ion ;  concrete around vesse l  
p ro t ec t s  below t h e  main floor 

i s  prc tec ted  from in t e rna l  missiles by t h e  con- 
c r e t e  b io logica l  shielding. 

No ex terna l  miss i le  ccnsidered credible;  the  s h e l l  

.......... __ ___ ..... - -. 
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and extends downward t o  t h e  bedrock below t h e  'nuildifig foim- 
dat ion.  ";.le ne-twork: i s  permanently grounded a-t other  poiii ts  
by connections t o  bu i ld ing  p i l e s .  This groimdi.ng network 
causes e l e c t r i c a l  charges t o  be bled of f  from {;he t i p  of t h e  
l i gh tn ing  rod and f u r t h e r  reduces t h e  p robab i l i t y  of' a d i r e c t  
s t roke t o  the  bul ld ing  o r  t o  appendages. ' I  

Many of t h e  buildings a r e  provided iri-ih cathodic pro tec t ion  below 
grade. This  system I .s a l s o  kno-m as the "sacri.9icial. anod.e" system aGd 
uses some mixberial t h a t  would be more electrochemicsll-y ac t ive  than the 
contairment s h e l l  i t s e l f .  This m t e r i a l  i s  e l e c t r i c a l l y  connected to -Lhe 
s h e l l  so  t h a t  any e l e c t r o l y t i c  ac t ion  wi1.l. a t tack ,  Yne "sacrificM1- anode 'I 
r a the r  than t h e  containment s h e l l .  I n  addrition t o  the e l e c t r o l y t i c  pro- 
tection, the shel.1 i s  cleaned a n d  coated with a coa.I.-ta.r type o:f pa in t .  
There a r e  some who bel ieve32 t h a t  t he  bes-t possible protec t ion  i s  t o  sand- 
' o l a s t ,  coa t  wi.th the coa l - t a r  pai.nt, and. then cover t h i s  wii;h epoxy p a i n t ;  
any fu r the r  e f f o r t  would be superfluous I 

'7.2.7.2 Shock Protect ion 

The p o s s i b i l i t y  of t he  in i - t iah ion  o f  n shock wav-e by some means has 
not  been over]-ooked. In f a c t  much. work has been and is being clone i n  
this f j e l d ,  as is shown i n  Chapter 6. However, i n  the  des5.q 0%" reac tor  
'ouildings ( e  6. , t he  vapor conta iner ) ,  this has not  beer? considered a 
s2gnifican-r; d.anger. 'Tke transmissi-on of a shock wave i n  a i r  i s  qu i t e  
i ne f f i c i en t ,  and it i s  f e l t  that by the time the  wd-ve f r o n t  t raversed 
the several. f e e t  ( i n  most cases)  of f r e e  space between the poin t  of i n i -  
t i a t i o n  and the  container  i,,mJ.l, t h e  s b x k  i n t e n s i t y  wou.1-d have decreased 
to the  ex ten t  t h a t  no harmfi l  e f f e c t s  would be rea l ized ,  From a d i f f e r e n t  
po in t  of view, F.t  i s  diffic1L.t t o  poslxlate a "credible"  s e t  of circum- 
s tances  which by t h e i r  occurrence would i n i t r a t e  a shock wave. 

si? two cases, however, t h e  possib13.rity of a shock wave was consid- 
ered, and shock pro tec t ion  was provided. Uoth a r e  experimental reactors, 
-the HRT a,nd EB8-TI. The EBR-I1 i s  provided with a b l a s t  sh i e ld  around 
t h e  s ides  (2 - f t - th i ck  a l t e r n a t i n g  l aye r s  of s t e e l  a.nd ligh%wei.ght con- 
crete) and under the  bottom (1 ft, t h i c k ) .  
1 l / 2 - f t  gas spa,ce ( s e e  c:liscussion above) e 

nism i n i t i a t e s  a shock wxve i n  the rca,c.tor i t se l f ,  the  shock (or b l a s t  
sh i e ld )  w i l l .  break up and red-uce the  force of t?ie shock T m n t  before it 
i s  ab le  t o  damage the vapor contsiziei-. 

from miss i l e s  as f o r  anything e l s e .  
b i l i t y  t h a t  t h e  pressure vessel (/+-in. - th ick  ca-rbon steel) could suffer 
b r i t t l e  f a i l u r e  and by t h i s  c r ea t e  mis s i l e s  <and i n i t i a t e  a shock f r o n t ,  
From -f;i-ie beginning it vas consid.ered k h a t  the d.a,m.ging e f f e c t s  of the 
mis s i l e s  that might be c rea ted  would be mch more severe than those caused 
by the propagation of Yne shock vave. 

More r ecen t ly  it has been -the opinton of m o s t  exper'cs i n  the  f i e l d  
of metallurgy t h a t  brit t1.e f a i l u r e  of a pressure vessel., whl.ch has been 
cons-Lructed :.rith t h e  extremely r i g i d  qual-ity con t ro l  t h a t  i s  applied t o  
nuclear vessels ,  would not  be a, c red ib le  occurrence. !This is, of course, 

The top i s  protected by a 
bn t1ii.s case, i f  :;orme meha-  

With the HRT the  b l a s t  sh i e ld  vas provided as much f o r  pro tec t ion  
I t  w a s  consid-ered a remote possi- 
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based. on the  utmost care  being taken with the  ciesign and manufacture of 
the vesse l .  For example, when the pressure vesse l  of the WCTR w a s  manu- 
factured, certain of ’ihe smaller penetrat ions were not annealed. This 
made the  designers skep t i ca l  as t o  the NDI’ temperature of the  complete 
vessel .  Farflples were taken of the various melts of metal, and various 
t e s t s  were performed. I’i. w a s  t he  opi-nion of several. reputable metallur- 
g i s t s  t h a t  t he  NDT tempera-Lure would be no lxss than 110°F a f t e r  20 years 
of i r r a d i a t i o n  ( see  Tab1.e 7 . 4 ) ,  and thi.s allows a margin of  sa fe ty .  

‘1.2.7.3 Missile Pro iec t ion  ll.llll-I ....... 

Missiles may be created by many unusual clrcurnstances. Pipes may 
break and “whip” around i n  a container,  a tliermowell may f a i l  a-t -the weld 
ar?d. be propelled as a missi.l-e, or shj-eld blocks coiild gain enough momentum 
t o  become ser ious miss i les .  The pressure vesse l  of the SI,-1 w a s  propelled 
upward by a water-hanuiier effect wi-ti? such force  that piping connec-Lions 
were severed. ‘The e n t i r e  vesse l  moved approximately 9 f t  upward before 
i t s  energy w a s  spent and it Yell. back i n t o  i t s  cav-i’iy. 

t h a t  could becoirie miss i les  -tlia.t could damnage the  con.tai.rier and then p o -  
vide protecki.on aga ins t  them. By sensi.ble placement of equipment, much 
can be doize t o  preclude the  e f f e c t s  of mlissiles. Missi1.e sh ie lds  i n  the 
form of  s t e e l  p l a t e s  o r  concrete wz,?.ls of varytng thicknesses a r e  some- 
times interposzd bebween the p o t e n t i a l  miss i le  and .the vapor container.  

(i. e . ,  an airpl-ane f a l l i n g  on the bui-].ding or a h i t  by a miss i le  genrra’ced 
as an a c t  of  w a r ) .  The ex terna l  force Lhat does seem qu i t e  c red ib le  i s  
t h a t  of a coll.i.sion with another sh ip  by the  N S  Savannah. In t h i s  case 
the reac tor  compartment i s  protected by spec ia l  col.l.ision shiel.di.ng ( s e e  
Table 7.7), as wel l  as the  concrete of t he  rad.i.ation shield.  

The design of  the r eac to r  container  must. include an anal-ysis of i t e m s  

Some deci-gmrs even consider the c r e d i b i l i t y  of externa l  missiles 

7.  2.8 Cool.ant Propert ies  

A t  l e a s t  p a r t  of the energy tha t  will be released i n  -Lhe event of a 
maximum accident w i l l  be contributed by ’die reac tor  coolant.  
gives inforrrlati.on t h a t  pe r t a ins  t o  thi.s energy r e l ease  i n  ti?e form of  mass 
of coolant and tiie Lhermal proper t ies  a-t some s e t  of operating conditions.  
Other sources t h a t  nlay contribu.Le t o  the  mca are rupture  of the  secondary 
system or  a chemical or nuclear reac t ion .  

It should be noted i n  the  ease of the sodium-cooled reackor t h a t  the 
pot,ential  da.mge?? does not come from the sens ib le  hea.L ia tiie f l u id ,  as 
in. the  case of water-cooled reac tors ,  bu t  f m m  the  propensity of the cool-  
an’c -to r eac t  v io l en t ly  with a i r  o r  water. 

‘1’abl.e 7.8 

7.2.9 Energy Sources 

This sec t ion  dea ls  wiLh the energy sources that a r e  made a,vailablc 
by some rnca and theiLa contr ibut ion t o  the  loading of the containment shell. 
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Table 7.9 b r i e f l y  descr ibes  the  axcident t h a t  i s  considered to be rr;lxi.mnurn 
from the  standpoint of energy re lease .  Ti*ble 7.10 l i s t s  the  thermodynamic 
conditions assumed, qirzn.i;ities of energy re leased,  and mchanisms that 
might l e s sen  the  seve r i ty  of the  accident (i. e.,  bui lding arid core spray 
systems). 

The accidents  described i n  Table 7.9 are those t h a t  r e su l t  i n  -the 
highest  i n t e r n a l  pressur-e. It i s  t h i s  p r e s s w e  t h a t  i s  used a s  t h e  design 
parameter f o r  t h e  containment she l l .  

In some cases the accident t 'nat  r e s u l t s  i n  t h e  highest  i n t e r n a l  pres- 
sure  w i l l  not be the  one t l ~ t  re leases  the  g r e a t e s t  amount of fission 
products to t he  enclosure. In cases such as t h i s  a hyp;o.thekLci$.,l accident 
or design accident i s  postulated t h a t  takes  the  high peak pressure of: oi?e 
accident and t h e  a c t i v i t y  release from another and eompomds them i n t o  
one accident t h a t  r e s u l t s  -in high pressure and n I-arge re lease  o f  a c t i v t t y .  
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Table 7.9. k s i s  fcr Containment, &sign  

Big Hock Point 

CVTR 

Dresden 

E1.k River 

W i c o  Fermi 

ERR-21 

EGCR 

HWCTR 

HRT 

Indian Point 

NS 2avanna.h 

Yankee 

.... 

.... 

LOSS of coolant  th-rougb a double-ended faj l i r re  of  the  l a r g c s t  pipe when In 

loss of primary coolan: followed by 35$ Zr-%-ate-(, r eac t ion  and 106  Btu nuclear 

Instantaneous lcss of a l l  priiml-y coolant 

Instantaneous Icss of coolant, through l e r g e s t  poss ib le  double-ended n ipe  rup- 

hot  standby 

r eac t ion  

ture ( lo - sec  elriptying t ime) 

Sodium-air reec t ion ;  f a i l u r e  GI“ m i n  sodium piping wi:h coincident iniroduc- 
t i o n  of a i r  jn t h e  norimlKLy i n e r t  a’micaphere; burnlng cont,ini:es u n t i l  95s 
of 0 2  i s  ConSimCd 

Ejec t ion  of 3000 Lb of s o d i m  with a high deg;l.ee of dispe  

Loss of priimiry- coolant and t h e  contents of one steam ge re ra to r  

Rapid loss ci p r f n m r y  coolant Lhrough l a r g e s t  c r ed jh l e  bresk  (10- in .  p ipe)  

Instantaneous r e k a s e  of c c ~ ~  and blanket  so!utf.ms arid the  conten ts  cf one 
steam g ine ra to r  

f r c m  one s t c a m  gene 

phis t h e  conten ts  of one steam generator;  ccntiiiued operation at  69 Mw fcr 
5 scc 

Ins-;c.ntaneous r e l ease  and expansion of a l l  primary Eu? d and secondm-y fl-uid 

&pid l o s s  of primary cco!.ant tbzcugli break of l a r g e s t  pipe (12  9/16 i n .  I D )  

Loss of coclar-G (assumed instantnnz3usj during s t a r t u p  a t  442°F with suger- 

Loss of primary cool-anz through j?&cure i n  l i - i n .  toy: knuder;  complete d i s -  

Loss of *)rirflary coolant through a i? . . in .  pipe break; rupture o f  the  secon- 

Tnstantanecus l o s s  of p r i m r y  coclarr. plus I’ailure of core sprey- system 

LOSS of primary and secondzry coc lan i  at abnormal conditions t h a t   all^^^ 

Pressu-e ves se l  rupture not  ccnsidered c red ib ic ,  but for ca lcu la t iona l  

hea t e r  flooded 

charge ir- 42 sec; rnetai--gater r eac t ion  

dary steam generator 

(corrqle te  nclrdowfi) 

maximm s to red  cnergy r e l ease  

p.,irpcscr, t h e  pyessiire v e s s e l  contents assumed to be re leased  i-nstantly; 
r e m i n d e r  of coolant re leased  i n  1 .5  see 

break; core  i n j e c t i o n  pre-rents fissiorl-p;w3uct r e l eese  (h-othetical  
acc idec t  : 

Virtuall-y complete Icss o f  primary cco3.ant :hrough a 20-in. pipe ( l a r g e s t )  

sam? hut wizh f i ss ion-product  r e l ease  j 

This is, of course, u n r e a l i s t i c  bu t  usual.l.y qu i te  conservative. Activi-ty 
Yeleases will ’ne discussed l a t e r .  

The accident  t h a t  ini’iia-tes the  mca 7.s usua1l.y the rupture  of the  
coolant system (primary or” secondary o r  bo-th) , with subsequent re lease  
of coolant.  After t h e  rupture, time is required lor the con-tents of the 
ruptured system t o  be discharged t o  the containment atmosphere. During 
thi.s time, attempering e f f e c t s  011 the  peak presswe shoill1.d be experienced, 
such as hea-L t r a n s f e r  t o  cool  masses i n s ide  ‘cle containment vessel ,  heat  
t r a n s f e r  t o  the  container  shell and .Lo the outside atmosphere, and cooling 
e f f e c t s  of core or buildi-ng sprays or of open-water pools, In most cases 
these  e f f e c t s  a r e  not considered when ca lcu la t ing  the maximum pressure t o  
be contained by the  system. 
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Table 7.10. Assumptions f o r  Calculation of Con-caiment Structure Design Pressure 

Corments Building 
Spray 

Nuclear Chemical Q, Core Spray 
Energy anergy Coolant or -7 Themodynamic 

A S 5 L Y ~ t i O S S  Mdeda Addeda s t o  ret:," III j ect ion 
3eac t or 

5.7 

7.31 

200 

17.1 

Wone 

fiToone 

22.1 

130.5 

Yes 

Yes 

Pione 

Ye 8 

Rone 

None 

None 
b 

Drone 

None 

None 

Yes 

None 

Yes 

Yes 

bione 

None 

Ye S 

Yes 

Yes 

Yes 

J i g  Rock 
Point 

CVTR 

Zresden 

Elk Rfver 

E n r k o  
FPimi 

SBS- I1 

EGCR 

EWTR 

EBT 

Indian 
Point 

MS SavarLnah 

Fa-thfirider 

PRTJ3 

m 
Saxton 

SN-1 

VBm 

Yzakee 

Core eprcay (400 g - m )  actcated 5y low ~r-imry system p r e s s E e  and low 
reactor  m t e r  level; bu i ld lng  spray- (400 gpn) s t a r t s  15 clin a l t e r  
high sghere press-are i s  obtsined; bot;? sprays can he actuated 
manually 

Eeat l o s s  cousidered; Xone 
perfect  d x i n g  

None 

Core in jec t ion  system assumed to fa i l  No heat loss; perfect  1 
mixing 

3576 zr 
react ion 

Building spray automatically actuated a f t e r  15  min EnoLigh t o  melt 255 Z-- 
fuel reac t  ion 

Operators would s t ay  i n  con-lrol room and take ezergency act ion;  
control room 480 I't f ron  t?ie reac tor ;  emergency spray starts 10  m h  
a f t e r  container pressure indicates  2 psig 

Xo heat lass; pe1-fec.t Xone 
rdxizig 

None 

Xegligible com- l@ 
pared 571th 

chemical energy 

0.54 i8 
E x t e r a d  bui ldlng s i r a y  cools building she l l ;  actuated when .the 

contaixient, i s  closed 
3eat  l o s s  i s  con- !Tone 

sldered; reactor  
s c r a i i  wltnin 5 see 

None 

Fu.ilding spray system r e d x e s  press-me e f t e r  ma No heat loss;  percect None 
raixlng 

None 

Cell spray system mast be tweed on (adtninistrative ac t ion)  ; high 
c e l l  'water l e v e l  automatically turns  it orf 

Automatic containment i so i a t ion  a t  5 psig; a t  10  psig, containment 
externel  sprays turned on (administrative ac t ion) ;  a t  15 psig and 
hlgn gam,%, coatalmxent i n t e rna l  sprays t-mned on (sdnix is t ra t ive  
sc t ion)  

RC heat loss;  perfect  Xone 
mixing 

Xoror,e 

No heat l o s s ;  perfect  4.3 
mixing 

Xone 

Heat l o s s  i s  con- 
sidered; perfect  
nixing 

0.47 None 37.4 None Xoce 

None 60 None Xone Feedwater pwcps coatinue 'so o p r s x e  an8, ;n ce r t a in  cases, 

2 .6  Yes Yes 

TLtigate the  accident 
Xo kiea'i loss; perfect  
mixing 

None 

No heat l o s s ;  perfect  
rnixing 

None 

Xone 7s None None 

TJToae Yes None 

4.6  

Xone No heat l o s s ;  perfect  
rxixiag 

None 7.3 none Yes %nually coatrol led exergency spray systezl 

None 20 None Yes Buildlng spray operated manually from outside vessel i f  needed 

1 . 2  No Lest loss ;  2erl"ecl; 
mixing 

Xeat l o s s  f o r  1.5 
sec;  perfec t  mixing 

None 

Core Inject ion system can supply 54GO gpm of borated water t o  the 
core, supplied by a 125,003-gal tazli; s t a r t s  aLitmaticaily when 
presswe drops t o  l000 ps i ;  assumed t o  f a i l  f o r  h7ypo';hetical 
accident 

None 93.3 Ye S ?Tone 

a 

bh eEergency core cooling loop i s  provided, see See. 7.9.1, 

Qmnt i t ies  of  heat energy given i n  mil l ions of 2tu. 

None 
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I n  ca lc ida t ing  the  energy balance, the  assumptions most usual ly  m d e  
a r e :  
t o  -the s h e l l  or t r a n s f e r  t o  the  outside,  (3) no lo s s  of energy t o  a spray 
o r  fog system, and ( 4 )  per fec t  mixing of gases and released vapors. 
Yne per fec t  g a s  l a w  i s  assixned t o  apply. I.t i s  obvious that s ince no 
energy i s  t r ans fe r r ed  from t h e  system, it i s  equivalent. t o  an ins.t.anta- 
neous re lease  of a l l  t h e  s tored  energy of the  system. Exceptions t o  t h i s  
a r e  shown in t h e  cases o f  t he  M, EGCR, and t h e  N 3  Sat-a-mah. In these 
cases it, i s  assumed t h a t  hea t  i s  t r ans fe r r ed  from -the containment vessel 
under some s e t  of conservative conditions.  In the near fu tu re  i t  should 
become reasonable t o  take even more c r e d i t  f o r  some of  these attempering 
e f fec ts ,  since research work is now being ca r r i ed  out i n  an e f f o r t  t o  as- 
sign values t o  these var ious phenomena. 

m u s t  also be considered. For example, the SL-1, an A r m y  low-power boi l ing  
wa-Ler reactor ,  experienced a rapid niiclear incident  t h a t  i n i t i a t e d  3 water 
hannner of such rorce tkat t h e  vessel  vas l i f t e d  upward about 9 f t . .  A t  
ihe time the  five boiling-water reac tors  represented i n  t h i s  discussion 
were designed or  bu i l t i .  the  water-harmer e f f e c t  was no”i included i n  the 
accidents  usua l ly  analyzed.. However, j e t  forces from broken l i n e s  were 
considered, and as a r e s u l t  the  vesse ls  a r e  mounted so  as t o  resis-t; these 
forces.  T$kther or  not water hammers w i l l  be considered i n  the  fu tu re  
remains t o  be seen. 

If it were assumed t’mt the  water harmer could occur and, .further, 
could rupture  the  reac tor  pressure vessel ,  then ser ious rev is ions  would 
have t o  be made i n  the  thinking of s a fe ty  analysts .  HoTwever, t h e  SL1 
vesse l  did not fail ,  and possibly it can be shown t h a t  others  would with- 
s t m d  such an accident ,  It appears t h a t  two mechanism present themselves 
as serious problems. Fi.rst,  t he re  i s  the  poss ib i l i - ty  of instantaneous 
re lease  of primary f 1.iii.d Prom the  ruptured. pressure vessel ,  bu-1; i n  most 
cases t h i s  i s  assumed anymy. The second i s  the  p o s s i b i l i t y  of miss i le  
generation (i.e., blowing off of the  top fl-ange) and shock wave genera- 
t i o n .  ‘Wtis woul-d requi re  spec ia l  holddown provislions o r  subs t an t i a l  
missile and shock protec-Lion. 

(1) no l o s s  of heat t o  s t ruc tu re  o r  equipment, ( 2 )  no l o s s  of heat  

Also, 

With respect  t o  water-cooled reactors ,  t h e  e f f e c t  of a water hammer 

7.2.9.1 Boiling-Water &actors  

The f i v e  boiling-water reac tors  l i s t e d  i n  Table 7.9 a r e  examples of 
reac tors  i n  which a m j o r  rupture of t h e  largest ,  pipe o r  vessel  and. sub- 
sequent l o s s  of coolan-t could occin.  ‘Fnere are var ia t ions  of t h i s  a c c i -  
dent t h a t  depend on t h e  reactor ,  r eac to r  mater ia ls ,  and the  one who i s  
postulat-ing t h e  eve r t .  The Elk  River, VBWR, and Pathfinder reac tor  ana- 
l y s t s  assumed an instantaneous r e l ease  of a l l  the coolant a t  the  time the  
most energy was s tored  i n  the coolant. This i s  a conservative approach 
because any time tha’c elapses during the  r i s e  of’ t he  i n t e r n a l  pressure 
allows condensation of steani and therefore  a reduction i n  peak pressure.  

1. Elk River. For the  Elk River reac tor ,  it i s  assimed t h a t  t he  
e n t i r e  c o z n t s  of t he  core and coolant loop a r e  discharged ins tan ta-  
neously t o  t h e  containment vessel .  Although t h i s  i s  an incredib le  event, 
it does y i e ld  a conservative r e s u l t .  
pering e f f e c t s  of the  spray system o r  any hea t  loss from the s h e l l  atmnos- 
phere . 

No c r e d i t  i s  taken f o r  -the attem- 



7.63 

Although there  i s  zirconium i n  the  core, it is not used i n  the f u e l  
eladd-ing, and the  reac t ion  of zirconium and water i s  not considered. Even 
i f  it were considered, however, it would add insignif icamtly t o  the f i n a l  
pressure.  

2. Pathfin.der. For t he  P,athfinder reac tor  the  same assumptions 
with :respect -to time of r e l ease  ( Pnstactaneous) and -t;hejmodynanl.c condi- 
t i o n s  are used. However, t h i s  reac tor  c o n t x h s  a nuclear superheater 
section, and the  time when the  mxri-riwn amount of  s tored enerFgy i s  con- 
ta ined i n  the  reac tor  i s  during heatup, j u s t  before draining oT the super- 
heater  sect ion.  This occurs when the average temperature o f  the  coolant 
i s  442°F. 

3. VBWR. For t he  mWR, it i s  assumed t h a t  the  pri.nltzry system fails 
ca tas t rophica l ly  and re leases  all- the r eac to r  vessel  contents insi;anttt- 
neously, bu t  t he  reminder of the  loop requi res  1 . 5  see t o  empty. Ihtring 
t h i s  1 . 5  sec, heat  t r ans fe r  -Lakes place t o  t he  contairunenl; shell so  t h a t  
.the peak pressure i s  suppressed By about 5.5% of what it would have been 
i f  a l l  t h e  cool.ant had been released instantaneously.  

4.  Big Rock Point. For the  Big Rock Point reactor ,  it i s  assumeci 
t h a t  the l a r g e s t  l i n e  t o  the  r eac to r  ruptures  a~-% releases the  contents 
of t he  primary systerii i n  the  sho r t e s t  posslhle  time. The containment 
a.trosphere conditions assuned a t  the  time of t he  accident are R teinpei-2.- 
t i r e  of 100°F and loo$ r e l a t i v e  humidity. 
La.lte place t o  the  cold masses of t h e  con-tainment s t ruc ture  unt, i l  an equi- 
l ibr ium teriperatixe I s  a t t a ined .  &a-t t r a n s f e r  coeff ici-ents of 700 and 

The peak pressure of about 20 ps ig  occurs :xpproximateely 1.6 see a f t e r  the 
pipe breaks. 

instantaneous and cornplete severence of one o f  t h e  bottom i n l e t  l i n e s  
w h i l e  the reac tor  i s  i n  the  hot standby conditiofi and subsequeini, re lease  
of all. pr imi-y coolant;. Approxim'tely 1 min a f t e r  the accid-eat the peak 
pressme would be reached. 

- 

Heat t r a n s f e r  i s  assumed t o  

240 Btu/hr. f t2 .  "F f o r  s-tee1 and concrete, 7-espee-Lively, are assumed. a 

5. Dresden. 'The m a  assimed f o r  the  Dresden reac tor  irmoSves the 

3 3  

7.2.9.2 Pressurized-Water Reactors 

Wi-th pressurized-water reac tors ,  as Wi'Gh boi l ing-imter  reactors ,  t h e  
mximm accident  i s  t h e  rapid re lease  of water froin the  coollng s y s t e m ,  
A complete l o s s  of primary coolant, w-ith an accompanying l o s s  of p a r t  o r  
a l l  of the  secon.dai.y coola i t ,  .through t h e  larg2st credible  rupture i s  
postulated. f o r  most of the  react,ors. I n  SOTIE cases the  re lease  i s  taken 
t o  be instactaneous,  s ince it 9.s f e l t  t h a t  t h i s  i s  even iwre conservative 
dmn discharge through t h e  l a r g e s t  c red ib le  rupture.  Yankee, Saxton, a.nd 
HWCTR consider only r e l ease  of the primary f l u i d  i n  t h e  nstximim acci.d.ent 
(i. e . ,  no failwrre of t h e  primary heat exchmger) . 
assumed because OS 8 metal-:mter reac t ion  that would add. t,o t'ne ini t j -a l  
p~ ,~ss i . ue  peak. Li -the IiWCT3 it is  assumed t h a t  a l l  th.e urariiurn and z i r -  
contun i n  the  f u e l  elements w i l l  undergo a steam-water react ion,  but 
t h i s  i s  considered t o  take place a t  a slow r a t e  and not t o  cont r ibu te  t o  
the  pesk pressure.  For tine NS Sav:_tnnah t h e  reac tor  i s  assumed. t o  r e n z i i n  
a t  pomr  f o r  a shor t  time a f t e r  t h e  i n i t i a l  pipe break, thus adding  a 

L 

I n  none of the pressurized-water reac tors  i s  any addi t ion  of heat 
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s-mal.1 amount of energy from the  nuclear sou.rce. 'This i s  not, however, a 
nuclear excursion. 

To be a s  conservative as possible,  f o r  f i v e  of  the  reac tors  (SM-1, 
Indian Foint, Saxton, HWCTR, and HRT) it i s  assumed tha t  t he  released 
steam and water exhib i t  per fec t  mixing with the  c e l l  a-tmospbere and t1ia.L 
no heat  i s  t ransfer red  to t h e  containment shell or t o  equipment o r  s t ruc -  
t u re s  ins ide  -Yne shell.. Further, i n  each case the  miti-gating e f f e c t  of 
the  5ut lding or core spray system i.s not considered. None of the reac tors  
take c r e d i t  Tor spray systems in t he  reduction of the pressure peak, but  
some do take i n t o  account the fact t h a t  heat  would be 10s-'i. t o  t he  bui lding 
s h e l l  and -Lo eqiiri-prnei-t i n  t he  building.. 

t h a t  would allow t he  reac tor  system to obtain -the maxi.j-nirm amount of s tored 
energy w a s  postulated f o r  the SM-1 reac-tor. 
of  several  s a fe ty  devices the  SWi-1 would acquire an amount of s tored 
energy mcli i n  excess of thai; contained iinder any noriilal. operati.iig con- 
d i t i on .  For other  reac-tors, t he  normal operating conditioils a t  which 
the  highes-t enerm eontent i s  ava i lab le  a re  assumed; t h a t  is, t he  n o r m 1  
condi.tions under which the  average coolant temperature i s  the  g rea t e s t .  

2. HWCW?. No c r e d i t  i.s taken f o r  t he  reduction of the pressi.irre 
peak by the  bui lding spray i n  the  JTiJG'L'R, but it i s  pos.Lulated -that t he  
building spray operation woinld reduce the  containment pressure Lo atmos- 
pheric i n  1 2  hr .  
environs; the accident lasts only 1 2  hr. 

ing reac tors  i.n that; the  pressure vs time hri-story of the  containment 
atmosphere i s  s-Ludied closely.  

1.. SM-1.. A s e r i e s  of events before rupture of the  primary system 
-II._ 

By misoperation and f a i l u r e  

~. 

FYom t,he standpoint of f ission-product re lease  t o  the  

3. N S  ,Savannah. The N S  S3vannah reac tor  3.s unique among the c x i s t -  

Figure 7.32 ( r e f .  34) shows th i  s r e l a t b n .  

220  

200 

; 160 
k. 
3 

140 
u L. 

2 120 
c 0 

E 100 c 
2 80 
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60 

4 0 

2 0  

0 

Fig. 7.32. N S  Savannah Containment Temperature and Pressdye After 
Prirmry System Kinpture. (*om ref. 34) 
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The sources of t he  energy added t o  t h e  contaiimient a r e  (I) the  energy 
contained i n  the  water of t h e  p r i m r y  system and i n  t h e  water and steam 
of one steam generator  (secondary system) and ( 2 )  the  energy of continued 
full-power [69-Mw(t) ] operation for a period of 5 sec a f t e r  the  l n i t i a t i o n  
of t he  acclident. The primary and secondary fliiids are t o  i ssue  from t h e  
l a r g e s t  c red ib le  ru.pture i n  t h e  shoi-test reasonable time ~ The c e l l  aZr- 
conditionliig system and the  steam geiiemtors cease immediately t o  remove 
heat  from t h e  system; the  only a ,mi lab le  cooling j .s from condensation of 
stea-m on t h e  exposed surfaces  ins ide  the  vapor container .  KLthoi~gh t h i s  
is not  t he  "no heat l o s s "  ( ad iaba t i c )  ana lys i s ,  the a'oove assumptions 
do mximize the  pressu.re buildup from t h e  point  o f  .view of the  mechanistic 
type of a.na.lysis. 

7.2.9.3 Fvessure-Tube Reactors 

The pressure-tube r eac to r  is  s i r n i l a x  to t h e  pressu-~'ized-water reaetor, 
with the  major  d i f fe rence  being the amount of water pressurized and. c i r -  
culated.  In t he  pressurized.-water r eac to r  the coolant ard the  moderator 
arc the same f l u i d ,  and t h i s  i s  ci:rcu.lated as t he  px5rnai-y coolant.  The 
pressure-tube r eac to r  cousl.sts of fue l  buridles contained in several. smll 
tubes (3  t o  4. i n .  I D ) .  
-the moderator tank. Pressurized v:ate:c i s  circu1ai;ed -i;'rwou& the tubes 
t o  remove heat  from the fuel.,  and the  large b1-d.k of water th . a t  ts not 
pressurized i n  the moderator tank serves  t o  moile:rate t h e  neutrons. Thus 
the  invrtntory of c i r cu la t ing  pressurized. :?r,zter is great ly  reduced., and 
i-f t he  -tubes are made of a low-cross-section m.%erial., such as 3x1 alloy 
of ziyconiwa, there i.s no g rea t  l o s s  of neutroris. The ?RTX uses Zirealoy-2 
for i t s  pressure tubes,  and the CVTR uses Zircal-oy-4. 

Some cred ib le  rupture  through which the  primary coolant must d i s -  
charge i s  posti_L3,2ted f o r  bo-th these  reac tors ,  but; t he  ca lcu la t ion  of t h e  
peak pressure i s  niade assuming instant,aneou.s release of a11 the  coolant 
plus any add.i t iona1 contrj-butions. For Soth  the  reac tors  a l a rge  con- 
t r i b u t i o n  of energy by the  chemical. rcac t ion  o f  w a t e r  with the fuel  clad- 
d-ing mater ia l  i s  ass-cuned, A smll nixlea,r. excw-nion i s  aLso  assu:med. for 
the MTTlI. %1 both cases, :issumption of pe r fec t  mixi.ng, no hea-t -Lransfer, 
arid no attempering e f f e c t s  of t he  spare systems m r e  madeq 

These tubes a r e  irmersed i n  a tank of w t e r  called 

7.2.9.4 Sodium-Cooled Reactors 

The design accid.ent f o r  "ine EBR-11 i.s the  discharge, with good d i s -  
persioii o f  the  molten sodiufi, of a p a r t  of the metal. c.ool.ant. 
coolant system conta?'.ns 640,000 lb of sodium, and the  pa r t  relxased con- 
s t i t u t e s  0.5% of t h a t  amount. The postulated accld.ent i m s  based 0x1 the 
work done by the  Argonne Nz.tional laboratory regarding sodium-air reae- 
t ions ;  it represents  reasonable and r e a l i s t i c  assumptions, 

The primary 

'7.2.9.5 Gas-Cooled Reactors 

The most se r ious  accident  t o  'ne experienced wi-th the  EGCR, as with 
rmst other  gas-cooled r e a x t o p s ,  i.s -the loss-of-coolant accident .  This 
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accident,  o f t en  ca l l ed  the  rap id  depressurizat ion accidenl;, cons i s t s  of 
a. primary coolant system rupture  t h a t  allows the l o s s  of cool ing gas and 
a lo s s  of system pressure.  

Since lo s s  of coolant does not constit1A;e a lo s s  of moderator, t he  
nuclear reac t ion  w i l l  continue u n t i l  t he  con t ro l  rods are i.nserted. J . t  
i s  assumed t h a t  the  loss-of--coolant  accident  w i l l  i n  no way darmge the  
s a f e t y  system, and the i-eactor w i l l  be scranlrnted by the  accident .  Even 
wi-Lh the  r eac to r  shut  down, temperature t r a n s i e n t s  caused by decay heat  
will cause f u e l  elements 'io f a i l  and expel t h e  contained f i s s i o n  produc-Ls 
Calculations were made t o  de-termine the  rmximmi nim'oer of EGCK fuel.. e l e -  
ments t h a t  would rupture  aild discharge f i s s i o n  products,  3 5  For the  EGCH 
it i.s a l s o  coiisiderrd. t h a t  a major rupture  i n  one of t h e  two steam gen- 
e r a t o r s  might occur tha-t wou3.d release i ts  contents  to t he  con taimnm.t 
s t ruc tu re  and thus cont r ibu te  t o  t he  pressure r ise .  

li?dj.an Point Reactor. Instead of spray nozzles ins ide  t h e  bui ld ing  t h a t  
would produce a fog: vliich would not  only redixce the  pressure but  a l s o  
wash ou-t some f i s s i o n  products, t h e  EGCR has only sprays t h a t  would douse 
t h e  outs ide of t'ne dome o f  t h e  bui-lding. The cooling of t h i s  spherical. 
dome would. provide hea t  removal by increased heat  .transfer 'Lhrough the 
s teel .  chamber. 

- 

'l%e bui ld ing  spray system of  t he  EC-CK i s  s imi la r  t o  t h a t  used on the  

7.2.10 Fission-Product Release and Dispersion -- ...-____ 

The e f f e c t s  of t he  r e l ease  of f i s s i o n  products i n  an acci.dent of 
major proportions a re  Giscussed below. Table 7.1.1 l i s t s  the  f i s s i o n  
products t h a t  would escape t o  t h e  container  and the  e f f e c t s  of direc-i; 
m.d.i.ation from t h i s  source. Table 7.12 l i s t s  those i-e.?-eased from t h e  
con-tainment bui-].ding and the  submersion and inha la t ion  doses t h a t  may be 
expected. Table 7.13 gives  the  ra-Le o f  buil-ding leakage and the  meteoro-. 
l o g i c a l  cond-itions 'chat w i l l .  cause Lhe t r anspor t  of t h e  released. f i s s i o n  
products- The i.nforrm'Lion presented i n  -f;Eiese t a b l e s  w a s  obtaLned from 
the  hazards summary r epor t s  l i s ted .  i n  t h e  bi.bI.iography (Sec. 7.10) unless  
otherwise spec i f ied .  

'7.2. l.0+ 1 Power History -. . .. . .- 

The amount of f i s s i o n  products contained i.n t he  core a t  a s iven  t i m e  
i s  dependent upon t h e  power h i s t o r y  of .the r eac to r  p i o r  t o  ' tnat  time. 
'The mos t  conservative estimate would be iiif i n i t e  operat ion a t  f u l l  power, 
which. would yie1.d t he  g r e a t e s t  burnup and therefore  the  hi-ighest f i s s i o n -  
pr0duc.t iiiven-tory. In  a l l  cases l i s t e d  i n  Tkble 7 . U  t h i s  assumption i s  
c lose ly  adhered .to, although i n  the case of the N S  S3vannah the  power 
h i s t o r y  may be var ied  and take i n t o  account t h e  particul.a:r po r t  that, it 
i s  to v i s i t  (in e. , i f  a given port can supply only a small exclusion 
dl-stance, the powe- of the sh ip ' s  r eac to r  may be a l t e r e d  so t h a t  upon 
reach?-ng po r t  t'ne f iss ion-product  inventory w i l l  be small compared with 
tha t  af:;ey ful l -power operat ion) .  
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Table 7.11. Tission-Plotiuct Release i n  t h e  Event of an Accident 

Operation Assumed Release6 GO Container Released from t h e  k i l d i n g  
Before Accident ($1 ( $1 Reactor Coments 

9 i g  Rock Point 240 m( t j  , long  terni 100 noble gases 
100 halogens 

50 v o l a t i l e  solids 

100 noble gases 
50 halogens 
15 v o l a t i l e  solids 

Release t o  be i n  two s t e p s :  firs-t 20$ of t h e  gases 
when cladding pe r fo ra t ion  temperature i s  reached, 
rerrainder when fue l  rieltdown t e a p e r a t w e  i s  
achieved; assume lo$ core  neltdosrn; f r a c t i o n a l  
removal r a t e s  o f  1 x 10’3/sec f c r  halogeas and 
3 x 10-4/sec for s o l i d s  a r e  a s s m e d  

h s t a n t  d i spe r s ion  of f i s s i o n  produc.;s i n  conla iner ;  
~ O C $  of v o l a t i l e s  corxidered for d i r e c t  dose 

CWR 65 Nw( t)  , 3 months 

626 *Mw(t), l ong  ierra 

100 noble gases  

l scron-tiwn 

100 noble gases 
100 halogens 

30 solids 

8.62 noble gases 
S. 62 halogens 
0.43 s t ront ium 

100 noble zases  
50 halogens 
5 solids 

50 halogens 

1 of a l l  f i s s i o n  products 

0.02 noble gsses  
0.013 halogens 
0.006‘ s o l i d s  

100 noble gases 
50 halogens 
1 s t r o n t i m  
1 solids 

130 noble gases 

1 strorxium 

100 noble gases 

50 halogens 

( see  corments for halogens and 
s o l i d s )  

8.62 noble gases 
8.62 halogens 
0.43 s t r o n t h ?  

100 noble gases 
25 halogens 
5 solids 

25 per  day of a l l  f i s s i o n  products 

0.02 no’ble gases  
0.013 hslogens 
0.008 s o l i d s  

103 noble gtlaes 
50 halogens 
1 s t r o n t i w ,  
1 so l ids  

A f r a c t i o n a l  removal rate of 9 x l0 -5 /sec  for 
halogens and 3 X 10-L/snc for s o l i d s  Is assumed 
i n  t h e  c a l c u l a t i o n  of t h i s  r e l e a s e  

Eaergency coo l i sg  l imiSs  mel t ing  t o  8.62$ of t h e  
core ;  cladding begins  mel-tiiig a t  11.67 min; a t  10 
min, p re s s s re  i s  down t o  11 p s i g  

Dresden 

EYx River 

203 ~ w ( - i ) ,  long  term Enrico Ferni. 

60 MY( t)  , 135 days 

83.4 iMw(t), 520 days 

EBR- I1 

EGCR Release of conten ts  of 340 f a i l e d  f u e l  elements; 
r e l e a s e  of 0.04% 3f total a c t i v i t y  

70 I@&), 365 days 

HRT” 

Indian  Poin-t 585 Mw( t)  , 470 days 100 noble gases 
100 halogens 
10  of t h e  r e s t  

100 noble gases  
50 halogens 
i soiias 

75 noble gases 
25 halogens 
1 s o l i d s  

100 noble gases 
25 halogens 
1 5  v o l a t i l e  s o l i d s  

0.3 s o l i d s  

2.4 no-ble gases and halogens 
0.3492 s o l i d s  

50 nobla gases 
25 iod ine  
0.5 s t ront ium and c e s i m  

100 noble gases  
100 halogens 
10 of t h e  rest 

100 noble gases 
25 halogens 
0.3005 s o l i d s  

75 noble gases 
25 halogens 
1 solids 

100 noble gases 
25 halogens 
15  v o l a t i l e  s o l i d s  

0.3 s o l i d s  

2.4 noble gases anti halogess 
0.3492 s o l i d s  

50 noble gases 
25 i o j i n e  

0.5 stron%ium and c e s P m  

Annular space i s  swept out and discharged up ;he 
143-m s t ack  

Ikpendent on p o r t  Reactor c o q a r t n e n t  kept  a t  negative pressure ;  
svept  oct gases d f r ec t ed  through f i l t e r s  snd up 
s t a c k  

2a thf inder  Long-zerm opera-,on 

PRTR 

270 Kw(t), 3003 h r  

26 m { t ) ,  <20c hr Safe ty  in ;ec t ion  sys t en  f s i l s ;  spray  fails  t o  work Saxton 

SM.-la 

VBWR Zxtended t i m e  a t  50 Mw(t); 
ecp i l ib r ium concent ra t ion  
of fission products 

600 * x w ( ~ ) ,  i n f i n i t e  

100 noble gases 
100 halogens 

30 s o l i d s  

20 gases and v o l a t i l e s  

100 noble gases 
100 halogens 

30 s o l i d s  

Yankee 20 gases and i r o l a t i l e s  I r r s tan t ly  releas,-& t o  t h e  vapor conta iner  

“Tne a s sa i ed  n a x i w a  acc iden t  r e l e a s e  is a c a t m i r o p h y  aGd does 
iiot apply  we l l  i n  thnls wcrk. 
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Table 7.12. Doses from FissicE-FYodxt Felease from 'Jontainment S t ruc t ixe  

Reactor Direct  k d i a t l o l z  Dose" From Cloud" Thyroid" Comments 

Big Rock 

CVTX 

Point 

Dresden 

Elk River 

Enricc 
F e m i  

Em.- I1 

EGCR 

IMCTR 

HRTC 

Yndiar: 
pain< 

NS Szvannah 

R t h f i n d e r  

P3T3 

m 

Sa.xton 

S N - l C  

mThT 

Ya&!cee 

0.06 rad 

0.1 men ,  2 3.r 

2 r e m  i n  f i r s t  24 hr 

0.03 r f i r s t  hr, 1 / 4  

0.051 rem, 2 h r  
5.6 rem, 1 yr 

4 1  r, 1 h r  8.t build.- 
ing surface 

2.4 X LO-' I-> 2 h- 

0.1 r, 10 k~~ 3300 f t  

n i l e  (skyshine) 

-0.02 mr/hr, 1 3.?, 
first  week 

1.8 rems/kr, A-deck 
a f t  of r e a c t o r  
compartment 

<0.1 r, I. h r ,  1 / 2  d l e  

48 r, 10 hr, G6C f t  

Container wdergroucd 

9 I-> 8 hr 

7 r $2 ? hr ,  600 E 

<6 r, 1 hr, 1400 f t  

3.06 rad 

6.5 ?ems, 2 h r  
0.L r ,  1 day, 
1 / 2  mile 

24 hr 
1C rems i n  first 

0.2 r, 8 hr 

0.94 rem, 2 hr 
2.0 rems, 1 yr 

3.19 r, 2 hr 

0.004 rex,  2 hr 

25 r e m ,  1 2  hr,  
3 miles 

-3400 m r  g a m ,  
700C mr beta ,  1 
hr 

<25 r e - s  

0.1 rem, 1 h r  

15 n / h r 7  1 day, 

10 r S e t s ,  C.9 r 

660 f t  

g a m ,  12  hr,  
I/& mile 

0.8 rad, 8 hr 

4 r, 3 ?Lr 

4 r e m  

29.4 rems, 2 hr 
46 rems, 2 h r  

24C0 rems in f i r s t  4 hr 

25 r, 1 h r  

86 reps,  2 hr 

69 rads, 2 hr 

0.33 rem, 2 hr 

300 rem, 1 2  hr ,  3 
miles 

32 r ,  1. week 

<300 r e m s  

2.2 rems, 1 hr 

5000 reFs I, 167 weeks, 
1700 f t  

208 r, 1 hr 

100 r, 3 hr 

36 rems, 8 hr, 4000 ?t 

<O. I. rem A t  0.5 mile f o r  e n t i r e  accident ;  pos t inc ident  spre.y 

%e 29.4-re- thyroid dose is f c r  a, traia s-balled ,100 

works 

ft from vapor con'miner ( see  d i s c w s i o c )  

40 rems i n  f i r s t  

0.4 rJ  strontium, 

5.7 r e m ,  I- yr 

Distance, 1 / 2  mile 

Building spray i s  depend.ed u.por! t o  reduce t h e  

4 hr 

f i r s t  hour bu i ld ing  pressure 

0.023 rem 

When t h e  iodine remcvers a r e  p.t i n t o  c,peration, 
t h i s  w i l l  be considered t o  m i t i g a t e  the  a.ccid.ent 
re leaseb  ( a l s o  see discussion)  

4 r  

Xegligib1.e Doses a r e  a.t, controlled-zone bouxdary; zone rearus 
and exposure durat ion depend upon p a r t i c u l a r  p o r t  

2 r e m ,  1 hr 1 / 2  m i l e  

Li-Ated ~ C C C S S  to a path 13,000 X 550 f t  downwind 

0.5 r e p ,  Sr90 To c r e d i t  from i o d k e  plet0e-oz-k; a'; s,n equi l ibr ium 
dcse ra.te of 0.3. rep,heek, t h e  per iod over which 
t h e  dose m m t  be in tegra ted  t o  obr,aiz. 5C ye7s i s  
then  167 weeks 

84 mr 

Thyroid c a l c u l a t i o n  - iodine decay i s  considered; 
dis tence,  60C m 

a A% exclusion f e m e  m-less otherwise s t a t e d .  

bThe HXCTR i s  m a b l e  t o  keep t h e  r a t e  of bixi1din.g 1ea.hge below t.he 
Tequired minj-nm, so these iodine removers are t o  be i n s t a l l e d .  It i s  . 
bel ieved t h a t  t h e  leakage d i f f i c d t i e s  a r e  due t o  the  type of construe- 
t lon ,  which i s  a departure from t h e  nom.a.1 approach. 
these  prcblems can be dealt ,  wi th  i n  tiEe, Isoweve::. 

The assumed maximm accidenta l  r e l e a s e  i s  a catastrophy and does 
not apply % e l l  in  t h i s  vork. 

It i s  f e l t  that 

C 
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The VBWB hazards repor t  spec i f i e s  equilibrium concentrations of f is-  
sion products, and the  Big Rock Point repor t  spec i f i e s  long-term operation 
a t  rUl1-l power. The others  specify a long operating time a t  f u l l  power 
such t h a t  the  maximum expected fission-product inventory wil.1 be present 
a t  the time of the  postulated accident.  

7.2.10.2 Fission-Product Release 

As  may be seen i n  Table 7.1.1, -the assumed re l ease  of f i s s i o n  products 
vasies  from one instal l -a t ior i  to anoLher. The fission-produc-Ls released, 
a s  s e t  f o r t b  i n  the  example i n  Appendix C, F’art 100, T i t l e  10, of t‘ne Code 
of Federal Hegulations, a r e  100% of - t ie  noble gases, 50% of the  halogens, 
and 1% of the  so l id s .  ‘Yhi-s i s  the r e l ease  assumed f o r  a pressurized--water 
type of reac-tor. 
out on -the container walls, which reduces the  f r e e  halogens t o  25% of t he  
t o t a l .  
products in t he  f r e e  volume. The d i r e c t  dose, however, i s  ( o r  should be) 
calculated using a l l  the f i s s i o n  products t h a t  were released fran the  core. 

No-Lable excepti.ons -to t he  above pos tu la tes  of f ission-product re -  
lease  from t h e  fiuel a r e  those f o r  t he  ElrsR, Elk River, Humbaldt hy, and 
EGCR, f o r  which t h e  probkm w a s  approached from t h e  mechanistic point  of 
view. in. t h i s  type of analysis ,  tedious calculati.ons a r e  made concerning 
the  tempera,ture and pressure t r ans i en t s  i n  t h e  core and individual  fuel 
elements t h a t  l e a d  t o  the rupture of the  f b e l  element cladding. 35 From 
such a calculat ion,  it i s  fourzd t h a t  some port ion (not  t o t a l  core melting) 
of the fuel. elements w i l l  fa i l ,  and a l l  t he  noble gases and halogens (50% 
halogen re lease  from EGCR) and a small port ion (1 t o  5%) of the so l id s  
w i l l  be released from t h e  f a i l e d  f u e l  element. ‘This i s  obviously l e s s  
conservative and probab1.y more r e a l i s t i c  than the nonmecha,nistic approach 
used i n  the  exa.tnp1.e i n  L h e  Code o f  Federal  Regulations. For other  reac- 
t o r s ,  such a s  SM-1, Yan-kee, and Saxton, it i s  judged t h a t  something l e s s  
thaii 100% of the  f iss ion-product  inventory w i l l  be released t o  the  con- 
t a ine r .  The estima-tes f o r  t h e  re lease  to the  c o n t a h e r  for  t he  F’at’nfinder 
r e f l e c t  -iAe Pact t h a t  some of the f i s s i o n  products w i l l  be trapped t o  form 
compounds with water and water vapor (washdown) within the  s h e l l  and 
others ,  even tnough dispersed i n  t h e  container,  w i l l  be of such p a r t i c l e  
s i z e  t h a t  leakage through the  ava i lab le  pores w i l l .  be impossible. 

t he  assumed accident i s  s i g n i f i c a n t l y  d i f f e ren t .  These are experimental 
reac tors  loca ted  i n  sparsely popula-Led areas,  and the  exclusion area i s  
very la rge .  In view of these f a c t s  t he  accident considered consisted of 
a catas-l;i-,ophe t h a t  ruptured the  container so t h a t  a la rge  percentage of 
the  total .  f ission-product inventory was released instantaneously a s  a 
cloud. A s  far as the  users  of  t h i s  document are concerned, t h i s  i s  not 
a c red ib le  or even reasonable assumption t o  be included i n  t h i s  treatment 
of hazards. 

Credit  i s  given f o r  t‘ne removal of halogens by p la t ing  

The leakage ca lcu . la t ions  are based on t h i s  inventory of  f i s s i o n  

In Tables 7.1 through 7.13, -the HRT and the  ,SM-l stand alone because 
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7.2.10.3 Direct  Badiation 

The g a m  dose r e su l t i ng  from radiat,ion d.f.rect1.y from the f i s s ion -  
product source within the  container i s  ava i lab le  f o r  most reactors. 
erally, t h e  asswnption i s  made tnaA all. the f i s s i o n  products t h a t  a r e  
re leased a r e  dispersed uniformly throughout the bui lding .mid t h e  port ion 
t,hat is above ground- ( the  ea r th  i s  considered t o  a c t  as a shfeld for the  
below-ground port ion of the  bui lding)  i s  taken a s  the source. 
s t ruc tu res  t h a t  are  par t  of, 01 adjacent t o ,  the  c o n t a t i e n t  s h e l l  are 
considered as shiel.ding; t he  s t e e l  s h e l l  (v.sua,lly thin,  3 /8  'GO 1. 1./2 i n . )  
i s  not  general ly  considered i n  tile sh ie ld izg  for Y l i s  c a l c u h t i o n .  Since 
"cne FSWR is below ground, no d i r e c t  r ad ia t ion  ca.Zciilatf.on vas rmde. 

shieldsing i s  a t  Indian Point,  
i s  housed ins ide  a concrete bui lding wi.th -5 1/2-f't-thl.ck walls and an 
arched roof about 2 3 /4  rt, t'nick p r im" i i ly  f o r  reduction of -the d i r e c t  
r ad ia t ion  dose. 
to Leakage from the  s h e l l .  

of s ignif icance t o  t ake  i n t o  account the decay of the contained isotopes.  
Quite obviousl.y, as the fission products decay, t h e  source s t rength  and9 
consequently, tne  dose wi1.I. Fe red.uced. 

Gen- 

Coiicrete 

One of  the  most pecul iar  containment s t ruc tu res  with regnrd. t o  
This is a conventional s t e e l  sphere .tlrla-t 

This type of shicldilig also has an advaatage with regard 
This w i l l  be disci.msed i n  a l a t e r  paragrnph. 

For an accumulated o r  in tegra ted  dose a t  a given point, it may be 

I n  some cases t h i s  ~ m s  considered. 

7.2,lO. 4 leakage from the  Euilding 
I___ 

The re lease  of a c t i v i t y  from t h e  con-l;ainer after -the f i sa ion  products 
have been re leased from the fi-iel and d.j. s t r i bu ted  throughout t h e  contctiment 
a-Lmosphere i s  ai.so stu.died. 
a c t i v i t y  w i l l  be sorbed a-t 'var1.0~~ poirtts inside the container,  8Tli1s i s  
discussed more thoroiighly i n  Chapter 4. The example shorn i n  the Code or" 
Federal Re,sulati..oiis a l l o w s  f o r  removal of half the  halogens w3;thou.t givlng 
consideration t o  washdo7m tha t  w i l l  occur from the operation of t l i ?  2og 
system o r  t he  effects of f i l t e r i n g  t,he container atmosphere. This sort 
of aaalysis permi-ts specipying tine maxl.n?wn concei2.tratl.on of fn'.ssion prod- 
uc t s  avni.lable for leakage from the eont;aln.er; .the rat>e a t  which the  con- 
tainer leaks .is taken up i n  the  iiext sect ion.  

The leakage from the contaimem-1; s t ruc- tures  of the NS Savannah and 
Jhdian PoinI; can t o  some degree be control led ( s e e  Sec. 7.9). S h c e  there  
i s  a bui lding around the conta.isnrment; shell, i n  each of these  cases, t he  
contai-men-t sh.ei-1. would l eak  f i s s i o n  products i n t o  .the buil.ding ,azrc? then 
i n t o  the  atmosphere" Because t h i s  add.itiona1 holdup i s  provided, the 
concentratfon of f i s s i o n  products leaked to t h e  environs would be k s s e n z d .  

D i f f i cu l ty  has been experienced a t  t h e  EWCTR i n  maintaining -the 
:;pecified container leakage rate; as a r e s u l t  o f  'ch-Ls, effort: ;  are being 
mtde t o  reduce the  serlousness of a release. It is  proposed thaL foiir 
iodine cleanup loops be placed i n  the containment system for t h e  purpose 
of Lessening, t o  the  g rea t e s t  degree possible, Yn.z arnomt of harmful. fis-. 
sion products re leased from t he  conhim-ent .  This proposed system i s  t o  
be of high r e l i a b i l i - t y .  '17-i~ four  u n i t s  a r e  t o  be eomple-'iely sepa.mLe so 
t h a t  t h e r e  i s  no interdependence f o r  e f f ec t ive  operation. 

It has  been foI.md t h a t  iliuch of the  ha.nn3.d 
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Yany assume t h a t  'che fission-produc-L inveiltory ava i lab le  f o r  re lease  
-bo t h e  atmosphere i s  the  Sam@ as t h a t  re leased from the  fue l  elemenl;, 
whereas others  take credi-'r, f o r  the  fact; tbt  s9me of the fissi .on products 
may be removed by washdown or  p la teout .  
be "iaken for decay of f i ss i -oa  produeis while within thc containment vesse l  
and dilring the  -Lime necessary f o r  t he  rad ioac t ive  cloild. t o  Teach -tAe r e -  
c ip i en t .  Tn some cases,  no decay a t  all. of t he  f i s s i o n  pi'oducts i s  con- 
sidered. 

Generally speaking, credi"L imy 

7.2.10.5 Leakage and Transport ~. 

Some val.1J.e 0% sys.L@m of values f o r  Llie r a t e  a t  which the bui ld ing  
i s  assumed t o  leak, together  wi-th an assumed l'worst'l se t  of meteorological 
conditions,  determines the doses t o  be expected by an oTln-si.t;e rece iver .  
%1 general, upon the  occurrence of t he  mea, it i s  assumed t h a t  t h e  con- 
tainment structure l eaks  iis contents a-t some spec i f ied  r a t e  f o r  some 
speci-t ic length of t i m e .  For example, i n  t he  EGCX, a leakage of 0.3% 
per day i s  assumed f o r  the :fj.rst 2ii. h r  and 0.2% per day f o r  an additional.  
37 hi-. After  t h i s  t h e  leakage i s  considered t o  be %em. As may be seen 
i n  Table '7.1.3, assumpp-l;i.ons f o r  t h e  Enrfco Fermi  Reactor a r e  si-milar, 
except tha'i the  1-ower leakage ra te  i s  assurfled t o  coi-ttinue f o r  a fKL1 year.  
Ano-Lher example of  the  1.imited l c a k a  r a t e  i.s the  T\TS &,va.niiah. mis 
co:titainer i s  assumed t o  l e a k  J..5$ per day; but  i.t i.s a l s o  assumed that, 
owing t o  the  mobil i ty  of t,he ship,  it, may be towed out -to sea or  away 
f m m  t h e  general. pukl ic .  For most of  the reactoi-s t he  leakage 7.s i n i t i a l l y  
some spec i f ied  value a t  some internal.  containment pressure,  Then Lhe 
pressure may be expected -to d- ,crease, and so t h e  1-eakage ra te  w0ul.d also 
decrcase. This pressure vs l.ca!ra,ge rela,ti.on i s  usua l ly  taken t o  be con- 
servat ive,  tha-i; i.s, t h e  greatec-t; leakage f o r  a. gj-ven pressure ( s e e  also 
Chap. 10 ) .  

tai-ner atmosphere; and s ince  the concentration ( o f  a c t i v i t y  i n  the atmos- 
phere i.s spec i f ied  by the assumed re lease  (Table 7.13_, col . im 4)  and the 
container f r e e  volume (Table 7.2) , t h e  acti-v-ity t h a t  escapes Pmm the  
container  i s  liilowii. This a c t i v i t y  wi.J.3.. d i sperse  under the inf luence of  
t he  metecrologieal conditions t h a t  prevail..  The dispers ion of  the  es-  
caped gases and p a r t i c l e s  i s  assumed i n  most cases  t o  fol low t h e  re.l.ati.on 
developed by Bit,ton. More recent ly ,  however, t h e  ra la t ionships  developed 
by G i - f f ~ r d ~ ~ J  " have proved t o  y i e ld  more va1i.d r e s u l t s  ( see  Chap. 4 f o r  
a more detai.l.ed discussion o f  atmosphex3ic di-spersion) . 

The s tab i l  i t y  parameter spec i f ied  by the  weather condFi;ions wi.11 
influence the  ground conceih-a-Lion a t  some dis tance from the  r e x  tore. For 
example, t he  EGCR spec i f i e s  two " w o r s t 1 1  weather conditions f o r  'die m a  
( see  Fig,  7.33, r e f .  39) ; persons on publ.i.c land (disiiance o f  -41000 m) 
near t h e  site lmundary wou3.d g e t  a high dose iinder lapse  condi-ti.ons and 
i1ea.rl.y no dose u-uiiei- inversion cond.itions. 
would ge-t 1.i.ttle dose under l apse  condi.tions and a high dose under inver- 
si.on condi-Lions. The reasons for t h i s  may be c l e a r l y  seen i_n Fig. 7.34 
(from r e f .  40). Under lapse  conditions the  s tack  e f f luen t  i s  di-spei-sed 
quickly t o  the  ground, whereas the Iiiversion allows more gradual dtsper- 
s ion .  Only f o r  Jndian Point and t h e  EGCR i.s it assumed tha t  the a c t i v i t y  

The leakage i s  assumed t o  be a represen-tative sample of the  con- 

Those a t  a d is tance  o f  3_0,000 m 
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Fig. 7.33. Dose Factors as a Function of DisLance from t he  EGCX 
(From yef, 39) 

i s  released up a high s tack;  a ground-level re lease  (or  near ground level, 
see Diqesden, Wale 7.13) i s  spec i f ied  fo r  the  oi;hers. This release, m.d.er 
inversion conditions,  would y i e ld  the  most, severe doses ( i , e e ,  the  l e a s t  
dispers ion of the acbiv i ty)  . 
from tne uaua.1 assum;pti.on of the Sutton equations. 

soince the p e a t e l .  -the dispersion, and so  the  smaller the dose. In  Ynis 
case it i s  assumed t h a t  Yne building leaks ,  The leaked m%trrial ~ O Y E S  

i n t o  the  wake 02 the bui lding and  i s  immediately dispersed by the turbu- 
lence induced :oy t h e  presence of the 'ouilding. This dispers ion can be 
simulated 'oy assunj.n.g t,hat t h e  source has been moved avay so  that t h i s  
poigt  may be assigned some downwbd dis tance,  x. This m5-y be ea l l ed  a 
v i r t u a l  source dist,ance, and it, serves t o  decrease t h e  calculated dowin- 
wind exposures f o r  a given distxrice f r o m  the  yea l  source. 

Calculations of stibmersion d.ose i n  the  cloud and d i r e c t  rad ia t ion  
dose from the  cloud are made using the aforementioned ,Sut-ton fornacla. and 
-Ynose devel-oped by Gifford f o r  tine compu-ta,tioii o f  the sources. 
adTierse weather conditions with regard to dispersion a r e  considered for 
these  ca lcu la t ions  

For the B i g  Rock Point; reactor, an in t e re s t ing  depar-kure i s  made 
T!e ana lys i s  i s  based 

inversion conditions under which tine greater the distance from t h e  

Very 
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Fig. 7.34. Stack Eff3.ueni Behavior ai; Various Weather Conditions, 
(From ref .  40) 

A peciLiai- occiurence w a s  considered i n  the analys is  for the CV'iiR. 
A rai . lroad 'irack i s  loca ted  about 300 f t  from t h e  container.  X i  was 
assumed t h a t  a t r a i n  could stall a t  t h i s  point ;  and, al-though. no d.i.sect 
r ad ia t ion  would be suffered. became of t he  h i l l  tha-L i.s interposed be- 
tween the reac tor  and. t h e  track, under r a r e  conditions the  submersion 
dose might be la rge .  
e a r l y  mornihig would give i-ise t o  dis-persion of f i s s i o n  products ( i f  

Meteorological conditions t'na-t might e x i s t  i n  the  
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released)  i n  a manner known a s  lrmechanical M i g a t i o n .  ??lis vould allow 
loca l ized  dispers ion t o  occur a t  the s i t e  of the  s t a l l e d  t r a i n  and would 
de l iver  t h e  doses show. i n  Table 7.12. This has been foimd t o  follow the  
relat-ion ' L1 

Q X =  Y 

where H i s  thickness  of t h e  el-oud layer .  The other t e r n s  were defined 
previously ( see  Chap. 4 ) .  

There i s  g rea t  s i m i l a r i t y  between high-pressure and low-pressure 
con-taiiunent. in both the purpose i s  .to contain a l l  the energy and fis- 
sion products that may be released during the maximum accident.  
dif ference i s  i n  the  magnitude of t he  pressure t o  be contained. it i s  
obvious that f o r  the  lover  pressure, t h e  cos ts  and leakage d i f f i c u l t i e s  
associated with Yne vapor container decrease. A fu r the r  adw.n-tage is  
-t'nat t h e  low-pressure container olCfers less hazards when pressurized and 
i s  accordingly governed by a less-strenuous code. However, tne low- 
pressure container has not been widely used because most reac tors  require  
high-pressure capab i l i t y  i f  a container of reasonable s i z e  i s  employed; 
therefore  only two 1-ow-pressure examples (BONUS and Piqm)  are presented 
i n  Tables 7.14 through 7.26. O f  these  two, only the  BOWS container 
presents  a concept tha% i s  d i f f e r e n t  from any covered i n  t h i s  work" This 
concept i s  ca l l ed  "complete containment, which m a n s  that the reactor, 
turbine,  generator, and a l l  auxiliai?y eqiilpment a r e  housed. within t h e  
contaiiunent s t ruc ture .  'Ihis, of course, has both advantages and disad- 
vantages, as discussed i n  a general  m y  i n  Section 7.1 a.nd Cliapters 8 
and. 11. 

Since the  BONUS vapor container ( see  Fig. 7.35, ref. 42) houses t,he 
e n t i r e  plant ,  i t s  physical s i z e  i s  la rge ;  and wi.th t h i s  large f r e e  volume 
f o r  expansion (1,590,000 ft '),  the  ma.ximurn accident  will not  cause the  
interim1 p r e s s w e  t o  exceed 5 ps ig  (ac tua l ly ,  4 . 3  psig)  I 
respects  the BONUS container i s  similar t o  t he  INCTR container described 
i n  Yhe previous sect ion.  So%h of these  use t h e  composite concrete and 
s t e e l  type of construction, with t h e  s t e e l  p r T m r i l y  above grade and the 
concrete below grade. In BONIJS -tne s t e e l  s h e l l  extends upvard from the 
foundation m a t .  ReZov grade the  s h e l l  i s  backed up on the  outside by 
reinforced concrete; above grade, i-t cons is t s  of a shor t  cy l ind r i ca l  
sec t ion  surmounted by t he  s t e e l  hemispherical. dome. The foundatj-on m a t  
i.s reinforced concrete with ind.ividual pours joi.ned as sho~m i n  Fig. 7.36 
(ref. 42)  uslng conventional water- stopping material .  n ie  junction be- 
tween the  concrete and s t e e l  i s  shown i n  Fig. 7.37 [ r e f .  4 2 ) ;  it i s  below 
grade leve l  and requires  no spec ia l  s t r e s s  considerations,  s ince it w i l l  
not be sulijected t o  Ynerrmal or o the r  cyc l ic  1oad.lngs. 

~n :mny other  
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In cont ras t  t o  BONIJS, the  PLcp~a Nuclear Power F a c i l i t y  (PNPF) houses 
only the  reac tor ,  t h e  f'u.el-handl.i.ng f a c i l i t y ,  arid the pimiwry heat  zx- 
changer. The tu rb ines  and the remainder of Yne auxili.ary and ancil l-ary 
equipmeni are locatxd i n  other  bui ldings.  Since the  coolant f o r  the  PNPF 
i.s the  organic material. San'iowax R, which has a low spec i f i c  heat,  t h e  
l o s s  o f  primary coo.l.ant does not  r e s u l t  I.n a l a r g e  energy contr ibut ion .to 
t he  containment. Accordingly, t he  i n t e r n a l  pressure remains 1.ow under 
accident  condi-Lions ( see Sec . 7.3.8) . 

Sn.formation covering n.ame, locat ion,  thermal power, r eac to r  type, 
and. p a r t i e s  respc:xisible fo r  construe-tion and o:pera'iion a r e  given i n  'Table 
7.14. 

7.3.1 k s i g n  Pazameters I_ 

hrameters such as volume, s ize ,  design pressuine, and t e q e r a t u r e  
and the conventional birildj-ng loads a r e  l i s t e d  i n  Table 7.1.5. 'The RONUS 
Rea-tor i s  located i.n Puei-to Rico, which has a warm cl i . ra te  with a high 
probabi.3.i.ty of occurrence of hurricanes.  'These two considerat ions d ic -  
t a t e d  t h a t  provisions be m d e  foj? a hL2h wind load and a spray cooling 
system f o r  t he  outs ide o f  t he  container  dome t o  reduce .the hesi ?had. -to 
be handled by the con-Lairmen-t ai-l--cool-.i.ng sys-tem. 

ac to r  container ( an  al.l.-steel. cy l ind r i ca l  s h e l l  w - i t i i  spherikal  'iop and 
elli.;osoidal. bottom), i s  designed for a pressure of only 5 psig.  
t e r i o r  above grade is l i ned  with 14 iii. of concrete i n  t h e  cy l ind r i ca l  
por t ion  that, decreases t o  3 in .  a t  the  t o p  of the dome. This i s  provided 
f o r  shielding i n  klie ever,-t of  fissj-on-product relesse. 'lTie reactwr i s  
below grade and i.s shielded by concrete i n  t h e  space below the operabing 
f l o o r  (see F3-g. 7.38, r e f .  4 3 ) .  The more conven'Gi-onal loads t h a t  had Lo 

The PNPF, though housed i n  a soinswhat, more convezitional type of i-e- 

The in -  

be considered i n  the  design and construct ion of 
i n  the  Uniform I3uil.ding Code f o r  t he  a rea .  

7.3.2 Proof Tests 

Con taimen'i bui ldings are subjected t o  -the 

the  bui ld ing  a r c  spec i f ied  

various tesis described 
i n  Section 7.1. and Chapter 3.0. Results of these  t e s t s  at BONUS and PNPF, 
i-ucluding requirements and measured leakage rates,  are l i s t e d  i n  Table 
7.16. The - tes t  procedures and methods used by these two f a c i l i L i e s  were 
near ly  i-dentical.. The only- s ign i f i can t  d i f fe rence  vas t h a t  t he  BONUS 
container  was proof t e s t e d  a t  -0.25 psig.  Except f o r  "Negntive--Prsssv.i-e 
Coniai-tment " ( s e e  See.  7.5), t h i s  T.s t h e  only containmen-t s t ruc tu re  tha t  
i s  subjected to  i n t r r n a l  pressures  below a'mospheric. FxcepL f o r  this 
deviat ion the scheme used .was (1.) t o  pressur ize  t o  a 1.014 pressiire (-3 
ps-i.g) and look f o r  leaks using -the soap-bi-xbble techniqi.ies, and i f  a leak 
was found, t o  make -the necessary repairs; (2) t o  pressur ize  f u r t h e r  t o  
6.25 ~ s i g  (1 I-/4 times the  desi-gn pressure) ,  hold f o r  a t  least  1 hr,  and 
look  f o r  stress i n  the  vessel ;  and ( 3 )  t o  reduce the  pressure t o  t h e  
design pressili-e and. make a leakage-rate  t es t  f o r  a period of th ree  da.ys. 
In both f a c i l i t i e s  t he  reference-vessel  syst,em (see  Sec. '1.1. and Chap. 10) 



Table 7.14. Low-Press~~-e C o r x i i m e n t  Vessels 

F m i l i t y  
TternIal Nuc 1 e a r  

Lo cat ion Parer Ty2e CoiltraC tor  Ehgixeer Fabrica~tor Equipmmt @era-tor 
(Mw) SurJpl ier  

Pr :ne Architee t- Contaimient 

BOIFJS, bo l l ing  Water Pu-ko Xfguera, 50 zoiling m%er P R X L I ~  2~.cksor, & Chicago k i d g e  General Ikiciear P%,Ma 
Faclear  SLqsrheater h e r t o  Bi.co with nuclear  Plorelancfi ar,d I roa  Engineer Pig 

srgerheat corp . 
Piqua, Piqua Xuclear Piqda, Ohio 45.5 Organic cooled A%oi:;ics In- Eo1i:ics & Attcriiics In- Atonlies IC- City  05 

Power F'acilitjr and moderated t e r m t i o n a l  I.I:t;lnrer t e rna t iona l  t e r n a t i o j a l  E q U a  

Wc i l i . t j r  Shape 
Seismic 
Loed 

EOiY2S Veertical s ;acl cyliniier 
-with herni spher i c a l  
sSeel dcrne and fla-i 
'bottorn (concre te )  

spherical top and 
diahcd k o t t c n  (dl 

?iqua Vartical cy l inde r  +7<t9 

steel) 

x 193 
1590 166.6 ft diam; 5 and -0.25 145 Yes (-5 150 mph 0.2 g 

107.3 :ft high; in. H20) 
cyl.inder wall 
26 f t  high 

ft high; 65 ft o. 165 g horieorl ta i ly  
above zr,Z 58 f t  
below grade 

3'20 73 Tt dia;?; 123 5 and 4 . 5  125 Yes (-3.5) mc" 5.5 g verttcally 

a 
Uler,ii'orm Euuilding Code. 
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k’i g. 7.38. Pi-qua Nuclear Power F a c i l i t y  Coniaiment S t ruc t ixes .  
(From ref. 4 3 )  

was used. %t i l  containers  me-t Yne leakage-rate spec i f ica t ion ,  bu t  a t  
RClNIJS t2iei-e was some d i f f i c u l t y  with f l o o r  leaks .  When the s t e e l  cyl inder  
and dome were completed, a leakage-rate t e s t  w a s  conducted t h a t  indicated 
a ra te  of leakage i n  excess of t he  spec i f ied  value. Since - ihFs t e s t  w a s  
rim before t he  compl.el;ion of I;he bui ld ing  (i. e. , t h e  f l o o r  s l ab  and seal 
had not  yet  been poured), it w a s  concluded ’ihat, t he  leakage w a s  taking 
place by t h i s  path.  
of the  cor ta iner ,  the bui ld ing  w a s  flooded so  t h a t  the water l e v e l  ms 
above t h e  bottom of the  s t e e l  cylinder. 21; w a s  feared t h a t  humidity 
e f f ec t s  because of t h i s  open w a t e r  snd high amI2i.en-t temperature would 

To properly check the leakage of the s t e e l  por t ion  



Table 7-16. Contaimeat  Vessel Proof Tests 

BONUS 0.2 a t  5 psig Soap check 5.25 ( 1  hr); 5 (3 days) Reference 0.G;" 0.09 
0.25 vesse l  

3-psig scap 6.25 5 ( 3  days) Reference 0.3 I-iqun 0.2 per psig 
with a mxinnun check vessel 
of 1 at 5 p i g  - I___-__. 

"The hi-gh 1.ee.k rate was measured uithout t'ne l o ~ r  seal for the foundation nab i n s t a l l e d ;  
the  l o w  r a t e  WRS measwed wit'n t h e  floor flooded with mter ,  t h e  water to  act as t h i s  s ea l .  

I?(? severe and d i f f i i ?u l t  t o  cor rec t  f o r ,  'out a s a t i s f a c t o r y  t e s t  w a s  made 
thak indicated am a.cceptab1.e leakage r a t e  

A-1; BOWS the integra.l;ed iealmge-rate t e s t  of k h e  enl;ire reac tor  
containment bui lding was ca r r i ed  out  a t  5 psrj.g. The frequency of i n t e -  
grated l e a h g c - r a t e  retests of t'ne e n t i r e  rea2ctor containment buildi.ng 
w - i l l  be 1 year, 3 years, 5 years3 and every 5 years thereaf te r .  If the  
a1.llovaM.e leakage rate i s  exceeded during any of these  t e s t s ,  t h e  tesLing 
i n t e r n 1  sequence w i l l .  revert; t o  t h e  beginning of the specif ied seyuence. 

7.3.3 &tez=iaL Xpeclfications 

Wterial. spec i f ica t ions  and appl icable  codes f o r  the contai.ment 
n.nd r eac to r  vessels a r e  given i n  'I9bl.e 7.1.7. The code used for  BOWS 
sms APT-620, ra ther  than t h e  ASPE Code, because t h e  ASim Code did.  not 
apply s p e c i f i c a l l y  to  vessels  with design pressures lower i;ha.n 15 p i g  
(see Chap. 2) e 

t o  c las s  B vessels  (containment vessels) aho-fe 5-psig design pressure, 
With BOImJS, p a r t  of the welds are hidden S:~.om visual. inspection 'by the 
concrete poured around the cyl. indrical  port ion of t h e  con-t;ai.ner. A l l  
such welds were x-rayed pr ior  -to placement o r  the  concrete. 

The iiew See-Lion IIi of tbe ASm Code does apply, however, 

7.3.4. Penetratioris 

Information concerning ty-pe, s i ze ,  and number of pene-trations i s  
given i.n Table 7.1-8. 
t r s t i o n s  i n  the event of an accident are descrj-bed i n  Table 7.19. 

Low-presswe buildj.ng peneLrations are treated i n  much .the same 
nmmer as those of high-pressure containers.  A i r  locks are of the double 
inter locking door type with gmketed closures. The l a rge  equipment doors 
a r e  of  the balked and Ssl te ted type. 
process piping penetrations,  s ince  a l l  primary f l u i d s  remzin within the  
building. 
that must be depended upon t o  l s o l a t e  the  contaiixnent vessel .  The PNPF 
is  more conventional Cn t h a t  only the  p r l m r y  heat  exchange system (boi ler  

The m e f i n s  for control and closure of these p e w -  

A t  the  BONUS p lan t  there are no 

This leaves -the ven t i l a t ion  closures as t h e  only penetrat ions 



Table 7.17. Vessel &aLerial aec i i ' i c a -L ions  

3eac to r  Pressure Vesse l  Zontainmenz Vessei k t e r i a l  

BONUS API -  620, A- 2023 Side, 13/12 i n . ;  to?,  100% x-ra? 84 3 1/2 SA- 212B <200 a t  end 

of  lile AFA-N6 5/16 i n . ;  concre te  and API-520 

bot'com, 3 112 f'; 

Table 7.18. 2oat&imnent S t r u c x r e  Peae t ra  cions 

Air Locas Doors Others Xeac ;or 

BOhJGS 'i"uro l l - f t - d i a n  locks wi-Lh 5 x 8-ft 1 2  x 14 f c ,  bolted and gaskc.Led 2 ( 5 - T t )  vents 
doors 1 (24 - in . )  water l i n e s  

1 :1&-in. j water :Lines 
5 ( i 2 - i ~ . )  water  l i n e s  
2 (IO-in.  1) vi~cam rel ief  va lves  
31 (from 1 to 10 i n . )  openings 
11 -1ec 'c r ica l  an& cosltrol  7enetrat . io.ns 

navixg -115 Lndividual leads 

Piqua ::bee locks ;  two with 2 1 /2  x 6- f i  1 6  Tt ID, -ool';ed an6 gasketcu 4 steam l i n e s  
I relief valve 
1 vacum r e l i e f  valve 
4 organic coolant l l n e s  
2 vcnts 
2'3 o:;her openings 
126 e l e z t r i c a l  penekrations 

doors,  one (emergeacy) 2 1 / 2  f-t ID 
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and superheater) i s  ins ide  the  containment s t ruc ture .  The superheated 
steam i s  taken outs ide t h e  container through a high-lemperature penetra- 
, t ion.  

7 .3 .5  Building Protection 

Neasures taken t o  p ro tec t  the  containment s t ruc tu res  from weather 
and other na tu ra l  hazards and from miss i les  genera-Led by some cred ib le  
accident t o  the  reac tor  a r e  discussed below and a r e  I.i.sted i n  Table 7.20. 

Table 7.20. Containment Structure Fxter ior  and Missile Protec-tion 

Reactor Exter ior  Protect ion Missile Protection 

BONUS ProLected by paint  'Dxbine-generator u n i t  i s  pro- 
vided w i t h  a miss i le  sh ie ld  

Piqua 3 in. of foam g la s s  and r e s i n  18-in.  concrete inner l i n i n g  
covered by "GlasFab" and 
painted with aluminum l e v e l ;  concrete pa r t i t i ons ,  

p ro t ec t s  s h e l l  above grade 

e t c . ,  below grade 
- ~~ ~ 

7.3.5.1 External Protecti.oa 

The ex te r io r  of the  BONUS container is  coated with cornmercial pa in t .  
Since the  weather i s  not  expected t o  be cold i n  t h i s  area,  no thermal in -  
su la t ion  w a s  provided; however, the  weather may be warm, so provision i s  
made for cooling the  dome by use of the  ex terna l  spray system. The con- 
tainment s h e l l  for PNPF i s  frilly insulated and protected,  as indicated 
i n  Fig. 7.38, d e t a i l s  C and D. Thesc i l l u s t r a t i o n s  show both above- and 
below-grade protect ion.  

'7.3.5.2 Missile ,D-otection 

The BONUS building i s  not protected f r o m  missiles that might be 
generated f r o m  the ins ide  in t he  usual  sense of t he  word. By proper 
placement of equipment and by concrete sh ie lds  and pa r t i t i ons ,  the hazard 
from a missile i s  g r e a t l y  reduced. 
with a iiiissile shield.  Mtssiles from externa l  sources were studied. f o r  
3ONTJS i n  the following manner:4:" 

Tle tiirbine-generator u n i t  i s  provided 

"It can be proposed t n a t  a non-explosive miss i le  pierces  
the  containmmt vesse l  and damages the  exposed equipment. In 
the  case of the  BONUS reac tor  there  is a poss ib i l i t y ,  during 
a hurricane, t h a t  a missi le  of su f f i c i en t  s i z e  and a t  a high 
veloci-ty can penetrate  the  con'Gainment s h e l l .  Should t h i s  
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occur there  i s  a f i n i t e  p o s s i b i l i t y  t h a t  the  missi1.e may shear 
one of t he  emergency condenser steam pipe l i n e s  which a re  not 
protected.  

t i ons  a r e  forecas t  will require  t h a t  the reac tor  be shut down, 
i s o l a t i h g  valves t o  the  emergency condenser be closed, and 
depressurizat ion of t h e  reac tor  be i n i t i a t e d  by byyassing 
steam t o  t h e  main condenser. The emergency condenser i so -  
l a t i n g  valves a re  located below an overhanging concrete floor 
t o  pro tec t  them from missi les .  Should an emergency condenser 
l i n e  be sheared off  above these  valves, no l o s s  of steam will 
occur s ince the  valves w i l l  be closed .to i s o l a t e  t h e  reac tor .  
Other c r i t i c a l  component,s of the  r eac to r  pl.ant, such as the  
cont ro l  rod dr ives  on t h e  top  of the reac tor  pressure vessel ,  
and the  turbine a re  provided with concrete sh ie lds  vhich serve 
as r ad ia t ion  as well  as missile sh ie lds .  

"Any missile-type accident which occurs Slurring reac tor  
operation and which results i n  a core meltdown must be con- 
s idered a s  a cata.strophic-type accident su.c'n as would r e s u l t  
during a war if' an explosive miss i le  penetrated the contain- 
ment vessel .  
catastrophic  accidents  of t h i s  type. 

presented s ince a. remote p o s s i b i l i t y  of t h i s  type accid.ent 
occurring does e x i s t  and because i t  represents  a type of 
accident wherein containment effect iveness  i s  l o s t  but no 
f i s s i o n  products are released.Ir  

The PNPF does not, operate a t  high pressure (about 150 psia fo r  t h e  

"Opera-Ling procedxres f o r  t h i s  p lan t  when hurricane c0nd.i- 

No provisions have been made f o r  any ex terna l  

"Thc miss i le  accident during a hurricane has been 

prinarjr system), and because of t h i s ,  no considex-ation was given t o  miss i le  
generation. If, however, some mis s i l e  did occur, t h e  vapor conta.iner 
would be protec1;ed by the  various concrete structixres below grade and by 
t h e  18 i n .  of shielding concrete above grade ( see  Fig. 7.38). 

7.3.6 Moderator and Coolant 

Table 7.21 gives the  moderator and ty-@e and amount 02 coolant and 
i t s  themiodynamic proper t ies  under accident conditions.  The BOWS reac tor  
i s  water cooled and modera-Led, and the PNPF uses the  organic ma-teria,l 
Santowax R, which i s  discussed below: '' 

"l'he organic coolant used i n  the  PNPF i s  a conmercially- 
ava i lab le  o r g m i c  hydrocarbon mixture consis t ing of the three  
isomers of or tho- ,  me1;a-, and para-terphenyl. The chemical 
formula i s  c18&4 and the molecular weight i s  230. The ortho- 
terphenyl cons t i t u t e s  1O-15$ by weight, t he  meta-terphenyl 
55-70$, and tne para-terphenyl 20-30$. 

benzene, cons is t ing  of th ree  aromatic r ings  l inked together 
by means of  co-valent bonds. Terphenyls a r e  n o r m l l y  produced 
by pp-olysis  of benzene at about 600°C. Terphenyl w a s  selected 

"The terphenyls a r e  arormtic hydrocarbons, homologous t o  
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Tab1.e 7.21. k d e r a t c r  and Coo!.ant Properties at, A.ssuned Accident  Ccnditicns 

~~ 

Coclsnt Prcpei-ties a t  Assumed 
Accident  Condi Lions 

Mcder.i:cr Coolant . ._ -. . . ._. 
m= Quan c i t y  Pressure Teinprrsture 

R e a r  1 , t r  
Reac to r  

(lb) (psis) (OF) 

EONUS B o i l i n g  wa te r  ~vi'cli 320 H20 
n u c l e a r  superheat 

9 65 5L5 

PTqua Organic moderated Sintowax R S+ntnhrax X 76,450 120 549 
and cocled 

as the  moderator-coolan-t a f t e r  an ex'iensive t e s t i n g  program 
covering many possible  hydrocax-bons. The terphenyls exhib i t  
high thermal and r ad ia t ion  stabil.i.l;y, a r e  non-corrosive, and 
have a low vapolr pressure a t  reac tor  operating conditions.  

und.ergoes some rad ia t ion  damage as it, i s  c i r cu la t ed  through 
t h e  reac tor  core.  This r e s u l t s  i n  the formation Tn t he  
coolant of various decomposition gases and higher-molecular- 
weight compounds. The decompositZon gases, cons is t ing  pr i imr-  
i l y  of hydrogen, methane, and s i m i l a r  mterials, a r e  removed 
i n  the  coolant degas i f ica t ion  system by a f lash ing  amd venting 
process. "he hi~~i-3nolecular-weight compounds ( r e fe r r ed  -to as 
hi.gh b o i l e r s  o r  HB) c0nsis. t  pr imari ly  of long-chained. polymers 
and a r e  removed by vacuum d i s t i l l a t i o n  i n  the coolani; p u r i f i -  
ca t ion  sys-tern. The r eac to r  w i l l  be operated with about 30% I3_B 
i n  the coolan-t. ' I  

A summary of some physical  p roper t ies  of Santowax R i s  presented i n  

"Under operating conditions i n  the  PNPF', the  coolant 

4 4  Ta.7de 7.  22. 

7.3.7 Design Accident 

'The 'lmxi-mum credib le  accident"  i s  defined i n  %ct,i.on 7.1 and i s  
described i n  Sections 7.2.9 and 7.2.10 f o r  high-pressure containment. 
The acciden'i, f o r  low-pressure coiltaimen'i is s i m i l a r .  The condi t ioiis  
aid energy re leases  assumed f o r  t h e  accident t ha t  d i c t a t e  Yne pressuse 
capab i l i t y  of the containmen-t 'nu.Flding a r e  given in 'Table '1.23. 

The BONUS accident coi1sis-ts of' i-optue of t h e  laxgesf,  coolan-t pi.pe 
a t  the  bo-ttom of  -the reactor ,  with complete discharge o f  water from the 
pressure vesse l  i n  4 see. 'The i n t e r n a l  spray system i s  assumed t o  be 
inoperat ive.  No c r e d i t  i s  t a k m  for hea-t l o s s  t o  -the pump room inoat. 
The moat, a s  shown 3.n Fig. 7.35, would a c t  as a p res su re - s i~~e~res s io l ?  
system; the  vrapors trapped i n  -the pump room below the reac tor  would bub- 
b l e  i n t o  the  contLai-ment bui lding through the  moat. Upon doing so, steam 
would be condensed, and a t  l e a s t  some of the f i s s i o n  products would be 
removed. 
wou7.d be released t o  the container with no heat  l o s s  (adia'oatic case) and 

For purposes of ana lys i s  it w a s  assumed t h a t  the wa.-t;er and s-tcam 
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Table 7.22. Physical Fropert ies  of Piyua Coolant 

Density a t  30% HP? content 
519" F 
575" F 

Viscosity 3% 30% EE 
519" F 
575" F 

The -ma1 c onduc t i v i t y  
519" F 
575" F 

Hydrogen densi ty  a t  30% IB 
519 " F 
575" F 

Melting point a t  30% E3 

Water rsolubill.t,y a.1; 510°F 
120 ps i a  
300 ps i a  

519°F 
575°F 

La.tent heat 03 vaporization 

Vapor pressure a t  750°F and 30$ :F€B 

~ p e c i f i r -  heat a t  30% HB 
519" F 
575°F 

0,946 g/cm3 
0.921 g/cm3 

1 .03  cent ipoises  
0.79 cent ipoise  

3.4.0 x lo2* atoms/crn3 
3.31 x l.022 atoms/cm3 

278" F 

1.4 w'c % 
3.15 ~ r t  $ 

129 H t u / l f s  
1.26 B t u / l b  

20 psis 

0.495 :3tu-/lb* OF 
0.502 Btu/lb " F 

a 
High molecular weight compounds re fer red  t o  as high 

bo i l e r s ,  or  B. 

with pe r fec t  mixing i n  t h e  conta:iment, building. This resi.rlted -in 0, 
pressure of 4.3 psig, w i t h  an assumed buildi-ng leakage rate of 0.2% per 
day, which persis-ts for a period of 30 days. 

a coolaat wi-th low stoi-ed energy, i s  not subject  to t h e  same type of ac- 
cident  t ha t  migh-n-t befall- a water-cooled reactor. 
signed t o  withstand an 3.n-Lernal pressixc of 5 psig. "his i s  the pressure 
( a c t u a l l y  4.9 p i g )  %hat might 'oe expected i f  there  were sjmultaneous 
f a i l u r e  of the steam generator and th.e ven-tila-i;ion system. This i s  not 
considered t o  be a credible accident .  Even if t h i s  did occ t r ,  i - t  woidd 
not i n  any way cornproraise -the priinary ( Iov-pressire org!;a.nic-cool.ant) 
system, so 110 fission prod.uc-i;s ~srodd be re leased t o  the  Tiuilding. 

The PNPF s t a f f  f e e l  t,hat t h e i r  system, being l o w  presswe and b.aving 

The biLlding w a s  de- 



Table 7.23. !&iximum Acclderit For Reactors With Lov-Pressure Conl,ain;.,c!rt Vessel-s 

BOTKJS 'Totai loss  of p r i -  Removed 15.3 
m r y  coolant by m , m t  X lo6 
through la rges t  S t U  

credible break 
(1.6-i.n. l i ne  a: 
bot tzni  r e x -  
t o r )  ; pressnre 
veassl  cmrjties 
i n  i see 

P iqda  Ste~.x boi le r  "up- 
:ures s r i th  ven- 
t ila Lion sys t e n  
closed; t h i s  i s  
s i x d l  t a n e m s  
f a i l r e  of b c i l e r  
ard vcct i l s t i - n  
syste ' i  

Yes Pj 3 Yes Core i-njection system f a i l s ;  
the in t e r io r  buil3ing sp-iy 
npei-aTee 3C sec s f t e r  the 
buil~ding becomes pres- 
s x i z e d  ?nd re1nL"v*6 95% 
:If the s,xpended holo-  
c;en's, but t.hp presslire 
rennins F-t 4 . 3  psig 

7.3 .3  Fis s ion -hoduc t  Release aid Transport -.... ...... _..____ 

The foregoing sec t ion  descri-bed the even-t t h a t  would i n i t i a t e  t he  
rmximum accident and fu rn i sh  the  i n t e r n a l  pressure which would cause the  
bui ld ing  contents t o  leak. This sec.Lion dea l s  with the remaining por t ion  
of t h e  mea, t he  fission-prod.i-ut re leas?  and t r anspor t .  Tables 7.24, '7.25, 
and 7.26 list, the  assw~:ed re leases ,  doses, and t r anspor t  conditions f o l -  
lowing the  acciden'i. 

a r e  c i t e d  tha t  would red.uce the  seriousness ol" the  postulated accident. 
However, credi-i  7.s not taken for these  mil;?-gating circumstances 

Ja -the sa f2 ty  ana lys i s  BOT t he  BOWS fax i - l i t y ,  s eve ra l  mechanisms 

Table 7.24. Fission-Product Seiease i n  the b e n t  of an Accident 

..... .__I.._______-____..~.-- .__.__I__..___ .~ ...... __ ....... 
Fission-Product Release ($) 

A v ~ i l a b i ~ e  for 
gelease f r o =  

Operating 
3eac toi" H i  s t  c r y  Release t o  

Ccnminer Contairer 

Re-zcm! 

DOFWS Ling tei-m a t  f?dl 1CC noble gases; 133 noble gases; A l l  ncnvol.ati1es p l s t e  out in t hc  
power 5C halogens; 25 halogens; buil.ding: half cf t he  halogoils 

1 cther  C so l ids  ( 25% of ta ta l -  halogen inven- 
tory)  p l a t e  out (95s o f  re6iaj.n- 
i.ng halogens a re  v&s:ied out by 
building spray) 

Pigua Cold core None 
( s ta r tug)  

None Startup accident with rapid with- 
drawal. of cont ro l  rod 

&11 l i f e ,  then 103 v d a t i l e s  3-00 vclatiles See discussion 
shutdown for 8 
hr ___ .... l__.._____l.___ I__ .... ~ . . ~ . _ _ _ _ .  
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Table 7.25. Doses from Fission-Product Release ircm L*x~-Prcs;ure Containment Strire-tl>i-rs 

S i t e  Reactor Di.rect Dose Dose frcm 
CJ.oiid Dose Boundai-y 

Co1n;nents 

BONIJS 10 rem 300 iwns 0.3 mile For direct,  dose, a11 f i s s i o n  products 
r e m i n  above Lhe opernting -?I.oo-L-; 
s i - te  Fr,undary, 0.3 mile;  time for 
dose, 2 br; considering no bui ld ing  
spray, i. e .  , no ?msboi~.t of h I o g e n s  

Piqua <O. 1 r Week a t  750 f-i; (nea res t  r e s iden t )  

22 remsa 3 . 2  remsa 36 rema I day a t  750 f t a  
.-..--l_...._.l_..- 

a ~ o m  a ca~mi la t ion  by M. A. ~iles, ref. 45.  

TaSjJ.e 7.26. Dispzrsior? Condi-tions Assurfl?d f o r  Accident Analysis 

,Severe invers ion  0.87 0.5 c2 = 0.00CA. BONUS 0.4 for en t i r e  0 
nccidcnt (30 
days) 

fiqua 0.2" 0 Inversion" 
._..._...l.l_ .._.-....__ .._______.I 

%om lil cal.cu.lation by 1.1. B. B i l e s ,  ref .  4 5 .  

After  t ne  BONUS primmy system has ruptured, bhe  core i s  assumed t o  
m e l t ,  relesslng the  fission products (Table 7 .24 ) *  The operation of the  
core in j ec t ion  system would have prevested t h i s ,  but for purposes of 'cbis 
ana lys i s  t h i s  system i s  coilsidered to f a i l .  'The e f f e c t  of the pump room 
mcm.1; i s  l ikewise not considered, The following comments were taken from 
ref. 42 :  

i f .  
h i  order f o r  t2ne steam-water mixtu-e leaving the  broken 

pipe t o  escape from the  pump room, tt must blow out tinrough 
the  flooded vent operiings around t h e  perinie-ter of t oe  pwnp 
room. The pump room h s  been designed t o  wi..i;lis-ta,nd a momen- 
t a r y  Tnternal pressure of 20 psig:, which would occur as a re- 
s u l t  of a large rupture i n  a. reac tor  v a t e r  pipe wFth the re- 
a c t o r  pressurized at 950 psig. It has 'oeeii calculated that,, 
i f  the  steam-water mixture from the  r eac to r  mlxed IntimTtely 
with the  cold moat water tha-1; :an increase of t h e  moat vater 
temperature from 90°F ,to 205°F would be s u f f i c i e n t  t o  absorb 
a l l  of t h e  eneryj contained i.n t'ne reac tor  w a t e r  (plus heat 
extracted from the  vesse l  and in-Lernals i n  a 30-second in- 
terval) 
pressure w i l l  not r i s e  during blowdown. Perfect  mi.xing is 
not  expected t o  occur, and therefore  the  ven-t openings w i l l  

%nus, with per fec t  mixing i n  the moat t he  buildi.ng 
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be temporari1.y unflooded as the  pressure i n  .the pump r o o m  
bui-l-ds up and i s  re l ieved  through t h e  vent openings. A f t e r  
t he  i n i t i a l  pressure surge i s  over (approximately 4 seconds 
i n  t h e  worst case) ,  mat, water xhich has been expelled w i l l  
flow back i n t o  t h e  moat. Additional water vj.11 f i l l .  t he  moat 
when the  f i r e  sp r ink le r  heads i n  the r eac to r  pump room open 
(80 g p m ) .  When Lhe bui ld ing  spray system i s  turned on, water 
which acciimula-t;es around 'die veiit openings w i l l  a l s o  contr ib-  
u t e  toward f i l l i n g  t h e  moat. For example, i.f ha l f  of the 
water s-tored i n  the  mat  i s  assumed Lo be blown out and 'chis 
wa-Ler i s  assumed t o  be spread evenly over a f l a t  s l a b  t'ne 
same s i ze  as the ei1ti.rc basement f loor ,  t h e  water b r i l l  flow 
back i n t o  -Lhe moat, a t  1000 gpm. 
thi.s Tate of f i l l  would hold constant and the  moa'i would be  
resealed i n  about 7 minutes. With t he  moat vents resealed, 
f i s s i o n  products re leased during siibseqiient mel.tdown of  'che 
fuel w i l l  be trapped i n  the pump room except f o r  minor leak- 
aees around penetrat ions.  Calculations have shown the  melt- 
ing  o f  thz  h o t t e s t  superheater UO2 f u e l  wi.1.3. no t  occur i.i1 
less -Limn 6 i!ii.:nutes, which w i l l  a l low s u f f i c i e n t  'Lime for t h e  
moa t ,  system -to e s s e n t i a l l y  r e f i l l  before rneli;i-i?g can s tar t .  I' 

'rhe bui-l-ding (inJwrna1) spi-ay is expected t o  operate a f t e r  30 see 

With t h e  bui ld ing  spray on, 

and. remove 75% of the halogeils re leased  t o  the containment bui.ldins. 
culabions were made, howevcr, thai; do not  consider the  e f f e c t  of t h i s  
"washdown" by t h e  spray system. These dose calcul-ations a re  given i n  
Table 7.25. The weather conditions were assumed t o  be those that; would 
yie ld  ?;he highest  doses ai; the  boimdary. 

The PIVPP staff considered t h a t  t he  m a  wa.6 rap id  withdrawal of  th2 
cont ro l  Yods and the  resu l ta i l t  niel.tdoivrrl of p a r t  of t he  core. In t h i s  
accident,  7.5$ of t he  core fi.ssioi.1 products 4 4  woiild 'ne released to t h e  
coolant,  5u'c t h i s  woiiLd not  be n fail.ui-e of t h e  primary system, Con- 
sequently, t he re  vou1.d be no release of f i s s i o n  products t o  the  environs. 
This would y i e ld  a d i r e c t  radi-ation dose rate of 0 . 1  mr/hr at, t he  t i m e  
of the  accident  'Lo t he  nea.rest r e s iden t  (750 f t )  . 
with the PNPF as compared with other  i:eacto% ins.tallati .ons,  BS.lcs, 45 Chief 
of Test and Power Reactor Safe-ty Branch of -the AEC, made the  fol.l.owing 
c omrient s : 

kl- 

Tn order  t o  obtain a b e t t e r  understanding of t h e  hazards associated 

It.. 'The hazards assoeia'ced wi-tin a complete core mnel.tdown 
have been compui;ed, though i-i appears highly unl.i.kely - tha t  
such an inc ident  would occi~r. Results a r e  ind ica t ive  o f  -ihe 
imxirmm poss i~ble  hazard. It w a s  assumed t h a t  coinple-Le m e l t -  
down of a Tul.7.. life core occurs during full power opera.t-ioiz, 
re leas ing  100% of the  v o l a t i l e  f i s s i o r l  products ( including 
iodine)  t o  the r eac to r  building, a.nd an internal.  container 
pressure of 1 ps ig  e x i s t s  during the  e n t i r e  release. 100% 
of t h e  vol.ati les const,itu-Le 38% of t he  t o t a l  Piss ion product 
inventory. It is  reasonable t o  assume t h a t  e s s e n t i a l l y  a l l  
of  the  non-volat i les  would. be re ta ined  by the  coolant, since the  
coolant would not  be vaporized. 
r e sen t s  t he  probable hazard a t  the  neares.t; cont ro l led  a rea  

?'he fol.l.owing t abu la t ion  Tep- 



boundary (750') f r o m  d i r e c t  bui lding radia.tion, d i r e c t  radia-  
t i o n  from t h e  cloud, and 'ihe t o t a l  in tegra ted  thyroid dose, as- 
suming r e l ease  of t he  cloud -to the a-tmosphere occurs only -through 
normal. leakage froin t he  building. Inversion conditions were as- 
sumed. 

To-tal Integrated Dose Rates a t  750 [ f t ]  Resulting from Core 
'tkltdo-dn Accident 

Direct 5Uil.di.ng Direct Cloud 
Exposure Time Thyroid Dose Radiation Radiat ion 

1 day 22 rem 3 .2  rem 36 rem 

1 week 44 rem 6 .8  rem Not appl icable  

"Examination of t h e  above r e s u l t s  ind ica te  [ s ]  t h a t  t h i s  
hypothet ical  worst possible  si:t;uation probably would.  not re- 
s u l t  i n  in jur ious  dose r a t e s ,  par t ieular l -y  i n  view of t he  
opportunity for evacuation from the nearby areas  e ,by  cred- 
i b l e  acciden-ts would came substanti.al.7.y lower  exposure pos- 
s i b i l i t i e s .  " 

Li an  e f f o r t  t o  reduce the cost of containment, the concept of pres- 
sure suppression has been employed with water-cooled reac tors  ~ In pr in-  
c ip le ,  t h i s  technique I s  espec ia l ly  su i t ed  to water-cooled reac tors ,  s ince 
t h e  magor port ion of the  energy released upon occuy'rerice of an mca i s  i n  
.!;he f o m  of sa tura ted  steam, which n ~ y  be removed by condensntion and 
thereby g r e a t l y  reduce -tine f b a l  pressure t o  be withstood by t'ne contain- 
ing bui.Zd.j.ng:. This scheme, shown l.n Fig. 7.4, uses the "dry w e l l "  and 
vent piping t o  d i r e c t  the steam t h a t  i s  released in to  t'nr water oI" t h e  
suppression pool, where the steam i s  condensed and f i s s i o n  products m.y 
'0e p a r t i a l l y  removed. 

The Hurnboldt &y reac tor  (Fig. '7.39, ref. 2 8 )  has used t h i s  method 
of containment, and the  owner-operator, Pac i f ic  Cas and Elec-h9.c Company 
(F-G@iE), has done considerable development work i n  the  a rea  of pressure 
suppression. With information from t e s t s  by Ea, the  Army b u i l t  and 
pl,rt i n t o  operation the  SI4-M reac tor  (Fig. 7.40, r e f .  46) ,  which uses 
the  pressure-suppression concept. The Bodegs B y  reac tor  (Fig. 7.41, 
r e f .  471, which has Been proposed by w3&E, will also use t h i s  mnethod of 
containment. T'nese f a c i l i t i e s  a r e  described. i n  T a b l e  7.27. 
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Fig. 7.39. 

- 
SEGiKIN E-€ 

Hixnbo2.d.t Bay Contaimeni  Struc'cure. (Froin re:. 28)  

':cbl.e 7. 2'7. Presswe-Suppzression Ccntaiment System 

.......... ____ ..... ~ __ ......... ~ ____ . 

Humboldt k y  Zurcka, 165 3oili .ng Bechtel Bechtel. Suppressicn General h c i f i c  
Power P1ar.t Cal i f .  va. t e I Chzmber, E lec t r i c  Gas and 

U n i t  :io. 3 (na tura l  Rcchtel Co. Elec- 
c i rcu la-  Di-y Well, tric 
t ior.) Chicago Co . 

SM- iA, F x t  20.2 Pressur- Peter Chicagi: u. s. 

Bridge 
snd Iron 

i z e d  Kiewet B-ri.dge Axiy str.tlon-ry, Grcely, 
medium Alaskn T..;;t e r  and Irm 

power 

Atcmic Park ky, n t e r  C-a, snd Gss  and Zlectric G a s  and 

Uniz No. 1- Calif .  

Bodegz &qr Bodega 1008 Boiling Pac i f ic  Pac i f ic  Ccncral Pacific 

Elec t r ic  Elec t r ic  Co . =le c - 
Co . CC.  t r i c  

Co . 
..... ......... ~ - ...... ..... 
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7.4.1 Description and Desi- 

The system and desi@ philosophy f o r  pressure-suppression containment 
a r e  discussed i n  t h i s  sect ion.  Ta>ble 7.28 l i s t s  in fomat ion  such as s i z e ,  
shape, dimensions, e t c  I, a s  w e l l  as desiQi loads from teniperature changes, 
pressure, and conven-tional loadings I 

One of t h e  reasons t h i s  system mxy be l e s s  costly ( see  Chap. 11) .t;'nan 
others  fo r  a given r e a c t o r  i s  t h a t  t he  system i s  p1iysieal.l.y sraller. The 
dry wel.1 is  only t o  be l a rge  enough t o  conveniently house the reactor 
vessel and a m i n i a w n  amoiint of a u x i l i a r y  equipment T h i s  necessar i ly  
makes t h e  f r e e  volume of the  dry w e l l  s r m l l ,  and as R result t h e  pressure 
peak t o  be withstood the re in  m y  be large. This m y  be seen by e n t r i e s  
i n  Table 7.28 for both the  Ilcunboldt B y -  1rini.t and. the  SM-1.A 
tha-t t he  'ls~-mll.ll container with high-pressure capab i l i t y  may be cheaper 
t o  bui ld  and erec-t than the  Large s p h a ~  tlia'c would be uecesssi-y for t he  
more generally accepted high-pressure containment. Gn.e ser ious problem 
w L t h  t i i s  approach i s  t h a t  I;lze primary system pipiiig penetrates t he  p r i -  
mary accident containment structure, and %bus -the closu.:ce of block valves 
i n  the primary coolant lines must, be depended upon t o  e f f e c t  contaimnen-t 
f o r  t he  accident. In  t h e  IIwuboldt Say p1.a-n-t these valves and t h e i r  as- 
sociated pipI.ng a r e  located i n  the piping tunnel  lead ing  t o  the tu rb ine  
and both are open t o  atmosphere. 

provides a water pool  into ~&ic?i  .the steam may be di.rec-t;ec:i through mixing 
nozzles (SM-LA) o:r through s t r a i g h t  pipes in-to a baff led  suppression pool 
(Humboldt Pay) . 
leakage, but i t s  presswe capab i l i t y  I.s qukte l o x  (1.0 ps ig  for Himboldt 
€by), as may be seexi i n  Table 7.28. 
depends on the  presence of water lin t,he su.ppression. pool.; 'out, even i f  t h e  
water  l e v e l  fell. as muel? as 6 l.n, below t h e  ends i l f  khe vent pipes, the 
condensation of steam wouZd. take place with good eff ic iency.  2 8  

lk the previ-ous d-iscussion t h e  dry-well vesse l  was referred t o  a s  
t h e  prinlary accident conta.l.nev; t h i s  irnplies t h a t  there  i s  a l so  a secondary 
accident container.  In  the case of EmiboI..d.t Pay "ihri.s i.s t rue,  inasmuch as 
t h e  refueli.lzg 'ouilding is  also an iiidependent containment scheme* Tkis 
i s  3, negstive-pressure o r  "ORR" type of con-tizinei- ( s ee  See. 8.5) i n  which, 
under accident condition,s, the 'ou.ild.-ing i.s kept a t  a s1ightJ.y negative 
pressure so t h a t  air w i l l  leak i n t o  the  buil.dFng. Under nomm,l operal;Llzg 
conditions the building i s  unl.Fmited i n  a conventioiial manmy, and upori 
tne occurrence of an incideni; Lhe nega-ti-ve pressure system is put i n t o  
operation. The exhausted ail- i s  then 331-tered, scru'ubed, and. discharged. 
up a 250-ft stack. 

Califorriia,2 
mental system consisted o f  a fu1l-scale segment of  the Hwiboldt Say s y s -  
t e m .  lkper5ments d.one a t  t h i s  f a c i l - i i ; ~  indica-Led. t h a t  the tlry well of the 
3umboldt  Pay Reactor might expect 8 mxirfiurn pressure p e a k  of 36 psig,  
instead of the  design pressure of 72 psig. The dry-well vessel  i s  con- 
serva t ive ly  designed because of t he  l imi ted  experimental information. 

be expected t o  reach 575°F for a very short  (30-see) period su'lseqxei?.t; 

1% is thought 

The suppsession chamber L s  the  second port ion of t h i s  scheme. This 

Tliis contai.ize:c must also h.ave high iiitegri.ty against 

The ef fec t iveness  of  t h i s  concept 

Experi.ment,s were conducted by PGRE at, t h e i r  f a c i l i t y  at ?Zcss Landing, 
on the suppression of' prcssu:w by wa,ter pool_s. The experi- 

'The steam temperature i n  the dry well. of +:he K1mboJ.d.1; &y p l a i t  imy 
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to the ~nca (called nicoa, ma,xi.mim credi'ole operating accridei1.t) . 
of tlne vessel would not show any changes i n  proper t tes  a t  this temperature, 
and tihe concrete sixrounding the container i s  repor ted48 to exhib i t  good 
s t r u c t u r a l  proper-Lies up t o  GOOOF, so  no d i f f l i cu l t i e s  are expected RS a, 
result of t h e  575°F temperature -trarisien-L. Other design coxis-iderations 
are l i s t e d  In Table 7.28. 

me steel  

7.4..2 Tests 

The static l eak  and pressure tes ts  performed on t h e  d.r.y-we11 and 
suppression ch,mbers are s i r f l i k r  t o  the t e s t s  on the high- and low-pressure 
containers  (Thble 7.29). These -Lests have been adequstely described i n  
the appropriate sections. It I s  worYn no?,?.ng t h a t  tine Nimboldt Bxy staff 
is  studying the design of a sys-tern t h a t  w - i l l  a l l o w  con.i;inuoi.is xoni2;ouing 
f o r  contaimnent leakage. 

mble 7.29. Contaimxent Structure Yrooi Tests 

IIumboldt, Dry well: 0.1. at 5 - p ~ i g  soap 
72 psig check 

Si~ppression 5-psig soap 
cha.mb.lr: 1.0 at, check 
10 psig 

Refixling build- 
ing: 100 at 
-114 in.  H2O 

Suppression 2-psig soap 
chairher : 0.016 ?heck 
at 5 psig 

Dry well: 0.5 5-peig snap 

Suppression 5-psig soap 

a t  62 psig check 

chamber: 0.5 check 
at 35 psfg 

Refueling 
building : 
100 inleakage 
at -114 in. 
H20 

26.3 10 

71.25 62 

40.25 35 

Reference c0.l a t  72 

Reference < l ~ O  at 10 

vessel. psig 

vessel w i g  

100 at - ~ / l b  

in. H20 

Pre S S7J.r 3. Zed. 
w i t h  he1.i.m 
and probed 
vit ,h leak 
detector 

Referwee 
vessel 

Re-rrrence 
vessel 
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7.4.3 Codes 

Table 7.30 l i s t s  mkerials of construct ion and the code t h a t  govcrns 
the  construction, as well as information on the  reactor-vessel  mater ia l .  

7.4 .4  Penetrations _- 

The type and number of pene tmt ions  are l i s t e d  i n  Table 7.31, and 
the penetrat ion closures  a r e  described i n  Table 7.32. 
the  penetrat ions of the h igh- in tegr i ty  vapor b a r r i e r  a r e  sirnj.I.ar t o  those 
discussed i n  Sec~ti.om 7.2 .4  f o r  high-pressure containei-s I 
fo r  the  13xrholdt Wy refue l ing  bui lding a r e  incI.uded and a r e  discussed i n  
Section 7.5, s ince t h i s  port ion of t h e  Ii-Iurbold-i b y  containment system 
fal ls  under the negative-pressure group. 

One notable vari.at,i.on from the  norm i n  Hwflboldt Bay dry-well pene- 
t r a t i o n s  i s  shown ii1 Fig. 7.30, which i s  a diagram of' t he  main steam 
penetrat ion;  it may be seen t h a t  the steam l i n e  i t s e l f  i s  enclosed by a 
guard pipe welded t o  the body of  the block valve. This a f fords  pro tec t ion  
i n  the  event of a break i n  the steam l i n e  between the  contai-nment w a l l  
and the f so l a t ion  valves.  If t h i s  were t o  O C C U . ~ ,  the  re leased steam w0ul.d 
be d i rec ted  i n t o  the  dry w e l l  a.nd subsequeiltly to the  suppression chamber. 
If, however, the  break occurred on the t u b i n e  s ide  of t h e  block valves 
( the re  a r e  two i n  s e r i e s ) ,  these valves would be depended upon t o  l i m i t ;  
the  amount of steam released t o  the  piping tunnel  between the vapor con- 
t a i n e r  and t h e  turb ine .  Both t h e  piping tuimel and the  turb ine  a r e  d i -  
r e c t l y  open t o  the  atmosphere. 

A proposal was made t o  use the  pressisre-su~pression system i n  con- 
junction with a boiling-water reac tor  f o r  the City of Lx Angeles reactor ,  
but  t h t s  w a s  withdrawn when t h e  ACRS indica'ied tk?at fu.rth.er modifications 
were needed t o  render t h e  p lan t  su i t ab le  f o r  the s i t e .  The seven suggested 
modifications were s t a t ed  i n  a l e t t e r  issued by the ACXS dated November 14, 
1962, as follows: 

With few exceptions, 

The penetrat lons 

I.. A vapor suppression system t h a t  inel-udes separat ion of primary 
and s ec ondary containmelit, 

2. A secondary containment 'ou-ilding t o  withstand a pressure of 5 
ps ig  and having a leakage Fate of 0.5% per day or less, 

3. A method f o r  rapid de tec t ion  of f iss ion-product  re lease  from 
f u e l  elemen-t f a i l u r e s ,  

4. A steam-line tunnel  i.nt,egral with t h e  secondary containment, 
5. Double i s o l a t i o n  valves of pro-veri %)ye, a t  l e a s t  one t o  be a 

6 .  Holdup o r  detent ion ca.pabj.l-ity foi" t h e  anbicipated noble gas 
turbine s-t;op valve protected by steam s t r a ine r s ,  

re leases  t o  ensure t h a t  no s ign i f i can t  environmental exposures 

7.  Wbi-ne  housing provided with control led ven t i l a t ion  t o  f i l t e r  
r e s u l t ,  

and s tack.  



Table 7.30. Vcssel Pk te r i a i  Specif icnt icns  

Coataimoent Vessel Yaterial Reactor Bessu re  Vessel 

( in . ) ( "P)  

acx Concrete 4 ta 7 I't 

API 3/16 in .  (Iifier) 

ACi Cacrcte -4 f t  

.4C I Coacrete I ft mininizl (far 
shielding con- 
siderations ) 

ACI-31s-56 Cmcre-te 3 112 ft (11s i n .  

APT-620 A-2Cl-B, i / 2  in. 

s t e e i  outside 

A-303 

Bod.ega %j 
Dry vel1 ASK5 Code, A-201-B, 1 5/16 in.  (rzx) 

ELppression ASME Code, A-2C1-B, 1 iii. (imx) 

Sec. VI11 A-300 

chainbcr Sec. VIli A-300 

Rei'uelicg (5) ('b j ( b )  
building 

;oO$ x-rayed 

-fa E. 

Yes 

( a )  

281 -6 (+1/4 304 SS FA-332-B 
Cl3dd: 

45 112 2 518 (+:I4 334 5s A - 2 1 2 - 3  373 after 20-yr 
clac)  l i f e t ime  
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Table '7.31. Containment S t ruc tu re  Penet ra t ions  

~~~~~ ~ ~ ~ 

Facility Air Locks Access Openings Others 
....... ...... .......___I .... ..... 

Hmboldt Bay Two flanged openings: 6 (no i n . )  dry-we;.l venxs" 
14 f t  a t  top, 6 ft 1 (24 i n . )  steam l i n e  
a t  bottom 4 (24 i n . )  hydraul.ic l i n e s  

Dry well 

1 (20 in.) i e e d m t e r  ] . he  
1 (20 i n . )  vecuim r e l i e f  

2 (18 i.n.) shwtdown coc1.- 

/kg (1 t o  16 in.) ot,hers 
5 e l e c t r i c a l  1-ines 

valve 

ing l.ines 

Two 30-in. mnholes  2 (20 i n . )  m c i i m i  i-e1'.2? 
vzlve s 
4 (10 i n . )  discharge l i n e s  
1 2  ( I  to 6 i n . )  o-chers 

!&my 

Suppression 
chamber 

Various pipes 2nd conrlllits 

RefueJ.in& Two with 2-ft x 1 1 /2 - in .  x Railway dosr 
building 5 1/2- f t  mr ine - tne  doors 

SM- I A  
Dry wel l  From su t s ide  ( see  Fig. 

7.10) t o  dry wel l  ch-sugh 
the space bttwccn dbms, to 
be water-f  i l l e d  whcc 
cpera t ing  

Suppi-essim 30-in. mnho1.e 
c ha:nber 

___ .......... I - ........ __ ........ 
ap,rt cf  con ta inmnt  systsrr. 

7.4.5 Containment LProtcction 
-I 

The pro tec t ion  measures provided f o r  t hese  containers  a r e  l i s t e d  i n  
Table 7.33. Tne Hurnboldt B y  prirnary container  i s  housed i n  a concrete 
buildiDg and nee& no f u r t h e r  ex te rna l  protect ion.  The di-y-well. vesse l  
i s  designed t o  handle the  missi le  and je t  forces  t o  whlch it migh-t; be 
subjected.  

The SM-lA s t ee l  con-tainer is  protected i n  the  cyl.i.ndrica1 por t ion  
by an ex te rna l  concrete w a l l  (Fjg.  7.40) and on 'ihe t o p  by in su la t ion  and 
conventional roofing rmtxr ia l s .  The SM-1.A i s  protected from missi les  by 
t h e  dry-we1.l. container  w a l l s ,  which a r e  of  re inforced concrete a t  l eas t  
4 f t  th ick .  It i s  thought t h a t  no conceivable m i s s i l e  could damage this 
b a r r i e r  t o  t he  extent  of voiding the  container .  

t h a t  has adequate s t r eng th  t o  withstand any j e t  or shock loadings t h a t  
might accompany t h e  mea .  

The Bodega B y  dry-wel.1. vessel is backed up by reinforced concrete 

7.4.6 Coolant Proper t ies  

Table 7.34 l i s t s  the  type of r eac to r  and amount of coolant and the  
thermodynamic condi t ions of t he  coolant  under normal operat ing conditions.  
Coolant and moderator Tor -LIE SM-1A and Hwnboldt Fay are the  same mte- 
r ia l ,  w a t e r .  



%?Le 7.32. Containxent Tenetration Closures 

Action of Automtic 

Possible Ensrgency 
;lction I3 VLLlV3 

Does Kot Clos;. 

iraives on b s s  of Povrer hrarceters Sensed t o  Close Sfstem l+urixr and m e  of irislves Fer ~ i n e "  

i k l i c f  Enclosure F'rocess Linesb ( A i r ,  
V ~ C U L J  ven t i ia t ios  ~%etetlm, xs te r ,  &c. j 

Au-loTatic Valves And Logic For 
Loss of Toss of Fxiber of Sensors Per d d o m i i c  
Elec t r ic  Instrumcat P;;rame-t e r  Val.lses 

i:aac t 3r 

Pove-r A i r  

R-esswe 1 2 (aor?nal:y 2 v d v e s  a i  prirrizry If loss i s  Close F;eactor low water level,  4; 2 out of 4 Close by remote 
a q p r e s  s i on closed) containment (both greater dry--vrell high pressure, 4; ta close mn-aal operation 

motor opzrat-6 if than 3 sec ca in  stean l i n e  bresk, 4; r i l l  vzlTies 
ou t l e t  l i nes ;  1 ,Curat ion, a x i l i a r y  pover Issr vol- 
m t o r  operated and va:l.res tege ,  1; high p-es; ,se i n  
1 check If irile:. c l sse  tne re-7-eling hilcli ,ng,  2; 
l i n e )  3igh 3 G . i M i G g  zc t iv i ty ,  2 

FtePaeling 0 2 (nolmally i c )  Clooe i C )  Reactor low wzter level ,  4;  1 out of 2 Close b y  remote 
bui ld i rg  open) dry-well high prcss~L-e, 4; oimual oTeration 

au tomt ic  main steac: l i n e  brcdk, 4; 
ciosure smi1:lary power low vol- 

tags, 1; high prcsswe in 
the refueling Sl;t ldicg,  2;  
high b-;ilding ac t lu i ty ,  2 

SM-U' 

&ode@ k y  d 

"Au';oir;itic indica-ces a valw closed by instrunen-ts. 

b - 
bkrx2.1 denotes 

a valve o'serated remotely 3y an operator i n  -<;he control room. 

~i3. this ta3YLa;ion it h a  rot beeo gossible t o  take -tke g e s s x e  
ra t ing  ~r special  csnditioas i;hi;t I T Z ~  apply -to ~ l ~ i c k ;  these l i n e a  aye 
comectec;. 

'Does not sp2ly. 

'Data not available.  

r 
0 
P 
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'l'able '/. 33. Containment Structure  ZxLerior and Missile Froteetion 

............ ~ - -- . I_ 

Exterior Protect ion Missile Protect ion 

.Jmboldt Fay 
Dry wel l  (a) 

suppression chamber (a)  

Refiel ing bui lding Concrete building 

Dry well  
SM- LA 

Suppression charrl'uer S tee l  bui lding i s  enclosed 
i n  concrete up 'ic: Lhe 
bciid. 7 ine;  f r o m  there  it 
i s  covered by insulati.on 
and paint 

No credible  missi le  w i l l  penetrate  
t h e  d.ry-wel-l. l i n e r ;  piping runs 
a r e  placed sc t h i t  they cannot 
become miss i les  dangerous t o  
the ] . he r  p l a t e  

( a )  

(a) 

Missile protection i s  provided b y  
a t  l ea s t  4 f t  of  re inforced con- 
c re te ;  access ha,s a 2 1/2-i.n. 
s t e e l  door 

(3) 

a Does nc t  apply. 

Table 7.34. Moderator and Cool ant Propert ies  a t  Asswried Accident Coiiditions 

Coolant Propert ies  a t  Assumed 
Accj dent Conditioris 

Moderetor Coolant ..... m e  of 
Rywtor Reactor 

Temper.atui-e Pressure 
(OF) (ps i&)  

Quantity 

Humboldt, Ehy BMR H20 H 20 33,000 575 1265 

SM-U EWR H20 I120R 7,870 443 1215 

Bodega Ray BMX H20 H20 294,000 5'75 1265 
..... ........................ - ...................... 

a 
Pi-i~m.ry and secondary. 

7.4.7 Accidents 

The acc idents  t h a t  determine the design pressure and the  temperature 
conditions within the  containment s t r u c t u r e s  a r e  described i n  'Table 7.35, 

For t he  Hwnboldt Eay plant,  a rupture of  t h e  - m a b  steam l i n e  and 
discharge of all r eac to r  water through t h i s  l i n e  are postul-at,ed, and it 
i s  assumed t h a t  t h e  yeactcj:r* w i l l  have been operating a t  230 Mw(k) and 
1250 psig pri-or t o  t h e  accident.  The core spray syst,em would preclude 
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"t'eble 7.35. C e s i g n  Accident 

3 e r g y  Rel-ecse (Btu) 
Co1rmwnt Core Re3.c Lor Dcscript$.on of Accidect 

SlJrZX). 
Nuclear Chemical %x-ed 

x 106 
Ihunboldt Loss of pr i rxxy  coolant through 0 0 45 Yes Core spray ac t ivd te s  
&Y t h e  larges- t  c red ib le  rupture at a prirrary sys-tern 

within t h e  diy wel l  (12 i n .  
Sched. -80 pipe, single-ended psig; core spray i s  
sys tern) p r t i a i l y  inef fec-  

t i v e  and al.lqws 50% 
of  t he  core to melt 

pressure of 150 

SM-IA Fame as SM-l [two cases ma-  0 0 4.3 No 
lyzed: case l r e s u l t s  in 'die 
h ighes t  pressure i n  the dry  
well; case 2 results i.n high- 
e s t  pressiire i n  supp,pl.e:jsion 
chamber (building) ; t h e  wcrst 
of both acc idents  m s  taken as 
the  design requiimnent ] 

Bodega Loss of ccoiblit from an ins?an-  0 0 150 Yes Core spray ac t iva tes  
av taneous r i r> tvre  of any pipe a t  a priviory system 

ps ig ;  core spray i s  
p s r t i a l l y  Lneffec - 
b ~ v e  a d  ~ l l o w  50$ 
of the core t o  rne1.t 

comected  t o  the  rtwictor ves- pressure Or 150 
sel. ( a rea  o f  break, 6 .4  f t 2 ;  
loss of coolsnt i n  8 sec; 
double-ended break.) 1 : 

f u e l  mel t iw,  but f o r  t he  sake of ana lys i s  t h i s  system ~11;2s assumed t o  
fsil. (The fuel-handling accident vas a l s o  analyzed for Bmboldt Pay, 
see ~ e c .  7.5). 

The reac tor  system f o r  t he  S M - I A  i s  s i m i l a r  t o  that f o r  the  SN-l 
( s e e  ,See. 7 . 2 ) ,  the  Irw.Jor d i f fe rence  in the  t w o  i n s t a l l a t i o n s  'oeing t he  
containment scheme. The sequence of evenl:; l e a d k g  t o  tke m e a  i s  %he 
same as f o r  t he  SM-1, as shown graph.ica.lly i n  Fig. 7.42 ( r e f .  4 6 ) .  Since 
Ynere a r e  two purts ( t h e  dry well and suppression chamberc) t o  the EDJ-lA 
containment; scheme, both were analyzed f o r  t he  highest  possible  pressure.  
A postulated axc ident  idenCical t o  t h a t  f o r  t he  SM-1 (T. e., Vne secondary 
r e l i e f  valve fa i ls  t o  open and allows the system pressure t o  increase t u  
15GO psig)  was found t o  result i n  th,e highest  pressure i n  -the d.ry ~ 1 1 .  
Tn a second case, it WBS assumed. t h a t  the  secondary r e l i e f  valve opened. 
as it should and allowed {;he pressure i n  the  outer eonta.i.ner, t he  sup- 
pression chamber, t o  reach i ts  mxinm value. The -i;Wo par t s  of i;he coii- 
t a i m e n t  system were designed t o  contain the  highest  pressure from e i t h e r  
nm,ximurn acciderit. 

7.4.8 Activi-ty _- Release 

Data per t inent  t o  t h e  re lease  of r ad ioac t iv i ty  a f t e r  t h e  occurrence 
of the maximum accident are given iii Tables 7 ,36  through 7.40, %'or 
Ebmboldt B%y, two accidents  were anal-yzed : -5b.e nicca and t h e  fuel-handling 
accident  ~ Since the fuel-handling accident  would take place i n  the 
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Figrn 7.42. Sequ-ence of Events Leading to m a  f o r  t h e  SM-lA. (From 
ref. 4 6 )  
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Table 7.36. Fission-Product Xelease i n  t h e  Event of ai1 Accident 

F i s  s ion-Yrodmt FissS.on-R-oduc t 
Relessc t o  Con-tainer Release .Ci:<.>m c cllnlr‘l t Operating 

History 
Reactor 

Container ( $1 

Humboldt Loaa-tern 100 noble m s e s  \ 
Y 

To d r y  w e l l  I 7-y opera t ion  25 halogens 
a t  230 15 v o l a t i l e  s o l i d s  
164 t) 0.3 o ther  

To 
suppres s ion  
chamber 

100 noble gases 
1.2 112 halogens 
7 2-12 v01ati1.e 

0.15 o the r  
s o l i d s  

pool 

To suppres- %e Table 7.37 
s ion  chanber 
vapor space 

100 noble gases 
0.01 halogens 
0.01 other 

EN-M 1.5 yr a t  1% of all f i s s i o n  products 1 .2  x 10- 6$/hr 

Bodega Long-term 

20 I+d(t) 

%Y operation 
a t  1OC8 
m(t )  

These f igu res  =re .for 
the rm.riimum credible 
opera t ing  acciden-t 
(mcca), rj’nich would 
result  in very small 
doses, so the  fuel  
handling acc ident  i s  
a . h o  analyzed ( see  
Tables 7.49 and 7.51) 

%e discuss ion  and 
Flg. 7.L3; see  a l s o  
Tables 7,453 and 7.51 
f o r  fuel-hatirlling 
acc ident  

Tnble 7.37. Ikmboldt Fay Release Rates fro12 Si,a.ck Following E~ximwfl 
CI-erJ tb le  Operating Accident 

Selease X 2 t e s  (pc j sec )  Time 
Af t e r  Everit 

Noble Gases Ihlogens V o i a t i l r  Sol ids  Other Solids 

1 hr 7,900 15 5 1 
3 h r  60,000 60 21 4 
10 hr  240,000 160 50 11 

10 days 1,400 1 1 0.1 

1 day 380,000 230 90 18 
3 days 340,000 170 80 1.9 

~ 

re fue l ing  building, where .t‘ne a d i s  i s  controll.ed by negative pressure,  t h i s  
f a l l s  i n  the category of a negative-pressure sys”iem (see  Sec. ‘7.5). 

products t o  the  dry  well ,  as icd ica ted  i n  Table 7.36. Then, i n  the dry 
well, ha l f  of the halogens and solids a r e  assumed t o  plate  out. 
dry-well contents a r e  bubbled -t;lrrough the  suppression pool, 99.9974 l o t  
the s o l i d s  and halogens are scrubbed out and retained.  No c r e d i t  i s  taken 
f o r  the removal of t,he noble gases e 2  

Yhe mcoa of the Rmboldt  B y  reac tor  i.s based on. release of f i s s ion  

Wien the 

It i s  clea,rly seen here that t he  



Direct Dose Xhoie Body Thyroiu Bone Coxznents 

iiurnboldt Bay Ta.ble 7.39 Mcoa 

Unstable condition,a 0.5 mi l l i r en /h r  

Stable 5 mlllirems/hr 

a t  0.6 mile 

at 5 miles (e:tevated ground) 

SM- ;A 

Bodega Bay 

220 mr:  8 0.0h3 rem in 1 day 
h r  a t  10 m 

The mcoa assunes thaL most of the iodine and 
s o l i d s  were scrubbed out by the  re fue l ing-  
building c leamp eqaipment; a l so  see Tables 
7.L9 and 7.51 for fuel-handling acc idec t  -2 

+J 
0 
o'\ 

0.086 rein 0.08 rem 
ir. 1 day i n  1 day 

Unstable condition," 0. 024 ren: 

EXaSle condition," 0.11 rem 

0. c'19 

C1.39 rem In tegra te6  dose a t  3.0 miles (poin t  of =xi- 

In tegra ted  dose a t  0.6 miie (po in t  of mximum 
rem dose) 

mml dsse)  

aSee Table 7.LO f o r  wind speeds. 
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Table 7.39. Direct R a i i h t i o n  from t'nc Iiumboldt B.y Buildf.iig 
Following .the m,ximum Credible Operat icg Accident 

1 h r  
3 h r  

10 hr 
1. day 
3 days 

10 days 

720 
5,400 

2 1  000 
33,000 
30 000 

120 

0.02 
0.1 
0.5 
0.8 
0.7 
0.003 

'Table 7.40. Dispersion Condit ions Assuimd fo r  Accid.ent Analyses 

tieight of Wind ,Speed Weathei- 
Reactor Relea. s e Condit,ion Dispersion Paramsters 

(Wh) (ft) 
Tmlmge 

ZUlil?iolJt Table 7. 37 250 4 Uns L a d e  
KYY 3 Stable 

SM- L4 o.l$/iiay 0 6.5 i n v e r s i o n  n = 0.55 C = 0.05 

Bcdega 300 10 TJnnstable n = 0.22 C = 0.6 C = 0.2. 
200 5 Stab1 e 

Fig. 8.48 
n = 0 . 3  Cy = 0.21 C t  = 0.09 Y 

9a.j 

major comf;rribution t o  t h e  doses Prom t h i s  accident would be t'ne noh1.e 
gases (see Table 7.37). 
s u l t  from t h e  rncoa. 

ent i re  containment schene. The core melts and allows l0$ of t he  fl.ssi.on- 
product inventory to escape from the bui ld ing  Lo t he  envlrons over a 2-hr 
period. Eve11 when Considering Lhis severe accident,  t he  a r b i t r a r y  l i m i t s  
(i. e . ,  25 rems di-reet r ad ia t ion  and 300 rem inhalat ion)  are not exceeded 
ou-bside -the l imi t ing  dis tances  shorn i n  Table 7.38. 

Table 7.4Q ind ica tes  leakage, height of re lease,  and weather condi- 
t i o n s  influencing the  dovnwind doses calculated I The Ibnbold t  Sa,y leak- 
age i s  not quoted in the usu=l manner. 
f ica t ion ,  t he  discharge t o  the atmosphere is given as i.n.dicated by Table 
7.37. This discharge is m3d.c -I;lnrough the  f i l t e r - sc rubbe r  unit and up ihe 
250-ft s tack.  

re leased rin the  quan t i t i e s  shown i n  Fig. 7.43 ( r e f .  47). Credit  was taken 
for t h e  e f f ic iency  of t h e  vent i la t ion cleaflup equipment, vhich wou1.d be 
brought i n t o  operation i n  the  event of a major accident .  The ven t i l a t ion  
cleanup equipmen-t; 37as specif ied t o  r e t a i n  not l e s s  than 957% of the  halogen 

Table 7.38 j-ndicates khe doses t h a t  might re -  

For t h e  SM-IA. the  postulated cataskrophe f o r f e i t s  the  e f f e c t  of t'ne 

Inst;esd of a percent per day speci-  

For. Bodega B y ,  it was assumed t h a t  the  f i s s i o n  products would be 
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STACK DISCHARGE RATES 

Fig. 7.43. Stack Discharge Rates of  Bodega B y  Plant as a E U c t i o n  
of Time After the Accident. (From ref .  47) 
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and solid f i s s i o n  products. Figure '7.43 shows the  calculated rates of  
re lease  of f i s s i o n  products from t he  s tack  as a function of time a f t e r  
t he  accident .  

The system described i n  t h i s  sec t ion  Ls more a p t l y  described as a 
confinement system ( see  a l s o  Sect .  1.'+.3). In  t h i s  system t h e  building 
atmosphere, which may contain f i s s i o n  prod.ucts i n  case of  an i.ncideni;, 
i s  f i l - t e r ed  and. re leased a t  a cont ro l led  r a t e .  The gases and f i n e  par- 
t icul.akes t h a t  do not fall out  or plate out i n  the  bui lding a r e  exhausted 
through cleanup equipment, and the e f f luen t  i s  f i n a l l y  discharged to t he  
environs, general ly  from a s tack.  

7.5.1 Ehild-ing Concept 

In systems previously di.scussed, t he  most Impor"tant s ing le  considera- 
t i o n  vcts l eak t ightness  of the  containment she l l ,  whether i t  be of con- 
c re t e  o r  s t e e l .  In t h i s  system, however, proper functioning depends 
upon the bui lding leaking a i r  inmrd,  i n  a control led fashion under the  
influence of a negative bui lding pressure, which i s  produced by a sys'l;em 
of blowers. Since the  bui ld ing  is  reqxired t o  leak, more conventional 
const,ruetioii materi;als and methods rr;y be u t i l i z e d  ( see  Table 7.41) . 
tng bui lding (Fig.  7.44, r e f .  '+9),  the Oak Ridge Research Reactor (Fig. 
7.4.5, ref. 50), and. the Humboldt B a y  (Fig. 7.46, r e f .  28) and Bod-egs Bay 
re fue l ing  bui ldings,  are rectangular i n  shape and a r e  subject  t o  th.e 
local building codes f o r  t h e i r  construct ion c r i t e r i a  ( see  Table 7 . 4 2 ) .  
?"ne m i n  departure from t he  conventional i s  -Yne requirement w i t h  regard 
LO pressure.  Since t h e  bui ldings a r e  expected t o  l eak  i n  t h e  inward 
d i r ec t ion  only, they must be held a t  some spec i f i c  negative pressure.  
This requirement spec i f i e s  two r e l a t e d  conditions : (1) the  bui lding 
rrust be sufficien-Lly l eak t igh t  t o  produce -Yne desired vaeinwn with the 
blower equipment, t h a t  i s  i n s t a l l e d ,  and (2 )  it must have st-rerrgth -Lo 
resist col lapsing becmse of ex terna l  pressures when Yne spec i f ica t ions  
of in-lea.kage and negative pressure a r e  met. 

'The buildings t h a t  house the  four  examples, i . e . ,  the  It211ziii re fue l -  

L 

7.5.2 Pressure and. Leakage Rcuuirements 

The requirements o f  t he  bui ld ing  with regard t o  leakage are Listed 
i n  Table 7.43. It can be seen by cornparing the leakages i n  t h i s  t a b l e  
t h a t  'diere i s  a wide range of leakt,ightness requirements, The Hmboldt 
:!Say re fue l ing  buri.lding i s  designed f o r  the l e a s t  absolute  leakage. The 
requirement for t h e  OlK i s  a t  t he  other end o f  the scale .  The philosophy 
concerning t h e  ORR, and it i s  generally t r u e  f o r  any system o f  t h i s  type, 
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GAS TqLATMEUT 
SYSTEM 

PLAL;? EXhAUST L E G E N D  
S Y S T E M  V A -  AUTOHlT lC  VALVE 

V U .  MANUAL V A I Y r  

4 - 

Fig. 7.46. Eumboldt Bay RePueiing Building Verrtilation Flowsheet. 
(From ref. 28)  



Table 7.43. Con-tizi.:ment S y s t e m  Proof Tests 

Lnleakage 
Requirement Fac i 1 it y Tests 

IIaal.lam 
re fue l ing  
bui ld ing  

ORR 

Rumboldt B y  
re fue l ing  
bui lding 

Bodega k y  
re fue l ing  
bui.l.ding 

3120 cfm a t  
-l/$ i n .  H20 

6000 cfm a t  
-0.3 in. H20 

J-OO$/day ( 13r+ 
cfm) a t  -1/4 
in .  1120 

-1 It i n .  H2O 
100$/day a-t 

A means of  measuring leakage i s  provj-ded; 
a l l  bu i ld ing  a i r  suppl ies  are shut o f f ;  
t h e  i n t e r n a l  pressure i.s maintained. at 
- l /S in .  H20; tile dtscharge a i r f low i s  
measured w i - i h  a f l o w r m t e r  

When a l l  openings are closed, the  avail- 
ab le  bui ld ing  d r a f t  should r e su l t  i n  a 
-vacuum o f  0.3 in .  H 2 0  

The leakage i s  measured vri'ch an a i r - f low 
meter and a vaciuum gage 

The leakage i.s measured w i t h  an air-fJ-ow 
meter and a vacu-u-m gage 

is that5 '  

"Complete closu-re of a l l  t he  bui lding openings 7.s des i r -  
ab le  but  no-L absolu te ly  necessary. %1 f a c t  it i s  absolu te ly  
necessary- f o r  s u f f i c i e n t  ai.r t o  l eak  in-io t he  bui lding t o  re- 
place t h a t  removed by t h e  blowers. One of the az%.ntages of  
control led con-catiimen'i i s  t h a t  it can be made -to work even 
though the re  i s  a hole i n  the  bui lding.  There i s  qua l i t a t ive  
evidence t o  i i d f c a t e  Lhat containment is achieved even with 
one o f  t h e  l a rge  t ruck  doors open. I '  

The qua l i t a t ive  evidence above refers t o  an  experiment which w a s  
performed a t  Yne ORR s i t e .  With t h e  blowers removing 6000 cf'm of a i r  
from the  building, the  t ruck  doors were opened, and a t  a dis tance  of about 
50 ft, a smoke generator was i.gnited. The smoke moved imques-tionably and 
rapi.d.1.y toward the  open door. The experiment was ca r r i ed  out under i d e a l  
condi t ions (i. e .  , :no wind), but  it served t o  i l l u s t i - a t e  t he  e f fec t iveness  
of t h i s  concept t o  maintain a i r  movement i n t o  t h e  building.51 

Experiments a r e  planned for t h e  ORR t o  demonstrate t h e  e f fec t iveness  
of the  containmen-L system under a v a r i e t y  of weather conditions.  
por t s ,  of the  order of 1 in .  i n  d . i a m e t e r ,  a r e  t o  be i n s t a l l e d  a t  severa l  
loca t ions  i n  the  bui ld ing  w a l l s .  These por t s  are t o  be equipped wT.bh 
anemometers so  t h a t  -the a i r  ve loc i ty  thi-ough t h e  por t  may be measured a t  
any time. 

Sm1.l. 
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7.5.3 Building Construction 

The OXR and B l l a m  bui ldings a r e  s imi l a r ly  constructed (Tab1.e 7.44) .  
A s t e e l  bui lding frame i s  erected,  and bui lding panels a r e  a t tached t o  
the  frames. The ORR bui ld ing  i s  of conventional aluminum s ides  and roof 
panels, and p a r t i c u l a r  care m 8  giver1 bo -the sea l ing  of joi.nts. The 
Hallam bui lding uses s t e e l  panels with all j o t n t s  sealed, and. over t h i s  
there  i s  another l aye r  of s teel .  panels t h a t  a r e  tl-iermally insulated.  It 
has not  been d i f f i c u l t  t o  rmintain the desired vacuum i n  these bui ldings 
wit in  t h e  spec i f ied  movement of air. 

Table '7.44. Containment mterial Specif icat ions 

Reactor Vessel 

Type of 
Construe t ion F a c i l i t y  Code Inside 

~ e t a l -  Diameter 
( in. ) 'TTickness 

H a l l a m  UBC 
re fue l ing  
bui lding 

ORB. UBC 

Hmboldt B y  UBC 
r e f u e l  i n  g 
building 

r e f  ue 1 irig 
bui lding 

Bodega B y  URC 

,Steel panels over s t e e l  226 
framing, insu ls ted  
s t e e l  panels outs ide 

Aluminum s id ing  panels 
over s t e e l  frame 

Concrete biij Iding; 
w a l l s ,  1 f t  th i ck  

A- 204 

See Table 
7.30 

See Table 
7.30 

The Ihnboldt B y  re fue l ing  bui lding i s  concrete with walls of 1 f t  
i n  m i n i m  thickness.  
and no d i f f i c u l t y  has been encountered in imintaining the  desired t i g h t -  
ness. 

The building has been i n  use f o r  more than a year, 

7.5.4 Penetrations 

The pressure-venting systems a r e  completely d i f f e r e n t  from t h e  con- 
tainment schemes discussed i n  preceding sect ions,  avld the  penetrat ions 
a r e  l ikewise d i f f e r e n t .  In pa r t i cu la r ,  t he  requirements are l e s s  s t r ingen t  
(see Table 7.45)  when t h e  pressure i n  the  containment volume i s  subatiiio- 
spheric. Equipment and. personnel doors o f f e r  potential .  f fgrossf '  leakage 
paths and a r e  provided with closure s w f a c e s  tha-t; w i l l  s e a l  securely.  
Doors a r e  provided with closing devices, e i t h e r  of the  conventional type, 
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Tab1.e 7.45. Containment Bu- i ld ing  P a l e t r a t i o n s  

F a c i l i t y  A i r  Locks Doors P e n e t r a t i o n s  

Hallam r e f u e l i n g  For per sonne l  Railway door Many p e n e t r a t i o n s ;  e l e c t r i c a l ,  
b u i l d i n g  p r o c e s s ,  and steam are sezled 

by conven t iona l  methcds 

ORR 1 2  pe r sonne l  dmrs 1 2  e r h a u s t  oper-ings from 1 t o  
115 f t 2  

2 t r u c k  doors  
( 1 2  X 16 f t )  

HlL&oldi Bqy For pe r sonne l  3 a i l m y  door Electrycal and process  
r e f u e l i n g  
b u i l d i n g  

Bodega Bay 
r e f u e l  ing 
b u i l d '  iig" 

a 
Data no t  a v a i l a b l e .  

such as used on the  OF3 personnel doors, o r  motor-driven c losers ,  such 
as are used wi th  the  ORR t ruck  doors. The, Hallaiii bui lding has air  locks 
f o r  personnel entry,  and the I-arge rai.lmy door i s  not  to be opened when 
tlie r eac to r  j.s i n  operation. The Humbold-'c Bay ref i le l ing bui ld ing  a l s o  
uses a i r  locks with marine-type doors f o r  personnel entry.  

7 . 5 . 5  Building Protect ion -- ____-..-_~I-_... 

The c r e d i b i l i t y  of damage by a m i s s - i l e  from some ex te rna l  source i s  
considered t o  be n i l .  Froteet ion of t he  bui ldixgs from any i n t e r n a l  
mj.ssiles is provided by appropriate  mis s i l e  sh i e lds  or by jud.ici.ous place-  
ment of equipnien-t (Table 7.46) . 
corrosion pro-tection. 

These are conventional bui ldings and rely on conventional means for 
'The ORR bui lding i s  of  aluminum and needs no f u r t h e r  

Table 7.46, Ccntainment 3 u i l d i n g  Ex te rna l  and Miss i l e  P r o t e c t i c r  

M i s s i l e  P r o t e c t  i c n  
E x t e r i o r  

P r o t e c t  ion 
Fac ili t y 

Fallam r e f u e l i n g  P2i n t  It i s  f e l t  t h a t  no m i s s i l e  o r i g i n a t i n g  from any 
b u i l d i n g  c r e d i b l e  a c c i d e n t  can v i o l a t e  t h e  containrr-ent 

OKK m i n t  It i s  f e l t  :ha% no m i s s i l e  o r i g i n a t i n g  from any 
c r e d i b l e  a c c i d e n t  can v i o l a t e  t h e  containment 

Hwnboldt, B y  None needed, It i s  felr; tht n o  missi1.e o r i g i n a t i n g  from any 
T ef  ue 1 i n g  concre te  c r e d i b l ~ c  a c c i d e n t  can v i o l a t e  t h e  containment 
b u i l d i n g  

Bodegz _my None needed, It i s  f e l t  t'nat n o  missi1.e o r i g i n a t i n g  from any 
r e f u e l i n g  conc re t e  credi.hl~e a c c i d e n t  can v i o l a t e  ':he cmta inmen t  
b u i l d i n g  

~ 



protec t ion  from weaLhering. 
The Iiwnboldt Bay re fue l ing  bui lding i s  of concrete and needs no furLher 
protect ion.  

The H a l l a m  bui lding i s  s t e e l  and i s  painted. 

7.5.6 Building Design W s i s  

It i s  i n t e r e s t i n g  t o  note the  types of f a c i l i t i e s  t h a t  use the  pres- 
sure-venting concept. The ORR i s  a poo l - type  reac tor  tha t  uses ordinary 
wa'ter as a coolant.  
( ~ 1 2 5 ' F ) ,  so there  i s  very l i t t l e  s tored energy i n  it. 
coolant inventory were discharged. t o  the  building, a negl ig ib le  pressure 
r i s e  would occur (Table 7.47) .  
severe than those previously analyzed, so  l e s s - s t r ingen t  containment r e -  
quirements a r e  imposed. Since there  i s  v i r t u a l l y  no pressure rise, the  
f i s s i o n  products can be handled d i r ec t ly .  It i s  assumed t h a t  Yne f i s s i o n  
products would be released and dispersed through the  bui lding.  Then, 
s ince the  bui lding i s  kept a t  a negative pressure,  the  bui lding con-tents 
woil ld  move through a cleanup system and up t h e  s tack.  

The system did have some weak points,  but  these  have 'been modified. 
For instance,  e a r l y  i n  the  operation of the  ORR t h e  bui lding was not ke:pt 
a t  negative pressure constantly,  bu t  t h e  negative pressare  w a s  t o  be 
sinpplied by opening a d.a.mper t o  the  s'cack blower system. However, the  
bui lding i s  now constant ly  connected t o  t h e  6000-cfln vent duct, which 
keeps the  but ld ing  a t  a negative pressure,  Tf t h i s  d r a f t  is lost, the  
reactor  i s  shut down. 

tem. I n i t i a l l y ,  the r ec i r cu la t ion  pump i n  the scrub'oer had. t o  start  i f  
an accident occurred. %he pwnp vas t e s t ed  per iodica l ly  and found t o  s t a r t  
on demand each time it was t e s t ed .  It vas f e l t  t h a t  the  pressure drop o f  

This  water c i r c u l a t e s  a t  a r e l a t i v e l y  low temperature 
Even i f  the  e n t i r e  

This being t rue ,  ,an accicterit would be l e s s  

A second example of j-mprovement i s  t h e  scrubber i n  t he  cleanup sys- 

T a b l e  7.47'. Moderator and Coolant Propert ies  

Reactor Mcdcra-Lor Coolant 

Coolant Propert ies  

Operating Conditions 

Quant i ty  
Pressure Temperature 

(lb) ( Psig) ("Fj  

Hallax Graphi-Le Sodium 58 (punip head.) 945 

ORR Water hbter 584,000 Atmospheric 125 (av) 

EIufiboldt See Table 7.34 

Bodega See Table 7.34 
&3T 
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t h e  e n t i r e  system needed t o  be reduced, so the scrubbers (which were r e -  
quired t o  s ta r t  on demand) were replaced by charcoal f i l t e r s .  
s t a l l a t i o n  o f  these  charcoal f i l t e r s  a l s o  enhanced the  iodine-removal 
e f f i c i ency  of  t he  cleanup system. Furtheirnore, the  system w i l l  not depend 
upon anything " s t a r t i ng"  f o r  i t s  propey operation, and t h i s  i.s an improve- 
ment. 

operation. The reac tor  i s  sodium cooled and graphi te  moderated. A t  opera- 
t i n g  condi.tions the  temperature i s  high ( r eac to r  o u i l e t  945°F) , bu-t t h e  
pressure i s  qu i t e  l o w .  The reac tor  system i s  contained i n  interconnected 
rect,an(yul-ar c e l l s  undergromd. wi.th concrete w a l l s  l i n e d  with s.i;ecl. These 
c e l l s  a r e  nominally l eak t igh t  and have s u f f i c i e n t  streng-th t o  withstand 
the  g r e a t e s t  operating accident .  The maxiniwn operating acci-dent i s  com- 
p l e t e  and instantaneous l o s s  of primary coolant; (160,000 l b  of  sodiim) a t  
a temperature of 945°F. The ce1.l.s a r e  fill& with a ni t rogen a-tniosphere, 
so  no sodiixn f i r e  i s  considered c red ib le .  The addi t ion  of heat t o  the  
system w l l l  increase -the pressure i n  the c e l l s  'LO 3.9 psig,  and the  tem- 
peratu-re w i l l  r i s e  t o  285°F. Tne c e l l s  a r e  designed fo:r a pressure of 
6.0 p i g .  Sjnce the  l-tkelihood of a severe flssi.on-product rei-ease during 
operation of  t h i s  type of reac tor  i s  s m a l . l ,  the important th ing  t o  contain 
i s  the  accident  t h a t  might occur during refuel.ing (see al.so Table 3 . 2 ) .  

refuel ing operation, bu t  it also provides cont ro l  of leakage from the  
r e sc to r  containment s truc'cwe i n  the event the pressure-supp~~ession sys Lem 
is  ca l l ed  upon -to operate.  A s  was discussed i.n See-Lion 7.4, the  reac tor  
i s  contained 'ay t he  pressure-suppressj-on system, but  the re fue l ing  opera- 
t i o n  ca.nnot be ca r r i ed  out withtn t h a t  sys"iem because of space l imi t a t ions  
and because the reac tor  must be shut d-own and the system open f o r  rc fue l -  
ing.  In view of these  considerations,  a negative-pressixe bui lding con- 
tainment w a s  provided. The design bases f o r  the  various negative-pressurc 
buiJ..di.ngs a r e  given i n  Table '7.48. 

T'ne in- 

Tlie Hallam bui ld ing  w a s  provided p r i - m r i l y  t o  contain the  re fue l ing  

'The 7-Iumbold-t Eay re fue l ing  build-ing provides containmen'i. during the 

Tab12 7.48. Bases f o r  Bu i ld ing  Ventil-aTion Design 

.......... ........ ................... ................... 
F a c i l i t y  Design ~12ses" 

..... .. . ......... . .................... 

Hallam refue l - ing  -l/8 jn" H2O averag? biij-lding p r e s s u r e ;  this r e q u i r e s  a f a n  
b u i l d i n g  c a p a c i t y  of 3120 cfri for i n l eakage  c f  4-50? of t h e  contained 

volume p e r  day 

-0.3 i n .  H20 ave rege  b u i l d i n g  p r e s s u r e ;  t h i s  requi-ees a f a n  
c a p a c i t y  of 6000 cfin r"or inl.esh.ge of 1000% of t h o  con ta ined  
volurne per day 

Humboldt Ekg r e f u e l i n g  l / 4  in.. 220 ave rage  b u i l d i n g  p r e s s u r e ;  inl.c-tkage of 100% of t h e  
con ta ined  volume p e r  day i s  assumd 

Bodega 3iy r e f u e l i n g  2-14 i n .  H 2 0  avemgc b u i l d i n g  pressure; j-nleakage or' 100% of t h e  
con ta ined  vol.ime p e r  day i s  ~ S S ~ J J E ~ ~  

b u i l d i n g  

buil.ding 
................... .................. ......... . __. I-___ 

a In  t h e  even t  of  a very s t r o n g  wind t h e  ex terna l .  pressure on t h e  downwind side cf t h e  
b u i l d i n g  nlay be I~o.crer t h a n  t h e  'oui lding p r e s s u r e  and thus cause e x f i l t r a t i o n  o f  t h e  bui.ld- 
i n g  c o n t e n t s .  It is presumed thaz t h e s e  c o n d i t i o n s  would r e s u l t  i.~n iliispersion of  f i s s i . cn  
p roduc t s  b u t  t h a t  t h e  s i t e  boundary dcse wou1.d n o t  be exceeded. 



7.119 

7.5.7 The b!aximum Accj.dent 

For both t h e  l h l 1 a . m  and the  Hmboldt B y  re fue l ing  operations, the  
rnaximum accident i s  a dropped fue l  element ( see  Table 7.49) .  The fue l -  
handling device i s  capable of cavrying only one fuel elernent a , t  a time, 
so  it i s  not c red ib le  t h a t  more than m e  e1emen.t would be involved i n  an 
acci-dent. The r e l ease  of f i s s i o n  products f r o m  the  element depends upon. 
heating and melting of the  element; cladding by th.e heat 6oi:irce within t h e  
i r r ad ia t ed  element. T-t i s  reasonable t o  assme t h a t  soraeth.i.ng less than 
a11 the fission products contained in t he  h o t t e s t  f u e l  el.emeni; would be 
veleased t o  t h e  buiI.ding . 
sidered, that of the f u e l  t r a n s f e r  cask f a l l i n g  i n t o  the  pressiirre vessel 
and doing damage t o  t h e  core.52 If thj-s occu:rred., abou-t 2 5 s  of the  core 
would be damaged, bu t  1;he temperature i n  Yne el-emen-Ls would remain loq 
therefore  0nl.y gaseous a c t i v i t y  would be released.  Tine possible  re leases  
from the  stack a r e  l i s t e d  i n  Table 7.50. 
t e m  and the enha.ncement of dispers ion by exhaus Ling up t h e  high stack, 
t h e  doses calculated for. t he  T,TOYS~ cases wo1.zl.d be 'chose l i s t e d  i n  Tables 
7.51 and 7.52. 

duced on t h e  leeward sid.e of the bui.lding tI.at, might- be suffi icient t o  
cause leakage frorn {;he building a t  or mal- grou.nd level;  i. e. , the  l o w  
pressure on d'ne l e e  side might be lower thsn the  bui lding pressure, and. 
a , i r  leakage would occur. This occurrence hi foreseen for the  IiLmboldt 
B y  refuelfng building, * as indicated in Table 7.48. 

In  the  imlikely event of the  fuel.-ha,ndl.iiig accid.eizi; occurring coin- 
c ident  with a, high wind ve loc i ty  Condritfoi'l, the  ii?,z:ximum 1fYetime tlnyroid 
dose ca.lculated assuming lo@ volmie per day e x f i l t r a t i o n  from 'the re- 
fue l ing  bui lding at, grouu-d l e v e l  (L+O-rqh  unstable wind) t s  approximte ly  

At EImx?x)ldt Bay another possTi77j.l-ity i s  con- 

After cleanup by the f i l t e r  sys- 

Lii a condition of high wind veloci-by, a l o w  pressure might be pro- 

'l'lzble 7.49. Fission-F'roduct Heleese i n  th- Event of an Accident 

Ihture of Operatine; Releme t o  
Accident KXsLory Container 

Eacil i ty Relzase to 
Atnosphers 

1S;illam 
refueling 
buildj-sg 

om 

Hunboldt 
re- 

fhe l ing  
bui 1 d ine ;  

Bodega F%~y 
r e fue l ing  
building 

me dropped fue l  
element and sib- 
seql-ierri; oxidation 
of t ha t  eleicent 

Core neltdcwn 

One dropped fuel 
rod 

Insertion of 
r e a c t i v i t y  such 
t h z t  fwl melt- 
ing  occurs 

13-r :at 1.5 m(t) 
w i t h  10-hr cool- 
down befcre  
acr: :.dent 

39 days at 
20 m(t)  

T~mg ter ra  at 
230 M w ( t )  w i t h  
shutdo3in ol" 8 hr 
pr io r  to a.ccident 

T,ong- tcnn  Tis sii:n 
yroduc t s  

1.63 x l o 5  curies nob1.e 
gases a f t e r  1 hr 

1.85 x 105 ci.rria io -  
din? af ter  1 h-r 

1.30$ nob1.e g m e s  
loo$ halogens lease frorn buil-ding 

10% noble gases 
2.5$ hs.Iogens 
1.55 vol.ati le solids 
0.03$ othei- s o l i d s  

(of t h e  s ing le  rod 
inven.tc,:cy) 

No significant,  re- 

See 'l'ai,le '1.50 

See F i g .  7.43 
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Tab1 e 7.50. Fiss ion-Product -~e leese  R a t ?  from Humboldi k y  
Stack Foll-owkg Postulated Fuel.-Handl.ing Accident 

Re]-ease Rate (pc/sec)  
.................. Time 

Af te r  Event 
Noble Gases hkalogens Vola-tile Sol ids  O’ihei- Sol ids  

......... ___I.. ... - -. . 

20 m i l l  0 0 0 0 

1 hi- 1.80,000 2500 1.500 200 

3 hr 1.60,000 2100 900 170 

10 hr 10c; 000 1300 600 120 

1 a.ay 50,000 600 

2 days 13,000 1.30 

300 

80 

60 

20 

3 days 4,000 40 30 6 
........ ..__ .l..l _____...._ 

Wble 7.51. Doses A f t e r  Accident 

................... ..... .- . 
FacilLliy Dil-ect Subme r s i ofi Thyroid aone C ormen ’i s 

H a l l a m  
ref ueli.ng 
ba i ld ing  

O M  

Iiumholdt See ‘Table 
b Y  ‘7.52 
r e  f u e l  ing 
bui ld ing  

Bodega Bay 
r e fue l ing  
buil-ding 

C.05 rem 3’i 

0.6 m i l e  
under um- 
s t a b l e  
weather 
condi t  ions 

0.5 rem at, 
5 miles 
under 
s t a b l e  
conditions 

0.031~ rem under 0.04 millirem 
xn s ia’d e 
wccthc-r ccn- 
ciitions 

0.16 rem under 0. 2 millirein 
stable con- 
d i t i o n s  

~ I 

See Table 3.2 

See discussion 

These releases con- 
s i d e r  discharg- at, 
250 f t  zbove ground 
level and exposure 
time of 10 hr 
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Table 7.52. Direct Radiat J.on from 
Humboldt Bay Building Following 

Fuel -Handling Ac c ident 

Time Curies Dose Rate 
M t e r  i n  at  1/4 Mi.le 
Event Build.ing (rmem/hr ) 

1 h r  22,000 0.5 

10 hr  1.2,ooo 0.3 
3 hr  19,000 0.4 

1 day 5 800 0.1 
2 days I, 500 0.04 
3 days 500 0.01 

25 rem5 a t  t h e  nearest  s i t e  bourzdary f o r  exposure dw.l.ng {;he f i rs t  10 hr.  
Wind var ia t ion  and d i rec t ion  d ive r s i ty  would be expected -Lo reduce t h i s  
dose by a fac tor  of LO. 

negati.ve-pressure concept, and. because of  this, it h a s  been in a conti.nua1 
s t a t e  of reevalimtion. It mnay be noted that few en t r i e s  have been made in 
Tables 7.49 and '7.51 f o r  t he  GRR, whose mca i s  discussed below. 

TELS calculated based on the weather condition t h a t  vould give the highest 
dose f o r  a given distance.  These values were plotted., as shown i n  Fig. 
7.47. It should be pointed out t h a t  t h i s  cur-ve gives the wrs t  possible 
dose a t  any given point f o r  a varie-ty of weather condltions. Also, f o r  
t h i s  p lo t  it was considered t h a t  a l l  the iod.ine i n  the f u e l  escaped from 
the  sl;a.ck (250 f t )  a t  a r a t e  and concentrztion determined by the  building 
volume, the  f ission-product concentrati.on i n  the  'ouilding, and the stack 
flow r a t e .  R r t h e r ,  t h i s  p lo t  w a s  normalized t o  1-kw operation. 

In the worst possible case, t he  receiver  woi.dd be 700 m from the  
reactor,  and the reactor  would have been operating f o r  a long time a-L 
30 Mw. This would r e s u l t  i n  an integrated dose (over the  en t i r e  accident 
period) of 3")000 rems, i f  no c red i t  were taken f o r  any iodine removal. 
However, i f  it is  conservatively assumed t h a t  50$ of the  iodi.T?e escaped 
from the  core and that the  decontaminat,ion f ac to r  of the  vent filter x i s  
100 (it has been measured a t  grea te r  than loo), the t o t a l  integrated dose 
(TID)  would be 1-95 rems f o r  the  e n t i r e  accident.  

For Bodega By, an accident i s  postula-Led t h a t  occurs dui-ing refuel- 
ing operations. It consis ts  of :3. number of coincident, independent re-  
fuel ing errors ,  including the  dropping of a file1 asseinbly of maxiniurn 
r e a c t i v i t y  worth i n t o  a near-cr i t ical .  zone. This ini-l;ia'l;es an inciden-t 
that; re leases  f i s s i o n  prod.ucts (see Table 7.4.9 arid Fig, 7.43) e 

The ON< Reactor and i t s  contahrnent buil.ding "paved" the m y  Tijr the  

In the  ON-?. analysis,  the  dose t o  the  thyroid as a function of distance 

- 
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D I S'IA N C E DOWN W I N D (met e r s) 

Fig. 7.47. Maximum I n t e r n a l  Dose from Iod-ine as n Function of 
DisLmce Downwind of t h e  ORR. (From r e f .  50) 

There i s  the  possibil i . ty of e x f i l t r a t i o n  of t h e  Bodega Eay r e fue l ing  
bui-lding by a high w i u d :  47 

"Assuming I.00$ volume per day exf i l t r a t i o n  a t  ground 
level. during a 40 mph unstable wind and assirming a 50% p l a t e  
out f ac to r  in t h e  leakage path f o r  f i s s i o n  products other 
than noble gases, maximum halogen r e l ease  s a t e  t o  the  atmos- 
phere f o r  t h e  MCOA m u l d  be approximately 0.01 cu r i e s  per 
second which could cause EL maxinium dose r a t e  of approximately 
0.01 rem t o  t he  thyroid per hour of exposure a t  one-half 
m i l e ,  t he  neares t  po in t  o f f - s i t e  which mlght be continuously 
occupied. 

""lie d i r e c t  rad.ia'i,i.on from t h e  refueling building has 
been estima-Led based on preliminary design. For a r e fue l ing  
building inventory of 400,000 cur i e s  t he  estimated dose r a t e  
i s  0,0004 rem/hr a t  1 / 2  m i l e .  
pancy dose due t o  direc-t r ad ia t ion  would.  he approximately 
0.01 rem a t  1/2 mile. ' I  

The rniixi.rmm continuous GCCU- 
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At; the EGCR, a ty-pe of pressure-venting conta,inment may be used ko 
ndni.mri.ze the  e f f ec t  of -tile postulated. mea f o r  t h a t  reactor,  but  the pro- 
posed. scheme has not yet  been approved by the  Commission.' s regulatory 
s t a f f .  Upon occurrence o f  the  mc:a Lhe conLariner would be i so la ted  and 
the pressure caused. by the  accident energy wou1.d. be withst,ood. by ?;he con- 
t a tne r  . The peak pressure would rapidly abate because o f  condensation 
of vdtpor and- conduction of  heat  through the container w a l l .  Within the  
fi.rst hour, a nitrogen purge o f  1000 scfh would be in i t iabed  t o  reduce 
the  hazard of graphite oxidation. This purge wou1.d contrinue f o r  1 1/2 
'm, a t  which time .the r a t e  would be r e d x e d  t o  200 scfm; purging a t  f;his 
rate would conttnue f o r  approximately 72 hr.  Since tile purge gas would 
be ad-ded to t he  isolated container, t he  conf;ainer pressixre wou7.d be in- 
creased. 
psig; at  which time -Uiu contents of  -Lhe container would be vented through 
a PiI- ter  system <and up t h e  s tack  t o  t h e  atmosphere. 'I'he capaci-Ly o f  t h i s  
system i s  750 scfin when the driving pressure i s  7.6 p i g ,  and the  flaw 
capwi ty  decreases wi.th a decreasing interaal. pressure e Af'Ler 81 hr  the  
container pressure would be 0 psig, and no fur ther  venting wou1.d be nec- 
essary. 

A-bout 24 'hr a f t e r  t h e  accident, Lhe pressure would. r i s e  t o  7.6 

TIE pressure-rel-j-ef con-taizmient system consis ts  of t w o  pa r t s  : ( L) a 
system of venting ducts and ( 2 )  a L u i l d b g  of low leakage. The venting 
ducts a r e  la rge  and can allow rap id  transpor-t of a la rge  mass of g a E  w M i  
a s n ~ t l l  differeni;i.al pressure. Tne building i s  s i m i l a r  t o  the  high- o r  
low-pressure containers ( see  Sees.  7.2 and 7 . 3 )  i n  t h a t  i t  i s  b u i l t  to 
r e t a i n  leaktightness up t o  possibly 10 ps ig .  The nmximum accid-ent might 
re lease  enough energy t o  cause a very high pressire,  i f  the  e n t i r e  e f f ec t  
were t o  be contained, b i . n t  t he  object of t h i s  system i s  t o  safely reduce 
the  peak accid.ent pressure. This i s  done by releasing the  5.ni.tial pres- 
sure peak t o  t he  atm-oophere. The building is then i so la ted  so that the  
remining  portion of  t'ae effects of  t h e  acc ident  are contaj.ned. i n  Lhe 
more usual fashion. This system can be empluyed. only when the  pressure 
peak and naJor a c t i v i t y  re lease  are separated i n  time. This is, of 
course, not t rue  fo r  all reactor systems, and accordingly this contai.n- 
ment concept cannot be used f o r  al.1.. reac tor  types. 

In analyzing t h e  accident t h a t  d i c t a t e s  the use of 8 containnient; 
systm,  t he  fol lowing sequence of events must b e  considered. Ff rs t ,  there 
would be a rupture of a primmry coolant I.i.ne t h a t  would allow rapid enip- 
tying of the coolan-t (water, i n  thts case) and s t e m  from t h e  thermally 
hot reactor .  Second, upon l o s s  of t he  coolant, t he  fue l  elements might 
melt due t o  t h e i r  own decay and sensible heat. This would take a f i n i t e  
.lengt,h of time. Third, the f i s s i o n  products would be released from the 
melted f u e l  elements, and they would escape from the  primary system and 
d i f fuse  through the building. IL'his a l so  would take a f i n i t e  period of 
time. T'be pr inc ip le  involved. rim t h i s  containment system i s  t o  take 
c r e d i t  f o r  and nake use of t hese  f i n i t e  periods of time t o  re lease  the 
pressure before la rge  amounts of f i s s i o n  products a x  made avai lable  
fox- leakage from the  building. 



?"ne steam t o  be ven'ied may be contaminat,ed by f i s s ion  products t h a t  
leaked from fai.I.ed fuel. elements o r  by a c t i v i t y  from neutron activation, 
bu-l; t h i s  would represent a negligii3I.e hazard. If a serious amount o f  
a c t i v i t y  had b u j l t  up in the  coolant, the reactor  would have been shut 
doWA. Since t h i s  con.*pt. all-ows rei-ease of the energy t o  the  atmosphere, 
by the time -the f i s s ion  products escape from the core, t'ne accompanying 
pressure would be reduced si-gnificantly.  After t h i s  venting, butt before 
the f i s s ion  products escaped, the buildi.ng wou1.d be closed by closing the 
vent pipes. Til general., these system a re  designed f o r  about 5 p s i s  i n  
the  isolated condition. 'To eliminate long-term pressure buildlip by iiie 
decay heat. source and possibly other soix-cesy a spray system i s  avarilable. 
T'nis may be act ivated by pressure-control  systems designed t o  maii1tai.n 
-the buildtng pressure between some I.imits; f o r  example, the cont,rol sys- 
t e m  might ac t iva te  the spi-ay a's. 3 psig and tu rn  i'i o f f  when the pressixe 
f e l l  below 1. psig. Tlrris would tend 'GO protect  the building from over- 
pressure, as  well as pressure below atmospheric. 

by an operator from the  control room af-l;cr an accident. Therefore the 
control  room must be designed t o  remain tenable a f t e r  the accidznt. 

In r z a y  instances there  a re  specif ic  tasks  t h a t  must be accomplished 

7.6. I Ruilding 

"he building t o  house the  reactor  and t o  afford t h i s  type of con- 
t a i m m l ;  m u s t  m e e t  specif icat ions sj-rnilar t o  those fo r  low-pressure con- 
tainment, t h a t  i s ,  the building and pene-tvations should bc capable of 
withstanding an in t e rna l  pressure. A typ ica l  example i s  shown in Fig. 
7,423 ( r e f .  53).  Other design c r i t e r i a  such as wind load, seismic loads, 
e tc . ,  are dictated by loca l  building codes. 

The vent ducts a r e  among the most important features  o f  t he  system. 
These ducts must be depended upon t o  vent a la rge  aniomit of  gas from the 
building i n  a short  time a t  some l o w  pressure drop. The New Production 
Reactor a t  Eanford, Washington, depends upon several  vent ports  ( s e e  
Chap. 9) t o  re l ieve  the i . n i t i a l  pressure surge. 'The NPD reactor  (Fig. 
7.4-9, r e f .  54) a t  Chalk River i n  Canada has one very la rge  ven-t duct, 9 
by 1 2  by 130 f t  longI tha t  i s  designed t o  keep the building pressure 
below the  design pressure of 4. psig a t  maximum f l o w  conditions. 55 Much 
research work w a s  done on t h i s  system using scaled-down r n 0 d e 1 . s ~ ~ ~  56 
(see a l s o  ~ e c .  9.6.7).  

7.6.2 Tests 

Leakage requirements and t e s t i n g  should -i?ollow the same c r i t e r i a  as 
those s e t  f o r t h  for the high-integri ty  building, t ha t  is, high- and low- 
pressure containment and dynamic t e s t s  of t he  ducts and vent, system. 
Although t . 2 ~  system i s  t o  .vent i n i t i a J l y ,  it i.s expected t o  be vaportight 
when isolated.  After isolat ion,  t h i s  system may he thought of a s  j u s t  
another appl icat ion of the low-leakage container. 
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Fig. 7.49. Ere KPE Coritaizrlent Euildimg. (From ref.  54) 
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7.6.3 Penetrations 

A L r  locks, doors, and other penetrat icns  are  similar t o  those di.s- 
cussed i n  Sections 7.3  and 7.4.  Piping penetrations for the NPD w i l l  be 
bellows-sealed and. e l e c t r i c a l  penetrat ions ?rill be sealed i n  the conven- 
t i o n a l  mmnner described i n  Chapter 9. 

7.6.4 Accident Analysis 
I_. 

Since t h i s  i s  not; an of ten  used concept, l i t t l e  information i s  aTIail- 

able a t  t h i s  t i m e .  'The a.ssump.t;ions concerning the accident, which are  
general.1.y made t o  determine design pressut-es, a re  similar 'io those made i n  
previous sect ions,  w l . L h  the  major. d i f ference bei.ng t h a t  the i n i t i a l  pres- 
sure peak for. which high-pressure containers a re  designed w i l l  be vented.. 
After venting axid then reseal ing,  the system will be expected t o  behave pre-  
d ic tab ly  wi.th respec 'i t o  leakage under the fnfluence of the redwed pressure.  

Under some unique conditions the vent ducts a re  opened. t o  the a tmx- 
phere ( s e e  See .  9.6.7 f o r  detxiI.s), and. t'ne pressurized gases are relezsed. 
Then the duct  w i l l  be closed 1;o e f f e c t  iso!.a-l;rion oi" t h e  eo:fl.talner so t h a t  
t h e  f i s s i o n  products t h a t  may ke released kiter w i l l  be contained. 

The closing of t h e  valve niiy be ini.tia.tei3 by one or' possibly three 
s3.gnal.s. 
occurs may be made and t h i s  "delay" time used t o  close the valve. 
a rad ia t ion  monitor I.n t h e  reltef diict m y  cause vent cl.osure, 
t h e  buildFng pressure may be monitored, and %rl:len the  pressvxe falls  'below 
some prese t  value, the vent wil.3- close.  ' I l i ese  si,gaals, or  a combination 
of t h e m ,  co~CLd. be depended upori €or the  desired actl ion.  Pa presenL1.y- op- 
eratin.y; systems t h i s  ac.Li.on i s  not necessar i ly  automatically ini ' i iated,  
and some emergency treasures must be taken by the  operators.  

i n  case of core cooling system f a i l u r e ,  t h e  fuel. may undergo t h e  raaximum 
melting and consequently re lease  f i s s i o n  producfx t o  the  building. The 
bui!-d.ing spray syrterri t h a t  wodd control  the bui lding pressure would, i n  the  
event of f ission-product release,  remove much of , this  a c t i v i t y  from t h e  
bui lding atmosphere by msbdom.  I11 any case t h e  amowit of a c t i v i t y  xvail-  
able  f o r  re lease  would be cal.cu.lated using .the usual conservative estimates 
for- release, plateout,  and wa~lidovm, arid then t h i s  wou1.d be asswned t o  leak 
from the building. For the  cal.ciAation of -the s t t e  boundary doses, the  
ground-level release and the  worst weather condition would bo assunied. 

First, a ca lcu la t ion  of the  amount, of t i m e  before fuel melting 
Second., 

Third, 

A f  t e r  closure of the  ducts (i .  e .  I bu.iI.d:i.ng i s o l a t i o n  i s  e f fec ted)  and 

Underground containment per se i s  not, necessar i ly  a d i f f e r e n t  con- 
taimnent type, since a reactor and i t s  contaimnent system could be located 
underground and still enploy one of t h e  three  major containment types 
previously d i s c i x  s e d , However , und.er growid. containment i s d i  8 cus s e d s epa - 
r a t e l y  here because of the m i q i x  problems and featui-es of such a location. 

underground appear a t t r a c t i v e .  The f i rs t  i s  eeonornics. I31 1fl.3.11~ European 
coun-tries, where labor  i s  r e l a t i v e l y  cheap and the cos t  of s t e e l  and 

There a r e  several  considerations that, r ~ k e  the pla.ci.ng of reac-i;ors 
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building mater ia ls  l.s high, it i s  now often economical t o  excavate a tun- 
n e l  and place -iiie reactor uadergrowd.. In the  United States  it i s  pres- 
en t ly  more expensive t o  do t h i s ;  but,, as reactors  a r e  moved neaFrer t o  
population centers,  t h e  cos t s  of  the  s i t e  and necessary exclusion area 
will become qui te  high. This will o f f s e t  some of -the added cos t  of t'ne 
underground container. 
underground pla.nts 'io des Lruction by enemy at tack.  From the aes the t ic  
point of view, the  beiow-ground coiitai.ner would have a fur ther  advantage 
i n  t h a t  it would not a p p x c i a b l y  change t h e  appearance o f  the landscape. 

Another f a c t o r  i s  t h e  r e l a t i v e  ilnvlilnerability of 

7.7.1. k i l d i n g  Concept 

This concept depends upon the geolog3.c s t ruc ture  foi- strength t o  
contain the maxirflum accident and t o  provide holdup t i m e  and part,i.al cleanup 
of the Pission-product vapors and gases. A su i tab le  rock formation uiust 
be present. 

'The Hal-den boilFn.g-vater reac-tor. ti? Norway, 5 7  J 5 8  the Luceiis power 
plant  i n  Swii;zerland,59 and the  Avesta reactor  i n  ,Sweden a.re contained in 
rock cavems. In th3.s country, a st i idy60 was made of the placement of 
the EBW in an underground container. 

The I-ialderi container w a s  excavated by conventlonal methods t o  the 
s i z e  and shape necessary for the  t n s t a l l a t i o n .  After t h i s ,  r e p a i r s  were 
made on the Tv~~alls and cei l ing.  Weak rocks and cracks were t3.ed to sturdi-er 
ones by means of ancho:r b o l t s  and steel. s t raps ,  voids were f i l l e d  with 
grout, and o-ther work such as t h i s  w a s  caryied out .  Upon completion of 
t h i s  work, a concrete I.ri.ner w a s  po-wed; t h i s  add.ed s t rength t o  the system 
and provided a smooth surface f o r  appl icat ion o f  pain-l; or other l i n i n g  
i7la . t  e r i a1 - 

The shape or̂  the  cavern depends g r e a t l y  upon the st rength of the 
rock being excavated, For example; the Halden lieactor i s  1-mated i n  rock 
v i t h  1l.mri.ted s t rength i n  the  horizcmtal- plane, so  wide unsupported spans 
could no-t be used, This consideration d ic ta ted  the shape, a long, ra ther  
narrow h a l l  (Fig. 7.50, ref. 53) .  

7.7.2 Tests 

Leakage-rate - tes ts  were performed a t  the  Ilalden Reactor, mainly for 
the  purposes of evaluating the permeability of' the  containment rock, This 
experiment w a s  c a r r h ? .  o u t  a t  several- pressures, and rmkeup a i r  w a s  i n -  
jected through a calibra'ied nozzle t o  keep the pressure a t  t h e  desired 
leve l .  The volume of a i r  added was calculated,  and t h i s  vas taken to be 
the leakage, A t  approximately 5 psig, a vol-metr ic  lea.kage r a t e  of about 
29% per day was indicated. 
require metal l i n i n g s  t o  meet U. S. leakage reqvirements. 

Iiovevert mos-t subterrainean caverns would 
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Fig. 7.50. Underground Reactor Building. (Frorfl ref .  5 8 )  
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A study61 was made of the leakage r a t e s  that might b e  expected from 
cavern containers i n  general-. The concl-usions of  t h a t  study a r e :  

'I, . . the  e f f icacy  of  an undw-ground encI.osu-e of confinement 
r e s t s  on -the following propert ies  : 

- I t s  t igh tness  i s  weak but  adequate Cor ensuring t h a t  
the leakages a r e  slowed dovn over several  hours; 

-The leakage of gases which flow through the concrete 
a r e  s'cored i n  the pores of the rock over a very Low thick- 
ness; 

-The progression of leakage gases foll.ows a process of 
diffusion which i s  very slow; 

-The walls and the rock behave as a f i l t e r  which only 
admits -the passage of  gases of fi.ssi.on and hal..ogen vapors; 

-Tne gases of f i s s i o n  whose d is in tegra t ion  products 
could lead t o  a contamination of long duration a r e  them- 
selves short-l ived; 

-The duration o f  storage of gases of fisston and of 
ha,l.ogen vapors i n  the rock i s  such t h a t  t h e i r  rad ioac t iv i ty  
becoines negl igible  before they reach the  ex terna l  atnios- 
phere e 

plant  i n  a judiciously chosen mass of rock permits the con- 
fineme:nt of the gravest  accident by the  u t i l i z a t i o n ,  solely,  
of proced.ues current  is civil-engineering pract ice .  'I 

11. 
Lastly, the underground pl.ac.e.men'i of a nuclear power 

7. 7. 3 Penetrations -___ 
The only penetration i n t o  the  reactor  building i s  the entrance tm- 

riel. This t m i e l  contains an a i r  lock  'chat i s  conventional i n  concept 
(i. e., doi1bl.e in-berl.ocki:ng doors). Pi.ping, e l e c t r i c a l ,  and b s t r m e n t  
penetrations a r e  brought through t h e  end walls of t h e  air lock. 

Special a t te i i t ion must be given t o  t h e  i n s t a l l a t i o n  of the  bulkheads 
i n  the . L u n e 1  t o  form the  opposite eads of the  air  lock. E u t  since these 
bulkheads are steel ,  the  pi;oimg and elec-Lrical penetrations a r e  s i m i l a r  
t o  those used for high-pressure containers (see See. 7.2). 

7.7.4 ,Protection 

The underground system Fs inherently safe  from damage ( t o  a cata- 
strophic extent)  by shock waxes and in-Lemal rnissi_l.es. One of t h e  advan- 
tages o f  t h i s  concept i s  i t s  almost complete invulnerabi l i ty  t o  darnage by 
external  missi les  or expl-osions, such as one might expect during wartime. 

7.7.5 Basis fox- Design 

The accident t h a t  d i c t a t e s  the  c a p a b i l i t i e s  o€ the  system i s  not 
affected b y  the type of container. The design accident for IIaIden i s  
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complete loss  of coolant followed by adiabat ic  expansion. o f  the cool- 
ant  * 

7.7.6 Doses 

Doses have not been calculated f o r  underground ins t a l l a t ions .  It 

Leakage of gases from 
Ls c lea r  t ha t  the d i r e c t  dose would be insigmifican-t; because of  the great 
arnoun-t o f  shielding afforded by t h e  overburden. 
the  system should not present a problem, since the escaping a c t i v i t y  would 
be required t o  t r a v e l  a tortuous path t o  reach the  atmosphere, the holdup 
t im wod.ii. be great,  and the probabi l i ty  f o r  absorption and deposit-ion 
would a l so  be great .  

Studles concerning Yne absorpt ivi ty  oI" ' V ~ T ~ O U S  types of aa.r-t;'n6 J 6 3  

have been mde  u s k g  strontium and iodine as the  products sorbed. 
'7.51 and 7.52 ( r e f .  63 ) show .tine r e s u l t s  of these t e s t s  for con.tainment 
concentrations up t o  900 mgllitzr.  
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I BENTONITE 

2 ORDINARY C L A Y  
3 FRENCH FIRE C L G Y  
4 SHELL-BEGRING 

+ SANOS'ONE 

5 SANDSTONE I 
6 SANDSTONE 2 
7 K I O L I N  

. . . . . . . . . 

INIT AL IODINE C O t C E h T R A T I O N  : N  

AOdEOUS SOLUTION ( m g l l i l e r l  

Fig. '7.52. Absorption o f  Iodine i n  
Clays and Rocks. (From 
r e f .  63) 

7 . 8  MULTIPLE CONTAINMENT 

b'IiiLtiple containment d.enotes any one of a number of  methods of pro- 
v5.ding t w o  o r  more complete containment b a r r i e r s  around the primary reac- 
Lor system. Tt, may i n  t he  fu-Lure be of s i g n i f i c a n t  economic advantage t o  
bu i ld  reactor-powered e l e c t r i c a l  generati.ng u n i t s  near popu.lation centers ,  
and i.f t h i s  i s  t o  be done, a high degree of p l an t  s a f e t y  must be provided. 
I n  e a r l y  1963, such a plant  was proposed that; w a s  t o  be b u i ~ l t  i n  the  
Borough of Queens in New York Ci.ty, but t h e  proposal has s ince  been with- 
drawn because a cheaper power source became avai-lable. This plant ,  t h e  
Havenswood Plan t  of Consolidated Edison, i.s described i n  Secti-on 7.8.3. 
Plan-Ls tinat have pyovided a background of experience i.n the appl ica t ion  
of  multiple containment a re  the  NS Savannah and Indian Point ( s e e  Table 
7 .53) .  These plan-'cs were described i n  Section 7 .2  because in both cases 
the  inner contai-ner i s  of  t h e  high-pressure type.  More recent  proposals 
involving some forms of iriu.lti.ple containment include t h e  Connecticut Yankee 
Reactorh4 and the  C i ty  of  Los Angel.es Reactor.65 

7.8.1. Indian Point, 

One of the  f i r s t  appl ica t ions  of  tine multiple containment colncept 
was the  Indian Po ia t  p l an t  of t he  Consolidated Edison Conrpany. 
has a conventional high-pressure container ( see  Sec. 7 . 2 ) ,  which i s  sur- 
rounded, or  contained, by a concrete building. 
-the concrete bui ld ing  i s  t o  provide shielding, bu t  it a l s o  provides a 
m e a n s  of con t ro l l i ng  t h e  atmosphere i n  .t'ne space outside t h e  inner con- 
t a i n e r  a t  a negative pressure. 
be exhausted up 'die stack. 

This p l an t  

Vie primary purpose o f  

The atmosphere o f  t h i s  annular space can 
in t h e  case of an accident t,he inner  container 
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m a y ,  within the specif icat ions of t h e  plant ,  l eak  f i s s i o n  products t o  the 
annul-a-r space. Some of the f i s s i o n  products wi1.l be deposited i n  -the an- 
nular space, some par t icu la tes  will be removed by the f i l t e r ,  and the  re- 
mainder w i l l -  be discharged a t  - h e  height of  the s tack.  These three mecha- 
n i s m  tend t o  lessen the dose t o  any given receiver .  However, in the 
analysis of the mea f o r  t h i s  fac i - l i ty ,  c r e d i t  i s  taken only f o r  holdup 
times provided by the  annular space. 

T / ' .  8.2 NS S ava.iin,& 

'The NS ,Savannah has t h e  same s o r t  of system, t h a t  i s ,  a high-pressure 
container ( see  LSec. 7.2) which i s  located i n  a hold of t h e  ship t h a t  i s  
kept a t  a negative pressure. The primary- advancement from the  Indian 
Point system i s  i n  the  cleanup of the  air exhausted from 'ihe annular space, 
i n  addi t ion -Lo the  absolute f i l . t e r s  (as f o r  Indian Point,), charcoal f i l - .  
t e r s  f o r  the removal of radioiodi.ne a r e  provided, as wel.1. as a more sophis- 
t i c a t e d  system of bl.owei-s and ducts. 

7.8.3 Ravenswood 

The Ravenswood containment system goes a s t e p  fw-Llier rin the  develop- 
ment o f  the  mid-tiple coiitainrnent concept. 
scheme a r e  shown In  Fig. 7'. 53 (ref. 66). The c o n t a i m m t  system cons is t s  
of -two welded- s t e e l ,  lov-Leakage membranes separated by porous concre.te, 
a "p~r~p-back" system, and a systcm o f  fans, f i l t e r s ,  and a stack. 
pump-hack system keeps the  space between t h e  two inembraneo 3.L a negattve 
pressure. 
In thri.s way, any f i s s i o n  nroduc.Ls t h a t  leaked. through the inner membrane 
would be returned t o  t h e  container. If it were necessary t o  wn- t  t h e  
container, t h i s  could be done by filtering, monitoring, and exhausting 
up -Uie stack. 
only i.f the concentra-Lion of fissLon products was below that pennissible 
f o r  re lease t o  un.sestricted areas. Otherwise t h e  container atmosphere 
would be "cansferr& rinto s p e c h l  mobile containers so  t h a t  it could 'ne 
transported f o r  di.sposa,l. a t  a i-emotz Location. 66 However, the City of 
Los Angeles Plan-t [-1400 M w ( t ) ]  i s  identica.1. in concepi; and i s  now under 
consj-deration by- the AEC f o r  constructi.on a t  a s i t e  w i ~ t h i n  30 miles of  
Los Angeles. 

The e s s e n t i a l  p a r t s  of the 

?"ne 

Any leakage ia.to t h i s  space i s  pumped back into the  container. 

However, the container would be exhausted t o  the a-tmosphere 

7. 8.4 Design €!arameters 

7.8.4.. 1 Building Design 
I____ 

The c r i t e r i a  of  construetion of the N S  2avannah and Indian Point 
containers vere di-scussed i n  Section 7.2. The Havenswood plant i s  de- 
signed f o r  a 40-psig i n t e r n a l  pressure i.n t h e  event of the  rmximum acci-  
dent. Y'he e n t i r e  force of t'nis i n t e r n a l  pressure i s  t o  be r e s i s t e d  by 
the 5 l / 2  f t  of reinforced concrete t h a t  completely surrounds ilie two 
s t e e l  membranes and the porous concrete. The -two rnembraaes provide 
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l eak t ightness ,  and the re inforced  c o n c r e k  provides  s t r eng th  ( see  Fig.  
7.54, re f .  63) .  
containment struc-Lure were determined by assuming the  acc iden ta l  and i n -  
stantaneous release oQ a l l  the  primary cool.xnt i n t o  t h e  containel. and 
allowing t h e  pressure no t  t o  exceed 40 ps ig .  Physixal loads from other  
soiu"ces ( i , e . ,  wind b a d ,  seismic load, e t c . )  vould be small by comparison 
b u t  were a l s o  considered. This i n f o m t i o n  is presented i n  Table 7.54. 

The f r e e  volume and the re fo re  t h e  physfcal  s i z e  of t h e  

7.8 .4 .2  Vacuum b3ste:m 
I 

Tfie riidian Point  and N S  Savannah p l a n t s  a r e  provided w l t h  exhausting 
fans  for t he  spaces surrouiiding the conta iner .  The N S  Savannah r e c e n t l y  
t e s t ed  the f an  system and f o m d  t h a t  a 3-inS-H20 vacuum could. be rmin- 
t a ined  with both  f ans  operat ing.  

one o f  t h ree  vacuum pwiips cou-ld delTver t h e  desi-red lQ-in.-Hg vacuum w i t h  
a flow r a t e  of 8 c f m .  
these  pump back not  on1.y leakage from t h e  inner  contai.iler- bu t  a l s o  tha t  
from the  atmosphere inko the ouker annulus. The l a t t e r  volume, however, 
i.s 1 i . m i t e d  by t h e  pressure  d i f f e r e n t i a l .  The containment purgc system 
wou1.d be used. t o  purge t h e  con'i;ai.nment atinosphere a f t e r  opera t ion  and be- 
foi-e e n t r y  by personnel.  It could a,l.so be used t o  cleail up t h e  contain-  
ment atmosphei-e i n  tiif: event of a minor rei-ease. 'The s y s t m  c o n s i s t s  of 
duc ts ,  f i l t e r s ,  and two ~~O,@O@-scf'm f a n s .  

The pump-back system of Lhe Kavenswood p lan t  was des igmd so  t h a t  any 

It must be noted t h a t  pump-back systems such a s  

7.8.5 Proof Tests 

The tes ts  performed on t h e  .Indian Point  a r id  N S  Savamah conta iners  
were discussed i n  Seciinn 7 . 2 .  An iniegratecl  lpakage-rate  test  a t  1 5  
psig Was planned f o r  on t h e  f in i shpd  conta iner  o f  Ravenswood. Tests of 
ind iv idua l  pene t r a t i  ons would a l s o  be performed peri-odicall-y. These t e s t s  
a r e  described i r i  Table 7.55. 

7.8.6 Mater ia l  Spec i f i ca t ions  
~ ...-...... .......... ~ 

Specii"ications and t h e  ma te r i a l s  of cons t ruc t ion  are given rin Table 
7.56 f o r  Indian Point, N S  Savannah, and Havenswood. The re inforced  con- 
c r e t e  of t he  pressure- i -es t ra inlng port ioi l  of  the Ravenswood con-tainer 
would be prepared and i i i s t a l l ed  according t o  the  s tandards of t h e  American 
Concrete I n s t i t u - t e  (see Chap- 2 ) .  

7.8 .? Penet ra t ions  

Informa L b n  concerning the  number and -t.ype of pene t ra t ions  i s  not  
availa'ule f o r  t h e  Havenswood p l a n t .  This i n f o r m t l o n  f o r  t he  N S  Savannah 
and Indian Point  r e a c t o r s  m y  be found i n  Section 7.2 .6 .  Penet ra t ions  
f o r  t he  Ilavenswood p l a n t  d i f f e r  f r o i n  illest high-pressure pene t ra t ions  only 
i n  t ha t  t w o  l e a k t i g h t  membranes are penet ra ted .  E'i-gw-e 7.55 (ref'. 66)  
shows t y p i c a l  penetra , t ions.  II; m y  be seen f r o m  t h i s  f i g u r e  t h a t  t h e  
penei,ration i s  vented t o  the low-pressure space between t h e  two membranes 
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Table 7.54. Desiga Parameters for i W t i p l e  Contairment 

~ ~~ 

Reac t o  r Shape 
F.F e e Design Tem-pera- Vacuum Wind Seismic _ _  

Breakers b a d  b a d  Volume Eimensions Pressure ‘cure 
(ft’) ( p i g )  (V) 

x l o 3  
3 60 (a> ( a )  NS Svamiak; Reactor vessel:  horizontal  32.3 35 f t  i n  186 

cylinder diame-ker, (-100 
50 f t  f t  of 
long sez 

water ) 
Oil’cer container: a sh ip’s  
hold t h a t  I s  rectar igdar  
In shape and of us-uzi 
ship- type construction 

k d i a n  
Point 

(.) v Reactor vessel :  a s t e e l  2140 160 P t  i n  27.5 220 Les 
sphere p a r t i a l l y  below diameter 
grade 

m t e r  container: a coa- 
Crete cylicder w l t h  an 
arched concrete roof 

2%0 Eurr i c ane Raverswood 30th imer and outer con- 2580 -150 ft 43 
tairiers az-e welded s t e e l  ID, -167 wicd 

o f  low leakage; COG- f+; high 
t a k e r s  separated by -2 
f t  of porous concrete 

veloc 1 ti e s 

a. Does n o t  apply. 

P w 
e3 
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Table 7.55. Con-taiaer Leakage Tes t,s 

Reactor Container Tested Leakzge Test 

NS S v a m a h  Outer With the i n s t a l l e d  fans, the mxirnum ~ ~ : i . i ~ m  obt2ained in the  
reactor  compr-txcnt 7e-s -3 in .  1120 with two fans and 
-0.7 in .  fiz0 w i t h  one f an  operating 

Inner, see Table 7. 3 

I n d  iaii Outer Since the  outer conki-cle-r would be used. only 3.8 a holdup 
?o i n  t volme, no lealuge data a r e  avai lable  an? no leakage 

rzte i s  specif ied 
h i e r ,  see Table 7 .3  

Ravenswood O.lter smid inner Both. s t e e l  inembralies w i l l  be l eak  tested a t  15 psig; 
the permissible leakage r a t e  i s  <(I.].$ of the  cor!tailled 
~olrniies i n  24 hi- 

I__ II 

Table 7.56. Vessel k t e r i z l  Speci.fi.cations 

Reactor 

6.94 A- 21.33 

~ ~ ~ 

NS % ~ X i u l ~ h  L ~ e r :  AS?&? 9% 6 112 A-212-3 

Ou-ter : ordinary 
sh ip  construc- 
t i o n  

Indian Irmer: A m  A-201 A300 0.89 in .  lOC$ 117 
Doint (ugper) x-rayed 

1.03 in .  
(IoTwer) 

X a m n  svood .P.CI-318 5 1 / 2  f t  (a) 
--.-._.I 

& ~ o e s  not apply, 

This means t h a t  any leakage of that penetrat ion e i t h e r  from the container 
atmosphere o r  from t h e  outside w o ~ i l d  be pumped back t o  the container. 
Provisions will 'oe mde t o  t e s t  thefie penetrations individually.  

7.8.8 Ehiildina Protection 

The measures taken to protec t  the bui ldihg from m r t o u s  fiamaging 
mechanisms a r e  l i s t e d  i n  mble 7.57. The protect ion techniques used f o r  
the  NS Savannah and Indian Point a r e  d.iscussed i n  Section 7.2.7. The 
Ravenswood p lan t  i s  protected from e x t e r i o r  damage by t h e  5 L/2-ft-thick 
reinforced-concrete shell. 

The p o s s i b i l i t y  of a miss l1 .e '~  being generated from some int ,  nrnal 
source i s  extremely remote. Poten t ia l  miss i les  are, however, anchored 
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Table 7.57. Containment Structure External. and 
Missile Protection 

- 
Reactor Ext e mal  Protect i. on Missile Protection 

N S  Svannah Housed i n  a sh ip ' s  
hold 

Indian Exterior i s  concrete 

Ravenmood Exterior i s  concrete In te rna l  : by tying down o r  supply- 
ing shields  f o r  po ten t ia l  m i s s i l e s  

Point 

and need.s no added 
pro tee  t ion and by concrete par t i t ions ,  e tc .  

forced concrete wi.1.1- protect  the  
membrane from any credible  missi le  

External: the  5 1/2 f t  of re in-  

i n  some manner o r  su i tab le  missi le  shields  a r e  provided. 
of a mi-ssile of external  or ig in  has, likewise, been considered. 6 6  

"The poss ib i l i t y  of a i r c r a f t  col.li.sj.on with the reactor  
No direc-t  h i t  by any pres- 

The poss ib i l i t y  

contai-ment has been considered. 
en t ly  known c i v i l i a n  or mil i t a ry  a i r c r a f t  can peneti-ate the 
outer 66 in .  th ick  reinforced concrete she l l .  

tu rboje t  ro tor  from an a i r c r a f t  t ravel ing a t  150 per cent of  
the speed of sound w i l l  penetrate only t o  the depth of be- 
tween 30 and 56 inches. 
t'ne ro tor  remains in tac t ,  a condition not consFdered credible.  
l%e calculat ions are based on formulas  developed by the U.S. 
Navy and- the  R z l l i s t i c s  Research Wooratory, Aberdeen, Ivhryland. ' I  

"Calcul.ations have been performed t o  show that,  a. 1.500 lb 

This i s  based on the  assunip-tiori tha t  

7 . 8 . 9  Moderator and Cool.arrt 

The average thermodynamic propert ies  of t,he primary coolant, which 
i.s assumed t o  be l.ost a t  the  tim? of the accident, are l i s t e d  i n  Table 
7.58. 

7.8.10 &sign Accident 

The design accl.de-nt f o r  the Kavenswood p l a i t  i s  s imilar  t o  tha t  of' 
other pressurized-water reactors  (see Table 7.59). It consis ts  of instan- 
taneous and adiabat ic  re lease of the priimuy coolant t o  .the f r e e  voluliicii 

of the  container,  This would prdu.ce a pressure peak of 40 ps.ig. The 
core-injection system i s  ass-me:. no t  t o  operate, so  core meltdom. would 
occur. The peak pressure would be reduced by the internal. spray system. 



Table 7.58. Moderator snd Coolant at Assmea Accident Conditions 

~ ~ ~~ ~~ 

Coolant PropertLes a: Assumed 
Ace ident  Conditions 

Qmnti ty  :?res s u e  Teeni9eratm-e 
Reactor m e  Moderator Coolsni 

( 1b 1 ( p s i a )  ( O F )  

XS Savannah m 
Primary 
Secondary 

320 H20 66,000 1753 508 
823 8,000 485 463 

Indian Poinz PWR B20 E2 0 163,000 1500 503 

Raveilswood rn I120 I120 56.6 X l o 4  2035 570 (av) 

Table 7.59. Phxirnm Accident 4 

P 

i% anergy Sources (Btu) c o x  h j e c t i o n  &.i;ding Spray 

Ckerriccl Nuclesr Store& I n s t a l l e d  Used I n s t a l l e d  Used 
Seac Lor Descr ip-c i on Cornea :s 

x 106 x 106 
NS Savsmah Release of p r i m r y  coolant  0 e 37.9 i\:o 

through Targes c p-:pe 
( 1 2  9,'l6 i n .  3) 71us t h e  
contents of one s t e m  
genezator 

Ind.ian Point Tnstantaneous r e l e a s e  or a l l  0 
pr imry  flzid ana secondary 
I'luid from one b o i l e r  

Kavenswood Ent i re  contents  of  primary 3 
s y s t e s  escapes ills tanca- 
ncously t o  the conisinrnent 

43 633.5 Eo 

0 325 Yes NO 

Jo The ne t  r e s u l t  of r e l e a s e  of 
primary and secondary con- 
t e n x  i s  shown i n  Fig.  7.32 

Yes 80 The bui lding s p a y  system i s  
ass-mied not t o  opera-,? i n  
t h e  post,u_Lated accident  

Yes Yes The core injec-cion system 
f a i l s  and t h e  core melts 
compie-cely; t h e  b u i l d i c g  
spray operates  t o  remove 
"ssion products by scrub 
b ing 



This system consis ts  of a sump i n  the  f l o o r  of - l ie  containment, building, 
a heat exchanger -Lo cool t he  spray vater,  a pump t o  supply suf f ic ien t  
head, and associated piping. 
ingeetion-system water t h a t  found i t s  way in to  the  container would be col-  
l ec ted  i n  the  sump. This mter would be cool.ed. and pumped t o  the  spray 
system and subsequently recycled unt i l  the  s p ~ a y  system was  shut domi. Ey 
operation of t he  spray system, the  e f f ec t s  of the  maximmi acci-dent would 
be grea t ly  reduced, bu t  t he  double membrane and the  pimp-back system are  
designed t o  be su f f i c i en t  t o  cope with the  mximxm accident without the  
a i d  of the spray s y s t e m .  

Tne descrip.Liorr. and discussion of the  design accident f o r  the N S  
Savannah and Indian Point reactors  a r e  given i n  Ta,'oles 7.7 and 7.59 and 
i n  Section 7.2.7. 

The sp i l l ed  primary coolan-t and any emergency- 

7.8.11 FLssion-Product Release 

It w a s  stated in the pi-evious paragraph .f;ha.t the  core in jec t ion  did 
not opern-te after the  l o s s  of coolant, so  the en t i r e  core was assumed t o  
m e l t .  The f iss ior i  products t h a t  escaped from the  melted core Were -taken 
t o  be 100% of the  noble gases, 5076 of t he  halogens, and I% of the  so l id  
f i s s ion  prodiicts (see Table 7.60; al.so example given i n  Part 100 of  T i t l e  
10 of the Code of Federal Regulations ) . 
on the o-t;her ham?, was considered to function properly, and therefore no 
fissiion prod-ucts woii.d escape t o  .Yne environs. Assuming t h i s  t o  'oe t rue ,  
the  only source of exposure r..rou.l.d be d i r e c t  radi.ation, and the 7 1/2 ft of 
concrete of the  containment building wa, l l s  wou.l.rl provide enclugh shielding 
t o  rencler t h i s  dose negl igible  (see Table 7.61). 

The Ravenswood contahment system, 

7.8.11.1. Indian Point 

'The leakage from t h e  Indian Point container would be held up by 
the  concre-te shielding building which surrounds the containment sphere. 
From t h i s  point the  contents of t he  shielding biKLdin.g would be exhausted 
up the  stack. By t h i s  holdup of tEie leakage from -the con-L~iner,  t he  
fission-product release t o  t h e  environs would be greatly reduced.. F'ur- 
themore,  by releasing the  e f f luent  a-L the l e v e l  of the high stack, the  
dispersion of released m t e r i a l  wG1d-d be greatly enhanced and the  dose 
a t  the  s i t e  boundary \miild be fur ther  reduced. 

The NS Savannah system i s  s imilar  t o  tha-t, of  Indian Point, but i n  
a.d.di.ti.on t o  the  mec1iaani.srns s ta ted  above (i. e I , f i l t e r i n g  and discharging 
u.p a s tack) ,  the Savannah a l s o  has charcoal Bil.-ters "GO remove radioiodine 
f r o m  the effluent, gases. A fm--i;l:ter advantage of the  S?munah containment, 
which i.s unique t o  mobile plants,  i.8 t h a t  being rzboa-rd a shipJ it can be 
moved to EL reiiimte locat ion in case of  an accrident. 
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In the  even-l; of a major reactor  acciden-t, core overheating might 
occur and r e s u l t  i n  the re lease  orr" f i s s i o n  products t o  -the reactor  con- 
tainment system. 'Vhese f i s s i o n  products might then 'oe dis t r ibu ted  t,hrou,gh- 
out the container and become avai lable  f o r  leakage t o  the enviroimeni; 
-tinrough the  various leakage paths tha t  m y  be present i n  the  containment 
she l l .  Ef for t s  toward greater  reactor  sa fe ty  by improved :mechanical d e -  
v ices  o r  other  engineered safeguards f o r  preventing the .release of f i s s ion  
prod.uc-ts a r e  encouraged by the AEC (see P a r t  100 of T i t l e  10 o f  the Cod.e 
of Federal Regulations). 
s e c t  ion. 

ment may be accomplished by three general methods: (I) preventing or 
mri.nimizing, by emergency coo!.ing o r  othemise,  t he  overheating of the 
fuel m t e r i a l s ,  ( 2 )  removing the f i s s i o n  products from the contari.nrn,ent 
atramphere by f i l t e r i n g ,  scrubbing, etc. , and (3) cons i;ruc-Ling two or  
more b a r r i e r s  aroixid the primary system s o  t h a t  the  probabi l i ty  t h a t  a 
l.arge quantity of flssion-product a c t i v i t y  may leak out i-s negl igible  
or, a t  l ea s t ,  grea,-tly reduced. The l a t t e r  me-thod was reviewed i n  Section 
7. 8 ,  
phere a f t e r  i t s  release,  has received some consideration, 67 but it, bas not 
proven pract icable  and therefore  i s  not  considered fu:rther here. ) 

Other engiiieered safeguards t h a t  m y  come t o  prominezzce i n  the  fu ture  
include means f o r  lirniking the s i ze  or seri.ousaess ol" -a rixp-ture of the 
primary coolant system. 'I"iiese i-my take the form of minimized pipe s i z e  
o r  ultraconserva.t;ive design ~ ~ i ' t h  respect t o  piping s t r e s ses  and pipI.ng 
supports. An example of  the  form.er may 'oe the  pressure-tvlt3e t;rpe of 
reactor  i n  which the pr imxy  coolaii-l; i s  introduced t o  the core through 
several  snsall-diameter pipes. The mpture of one of these pipes would 
no.1; allow a sudden and serious l o s s  of coolant, snd the rupture of many 
of these pipes i s  not considered t o  be credible.  

The necessi ty  of a high l e v e l  of dependability fn engineered safe- 
gu.a:rd sys t em cannot be overemphasized. 68 
the  event of sn  mea, the  dependabili.i;y and du rab i l i t y  of a given system 
inust be demonstrated beforehand and be expected t o  be retal.ned throughout 
i-ts l i fe t ime.  Tests should be performed on a system t o  derionstrate con- 
fornance t o  specif icat ions i n  the  f i n s l  i.nstal.led condl.-tlon and, as n e w l y  
as possible, wider the  accident conditions specif ied.  Fcrtherrio-re, t he  
safeguards system must be applied. t o  the  whole reactor  syskem, both imder 
n o m 1  operating conditions and under accident conditions. T'nis means 
t h a t  no mechanism, under any credible  accident condition, should be able  
t o  bypass the safeguard system or redruce or  eIiminate i.ts usefulness. 
After proper design, i n s t a l l a t ion ,  and t e s t i n g  of the  safeguard system a re  
completed, conti.izued su rve i l l ame ,  inc ludi i~g  monitoring, where applicable, 
must be exercised t o  assure the  constant a v a i l a b i l i t y  of the  system. 
FinLLly, there  must be assurance t h a t  some consequence of -the m a x i m u m  
accident w i l l  not set i n  motion mechanisms t k i a b  will destroy the safe- 
guards systein (e.g. ,  a f i r e  i n  a f i l t e r  ca.u.sed by decay hea,t from f i s s i o n  
prodiucts it was designed t o  r e t a i n ) .  These important points of  safeguard 
dependability are outlined below: 

Some of the teclmiques adre  descri'oed i n  this 

The preventFon o r  reduction of f ission-product re lease t o  t he  envbon- 

( A  four th  method, t ha t  of scavenging rad.ioactPvity frrorn t h e  a-tmos- 

If c r e d i t  i s  to be taken i n  



I. Performance rnus t be demonstrated 

a.  Spec i f i . ca t ions  niust be met 

b. ?ei-forrnance of i n s t a l l e d  systems must be demonstraied 

e .  Performance under s imulated acc ident  condi t ions  must 
be demons trrated 

IT. Systems nust be periodical1.y shown t o  perform t h e  des i red  
func"iion unil.er any c r e d i b l e  acc ident  condi t ion  

a.  No "gaps" or weak p o i n t s  i n  t h e  system coverage 

'o. Must be p ro tec t ed  from damage from a l l  acc iden t s ,  

e .  Must be deoigried t o  ope ra t e  f o r  the du ra t ion  of t h e  

i i ic luding the mea 

acc ident  

111. Vigilance agai-nst deter iora-Lion and demons-trati oil o f  
continued ava i lab i l r i  t y  must be prouid.ed 

7 .9 .1  Core Cooling .._......_.__. Systems ........... ~ .-...- 

Ti '  a loss -of -coolan t  acc ident  occurred, t h e r e  would be depressur i~za-  
'ii-on of 'ihe 7-eactor prirna.i.y system, as we l l  as severe reduct ion  of hea t  
t r a n s f e r  from t h e  core .  Heet genera t ion  due t o  f i s s ion -p roduc t  decay 
would continire w i th in  the  f u e l  e le rwnts ,  and t h e  ternpera'cure i n  a high- 
power d e n s i t y  reactor would r i s e .  This temperature  inc rease  might be SUP- 
I"i.cient Lo melt t h e  c ladding  of a nuiifoer of f u e l  elements and make f i s s i o n  
products  avai3.able f o r  r e l e a s e  t o  the containment.  I n  some cases  it mighi; 
be possibLe f o r  t h e  h e a t  genera,t ion t o  cause volumetr ic  expmsion  of en- 
ca,psula-ied. frission sases  t h a t  wou1.d c r e a t e  an unusual ly  high p res su re  i n -  
s i d e  t h e  f u e l  e l - e ~ e n t s .  'Thi-s could cause the f u e l  el-ernent, t o  b u r s t  (see 
also Chap. 4 ) .  Regardless of t he  mechanism of f a , i l u re ,  whether by rnc1.t- 
i n g  o r  bu r s t ing ,  t h e  ch ie f  i -n t e re s t  i s  i n  l i m i t i n g  t'ne t e m p e r a h r e  r i s e  
i n  t h e  iiiicovercd or" uncooled core .  

fa,il., a system t h a t  w i l l  supply emrgency  cool ing  f o r  t h e  core i s  included 
i n  most r e a c t o r s .  
p l a n t s  i s  d iscussed  i n  Table 7.62. 

a b i l i t y  i s  a t t a i n e d  i n  o rde r  f o r  i t s  func t ion  t o  be performed properly,  
s ince  t h e  only  t ime t h a t  t h e  system i s  cal.l.ed upon t o  opei-ate 7.s i n  t h e  
event  of an acc iden t  t h a t  could. result  i n  a s e r i o u s  release oY a c t i v i t y .  
i f  t h e  i n i t i a t i n g  a c c i d e n t  i s  aB1.e t o  void the eniergency system, then  it 
cannot be r e l i e d  upon t o  m i t i g a t e  t h e  acc iden t  e f f e c t s .  For exampl.e, 6 8  ~6~ 

t h e  SL-1. acc iden t  included such severe core  t a n k  movement t h a t  all nozzles  
t o  t h e  tank  were severed, includi.ng those  se rv tng  t h e  core cool ing  system. 
If, i.n t h i s  case,  %he core cool ing  system had been needed t o  prevent  core  
melting, it would no t  have been a v a i l a b l e .  

a s soc ia t ed  ins t rumenta t ion  will. opera te  r e l i a b l y  r ega rd le s s  of t h e  c r e d i b l e  

In  order  t o  e l imina te  o r  reduce -the chance t h a t  a, f ue l  element -c7oa.7.d 

'I'he approach taken t o  t h i s  problem by s e v e r a l  r e a c t o r  

The emergency cool-ing system inu.st be designed s o  t h a t  maximum r e l i -  

The emergency core cool ing  system must be designed so t h a t  it and i t s  
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Table 7.62. Core Spray or a j e c t i o n  System 

Reactor 
Addition o r  

C i r  c.uia'i i on Kate 
Spray o r  Inject ion 

Arrangement 
Comments Source of Coolant 

3 ig  Rock Poin-t 1030 gpn Tiazim-uzi addition 

400 gpin rec i rcu la t lon  
r a t e  

r s t e  

C W R  

Elk River 

EGCR 

PZTR 

Saxton 

Yan'liee 

BOJ!I'LTS 

1500 gpm a t  2185 f t  of 
D2O 

1 2  g-pm minimu f o r  530 
rfcn 

8000 Yo of nitrogen 
per h r  

Two sys t em:  
700 a m  at. 400 p s i  

533 -gpm a t  100 psi  

375 gpm a-t 1450 p s i  

1803 g p m  

(mzxirmun) 

&.un-aoldt Bay 353 gpm a t  140 p s i  

m 3  300 Igpm 

2000 Igpm (max) 

S p a y  Ying i n  reactor  vessel  

Inject ion i a t o  i n l e t  headers 
(secon&ary in jec t ion  i n t o  
p r i m r y  pwq suction) 

Spray r ing i n  reactor  vessel  

I n l e t  and o u t i e t  nozzies i n  
core vessel  

Equal  d ivis ion of flow t o  
upper arid lower rLng 
headers and thence t o  
reactor  tubes 

upper an2 lo'wer r ing  
headers and thence t o  
reactor  tubes 

In j ec t  through i n l e t  and 
ou-llet nozzles 

InJect ion i n t o  each of the  
four m a i r  coolant loops 

20 nozzles d i r e c t  spray, 
60s -to f u e l  and 40$ t o  
supei*heater elemests 

Q u a l  divis ion of flow t o  

S p a y  r ing nezr the top of 
the pressure vessel  (see 
ff -Lg. -7 7.56) 

'Zqjection of mkeup heavy 
water -to p r i m r y  sys-tern 

Inject ion of l i g h t  water t o  
the hea&rs of the primary 
sys-tem 

Addi-Lionsl wzter i s  from Zake Xichlgac; supplied by elec-  Cooling l imiSs core melticg 
t r i c  or d iese l  f i r e  pumps, each rated a t  1000 gp-; a f t e r  
m t e r  reaches a certair:  l e v e i  i n  the  sphere, one of two 
4,OO-gpm rec i rcu la t ion  pmps x~.y be placed iil service; 
these puraps take t h e l r  suct:;or %?ora several  locatrons 
-throughout tile bottom port ion of t he  sphere 

swlp i n  the bottom of the  containment vesse l  analysis  
IT0 c r e d i t  taken i n  mca System rec i rcu la tes  water from the moderator tank and a 

30,300-gel demineralized water storage tank Core spray i s  depended upor: 
t o  l - i m l t  t he  ex"cent of 
core melting 

Ar-, emergency cooling lopp rec i rcu la tes  N;! a t  a r a t e  of 
8030 lb/& Ycrougb the  core; makeup provided by a 
purging system having a supply of 1 112 x lo6 scf of 
N;! avai lable;  purge s d d i t i m  w i l l  normally be 200 scfm 

supply, bo-lh from C o l ~ m b l a  River; n o m l  pover supply 

Prevents f u e l  eiernent fail- 
x e s  and "rmaway" a i r  
oxidation or" graphite 

3eactor process water .backed up by san i ta ry  wa-Ler 

Emergency water from well;  diesel-dr ivec p x p  

Frorfl 80,000-gal storage tank 

Hazards analysis  based on 
t h i s  supply 

No c red i t  taken i n  ma 
arlaiysi s 

117,300 gal of borated water Ts available,  but  it i s  con- 

Gravity fed (100 f t  H20) from 100,000-gal storag- e which 

No c r ed i t  taken i n  mca 

Wo c r e d i t  taken i n  mca 

sidered the s q p l y  i s  urlim?lted as makeu? i s  aval lable  analysis  

analys i s  i s  shared by (1) core spray, ( 2 )  external  building 
sprLy, ( 3 )  in te rna l  building spray, and (4) f i r e  pro- 
tect ion;  addi t ional  makeup can be supplied PrOfli wells 
and pipel ine 

more than enough water availa-Die t o  f i l l  the  reaczor 
dry we l l  t o  the  vect openings, a t  which t k e  the water 
w i l l  s p i l l  Sack i c t o  the  s q p r e s s i o n  pool 

headers o r  pumped from the  recovery well  &t the bottom 
of the bo i l e r  room 

m d e r  gravi'cy (250,033 ga l  f a r  l ight-water icjectLon; 
1OO,ciOO gal  f o r  dousing) 

Spray xater  is  taken from the  scppression pool; there  i s  No credi-t taken i n  mca 
analysis  

Supplied 'by pumps from dmp tenlis t o  coolant i n l e t  Credi-L t&keen for pressure 
reduction 

Supplied from 250,000 imperial gallons storage tank 



accidents t ha t  rmy b e f a l l  the  reactor .  Fur-Lhermore, r e l i a b i l i t y  of opera- 
t ion  shou1.d extend over the period of' .time t h a t  mel.t,T.ng may occur. ' l o  

a water-moderated reactor i.n which the  power density is  la rge  and the heat 
capacity of s t ruc ture  and moderation i s  n0.L great,  a large amowit, of cool- 
ing i s  necessary very quickly. The gas-cooled graphlte-moderated system 
has differen-1; characterist , ics.  The cooling i s  iiot needed immediately, but 
the cooling capabi l i ty  must be present over a much longer period of time 
f o r  protection of the graphite.  Thus, the reactor  system demands specify 
t,he speed with which the  cooling must be i n i t i a t e d  and the  length of time 
the system must operate relri-ably. The emergency core cooling system must 
i n i t i a t e  cooling within a given time and continue t h i s  cooling a t  l e a s t  
u n t i l  any danger o f  meltdown or f u e l  element burst ing has passed. 

i n  

7.9.1.1 Water Heactor Systems 

ihergency core cooling systems axe  used with the  various water-cooled 
reactors .  Water i s  sprayed or deluged in to  the core and allowed -Lo flow 
downward past  .the hot f u r l  el.ernents t o  cool. t h e i r  surfaces. 

A t  the  CVTR, water cam be pumped in to  the reactor  a t  two locations,  
the suction s ide  o f  the  primary c i rcu la t ion  pump and the  d i s t r ibu t ion  
header t o  'che various pressure tubes. 
s u r e  tubes and cool the  f u e l  elements. It could then s p i l l  back t o  t,he 
container (-l;b.rongh the  break i n  the  piping t h a t  caused the l o s s  of cool- 
a n t ) ,  where it would be col lected i n  a sump fo r  recirculat ion,  or it could 
spil.1 i n to  'che moderator tank, where a secoiid rec i rcu la t ion  system takes 
i t s  suction. 

be injected direc-Lly- oa to  .the fue l  eleiiients by nozzles attached t o  a c i r -  
cular  head.er near t he  t o p  of' the  pressi1.1-e vgssel ( see  Fig, 7.56, ref. 28). 
The water w&ld be su.ppl-i.ed from t h e  suppression pool, which i s  pa r t  of 
the accident contaiiinen-L system ( m e  Sec. 7 .4 ) .  
was eventual.1.y frilled up t o  the vent pipe rntrances by the  con-Linued. opera- 
t i o n  of the  spray systern, the Tmter wou.9.d s p i l l  back i n t o  the suppression 
pool through the dry-wel.7- vent pipes. There i s  su f f i c i en t  w a t e r  i n  {;he 
suppression pool t o  f i l l  the reactor  dry well up t o  the  vent pipe entrances 
without uncovering the discharge ends of the vent pipes,  

Fig. 7.57, ref .  4-2) t h a t  would d- is t r ibute  the  water flow t o  the various 
pa r t s  of the core. 
t o t a l ,  and the  acti-ve core elements would receive the remainder, 

The water would f l o w  down the  pres- 

The 1lumbol.d.t B y  core spray sys-tem i s  arranged so tha.t water would 

When the reactor  cavi ty  

The BOWS core spray system consis ts  of headers and nozzles (see 

The superheater el-ements ~dould. receive 40% of the  

7.9.1.2 Gas-Cooled b3stems 

Upon depressurization of t he  primary loop, wi-th possible l o s s  of 
coolan%, there  wolfid be a severe reduction i n  core cooling t h a t  would cause 
the f u e l  elements and moderator of a gas-cooled reactor  t o  heat up a s  the 
reactor  a f te rhea t  began to build up. Emergency cooling might be required 
t o  ensure Ynat abnormal f i s s i o n  product re lease was eliminated or reduced. 
31 many cases, 'cherrml convection through the  core would afford suf f ic ien t  
cooling; but J.f t h i s  would not y ie ld  the desired resu l t s ,  an auxi l ia ry  



Fig. 7.56.  Himboldt Ziay Reactor Vessel. (From ref. 2 8 )  
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Fig. 7.5'7. BONUS Reactor Vessel. (From ref. 4-2) 
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fo rced -c i r cu la t ion  loop  would. be requi red .  It seems reasonable t o  design 
a n  ernergency cool ing  loop f o r  low-pressure opera t ion  t o  r e l l e v e  t h i s  prob- 
l e m .  This emergency system might use as i t s  coolant  t h e  conta iner  atmos- 
phere, i f  t h i s  were compatible with t,he materials j.n t h e  core m d .  modera- 
t o r .  If t h i s  w a s  n o t  s a t i s f a c t o r y ,  a coolan t  would have t o  be suppl ied 
t o  suppress t h e  e f f e c t s  oI" t h e  incompatible gas. For example, t h e  0xid.a- 
t i o n  of g raph i t e  by a i r  i s  a r e a c t i o n  which genera tes  heat ,  bu t  i_f enough 
cool ing can be suppl-ied by t h e  a i . r  f low t o  o f f s e t  t h i s  con t r ibu t ion  of 
heat ,  -Lhen a , i r  i s  a reasonable  choice f o r  a coolan-i; If t h e  converse i s  
t rue ,  some i n e r t  di3.uent gas must be suppl ied t o  eliminate graphi te  oxida- 
t i o n .  

The EGCR has an  emergency cool ing loop -tha,t employs n i t rogen  as a 
coolan-t. 71 ( N i - '  Lrogen - i s  employed t o  minimize the  ex ten t  of g raph i t e  oxida- 
t i o n .  ) 
maximum r e l i a b i l i t y .  The system i s  designed t o  remove al.1 the decay hea t  
tha'c, would be avai la ,ble  under the  worst acc ident  condi t ions and to maintain 
an  average o u t l e t  temperature of less than  1350°F. 
system i s  a f i l t e r i n g  and r e l e a s e  scheme, which is discussed i n  Sect)ion 
7.9.3. 

The Peach Bottom high-temperature gas-cooled. r e a c t o r  ( FPGR) conta iner  
i s  sea led  (during opera t ion)  and f i l l e d  with an i n e r t ,  reduced oxygen 
atmosphere cons i s t ing  primar ' i ly of  ni t rogen,  we-th less than' 5% oxygen and 
approximately 1276 carbon dioxide by volume. 
of CO and Hz (formed durling a steam-graphite r eac l ion )  canno-t 0ccu.r. Com- 
bus t ion  of t h e  core  g raph i t e  i n  t h e  event of a p r i m r y  system rupture  i s  
a l s o  e f f e c t i v e l y  retarded. o r  prevented. by t h e  reduced. oxygen atmosphere. 
There j.s a . l so  a r a t h e r  unique way Tor removing bea t  from t h e  core i n  the  
case of emergency. Water i s  circula-Led through s t ee l  tubes i n  t h e  erner- 
gency cool ing j acke t  surrounding th . e  r e a c t o r  ves se l .  1 h - L  i s  conducted. 
and r ad ia t ed  from t h e  core t o  t h e  reactor v e s s e l  and th.en r ad ia t ed  and 
convect,ed t o  t h e  emergency c o o l h g  jacke t .  

The loop and blowers are designed wi th  mj.nirrrin complex-i-Ly a.nd 

1ncl.u.ded with t h i s  

Thus explosions o r  combustion 

7.9.2 Building Spray @stems 

If all. e f f o r t s  t o  prevent t h e  r e a c t o r  core  from melt ing f a , i l ,  f i s s i o n  
products may escape t o  t h e  covltainer. 
have a tendency t o  d.i.stribute -Lhemse.l.ves throughout t h e  conta iner  and t o  
follow t h e  same pa ths  of leakage as does the container  atmosphere. "he 
contaLner conten ts  w i l l  l e a k  a t  a ra - te  t h a t  i s  some fumetion of t.he In- 
t e r n a l  pressure,  which i s  t h e  d r iv ing  fo rce .  
t h e  sys-Lem by hea t  -tra,risfer t o  t h e  ambient atmosphere, and the  in te rna l  
pressure  w i l l  be reduced. But t h i s  may t,ake cons5.derable time i f  natural 
phenornena a r e  r e l i e d  upon en t . i re ly .  Accordingly, in te rna l .  spray and 
dousing systems and. e x t e r n a l  spray systems would u s u a l l y  be employed t o  
remove energy i n  t h e  form of hea t  from a c o n t a b e r  a f t e r  a n  acc ident .  By 
supplying t h i s  hea t  s ink,  t h e  in-terna.l p ressure  could. be reduced q u i t e  
r ap id ly .  The i n t e r n a l  spray  afid dousing system cou.ld a A x  provide t h e  
additi.ona1 benefj . t  of  removal of some solubl-e and particul.ut;e f i s s i o n  
products .  Building spray systems f'or s eve ra l  r e a c t o r s  a r e  d-escribed- in 
Table 7.63. 

The r e l eased  f i s s i o n  products  w i l l  

En.ergy t i i l l  he I.ost. from 
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Tab1.e 7.63. Bv.j.1dic.g Spray System 

Rea.ctor Addition or Circulation Rate Spray Arrangement Source and Capacity Tnhfomation Coments 

There a re  t,vo s e t s  of spray nozzles available;  
one s e t  ris au.tomatica.l.ly gut i n t o  service 
when the sphere presswe reaches 2 Lsaig, and 
the other s e t  i s  put ir?.to service mardally 
from a locatton outside the  sphere 

l00$  coverage of xhe bullding with water 
supplied from LaBe Michigan via  the 
e l ec t r i c  or diesel f i r e  pw-ps unte l  

' water l eve l  reac'ne;: a cer ta in  l eve l  in 
the spSere, a; which tirne one of two 
recirccLation pumps may be placed i n  
service 

loo$ coverege; 30,000-gal water storage 
tank 

32 x IO6 Btu./hr heat removal capacity; 
szpplied from Melton XI- l  Lake 

Big Rock Point 1000 gpm maxirnun! addit!.on 

493 g y m  r e c i x u l a t i o r  r a t e  
r a t e  

Spray systems furnish pressure r e d x t i o n  
a f t e r  the  accident; can be operated 
f r o z  E. remote, shielded locat ion 

E l k  River 

EGCR, external  

1.000 g p n  Spray headers loca.+,ed a,bove main and basement 

L ~ ~ . n ~  headers xLis',-tl= spray nozzles; most con- 

r'loors 

centra.ted near the top of she dome 

7 .  

@ray reduces the pressure a f t e r  the 

912s Ls the p r i m r y  method of energy 
removal and must operate a f t e r  the 
a.ccide3-t 

acc idev t 

This fIrris3eea pressure reduction 
a f t e r  accidei t ;  can be operated froc? 
E remo';e locatTon 

2500 Epm 

101)O gpm f o r  15 nin; then 
12c gpm 

Sprinkler heads i? the  6onie of the container 
anG a'; ell l eve ls  in the  contaiment Suilding 

I n i t i a l l y  from storage tasks is top of 
container, then 4.y pmps from wells 
(pcesswe redwtios .  from 23 to 1.0 ps2.g 
i n  15 min) 

FNCTR 

Indian Point 

l n t e raa l  Eight spray headers i n  t o p  hemisphere h s t e l l e d  i n  such a mamer as  to wash 
dom surfaces 

Recirculs'sing t s e ;  the k=-t.er i s  col-  
lected i ~ .  a. sunp ard pumped back t o  
spray header 

XC$ covera,ge of m i n  f loor  
Cooling 2ower of 37.c x l o 6  px/lir; 

No c red l t  taken f o r  internal. spray 
cool3ng i n  m c a  ane.1.ysj.s 

LOO0 g p m  

External 300C g p m  Eight spray headex-s i n  top hexisphere 

P3TR 500 gp;pm Fog nozzles in  two r ing  headers above m5.n 
f loor  

Can be operated from renote locatioc 
( 1 / 4  mile) 

BONUS 

Ih te roa l  Water s q p l i e d  a s  in Table 7.62 (pres-  
sure reduction from 4.3 t o  2.4 psi& ir 
50 r n k )  

i n i t i a l  presaz-e reduction by i ~ t e m a l .  
system; water su3plied as i n  Thb3.e 7.62 

To be used to  lceeg press;;re Cow. a f t e r  

Headers and. nozzles over main f loor  and in  
bas euient 

Two c i r cu le l -  perforated rLng headers aromd 
She upper doxe 

KO c red i t  t,aken i n  mca analysis f o r  
e i the r  system; both can be opera.ted 
from remote locat ion 

Eyternal 450 e m  

NPD Reactor vault:  

1500 Igpm 

1.500 Igpn 
8720 I g p m  

Fog n.ozzles suspended a t  two ends of reactor 

~ o g  nozzles (sane as a3cve) 
Two perfox-ate6 t a lks  suspended a t  'mo ends 

vault;  actuated at 0.72 psig 

o f  reactor  v ~ ~ ~ t ;  actuated a t  3.7 psig 

Iieavy water from moderator systenl 

Supplied f r o n  standby water system 
Supplied :Yrom 250,000 iEperiaL gallon 
szorage tanka 

Boiler roox ( large leaks) : 
c t o  lc! aec, 917,OOC I a n  

2C t o  3c see ,  55,092 Igprn 
1C t o  20 sec, 75,000 Igpn 

30 t o  40 sec, 36,OCO 1~gg-n 
40 t o  60 sec, 15,500 I g p m  

b 25C,OOO in2er ia l  gallons storage tank Seven perfDrated tanks suspended i n  the boi le r  
contaiment  vessel;  a.ctu.ated a t  1.5 s s i g  

a 
39,000 impe-ial gallons unavailable because of i.nterna2. arrange- 

a i t i a l  1C)2,000 irc7erial gallons for dousing; 150, CCO i aper ia l  

ment of t%e ta*. 

gal-lons for l ight-water inject ion.  

b- 
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7.9.2.1 ,Spray and Dousing Systems 

Spray and dousing systems a r e  provided i n  some reac-tors where there  
i s  no fear of a metal-water or  graphite-water react ion occurring a f t e r  
the mea. They are primarily f o r  the purpose of reducing the p r e s s u . ~ ~  
within the  containment building a f t e r  the  accident; consequently, the  
contahment atmosphere a f t e r  t he  accident wj.11 have a high water-vapor 
content. Therefore all e l e c t r i c a l  equipment expec-Led t o  operate under 
postaccident conditions must be provided with proper insulat ion t o  ensure 
such operation; t h i s  i s  an added expense and may be considered a serious 
drawback for t h i s  type of system. 

In te rna l  sprays may also serve t o  scrub some fission pi-oducts out of 
the containment atmosphere. Two i.niportmt meclitznisms a re  responsible fo r  
t h i s  ac-Lion: (I.) the sol-ubili ty o r  some f i s s ion  products i n  w a - ~ e r  (e.g., 
iodine, bromine) and ( 2 )  t'ne f loccula , t ion and occlusion of par t icu la tes  by 
the  water droplet .  By these act ions a s igni f icant  f rac t ion  of t he  f i s s i o n  
products may be removed from the  atmosphere and "fixed" inside -Lke container. 

As  was previously mentioned, t he  primary purpose of introducing a 
water spray would be t o  reduce the  pressure i n  the con-tainer. If t he  p r i -  
rmry coolant system of a w a t e r  reac tor  ruptured, a large arnount 05 stored 
energy would be released t o  the container i n  the form of heat. It has 
been shown t h a t  the presence of water i n  stagnant pools reduces the con- 
tainment pressure far below the  calcidated (adiabat ic)  value. 7 2  

spray displaying many times the  heat- t ransfer  surface of an open pool were 
introduced-, the pressure-reducing e f f e c t  would be even greater .  

( a l so  an external  one), as shown i n  Fig. 7.35. A system of headers and 
nozzles locaked. i n  the upper dome of .Yne container can d is t r ibu te ,  i n  a 
f a i r l y  uniform rflanner, 1000 gpm of spray rmter. Using thj.s as the  only 
heat l o s s  mechanism, t h e  pressure cou1-d be reduced from 4.3 t o  2 .3  psig i n  
50 min. 

suppression" system TOY' i t s  containment; and, a s  can be seen from Table 
7.63, a large a-moiuit, of  m t e r  could be deluged in to  the containment s t ruc-  
t u r e  i n  8. very short  time (92,700 imperia,l gallons i n  3 min) . 

Some of the  reactors  have z.e:rmte operating bunkers G O  t ha t  spray sys- 
tems ca.n b e  continuously operated long a f t e r  the accident i s  over.. Figure 
7.58 ( r e f .  14) shows the  loca t ion  or" such R bunker a t  the  XiCTR site.  

If a fog 

The BONUS Reactor building i s  equipped with an in t e rua l  spray system 

The NPD, a Canadian reactor,  d.epends grea-Lly upon t h i s  s.or.1; of "spray- 

7.9.2.2 External Spray &-stems 

Fxternal spray systems are used t o  remove heat from the containment 
vessel  arid Lhus l i m i t  -the i i i ternal  pressure ~ In a liyinid-j-r,eta.l.-cool~d. or 
Q ii igh - t empe ra t ur  e gra-phit e -rod. e ri% t ed reac t  or, the i n t  r oduc I; ion o f .wat e r  
i n to  the  eontaitmient vessel where it could intimately assoctate  with the 
coolant or moderator could be catastrophic ; therefore an ex-ternal means 
of coolring wii-tbout i n t r d u c i n g  T?T;Z~;EZ' or i t s  vapor t o  the contaillment atnios- 
phere must be provided. 
would be prohibi t ively expensive tm:, have complete spray coverage j.n a l l  
the  compartments of a compl.ex con-tainer. If the  amount of heat t h a t  must 
be removed from the container t o  l i m i t  t h e  in t e rna l  pressure can be removed 

External spray cooling i s  a l s o  :psovrided when it, 
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ORNL-DWC 63 7315 

Fig. 7.58. HWC'l'I1 P lan t  Area ,%owing t h e  13emote Operation (Fhergency) 
S ta t ion .  (From r e f .  14) 

by e i t h e r  an intenial .  w a t e r  f o g  o r  by hea t  t r a n s f e r  t o  a cold sur face ,  
t he  designer  m y  choose between t h e  two. However, i f  the  cool.ing of a 
sur face  by an cxterna.1. spray i s  cheaper and s a t i s f a c t o r y ,  t h e  exterrdl  
spray should be used. Furthermore, i f  an i n t e r n a l  spray were used, t he  
e l e c t r i c a l  equipment wi.thl.n t h e  containrlien-t ves se l  would have t o  b e  pro- 
vided w i t h  -the proper insula.ti.on t o  opera te  i n  an  almosphere with a high. 
water-vapor content ,  and t h i s  would be r e f l e c t e d  i n  increased. pl.ant cos t s .  
The s e l e c t i o n  of t h e  EGCR e x t e r n a l  spray was based. on t h e  pFeceding azgi.1- 
ment s . 

The BONUS and Indian P o h t ,  as we l l  as EGCR, p l a n t s  have ex-teriial 
spray  schemes i n  e f f e c t .  The BONUS and. Indian PoinL external.  sprays would 
'oe used i h  con junc t ion  wi.tln i i i t e rna l  spray  systems; bu t  t h e  EGCH wou.1.d 
depend on t h e  ex te rna l  system f o r  a l l  i t s  induced coolj.:ng of t h e  con'cain.- 
ment bui ld ing .  A t  t h e  EGCR, water wou1.d be introduced by r ing  headers 
near t h e  t o p  of t h e  containment dome atd then a l loved  t o  run d.own the 
s i d e s  of the conta iner  t o  cool  i t s  sur face .  

'7.9.3 F i l t e r  Systems 

F i l t e r s  f o r  t h e  removal of iodine and p a r t i c u l a t e s  are provided f o r  
c leaning the  containmen-t xtmosphere before  a sinbstaiztial amount, of 





Table 7.64. F i l t e r  Systems 

C i r c d a t i c s  o r  
?a.cili';y Dischrge  Race 

( C 3 l )  

F i l t e r  
Function 

?Liter 
Cescript io3 

Xequired 
Performarce 

et mca 

Recirculation for p.rticu3.ate 
and iodine rerroml 

P r e f i l t e r ,  a.bsolu.te f i l t e r  (99.9776 removal of 0.3-p, p a r t i c l e s ) ,  
and iodine-rernoni section of activate2 chercoal (3. i n .  deep, 
90% iodine rernoval); two s:xh uxits, one i n  standby 

?rc."ilter (95% rexcval o? 5-p > a r t i c l e s ) ,  absolute f i l t e r  (99% 
rmcval of  0. 3-1-1 p a r t i c l e s ) ,  charcoai t r z p  (95$ iodine 
remcval) , an6 s.bsclu.te ? i l t e r s  (99% rerr,cvr,l of 0.3-+ 
par t ic les )  

copper mesh f o r  i d i n e  rernoml 

(coconut s h e l l )  charcoal. (56 lb) shown t o  rexove iodine witb 
an eff ic iency of ~ 9 . 9 %  

Absolute (99.97$ reaoval of c. 3 - i ~  p r t i . c l e s ]  ; 

A u x i t  contains a moisture separator aiod a bed of act ivated 

silver-placed 

No c red i t  taken i o  ma analysis  CVTR 1000 

EGCR (1) 750 ;Fax) @me tbxovgk ;  discharge t o  a%Tos?here 

EGCR (2)  

Hwcm 

No cred i t  takea ia xca analysis  L1,660 Re c irculai; ion s ys ken 

Four uni t s  of 1000 
each 

Recirculation f o r  par t icu la te  and 
iodine removal 

Credit  S.s taken for one of  the  
f o ~ x  Enits operati-ng at  stated 
eff ic iency (pr imwily  f o r  
iodice ren.,o-b-al) 

KO c r e d i t  taken i n  m a  analysis  P r e f i l t e r s ;  airborne activi-Ly f i l t e r s  (99.97$ rexoval o:? 0.3-p 
p u t  i d e s  ) 

Pre:?ilter, absclute ?iilkee.. (99.95% remow.1 of  0.3-9 p a r t i c l e s ) ,  
and iod.ire-rerrova,l sectj-on consisting o f  si!-ver-plated copger 
mesh ( 6  in .  thick) ,  activated charc?al (1 In. cffectj-ve 
thickness),  s i lver-nlated copper mesh ( 6  in .  th ick)  

par t  i c l e s )  
F'refKLtera, airborne a c t i v i t y  Yil ters  (99.95$ removal of 0.3-1-1 

D2C sprays, f t l t e r s ,  and ion exchange 

F i l t e r  (99.97s removal. of 0.3-d par t ic les )"  

a 

10, oco 

TWO un i t s  (1:XIO each), 
one i n  stardby 

9976 removal of iodine w % t h  
i r f i n i t e  clou.6 release i s  
assumed 

Once c!vouzh discharge t3 a'snos2here; 
system Tor p a r t i c d e t e  ar?d iodine 
removal 

No c red i t  taken i n  mea analysis  Yankee 12,002, three mits 

32, CCC. 

10CC. 

each of 4000 capacity 
Reci rcubtes  contaicer a i r  t o  remove 
par t icu la tes  

RecircTLeticn zhrcugh reactor  ndt 

Recirculatior, :?rex boi le r  room t o  
Tenove par:icul.ates 

iodine removal. 
Once tb~o';g17; for par t icu la tes  and Ce:istic s c n b b e r  end "absohte  f i l t e r s  I' (95% ainimm removal 

of b.a~.ogens and par t icu la tes )  
:illll?boldt B y  

(refuel ing 
building) 

BONUS 

134 

50,030 (bu.ild::ng 

3500 (pax) 

vent i la t ion)  

Two u = i t s ;  20co c a n  
each; one i n  standby 

Once through for par t icu la te  removal Oil-treated p r e f i l t e r  and gl-ass f i b e r  f i l t e r  

Prefil 'rer, absolu-%e f i l - t e r  (99.95$ remxal  of  3.3-1.1 ? a r t i c l e s )  

Kssolute (99.97% yenoval oi 0.3-p p a r t i c l e s )  

E l k  River 

Peach Botton 

Or-ce through f o r  p,rt5~1L.ete renova1 

Rec ircula-t ion f o r  s t ron t iun  renovc.1 50$ renovzl of  s t r o n t i m  

a 
In energency, vented :c stack through activB.ted charcoal end 

absolute f i l t e r s .  
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' CO NTA I N FJ1 E NT 

Fig. 7.59. The N S  Savamiah Conlaitment Concept. 

7.9.4 b ' l u l t i p l e  Containment 

The concept of the dou.ble contatnment barrle-i. w a s  brought in1;o focus 
r e c e n t l y  by -the p r o p ~ s e d  I3avensr~rood. P1.an.t of -the Consolidated %Idison Co, 
(see See. 7.8)  . T h i s  const i tutes  an  engineered safeguard and rsoul.d, 
alone,  se rve  as added p r o t e c t i o n  for the publ ic  from an sccidei-1-t wi th in  
t h e  conta iner .  The b a s i c  idea  i s  that of a coiitairier w h i c h  i s  contained. 
T.ie second volume, the annular space formed. a:mm.d t h e  f irst  conta iner  
(see Fig.  7 . 5 3 ) ,  serves  as a holdup and d i l u t i o n  volume for f i s s i o n  prod- 
ucts  t h a t  lec& fro111 the i.nner conta iner  ( see  Bec. 4e4.4- ) ,  Aside from t h e  
cos t ,  t h e r e  i s  no reason  tha,t a t h i rd  container could not  be cons t ruc ted  
that woi~ll-d thus  provi.de more holdup and rn-01-e d i l u t i o n  of  the f i ss i .on  
products .  Th:is coul.d, of" course? be extended t o  many conta iners ,  but  i t  
i s  more yeasonable t o  use -the "two-containex-" concepts i n  conjunction 
w i - t i 1  o the r  rrgineered. s ateguard.s ( s e e  Cec . 7 . 9 . 5  1. 

As an examnpl-e of t h i s  comep-t in ac t ion ,  -the Indian P0i.n-L p l a n t  of  
Consolidated Edison i n  housed i n  a convent ional  s'ceel sphere t h a t  i s  i n  
t u r n  housed i n  a concrete bail-ding (see Fig. 7.9).  
i n g  w e r e  not t he re ,  -the d.oses from I'31 ac-Liv-ity .crouLd 'ne @?eater than 
those  s e t  f o r t h  i n  t h e  AlEC S i t e  Cri ter ia ,  lout the bu i ld ing  provides sur--  
f i c i e n t  hold-u.p and di.lixi;ion t o  ' o r i n g  the doses ~ 1 . 1  wi th in  the  AEC guide 
l i n e s  e 

If t;he concrete  b1.ii.l.d- 

7.9.5 Com'oination. of Engineered Safeguards 
I-II_p. 

A s  mentioned i n  t h e  previous sec t ion ,  mul t ip le  containment al-one 
i s  a concept t h a t  yields s i g n i f i c a n t  advantages, bi.1-L $hen used i n  connection 
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with o ther  safeguards,  t h e  e f f ec t iveness  and r e l i a b i l j t t y  may be increased, 
s&th a reduct ion i n  capri.tnl. cos t .  Most, i f  no t  a l l ,  r eac to r s  (wi th  t h e  
possible excepti-on of l iqu id-meta l  o r  mo3.f;en-salt r e a c t o r s )  have some pro- 
v i s ion  f o r  emergency core cooling; t he re fo re  any o ther  engineered safeguard 
inakes t h a t  a combination system. For exampl-e, t h e  EGCR has  emergency core 
cooling, conta iner  cool ing f o r  pressure  red-uction, and f i - l t e r i n g  t o  remove 
f i s s i o n  products.  
ing  f o r  pressure reduct ion and t h e  mul t ip le  barriej: f o r  f i ss ion-product  
con t ro l  e 

t h e  a i r  drawn from -the annular  space (F ig .  7 .53)  is proposed. 

Proposals have been mzde f o r  conta iners  with spray cool- 

For t h e  Ravenswood p l a n t ,  miil-tiple containment with f i l t e r i n g  of 

7.10. BIRT~IOGRAPIJY 

iieac t o r  
USAEC 

ReBort No. 

N S  Savannah 

EGCR 

Enrico Fermi 

VBWR 

Dresden 

E l k  Ri.ver 

Big Rock Point  

OHM.,- 3361 

ORNL- 3 2 54 

ORO-586 

NP-104-58 

rnL- 5719 

HW- 61236 

CVNPA-90 

CV@PA - 106 
S G - V U - 2  

T’itle 

Niuclear Merchant Ship Xeactor F ina l  Safe-- 
,rruards Ueport 

A c t i v i t y  Release from N.S. SAVANNAH j.n t h e  
bkximuni Credible Accident 

Gas-Cool-ed Reactor Piwgram Quar t e r ly  Prog- 
r e s s  Report, Period Ending 31 December 1961 

EGCK Final Hazards Summary Report 

Power Reactor Developinent Company, Technical 
T.nform.ti.on and Hazards Simmry Heport 
(E .  Fermi) 

Hazards 5bm-t-y Report oil the EBR-11, 

PRTR Fina l  %fegixwds Report, October 1959 

F ina l  Hazards Summary Report, December 1.961 

CVTK Vapor Container k a k  Tests, Apri l  1962 

F ina l  Hazayds Summary Report, 2d ed. 

Prelirni-nary Hazards Keport f o r  t h e  Dresden 
Nuclear Power S ta t ion ,  SepLember 1957 
(sild- amendments ) 
FS.nal Hazards Report of  -the RCPA Elk Rl.ver 
Reactor, J u l y  1960 

F ina l  Hazai-ds Swnmary Re-port f o r  Llie Big 
Hock Poinl; Plant ,  November 1.961 

m y  1-957 



7.159 

React or  

h t h f  inder 

SM- 1 

USAEC 
Report No. 

ACNP-5905 

APM- 2 
(Rev. 1) 

Shippingport 

WAPD- sc-549 

WAPD- SC- 548 

Indian Point 

Yankee 

% X t O l l  

HWCTR 

EBT 

BONUS 

Pi qua 

Bodega Eay 

OlW 

B l l a m  

DP-579 

DP- 600 

ORNL-1834 

Plm- GNEC- 5 

N M -  SR- 560e 

Ai3.E-13 

ORKL TM-273 

NAA- SR- 5700 

T'it le 

Pathfinder Atomic Power Plant %f e,wrds 
Report, Janixny 19 62 

Hazards Surmi ry  Report for the h y  k c k a g e  
Power Rea.c-t;or ( SM-l), m y  1960 

The ,Shippingport Pressurized Water Reactor, 
Addison-Wesley Publishing Co. 

PWR Plant Container Sizing Cr i te r ia ,  
J8.nuary 1957 

Hazards t o  'che Area Surrounding PWi Due t o  
Atmospheric Diffusion of Radioactivity, 
September 1957 

Hazards S m r y  Report on the  Conso1idal;ed 
Edison Thorium Reactor, January 1960 

fieport on Eizards Analyses and Design fo r  
Containment Vessel, August 1956 

Final Kazards Summary Report for the Yankee 
A-tomic  E lec t r i c  Company, September 1957 

Saxton Final  Chfeguards Report, Apri l  1960 

Composite Concrete-Steel Contalmnent 'Jessel 
Engineering Considerations, JIWE 1961 

L. M. Arnett e t  a l . ,  Final. Hazards h-valua- 
tion of t,he Heavy Water Compomnts Test 
Reactor , December 19  62 

Homogeneous Reactor T e s t  Surmila,y.y Report for  
AdvFsoi-y Comnittxe on Reactor Safegum-d.s 

Boiling I!Tuclear ,%perheater ( BOl\-US) Power 
Station Final  Hazards Sumnzary 

Final. Safeguards Sbrimary Report f o r  the  Piqua 
Nuclear Powex- Faci l i ty ,  December 19GO 

Ihza rds  sunmai-y iieport for  the SM-LA 

Final  Hazards Bumary Report f o r  the Humboldt 
Eay Reactor 

I?-elimins.ry Hazards o&mrnary fiepor-t f o r  the 
Bodega B y  Reactor 

F. T. Binford, Vapor Containment i n  the  Oak 
Ridge Research Reactor, August 1962 

Final Sujnmary Safeguards Report f o r  Lhe 
5 k l l a m  Nuclear Power Facili-by, April  1961 



7.160 

USARC 
React o r  Report No. 
1___1 

T i t l e  

N€’D P I  NP-12166 Nuclear Power Demonstration Generating 

NPR 

S ta t ion  F iml .  Hazards Report 

Tnve s t i g a t  i on of t h e  Trans i en.t Chara c t e r i s - 
Lies of NPD-2 Type Pressure Rel-j-ef Ducts, 
January 1960 

NPR Confinement Closures, November 1960 

Reactor Confinement Program, Oc Lober 1961 

Consolidated Edison Company of  New York, 
Xnc., RavenLwood Nuclear Generating Unit A, 
E”rel.ri.mi.nary Hazards LSmii-mry Report 

F ina l  Hazards B m r y  Report, Peach Bottom 
Atomic Power S ta t ion ,  February- 1964 

TUVI- 5 R. 1. Haves, A Peel-iminary Experimental 

HW- 67224 K. W. Norwood and C. E. Wade, S’wnmary of 

HW.-SA-2287 H. W. Hancock and C. E. Jones, m e  Hanford 

Ravenswood 

Peach Bo.t;torn 

References 
__. 

1% 

4. 

5. 

6. 

7. 

8. 

9. 

S. Glasstone, P r inc ip l e s  of Nuclear Reactor Engineering, p. 794, 
Van Nostrand, New York, 1955. 

C.  P. A4shworth e t  a l . ,  Nucl. Eng., 7(75): 313 (L4ugusi; 1962). 

:I. W. Heacock and C.  E .  Jones, The HanfCord Reactor Confinement B o -  
gram, p. A-9, U W C  Report HlJ-SA-2287, Hanford Atomic Products 
Operation, Oct. 10, 1361. 

L. Ca,i-l.’nom e-i; al. , Proceedings of  Second Uni-ked Nations l n t e r n a t i o n a l  
Conference on t h c  Peaceful IJses of Atomic Energy, Geneva, 1958, 
Vol. 11, p. IO-!, United Nations, New York,-7:958. 

........ . . .. -. 

Reactor Containment Design Study Bimonthly Progress Report, Nov. 7 
t o  Nov. 15, 1960, UsAlEC Report TID-11369, 1960. 

Prel iminary €kzards Surmrg Report f o r  t h e  Dresden iNucl.ear Power 
SLation, Report GEAP-3076, General E1ec’ir.i.c. Company, Dee” 29, 1958. 

Report on &nards Analyses and Design for Containment Vessel of Con- 
sol Mated Edison Thorium Reactor, Exhibi t  K-4, Docket 50-3, Appendix 
A, August 19%. 

Final. H a z a ~ d s  s l i m m r y  Repori f o r  R i g  Rock Point  Plant ,  Vol . 2, 
Nov. 14, 1961. 

Yankee Nuclear Power Statiort  F ina l  iIaz3rris Summary Keport, Vol. 1, 
June 1, 1962. 



10. 

I1 - 

12. 

1.3. 

14. 

15. 

16. 

17.. 

18. 

19 

J. M. Smith, General E l e c t r i c  Company (,%n Jose) ,  personal coinmimi- 
cation, January 1963. 

U z a r d s  Summary Report f o r  Experimental Breeder Reactor I1 ( E B R - I I ) ,  
U%!C Report ANL-5719, Argonne National Labora'cory, M y  1957. 

Description of Developmen-La1 Fast  Neutron Breeder Power Reactor 
Plant, Report APDA-108, Atomic Power Development Associates , 
Sept. 1, 1955, 

Experimental. Gas Cooled Reactor Final I-hzards 5'unm.v~ Report , USilEC 
Xeport ORG-586, Oak Ridge Operations Office, Oct. 10, 1962. 

Final 13az9rds Sununary Report for the  RCPA Elk Iiiver Xeactor, July 8,  
1960. 

k t h f i n d e r  .Atomic Power ?l.a.nt Safeguards Report , Report ACNP-5905, 
Sec. 3, Allis-tTnalmers Wg. Co., Jan. 15, 1962. 

Pl-utoniun Recycle Test, Reactor Final %feguard Analysis, TJSAEC nepur t 
Nd-61234, €€anford Works, Oct. 1, 1959. 

SaxLon Nuclear Experimeilt2,l Corporation Preliminary €hza,rds ,%rmnary 
Report, Revised Aug .  18, 1357. 

General E l e c t r i c  Val leci tos  Boil ing Water Iieactor Fina,1 Fhzards Sum- 
wiry Report, Report SG-VAL- 2, General Elcc t r i c  f:ompally, Nov. 30, 1.959. 

C. T. Chave and 0. P. Balestracci,  Proceedings of Second United 
Nnti-ons In te rmt i -ona l  Conference on the Peaceful Uses of Atorriic Energy, 
Geneva, 1953, Vol. 11, p. 107, ITnited ITa-Lions, NewYork, 19513. 

_ _ _  lll_ll. --I_. 

20. Caroltnas-VirgLnia Ili~clear Power Pssociates,  Inc. , Final k z a r d o  L%l- 

m r y  Report, Report CVNPA-90, Dee. 15, 1961. 

21. L. M. Arnett e t  al. , Final  Hazarcia Evaluation of  Yle Heavy Water Cora- 
ponents Test Reactor (XWCTR) , Report UP.-600, E. I. du Pont de Nemoi.irs 
& Co. , Inc., December 1962. 

22. Personnel o r  the Navzl Reactors Branch U S J X ,  Vestinghouse Elec t r ic  
Corporation and Duquesne Light Company, Shippingpor-t Pressurized W3.ter 
Reactor, p. 478, Addison-Wesley, Reading, Ihss. , September 1958. 

23. Nuclear Merchant Ship Reactor Find Safeguards Report , .BIW-7.1.64., 
Vol. 1, Ihbcock R. Wilcox Co. , January 1960. 

24.  R .  J. Maccary, J. J-. lIiNunno, A .  B. Holt, and G. A .  Au.l.otto, Leakage 
Charac te r i s t ics  of S t e e l  Containnent Vessels and the  A.na.l.ysis of 
Leakage Rate Uetermj.naLioi?s, USAEC Report 'TID-20583 , May 1904, 

25. Experimental Gas Cooled Reactor Prelimi.n;ary Hazards Bxmrta-ry Report , 
USREC Report ORO-196, Oak Ridge Gperatioiis Office, bky 1959. 



7.162 

26. Report from AEC Divis ion of Licensing and. Regulations t o  Advlsory 
Committee on Reactor Ehfeguards Conccriiing t h e  EGCR, J u l y  2, 1959. 

2'7. Rober'ii Campbell, Rural Cooperative Power Association, personal  
communication t o  J. R.  Buchanan, OIU-L, Februa-ry 1963. 

28. F ina l  Hazards Smmary Hepori;, Ik~mbol.d.-t B y  Power Pl-ant, Unit No. 3, 
B c i f i c  G a s  and. E l e c t r i c  Company, September 1961. 

29. S. P. Giambra and A. J. McCrockLin, E l e c t r i c a l  Cable Pertetrati-om f o r  
t h e  Dresden Nuclear Reactor Enel-osure, Paper 59-993 presented a t  the 
AIEE Conference, Seatt l-e,  \{ash., Jime 22-26, 1959. 

31. Enrico Fermi Atomic Power P lan t  Hazards ,Summary Report, T'echnica.1 
- 
Information and Reacior Power Developmen;, Company, See. I, Vol. 3, 

U X E C  Report, NP-10458. 

3 2 .  J. J. Wej-der, B r g e n t  & Limdy, personal  communication, Jasiuary 1963. 

33. Preliminary Hazards Summary Report f o r  t h e  Dresden Nuclear Power 
Stat ion,  Amendment No. 3 by Coniinonweal-th Edison Company, Deceraber 29, 
1958. 

3L NS "Savannah" Safety Assessment, Report BAW-1203, Vol. IV, Bahcock & 
Wilcox Co., August 1960. 

35. 'T. H. Row, personal  cornnunj-cation, Apr i l  26, 1962. 

36. 0. G. Sutton, Akrnospheric Turbilencc, Meihuen and Co., Ltd.,  London, 
191+ 9. 

37. F. A. Gifford,  Jr., Atmospheric Dispersion Calculat ions TJsi-ng t h e  
Generalj-zed Gaussian Piuiile Nod.e l i  Nucl. Safety,  ...... 2( 2) : 56-59 (Decelizoer 
1960).  

38. F. A. G i f f o r d ,  Jr., Use of Routjne Meteorological Observaticms fo r  
Estimating Airnospheri c Dispersion, Nuel., Safety,  2 (  /+) : 1,'?--51 ( J u n e  
1961). 

39. T. H. Row, Oak Ridge National Iaboratory,  peysunal- communication, 
my 1, 1962. 

kl. C.  C. Wagoner, Carol7 nas-Virginia Nuclezr Power Associates,  h e , ,  
persma't communication, February 1963. 

42. Boiling Nuc1.e~~ Supeyheater (SON-US) Power Station Fi??a.i. Hazards Sm-  
mary Report, Report GmC-5, General Nuclear Engineering Corp., 
February 3.962. 



43. 

44 * 

45 . 

46. 

47. 

48.  

49 . 

50 - 

51. 

52 d 

53 " 

54. Il 

55.  

56 * 

57. 

55. 

Preliminary ,%feguards Report for the Pi qua 0rgnn-i.c 16oderated Reactor, 
Report NM-SR-3575, Noyth American Aviation, Inc., A p r i l  1959. 

Final Safeguards Summary Report f o r  the P iym Nuclcrzr Power Fac i l i ty ,  
U W C  Report NAA-SR-5608, North Arfierican Aviation, In(:., August 1961. 

Tes tbony of M. B. B i l e s ,  I3a.zard.s Eva1uati.oii T3rc?.nch, Dlvisioiz of 
Licensing and Regulations, Docket No. PP-2 (on Piqua NPF), Nov. 20, 
1959. 

Ikzards b%nrrary Report f o r  the SM-U, Report, APAE-1.3, Alco Pi-oducts, 
Illr,, , Oct. 7, 1960. 

Preliminary I-hzards Swmnary Report, Pbdega WJ ALomic Park U i i t  No. 
1, Decem-ner 1962. 

Final  iTa7,ard.s 5Ymmry Report, Hwflboldt Fay Power Plant, p .  17, B c i f t c  
Gas and E l e c t r i c  Co. 

Final  ITazards L k f m a r y  Report f o r  the IBllam Reactor, Report N U - S X -  
5700, Biorth American Aviati-on, Inc., FEpt. 22, 1361. 

P. T. Binford, USAEC Report, ORNL-TM-273, Cal i  Ridge Na'cional h b a r a -  
tory,  Aug. 23, 1962. 

F. T. Binford, Oak Ridge N a . - t i m a l  Wxxratory, personal. camiunication, 
February 1963. 

Amendaent 1-3, Addendum A t o  the Final Ihzards  ,C;wanarzry Report for tile 
Mun'ooldt Bczy Power. Plant.  

11. A. Johnson and I. Nelson, Reactor Containment Eeslgn Stucly, Beport 
SL-1868, &agent QL Lund.y, M2y 1961, 

Final  Hazards ,Summary Xeport f o r  fluelear Power Demonstration Genera- 
t i n g  S ta t  ion, U W C  Eeport NP-12166, Technical Infornat ion Service 
Extension. 

R. I. Hawes, A Preliminary Experimental Invest igat ion of -Yne Transient 
Character is t ics  of NPD- 2 Type Pressui*e Rel-tef Ducts, Canadian Report 
TDVI-5, January 1960. 

13. I. Haves, An Invest igat ion of t h e  NPD-2 FYessixee Relief Systeiii by 
a Method Involving Time Scaling, Canadian Report TDVI-7, January 1960. 

Aldo Sut-Ler, Pressure Testx f o r  E3WR Rock Containment, ?slol?~.egian 
Report LHPR-ll, September 1961. 

N. G. h m o d t ,  Proceedings of Second United Nations Internat,ional 
Conference on the  Peaceful U s e s  of Atomic Energy Geneva 1958, Vol. 11, 
p. 92, United Nations, New York, 1958, 



7.164 

59. 

60. 

61. 

62.  

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

E. Ringgeli; Aldo LSutt.x-, and P. Verstraete ,  Study of Underground Con- 
tainmeni of‘ Lhe Expe-rimmtal Nuc3 e w  Reactor POWE Plant  a t  Lucens, 
3y.i L Z P T  land, USAEC Report AEC-tr-5244, 1962. 

Chr is t ian  Beck, Engineering S’Gudy oil Und-erground Cons truc+;ion of 
Nucl.ear Power Heactoi-s, USAEC Report AECU-3779, Apr i l  15, 1958. 

E. Ringgeli  and P. Veys Lraete, Confinement of Ufldej*groud Nuclear 
Power P lan ts ,  USAZC Report AEC-tr-521@, 1961. 

M. Ii. Fontaiia, Nuel. Safe’Ly, 2 (  3) : 33 (bkrch 1961).  

Jacob Kagi, Rass. In t c rx .  E le t t ron ,  Nuel-., 6, A t t i  Congr. Sci.. Sex. 
Nucl. , I( Pt . 1) : 67-86 ( 195g]-Y-- 

Connecticut Yankee Atomic Power Comps~iy~ Prel iminary Iiazards Summary 
Report, Nuclear Power PI ant - Uni ?; Mwilber One, Ha3.lam, Connecticut,  
Docket 50-21 3, September 19G3. 

Departnent of  Water m d  Power, C i ty  of Los Angeler, Prel iminary 
Hazards Surmax-y keport, Pdalibu Nuclear P1 mt,  Unit  No. 1, Docket 
50-219, Xovember 1963. 

Prel iminary :la zaj-ds h%mmry Hepor-t of Consolidated Edison Company 
of New Yoik, ILK., Ilavenswood Nuclear Ceaerating Unit A, 1963, USAEC 
Report NP-12467, Technical I n f o r m t i o n  Service Exieiisi on, 1962. 

John Was T i i s  ki.. , Tihe c re t  i c a1 3i. 6 s e r ta  t i. on on D i f  fus ion  and Deposit i o n  
of Radioactive R w t i c u l a t e  Matter i.n Coiinection with Nuclear Powered 
Ships, p.  22, USAEC Report AECU-4138, Jan.  24, 1958. 

C. K. Beck, , U C  News Kelease S-28-63. 

W. B. C o t t r e l l ,  Nucl.. Safety,  3(3)  : 9 (bbrch 1.963). 

H. M. Pierce,  N U C J . ~  Safety,  
--.I_- 

1(L+) : 38 (J1.1~le 1960). 

EGCR Emergency Cooli-ng System Conceptual Design Study, U W C  Report 
OHlVZ CY-62-6-15, Oak Ridge Naational Laboratory, 1962. 

A. Ko l f l a t t ,  Resul ts  of‘ 1959 Nuclear Power P lan t  Contaifment Tests, 
Report SL-1.800, Sargent & inmdy, bkr-ch 1960. 



8 .  S T X U C T ~ L  DESIGX CONSIDERATIONS 

The preceding chapters of t h i s  repor-t discuss tile need fo r  reactor  
contai.mient and present t h e  t h e o r e t i c a l  consid era tGx~s  a.nd aml.ytt.ca1 
techniques fz-orn. which the basic containrrient requirements o f  design pres- 
sure and niaxixrrum al.1owabI.e Im&age r a t e  are esta'alished.. 'Vas2ous ty-pes 
of containment a:?? described. and information i s  presented on many spec i f ic  
containment system. T h i s  chapter serves t o  bridge the gap between the 
Ixi.sic contai.!mienJc reqgirernents and {;'ne corrj2leted con'ctzim~en-t system by 
presentii ig soiiie major practi-cal. consid.erations involved i n  transla-Ling the 
vecp.irem.ents i n t o  an cTficient,  economic and r.eliab3.e containment, sys-tern 
s.ui.t;able f o r  a :;p;..eific s i t u a t i o n .  

Some of the factors eorrsid.ered i n  determining the op-kimvs-i corxLaintiient 
type,  s ize ,  shape, and material  t o  meet Lhe basic cor1t;rtimrm-k reqkcements 
are diecussed, and attempts are made to j.ndica-t@ TW'W some contsimnent cle- 
si.gns are suitable for some s i tua t ions  and not  f o r  others. PJternaztc tech- 
niques of  con-t;ainment construction w e  also discussed., an& t h e  ~mst  jmpor-- 
tmt steps of ead1 ai-e ol.l.%l_lned 1 

Tlnrougghout t h i s  ChapteTS t h e  d-e-tails and the  p:e-o'nI..cm 9rea.s imtque or 
most sigriificaut; t o  conta,i.nment s t ruc tures  a r e  emphasized. There is only 
:I.imlted discussion of  those ,:ireas which, .al.tboi~.gh they mAy 'oe of ~iqjor.  im- 
pur-taice, a x  cornon t o  the engineering ;zn.crl constructfon of <:onire:d;rionsl 
structures. 

Design pressure am?. imximum allowable leakage TR.~;E are the Basic de- 
sigp requirements specified for most containment structtw.;s. However, 
particular containment designs may require tha t  o t h e r  special. cl.esrig:n re- 
qui.rements be specified,  :;ueh as the  ventlng r a t e s  for pressure--rel.Tef 
and ~re=,si~~e-oi~~ippression contairimsnent . "le bases on ~d-iicb these require- 
ments are established. a r e  discussed i n  Chapters 1~ aa.d 6 ,  In d.eterinining; 
Iiaw t o  best meet these requirements, the conf;aimnen-i; d-esigner mst CGD- 

s ider many f a c t o r s  i n  arriving a t  an opt:irnv.m contaii-tmen-i; desi.gn !?or a spe- 
cific s t t u a t i o n .  b l m y  of these f a c t o r s  and- -the e:ffect they mag have on 
the se lec t ion  of contaiirment type and. on eontail?ljilent design are d.iscussed 
i n  t h i s  seetion. TJnderlying all t'nese considerations i.s Yne objective of 
providing an ef fec t ive  containment s t ruc ture  as econonij.cally as possiSl.e a 

'The ecor,nnii.cs of containment a r e  discussed nore specifically i n  Chapter 11. 

Y 

;ti3echtel Corporation, San Francisco, C < a l i f .  'P"r,ese authors prepared 
all but  Sect ion 8.5 of this ch-apter. 

- X - . W .  S. Nava.1. Research T,aboratory. 

-F*.Wak Ridge National Labora-tory-. 
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8.1..1 S i t e  Conditions 

The loca t ion  of a r rBctor  p l a n t  with r e spec t  i o  populated a reas  m d  
load cen te r s  w i l l  have a considerable  inf luence  on t h e  degree of contain-  
ment required,  a s  discussed i n  Chapter I, and on o v e r a l l  p l an t  economics. 
I n  addi t ion,  local  s i i e  condi t ions w i l l  influeilce t h e  ty-pe of  containment 
s e l ec t ed  and may d i c t a t e  aga ins t  t h e  use of an u t h e m i s e  favorably  loca ted  
s i t e .  

8.1.. 1.1 Topography and Soj-1. Conditions -... - --I...-I ~ . - - . . . ~ ~  

The soil condi t ions a t  t he  p l an t  s i t e  a r e  important f a c t o r s  i n  de- 
te-mining the  type of foundatlon -Lo be used and i n  deciding whether t o  use 
an aboveground o r  an undergroimd design. For example, rock and densely 
coapacted soil. favor  aboveground contairmient designs because of hi.gh ex- 
cavat ion cos t s .  Dense, inncompacted s o i l  with no rock and a ground-water 
t a b l e  lower than t he  lowest excavation a,re su i - tab le  f o r  some forms of 
underground cons t ruc t ion .  Wnere a hi.gher ground-water Lable e x i s t s ,  t o -  
ge ther  wi th  graxuJ.ar soil. containing no hal-d ma te r i a l s  o r  underground ob- 
s bructions,  caisson cons t ruc t ion  techniques may be sui-La’ol-e, a s  d-iscussed. 
below. If undei-ground obs t ruc t ions ,  hard mater ia l s ,  and a s u i t a b l e  sub- 
sur face  stra.turn a re  present  wi th  a high ground-water t a b l e ,  a containment 
design compatible with the  use of p’i.lings i n  the foundations should be se-  
l e c t e d .  

forced saucer-shaped Yousidation normally used under sphe r i ca l  and cy l ind r i -  
cal- conkainment s t r u c t u r e s  i s  readi1.y adapted t o  such s i t e  conditj-ons. 
Other aboveground eontai.nment s t rucLwes  t h a t  do not  r e q u i r e  much excava- 
t i o n  a r e  a l s o  su i t ed  t o  t hese  ground condi t ions.  S i t e s  with dense s o i l  
containing l i t ’ i l e  or no rock and a. low ground-water Lab1.e a r e  t h e  most 
suiLable f o r  underground contahnen- t  s t r u c t u r e s  requi-ring d r y  concl i t i o n s  
for erec~t ion ,  s ince  excavation cos t s  are rninimri.zed wi th  these  condi t ions .  

Granii1.a-r s o i l  and a high ground-water tab1.e may favor an imdergmund 
con-taimnen’i. s t r u c t u r e  b u i l t  us ing caj-sson cons t ruc t ion  tecbniques, as il- 
l u s t r a t e d  i n  E’igs. 8.1 through 8.5. A caisson i s  sunk in- to  t h e  ground i n  
such s o i l  by using a c l a m h e l l  or similai-  excavating equipment t o  remove 
ground ma-tei>ial. through the ca isson .  The wat.ery, g ranular  s o i l  condi.tions, 
assis’ced by water je-ts, crea-te a flow of material- i n t o  t h e  excavated region 
from around t h e  ca isson  per iphery.  A s  t h i s  m a t e r i a l  flows toward t h e  ex- 
cavat ion from inndcr the  ca isson  w a l l s ,  t he  ca isson  sinks i n t o  t h e  ground. 
If hard mater ia l s  o r  underground obs t ruc t ions  axe present ,  they w i l l  j.n- 
crease  t h e  cos t  and ma.y even prevent  t h e  s inking of caissons,  so o ther  
designs should be considered. 

S o f t  s o i l  with a high ground-water t a b l e  and subsurface hard strata 
o r  obs t ruc t ions  a r e  conditi.ons f o r  which pri.1 e foundations should be con- 
s idered .  Fla-t-bottomed containment s t r u c t u r e s  a re  most e a s i l y  b u i l t  on 
p i l e  foundations (F ig .  8 .6) .  A sphere or a cy l inder  with an e l l i p s o i d a l  
bottom head can be adapted t o  p i l e  founda-Lions e i t h e r  by v-arying t h e  cut-  
o f f  e leva t ions  o f  t h e  p i l e  t o  conform t o  t h e  contaixmient contoui- ( F i g .  
8.7) or by bu i ld ing  a subs t ruc ture  on top of  the pilings (F ig .  8.8).  

Rock and dense s o i l  have good 1-oad-carrying c a p a b i l i t y .  The imrein- 
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Fig. 8.1. Caisson Bottom Cutting Edge a t  Humboldt Bay S i t e .  

Fig. 8.2. Liners 3nd Reinforcing S t e e l  for Lower L i f t  a t  Humboldt 
Bay S i t e .  
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Fig .  8.3. I n i t i a l  Sinking of F i r s t  L i f t  a t  Hmboldt  Bay S i t e .  

B 

Fig .  8.4. F i n a l  Sinking of F i r s t  o f  Six L i f t s  a t  Hmboldt  Bay S i t e  
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id 

Fig. 8.5. Bottom Tremie Concrete Placed and Vessel Dewatered at 
Hmboldt Bay Site. 

Fig. 8.6. Flat-Bottom Containment Structure on a Pile Foundation. 
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Fig. 8.7. 
Cutoff Elevations. 

Curved-Bottom Containment Structure with Varying Pile 

Fig. 8.8. Curved-Bottom Containment Structure with Substructure on 
Top of Evenly Cut Piles. 
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If the si-Le has s o f t  o r  granu1.ar s o i l  and a su i tab le  subsurface s t ra . -  
turn, a partial2.y underground containment structure: founded on the sub sur-  
face stratum m a y  be t h e  most economical. choice (F ig .  8.9). 
bo.ttom of the  contairment s t ruc ture  o r  the foimda,trion may have a ring ex- 
tending horizontal ly  oitsi .de the conLainment wa.I.l..s. Tinis r ing  i s  cove-red 
with b a c k f i l l ,  t h e  weight of  wh.ich heam on the  r ing  wict counteracts buoy- 
a ~ t  forces on t h e  containment structuxe. A h i g h  ground.-water t a h l e  o r  
a r t e s i a n  aquifer  creates a large buoyant force while decreasing the  effec- 
t i v e  weight of the  back.fi 1.1. Under such groimd-water conditions a. l.arge 
r ing  i s  required t o  prevent .tine containment vessel from buoyan-Lly r i s i n g  
i n  the ground. 

Either the  

r- 
SOIL TENDING 
TO HOLl) VOWN 
CQHINTAPNMENT 

8.1.1 a 2 Meteorolom and Hydrology 

T'ne design s tudies  of aboveground containment structwres must include 
corisideration of  the meteorological phencmena that  w i l l  a f f e c t  '00th the 
dispersion of micontained radioact ive material-s and. the s t r u c t u r a l  design, 
the  l a t t e r  i n  a roanner simiLxr t o  more conventional s t ruc twsl .  d.esi.gn con- 
s idera t ions  - The coi-kaiiunent system must meet Uie design leakage r a t e  re-  
quirement, which i s  p a r t i a l l y  dependent on s i t e  lrneteorological conditions , 
and it must be designed f o r  and  protected Prom weather phenomena such as 
rain,  snow, wind, and. thermal conditions t h a t  miglit be expected t o  occim 
during t h e  l i f e  of the system. Ijn some cases, the st ructu-al .  design re- 
quirements imposed by these natural1.y occurring condit3.ons may be more 
si.gnif ica.nt than those imposed by the pressure and temperature conditions 
postulated under the  maximum credible  accident condikions. 
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~4.1_-ihou.gh Lhe s p e c i f i c  local. codes I-egal ly  i n  force  shoii.1.d- be con- 
su l ted ,  t h e  probable local requirements m a y  be esti.mated by the iise of  
t h e  following information extract ,ed from t h e  Uni.form Building Code, 
has been adopted as t h e  l e g a l  code of  rriaily local j u r i s d i c t i o n s :  

.which 

Sec. 2303 ( i n  .... ̂-- part) 

"Wind and earthcyzake loads need not  be assured. t o  ac t  simu.l_- 

Xec. 2305 ( j.n p a r t )  ____ 

"\Tiere snow l oads  occur, t h e  roof  stl-ucture shall be designed 

s e e .  2307 ( i n  ? a r t . )  

" ( a )  General.  
t o  w i t h s i m d  the  mi.niviurn. ho r i zon ta l  p ressures  s e t  f o r t h  i n  
'i'ab1.e No. 23-C [Table 8.11, al.l.owing f o r  wj.nd from any d i r ec -  
t i o n .  The vi.nd pressures s e t  forth i n  T a b l e  No. 23,-C a r e  m i . n i -  
mim va3ues and s h a l l  be adjusted 'by the Building O f f i c i a l  f o r  
a reas  subjec ted  'LO 'nigher wind pressures. :4hen t h e  farm fac-  
Lor, as determined by m.nd buninel " i s t s  01" o the r  rrecogilizec! 
methods, indica-tes ver.tica.1. o r  hoi-izonta?. loads o f  l e s s e r  OT 
g r e a t e r  severity- than  those produced. by -the loads herein speci-. 
f i ed ,  t he  roof s-Lructui-e may be designed. accord-ingly. 

t m e  ous 1.y. I' 

f o r  such loads as deter!iirii;ed by t h e  Buil-ding O f f  ictal..  . 'I 
_I_I___c.-__-_. 

Buildiilgs o r  o ther  s t r u c  Lures shall. b e  designed- 

L 

Tab1 e e .  1 . RecommendeL Minimin AI lowabl e Tdinrl Presbilres 
f o r  Various Height Zone 3 Above Ground" 

Minimum Allowable HesiLLtant Wind Pressure (psf) 
a-t Incii c a'c e 13 He igh tC Al1owahJ.e Xecul.tant 

Wind Pressure ai; 30 
f t Above G r  ou.i?clb 

_-. ......... _ _ _ _ ~ . . . _  ..-__ ..... 

30 t o  50 t o  100 t o  500 t o  1.200 fi; 
(Ipsf) <33 ft  49 f t  99 f t  499 ft 1.199 f t  and over 

20 15 20 25 30 35 40 
25 20 25 30 40 i+ 5 50 
30 25 30 40 45 55 60 
35 25 35 45 55 60 0 
40 30 40 50 60 70 80 
45 35 45 55 70 80 90 
50 40 50 60 75 90 100 

"Rased on Tah1.e 23-C of r e f .  1 ;  p .  102.  

Fig. 8.10. Row ii? t a b l e  should he se l ec t ed  t h a t  corre-  
sponds t o  Lhz al.lowa'ule r e s u l t a n t  wind pressw-e ind ica ted  for t h e  
par'cicuLar l o c a l i t y  being considered. 

'These requirements do not provide for tornadoes.  
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"(b)  Wind Pressures. Roofs of a l l  buildings o r  other s t ruc-  
t u re s  s h a l l  be designed and constructed t o  withstand pres- 
sures, act ing upward normal. t o  t he  surface, equal t o  one and 
one foiDth times those specif ied for  t he  corresponding height 
zone i n  which the roof i s  l..ocated. The heright i s  t o  be taken 
as .t'ne mean height of t he  roof s t ruc ture  a,?iove the  aTrera.ge 
I-evel of  the ground adjacent t o  the building o r  other s t ruc-  
t u r e  and the  pressure assumed on the e n t i r e  roof area. 
" ( e )  Roofs with Slopes Greater than 30 Degrees. Roofs or" sec- 
t i ons  of  roofs wi.tb slope:: g rea te r  than 30 degrees shall be 
designed and constructed .Lo withstand pressures, act ing inward 
normal t o  the  surface, equal t o  those specif ied f o r  the hei-ght 
zone i n  which the  roof i s  located, and applied t o  t h e  windward 
slope only. .............................................................. 

( e )  Anchorage Requi.rement,s. Adequate anchorage of t he  roof 
t o  walls and colu~[ms, and of walls and colimis t o  the  founda- 
t ions  t o  resist  overturning, upl-ift ,  and s l iding,  shall. be pro- 
vided i n  a l l  cases. 
"(f) Sol.id Towers. C'nimneys, tanks, and so l id  towers s h a l l  be 
designed and constructed t o  wi.Lhstand the pressures as speci- 
f ied by t h i s  section, xul.tiplied by the  fac tors  s e t  f o r t h  i n  
~ a b i e  NO. 23-'1) [Table 8.21. .............................................................. 
" (  i) Moment o f  Sta ,bi l i ty  (De: ign) . 
culated from the  wind pressure shall i n  no case exceed two- 
t h i r d s  of the  dead load  resist:i.ng moment. 

T'ne wei.ght of ear th  superimposed o w x  footings may be 
used -Lo ca,lculaf;e Yne dead Load resisting moment, 

( j )  Combined Wind and Live Loads For t he  purpose of de- 
termining stresses a l l  v e r t i c a l  design loads except t he  
roof 1 - i ~  load and crane loads shall be considered as aet -  
iag simultaneously with the  wind pressure. I '  

The ovevturning moment cal-  

In  tornado areasp o r  i n  other areas  of a'onormal or especial ly  severe wind 
conditions, addi t ional  special  provisions may lie required. Figure 1 and 

Table 8.2 I IduLtiplying Factors for Obtaining 
Allowable Wind ,Uressu.res on Cl'nimeys, 

Tanks, and So1.i.d Towers" 

Mu1 1; iplyinq 
Factor 

Horizontal Cross Section 

Square or  rectan,gular I-. 00 
Hexagonal or  octagonal 0.80 
Round or' e l l i p t i c a l  0.60 

"From ref. 1, p.  103, Table 23-D.  
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Tables 23-C and 2 3 - D  Prom The Unifo-nfl Building Code a re  reproduced here 
as Fig.  8.1.0 and Tables 8.1 and 8 . 2 .  

Underground contaimflsnt sy-stems must also have a maximm a1lowabJ.e 
leakage rats commensurate with 'che permeabili-Ly o f  the s o i l ,  t he  ground.- 
water veloci.ty and directi-on, asid the proximity of t he  cont?inrikc.nt system 
t o  faci3.i-ties u l t imate ly  involved with l i m n  ac t iv i - ty .  Underground sysLenis 
must be desi..gned t o  withstand - h e  ground-water, s o i l  pressure, and subsix- 
race  corrosion conditions.  Again, the normal. s-Lructural requirements of 
underground. containinent systems m y  exceed tliose imposed by the prep  ,,,,ure c 

and temperatui-e conditions pos tu la ted  under the  maxfmm credib le  acc ident .  

Fig. 8.1.0- ,4llowable SesulLant Wind Pressures i n  the  United S t a t e s .  
(Prrori Uniform Building Code, ref. 1, Section 2307, p. 102, Fig, 1.) 

The degree of seismic ac t iv i ty-  i s  a s i t e  charac-beyistic o f  particul-ar 
concern i n  the design of containment s t ruc tu res .  During a.n earthquake, 
in'cense latera3. loads can he imposed on a containment struc-t,ure a-t -the 
same time t h a t  there  i s  a l s o  an increased p o s s i b i l i t y  of damage t o  the  
r eac to r  system, so t h e  i n t e g r i t y  o f  'ihe containment system i s  pa,rticu- 
1a1-1-y important. I n  areas of  high seism3.c a c t i v i t y ,  il; i s  essentri.a.1. that 
t h e  poss ib le  effects of  earthquakes on t h e  containment s'cructure be as- 
sessed and t h a t  su i t ab le  design f a c t o r s  be used tha t  will assure a very 
low p robab i l i t y  of  clamage from earthquakes. Even i n  a.reas of re1atj.v-e 



8.11 

seismic s t a b i l i t y ,  consideration should be given -to possible l a t e r a l  earth- 
quake loads on containment s t ruc tures .  In some instances, se lec t ion  of 
t he  s i t e  may be dependent on the earthquake hazard. Section 100.1O.C.1 
of Part 100, Reactor S i t e  Cr i te r ia ,  'Title 7.0, Code of Federal Regul.ations, 
s t a t e s  t h a t  a rea,ctor should not be located within 1/4  mile of a known 
act ive faullt l i n e .  

rences arc matters t h a t  a r e  beyond the scope of t h i s  report .  It; i s  there- 
fore  important t h a t  a seisnologis t  who i s  thoroughly f a m i l i a r  with the 
charac te r i s t ics  of  t he  s i t e  being considered be enqloyed t o  provide a se i s -  
mic anal-ysis, includ.ing determination of the expected probable maximum. 
l a t e r a l  earthquake load in tens i ty .  

Dui-ing an ea.rthqua.ke, the  base of  a s t ructure  i s  moved by the  ground 
both horizontal ly  and v e r t i c a l l y .  Tlie horizontal  novement i s  uswally the 
more intense component, and it general.1.y causes more severe s t ruc tu ra l  re-  
spofises than does the  ver- t ical  ground notion. The ver-Lical component 
usual ly  can exci te  only inconsequential o sc i l l a t ions  i n  very ta1.l s t ruc-  
t;u.res. Only i n  special  circumstances i s  consideration of t h i s  v e r t i c a l  
motion required for con.tainment systems. 

during an earthquake e 

t h a t  the  sbructure can safely withstand t h i s  l a t e r a l  acceleration, or ap- 
p a r m t  force, which i s  comrionly expressed as a f r ac t ion  of the  gravi-La- 
t i o n a l  acceleration, g.  The ovei-all response of a s t ruc ture  t o  an earth- 
quake mot,i.on of a given in t ens i ty  depend-s upon .the inpedence matching of 
layers  of earth,  t he  s t ruc t .we ' s  v ibra t iona l  charac te r l s t ics ,  and i t s  in- 
hereEt damping qua l i t i e s .  Rigid. s t ruc tures  e s sen t i a l ly  move with {;he ex- 
c i t i n g  ground motion, experiencing the  same lateral accelerat ion.  Contain- 
ment s t r u e  t ur e s ar e typ i  c a l l y  r i g  id ,  having m-clamped na tura l  v ib ra t  i onal 
periods less than 0.5 sec, a.nd should be designed t o  sa fe ly  withskand tine 
probable maximmi seismic grotmd aceelerat ion.  
tainment s t ructures  should i.ncl.ude (1) determination of t'ne m x i m u i  prob- 
able 1.atera.l earthquake force, ( 2 )  effec-ts o f  ac tua l  earth movements, 
(3 )  calculat ions of  t h e  undamped na tura l  Frequency of the s t ructure ,  i t s  
in ' iemals,  and adjacent s t ructures ,  ( 4 )  s p a t i a l  n.i-ra,ngement ox- bmcing of 
the containment s t ruc ture  czpd other s t ruc tures  t o  prevent ui1d.es:j.n.abl.e i n -  
t e r ac t ion  du:ri.ng earthquakes, (5) de-bermination of t;he required s t rength 
of t h o  contalirm-ent vessel. t o  safely wi.t,hsta.l?rl base shear and moment forces 
resu l t ing  from seismic ~.oad.s, (6) invest igat ion o f  the  res tor ing  mnmient of 
khe conta.inment s t m c t u r e  and i t s  foundation t o  rresi.st overturning ef fec ts ,  
r,nd (7)  design of the  corltainment slie11 t o  r e s i s t  possible horizontal  to r -  
s iona l  moments. 

Code2 incorporates paragraph UG 22 o f  Section VI11 ( r e f .  3) which defines 
t h e  I_oa,dings, including seismic loa.di.ngs, t h a t  must, be considered. i.n t he  
d.esign of  a. contairment vessel. However, ru les  f o r  design are riot covered 
spec i f i ca l ly  within the  ASP43 Code. The aseismic design must be checked 
aga.ins-t t'ne provisions of appliea.ble l o c a l  building codes. Local codes 
es tab l i sh  legal. minimmis t h a t  must be provided fo r  i n  designs. The Uniform 
Building Code" i s  a widely accepted, typ ica l  example o f  such a document. 
Tn general., i.t requires t h a t  s-tructures be designed t o  sa fe ly  wiLhstand 
seismiea.l..l.y induced base shear a,nd moment forces t h a t  depend primarily 

The nature of earthquakes, t h e i r  causes, and t h e i r  probab1.e occur- 

The base of a s t ruc ture  b u i l t  on f i r m  ground w i l l  mve  with the  ground 
TZle pr inc ipa l  design Consideration i s  t o  assure 

The aseismic des:ign of con- 

Paragraph N-11.11 o f  Section TIT of the  ASME Boiler and Pressure Vessel- 
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on the  t o t a l  m a s s  and undamped na tu ra l  frequency of -the strructwe. Seis-  
mic forces  may be modified, according t o  the  Uniform Building Code, i n  
recognition of  3. s.bructix-e's intend-ed usage and t h e  se i smic i ty  of 'ihe 1.0- 
ca t ion  under consri.deration. 

The Ihunboldt Bay plant was b u i l t  i n  an a rea  of re]-ativel-y high s e i s -  
mic a c t i v i t y .  Over the  l a s t  275 yesrs,  nine shocks occurred t h a t  r e su l t ed  
i n  maxi.mum ground acce lera t ions  of 0.25 g a t  t h e  p l an t  s i t e .  Consequen'dy, 
the containment system was constructed t o  s a f e l y  withstand a 0.25-g l a t e r a l  
acce le ra t ion .  The TJniform Building Code wou3.d requi re  a b i l i t y  t o  withstand 
a m%ximum lateral..  design acce lera t ion  of 0.15 g i n  t h i s  ins tance .  

For conceptual. s tud ies  of containment s t ruc tures ,  t h e  eawthquake 
hazard f o r  a par t icu la . r  l oca t ion  can be estimaked from information pre- 
srnked i n  the  Uniform Buil-ding Code and from an estimabe of t h e  probable 
maximum l a t e r a l  acce le ra t ion .  
ing Code, ind ica tes  zones i n  t h e  United- S-bates of approximately equal 
seismic probabi.l.ity, and t h e  following tabula t ion  presents coe f f i c i en t s ,  

Z; 
i n  consideration of  t h e  frequency of earthquakes of engineering s i g n i f i -  
cance: 

E'igure 8. ].I., taken from the  Uniform Mi-1.d- 

f o r  rnodi-f'ying the  probable maximum I.ateral. acce le ra t ion  i n  each zone 

Z, Zone 
Zone Factor 

0 0.25 
1 0.25  
2 0.5 
3 1.0 

.______l 

I n  -the absence of more exact information, the probable rn.axiinum l a t e r a l  
acce le ra t ion  may be assumed t o  be 0.33 g. 'Phis represents  Lhe s t ronges t  
griiimd a c c e k r s t i o n  ye-L recorded i n  the Uflited S ta tes  ( E l  Centro, Ca.l.i- 
f o m i a ,  May- 18, 1940) and i s  usua l ly  considered t o  be t he  probablc m a x i -  
mum l a t e r a l  earthqua.ke force  i n  highly seismic a reas .  Thus the maximuai  
base shear force  i.n a containment vesse l  due t o  earthquake 1-oading ris 
-bhe product of t h e  zone f ac to r  given above, the acce lera t ion  o f  0.33 g J  
and the mass of the  s t r u c t u r e .  M a x i n n n n .  bending momenks can be computed 
i n  accordance with the  Uniform Building Code. W%ile t h i s  procedure may 
not provide an accurate indicati-on of t h e  maxi-inum earthquake forces  oil 
a s t ruc tu re  i n  a p a r t i c u l a r  area, i n  most, cases it w i l l  pi-ovide '2 con- 
ser-va.tIve estimate and i s  considered adequate f o r  concep'cual design. 

thorough discussion of t h e  e f f e c t s  of  ear-khquakes on nuc1.ear power p l an t s .  
This reference should be consul.ted f o r  add i t iona l  information on seis-  
mol.ogy and f o r  more exact earthquake design procedures. Housner' s paper, 
i'13eslgn of Nuclear Power Reactors Agains i; Ean-thquakes, ' I 5  pi3esents sirnil-ar 
information. 'There i s ,  a t  present,  no genera l ly  applicable code f o r  speci- 
Q+ng Lhe earthquake r e s i s t ance  of nuclear r eac to r  eon ta imen t  systems, 
but; work i s  proceeding i n  t h e  Amer.j.can Nuclear Society, unde:ta t a s k  numbel- 
ANS-7 .'72, Earthquake Design Cri-teria, of subcornflittee APE-7, Niucl.ear Re-, 
ac to r  Coraponen-Ls, t o  def ine  t h i s  a rea  more accurately and possibly, i n  
the flitme, t o  i s sue  a standard covering seismic design of contai-nment 
s t ruc tu res .  

hi AFL repor t ,  "Ruclear Reactors and Ear.tiiqiiakes, ''' presents  a more 
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8.1.2 Containment Envelope Boundaries 
.-__c_ 

For s o l i d  ~"clel r eac to r s ,  t he  r e l a t i v e  q u a n t i t i e s  amd concentrat ions 
of  rad ioac t ive  materia1.s 'ihat must be con'iained a r e  l a r g e s t  wi th in  t h e  
envelopes formed by t h e  f u e l  cladding and decrease wi th  t h e  successive 
surrounding coolant  f l u i d  and containment envelope boundaries.  The sources 
o f  -these r ad ioac t ive  ma te r i a l s  consist ,  both o f  materia1.s generated or 
or ig i r i a l ly  placed wi th in  tha t  p a r t i c u l a r  envelope boundary aid those -t;iia,t 
may have escaped. from a p:eeccdi.ng envelope containing a higher  concentra- 
t i o n  o f  r a d i o a c t i v i t y .  Fa i lu re  of  any boundary t o  conta in  these  mater ia l s  
wi.J.1 result i.n t h e i r  r e l e a s e  t o  a subsequent eiivel.ope o r  'io t h e  envi-ron- 
ment. Therefore, a contai.nment system must encompass a l l  a r eas  i n  which 
a s i g n i f i c a n t  quan t i ty  of r ad ioac t ive  ma te r i a l  i s  placed or generated,  
including all preceding higher  concentyation envelopes t h a t  may be  sub- 
j e c t  t o  f a i l u r e .  " s ign i f i can t  " means t h a t  amount which, 
i f  released t o  khe a'iniosphereJ could cause radioacti-ve m a t e r i a l  concen- 
t r a t i o n s  high.er -Lhan those 3l.J.owcd by e x i s t i u g  regul.ations.  

The p r o b a b i l i t y  of f a i l u r e  o f  any p a r t i c u l a r  component o r  b a r r i e r  i s  
norrmlly much l a r g e r  for s t r e s s e d  o r  working components than ik is f o r  un- 
s t r e s s e d  or  s t a t i c  components. Since -the containment system i s  t h e  3.ast 
barrS.ey t o  the uncontrol led r e l e a s e  of s i g n i f i c a n t  qiian'Lities o f  raclio- 
a c t i v e  m k e r k l s ,  i t s  boundaries a r e  preferabl-y placed outs ide  Llie i n f l u -  
ence o f  process-induced s t r e s s e s  where, except f o r  acc ident  loadings,  i-t 
i s  subjec t  only t o  normal s t r u c t u r a l  and environmental s t r e s s e s .  

'The considerat ions discussed above tend t o  defi.ne t h e  boundarri e s  o f  
t h e  conta.iaTent systein and t h e  specj-f ie  items o f  equipment which liiust be 
enclosed. This equipmeni; always incl-udes the r e a c t o r  core, reackor ves- 
seJ., and pri.mary sh ie ld ing .  It may 02 may not include t h e  e n t i r e  primary 
cool.ing . f luid c i r c u i t ,  addi-Lional shieldi-rig, numerous a i a i ~ l i a r y  f ac i - l i -  
ti.es, e l e c t r i c  power genera t ion  equipment7 and spent  f u e l  h m d l i n g  and 
s torage  f a c i l i t i e s .  

'i'he ex ten t  t o  which the p r i m r y  system i s  contained w i l l  depend. on 
t h e  type of r eac to r ,  t h e  economics o f  including var ious  cor~pcjneiit,~, t h e  
degree of rad ioac t ive  ma.teri a1 contaminant a l . l owed  i n  t h e  F l u i d  during 
noriml operation, and t h e  degree of  r ad ioac t ive  malerial  r e l e a s e  allow- 
ab1.e f o r  the s i t e  under cons idera t ion .  'kus, t he  containment system for 
an indirect-cjic1.e pressur i  zed-wa-Ler yeactor  u sua l ly  encloses  the en'iire 
nrtimary coo3.anL 1-oop and re3.aLed equipment, bu t  the containment system 
for a d i re&-cycle  boi l ing-water  reac-Lor does not  usual3.y e m l o s e  the 
mati? turbine-generator  equipment, which is an integral  p a r t  of t h e  p r i -  
mary coolant loop. 
r e s t r a i n t s :  t h e  ,system niust be provided with valves capable of cl.osing 
the primary coolaiit pen?traii.ons of t h e  con'iai.ment system, and the 
rad ioac t ive  ma te r i a l  contenb of  t he  primary coolant; must be maintaiiled 
a-L s u f f i c i e n t l y  low l.eve7.s khat it would not  cause r a d i a t i o n  problems i f  
it were d?.spersed -to t h e  environment under acc ident  condi t ions.  Relia,nce 
on such operatioim.1 equipmen; f o r  pub l i c  p r o t e c t i o n  for p l a n t s  i n  c lose  
proximity t o  r e l a t i v e l y  l.arge popul.ation centers  is, of  course, sub jec t  
t o  more stri-ngent r egu la to ry  r e s t r i c t i o n s  . 
t i c s  are dependent upon whet'ner or not  decay heat  eo1il.d cause fuel. meltdown 

By d e f i n i t i o n ,  

However, such a sysi;erti n u s t  inc lude  two add i t iona l  

Contai-nment requirements f o r  spent f u e l  handling and s torage faci1.i- 



and subsequent; re lease of gaseous f i s s i o n  products. Wet refuel ing and 
fuel storage schemes, whe1-e the  fue l  i.s continual-1.y submerged imd.er a 
cooling l i cp . id - ,  a r e  usmially f r e e  from meltdown consldera,tions Dry re- 
fuel ing operations usuall-y must be conducted within a containment system 
because of t he  greater  poss ib i l i - ty  of fuel meltdovm i n  the event o f  
equipment fa. i lure.  However, since such an accident d.oes not possess the  
energy t o  produce high pressures, the  type o f  con-t;ainmen.t provided for 
t h i s  purpose my be d i f f e ren t  and. niay .i_nvoI.ve sepa,rate f a c i l i t i e s .  

s-Lructure include: (1) reduced personnel exposure to ra.dio.zctive and. 
po ten t i a l ly  da.ngerou.s a.reas3 ( 2 )  reduced internal- shielding and a i r  lock 
access requirements as a r e s u l t  of  reduced personnel access, (3) easy 
acc e s s ib  i l i t y  t o  e qu.5.pmen.t rem ining out s ride the  cont a-inmcnt struc t w  e, 
( 4 )  redii.ced congestion during construction because thc areas f o r  the  I@- 
ac to r  and t w b i n e  faci-l-i-ti.es a re  separated, and (5)  rflorc flexibn'.lity i n  
the  construction schedule since the  containment vessel  and turbine erec- 
t i o n  programs may be conducted ind.epenilent1.y. 

In contrast ,  the  advantages of placing most of  -the equipment within 
the containment s t r u c t w e  include : 
envii-ons, since more radioact ive components axe located within t h e  struc- 
ture ,  (2 )  shorter piping runs between various p l an t  cornponerhs, agd (3) 
elimination of many pipi-ng a n d  co:ntrol. penetrations tlnrough the contain- 
ment .vessel wall. 

P1xement of equipment within the  conta.i.tment s t ruc  t u x  el.irrrina"ies I 
i n  many iilstances, penetrhtions fo r  process l i nes ;  on the o the r  hand., it 
may increase .Lhe number of  control  and i n s t r v m e ~ t  penetrations f o r  opera- 
ti.on of t'ne equipment. Consequently, pl-acernent within o r  without the con- 
-tai:ment vessel may be considm-ed a3n ahan tage  o r  disad.vantage depending 
on t h e  relat5.v-e leak t ightness  required axd. on the e r f ec t  of placeitleiit on 
-Lhe expected r e l - i ab i l i t y  of operation of  t'ne equiprren-t;. 

A s  shown i n  Table 8.3, a l l  indirect-cycle  nuclear power p lan ts  built; 
t o  date i n  the United. States,  including liquid-metal- and gas-cooled 
plants ,  have t he  elntire -pirnary coolant, loop, includi.ag the  hest, zxchmgers, 
enclosed within the  containment system. Most U.S. p lan ts  have hhe twb ine -  
generator f ac i l - i t i e s  outside of  t he  contaiment s t ructure ,  even t'ilo~gh 
t h e  turbine may be an in t eg ra l  pa r t  of t he  primary coolant loop, as i n  
the  ca.se of direct-cycle  nuclear p lan ts .  
exceptions t o  t h i s  l a t t e r  point ;  however, both a r e  developmenta.l- f a c i l i -  
t i e s .  

The advantages of 1.i.miti.ng the  equipment wi.thin the contalinment 

(1) somewhat gyeater saPety t o  the 

'The BOXUS amd EBWR p lan ts  a r e  

8.1.3 Plant Layout and St ruc tura l  Considerations 

Since the  cost  o f  a containment system w i l l  'oe proportional t o  the 
quant i ty  and cost; of materials and labor required, the s ize ,  shape, and 
materials should be chosen t o  minimize these items. 
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Table 8.3. ISq~ ' . p~en t  Iter$ h c l - o s e d  Within t h e  Containriient Sys Lems 
of Various Power Rcactors 

Heat 'Lurb ine- F u z l  
Fxchanger Gene-ator Stoyage 

Reactor T;rpe k m e  Reactur 

Tndir e c t - cyc 1 e water - S l i i q  i ngpor t  X X 

coolec?. r e a c t o r  YadKi-e X X 

Ind ian  P a i n t  X X 

Direct-cycle wa Lei-- l23m X X X x 
cooled r e s c t o r  €Iw.boldt Bey X (a) (b) 

BCNUS X (a) X 

Bi_g Rock Po?nL X (,I) X 

Combination direct- and Dresdei: 
indirec t-cycle waLer- 
cooled r e x t c r  

Lj-quid-met-1 -cooled !'e rrr i. 
T eact or II:1llm. 

X X 

X X 

X X 

Gos-cooleii reac tor  FGCR X X 

P c x h  B o t t o m  X X (b ) 
.. _I___ ......... .. ____I__ ......... ____ 

c3NoL appl icable .  
'0 Fuel storngi. s n d  shipneizt op@i*a;ioiis coni?uci,eii i n  s e p a r a t e l y  

conf i ncd spacer:. 

assumed fo r  the  
tile containrncnt 
absol-Ute pressure.  

8 . l .3 .1  Size 

For a given temperature and quant i ty  of  atmosphere 
design accident condition, increasing the  n e t  volume o f  
vesse l  resul-ts i n  a propor-Lional. decrease i n  t h e  desi.gn 
This w i l l  resul'c i n  a reduced vesse l  w a l l  thickness,  s ince  the pressure 
decreases with the  t h i r d  power of t he  1.ineai- dimension increasz, whi 1-e 
the thickness required f o r  a given pressure increases on1.y with the f t r s t  
power of  the  dimensional increase.  However, s ince  the weight of  s'ceel. 
required increases both with the wzl l  thickness and. with t'ne surface area, 
which increases with t h e  second power of t h e  l i n e a r  dlirrtension increase; 
t h e  t o t a l  weight of steel.. remains a,pproxi.mately cons-Lait f o r  t h i s  idea l ized  
case of constant gas quanti-ty. 

o f  s t e e l  required. decreases s l i g h t l y  with decreasing volume because, a t  
t h e  hrigher pressure, vaportzation o f  water i s  suppressed so t h a t  t he  
quant i ty  of gas i s  not constant and. t he  pressure increase i s  not d i r e c t l y  
proportional t o  'ihe volume decrease. Conseg-uently, it is commonly accepted 
t h a t  t he  minirnl;lm cos-t f o r  sphe r i ca l  o r  c y l i n d r i c a l  s t e e l  vessels w i l l  occur 
a t  m i n i m u m  vo'l.ume, provided t h a t  t he  maljor cos t  i s  associated wi.t'n pro- 
curement of  t h e  s t e e l .  However, t h e  waI1 thickness iacreases  with de- 
creasing vol.urrie and, f o r  w a l l  thicknesses above c e r t a i n  spec i f ied  values, 
t he  ASME code for s t e e l  pressure vesse ls  requi res  postweld heat treatment, 
which is a n  expensive and diffricv.1.t; f ab r i ca t ion  procedure when done i n  the 
fie1.d. For soitie designs, postwel.ding hea t  treatment would be d-estructi-ve, 

It has been shown,' however, t h a t  f o r  most acbual. cases, t he  wei.ght 
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since the vessel. woul.d collapse under i t s  own weight i f  heated t o  the  re- 
quired temperature. The minimum total. cost  point  usual ly  occurs w:i.th the  
minimum vol.ime vessel  having field-made welds t h a t  do no-t require  post- 
welding heat treatment. 

i n  the c o n t a i m m t  dTmensions will also reduce t b e  quantity of shielding 
material- and s t ruc tu ra l  supports reqinired a.nd thereby reduce a r e l a t ed  
cost  i t e m .  

A reduction i n  the  containment vessel diamete:t= by the  use of multiple 
vessels usual ly  does not reduce the anount of mater ia l  required., simee the  
decreased v o b n e  per uni-L length of vessel makes a. compensating increase 
i n  the nuwiuer or length of vessels  necessary, The a,dditioiial probl.eins a n d  
costs associa'kd with connecting ducts, especial ly  those caused by YnermnL 
expansion of t he  vessels,  m a k e  such rc?ultiple-vessel contaj.mrtent systems 
i-el.at ive1.y unat;tracti.ve. HOT.TW~T, as reactor  p1,m-t sizes increase, the  
economic l . i : m i t  of w i n g  the  rmxiwnun w a l l  thicknesses without f i e l d  post- 
welding he a t  t r ea t  men3 may make mid t i p l e  - ve s s e l  c on t a imfien t s ys t erns b ec o m  
r e l a t i v e l y  inore a t t r ac t ive .  Tne Shippingport reactor  containmenl; system, 
constructed p r io r  to t h e  bu1.k of t he  ex is t ing  single-vessel containment 
system ex.perience, i s  a x  exsmplc of a, muLt,iple--\ressel. system having sepa- 
ra te ,  connected containment vessels  f o r  the reactor,  f o r  e ~ c h  o f  two s t e m  
generators, and. fo r  auxi l ia ry  equipment. '7 
i.n Chapter 7. 

ness by t h e  requirements f o r  f i e l d  postweld.ing heat -t-u.eatmenl; ant i  t ' hm are 
a t t r a c t i v e  for large reac tor  p lan ts  because greater  loads per mi-t wall 
7.eng-t'il can be used t1ia.n may be p rac t t ca l  with s t e e l .  Concrete vessels 
RE even more advaii-tageous i f  contsirment s h i e l d h g  i s  yequired, since 
tlie containment; and shielding -functions cax be combined (see Sec 

se l  must be designed. f o r  t he  e n t i r e  energy release from the  prirnary system 
i n  the  event of  an accident.  
t o  reduce the  energy t o  be contained, e i the r  by the  use of heat sinks, as 
i n  pressure-suppression systems, o r  by the controlled exhau.st,ing 02 the  
i n i t i a l  low-level rail b a c t i v e  f1ui.d.s s o  tha-t the  ac-Lual amount of f lu id  
itontained. -is reduced. However, the use of these methods does not a l t e r  t h e  
fac tors  t o  be considered i n  selectirrg containment size o r  shape, except 
t h a t  tine vol.ume a.nd design pressure may be reduced and addi t ional  consid- 
e ra t ton  must be given t o  locat ing the  hea,t sinks, any- ducting necessary, 
;2md -t'i?e exhaust systems. O f  course, i f  the ener,v content of t he  flui.ds 
t o  be contained i s  suff ic ier i t ly  low t h a t  a s ign i f icant  pressure buildup 
cannot occur, tine minimum v d m e  compst i b l e  with equipment arrangements 
and access requirements may be adequate. 

In  ad.dition, i f  containment shielding i s  t o  be pmvided, a reduction 

This system i s  a,l.so discussed 

Reinforced-concrete containment vessels wfe not  I-rirnited i n  w a l l  thick- 

8.2 " 2 ) .  
In the  preceding discussion it was assumed t h a t  the contaiizment ves- 

Several. a l t e rna te  methods have been developed 

8.1.3.2 Shape 

Although Lhe sh:apes of containment systems conceivably could vary 
almost without l i m i t ,  p r a c t i c a l  considerations usual ly  r e s t r i c t  contain- 
ment system shapes to rela, t ively simple volumetric forms, including f l a t -  
walled rec  txmgil.ar prism, cylinders with e i t h e r  f l a t  o r  curved-surface 
ends, spheres, and various combinations of these.  Determination of the  
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optimum shape of a containment system requires  consideration of the  s i t e  
configuration, the na tura l  arrangem-ents p0ssibJ.e for t'ne eyuipmern-1; t o  be 
i n s t a l l e d  witbin the containment s t ructure ,  whether o r  not the  system 
must a c t  as a pressure vessel, and. the cost  of  constructing various geo- 
metrical  shapes. 

most s ign i f icant  consideration, si-nce lower cos 1; flat-wall-ed rec-tangilhw 
spaces may be used i n  low-pressure systems. If r a h e r  high quant i t ies  
o f  stored energy are  re leased under t'ne postulated acci-dent conditions, 
a sphere ra ther  than .2 cylinder may be required t o  avoid exceeding the 
maximum all.owable wall thickness withou-i; f i e l d  pos iwelding heat treatment. 
A spherical  shapc r e s u l t s  in the  min imum w a l l  thickness a.nd minimum weight 
o f  s t e e l ,  since the  s t e e l  tlieore.tica.l.ly i s  siibjected t o  equal two-dimen- 
s iona l  s t r e s s e s  and thus i s  u t i l i -zed  most e f r ic ien t ly- .  On the  other hand, 
a sphere may be more expensive t o  construct, since the s t e e l  plat:: must 
be fomned with double curvature. Also, adjustment of  the  vessel volume 
during d-esign may be more d i f f icu l - t  becau-se the horizonLa1 and vertical- 
d-imensions cannot be var ied independkntly, and thus it j~s more d.j.fficult 
t o  e f fec t ive ly  u t i l i z e  a l l -  the  contained vol-me. A cylinder has advan- 
tages i n  these respects,  bering more ea,sily constructed and offei-3-ng a 
shape whose heri.ght and diameiei- may be adjus bed independkntly t o  suit  the  
p lan t  configuration. A cyl.hder with curved- ra ther  than f l a t  ends allows 
independent heigh-'c and. diameter control  but  avoids the s t r e s s  probIems 
associated w i t h  f?. at-ended s t ruc tures .  The use of a. flat-bottomed ver t ica l  
cylinder with a curved head i s  sometinios possible,  since tine weight of the  
s t ruc ture  tends to help the bottom s lab  r e s i s t  the  bendring moment caused 
by i n t e r n a l  pressure and thus reiluces the need f o r  a curved bottom surface.  

A design review might suggest; t h a t  the "wasted" space surroutiding 
major components wit'ni-n the containment vessel  be u t i l i z e d  by locat ing 
various auxi l ia ry  components i n  this space. Reloca.ting a component may 
he very worthwhile. However, I.oca'ci.ng addi t ional  components wit'nin the 
sane containment dimensions wj1.1. reduce the ne t  f r e e  volume of the con- 
tainment system and 'chius increase the  design pressxce. A s  a general rule, 
the  decision t o  contain or ilot t o  contain any  corflponent should he based 
on whether o r  not the component requires  eontai.mnent and on the extent t o  
which a c c e s s i b i l i t y  t o  the  component i s  required. AI-though i-nserbing ].ow- 
densi ty  equipment i n t o  avai.1.abl.e spaces may cost  less than providing ad- 
diLi0na.l. containment space, the space i s  never f r e e  and j.s never was.t;ed 
except i.n those cases where add.i.ti onal pressure can be withstood withou-i; 
going -to the  next grea te r  avai lable  wall p l a t e  thickness.  'This subject 
i s  discussed fur ther  i n  Chapter '7. 

economical- t o  place the containment strue.tu.re underground or t o  combi.ne 
the containment, and shielding functions by the use of  rej.nforced. concrete 
s t ruc tures .  In e i t h e r  case, the complexlties of  cons'iriuction are l i k e l y  
t o  override other shape considerations and suggest the use of cylindrical 
r a t h e r  thhan spherical. containment shapes. 

A s  discussed i n  Section 8.1.1, local- s o i l  conditions a l so  play an 
important r o l e  i n  se lec t ing  the sha.pe o f  contaimnent t o  be used a t  a given 
s i t e .  

Whe-they o r  not the  system musk a c t  as a pressure vessel  may be the 

...--.__I_ 

When s i t e  requirements d i c t a t e  containment shielding, it i s  somctimes 
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8.1.3.3 Materials 

The materials from which a con-tainment vessel  i s  fabr icated m u s t  be 
compatible with Yne vessel  shape and with the  intended service.  As the  
design in t e rna l  pressure of t he  containment vessel  increases, it becomes 
more compelling t o  use high-strength materials and  containment shapes 
su i tab le  f o r  pressure vessel  construction, such as cylinders o r  spheres. 
These considerations a re  not as importaat for  a low-pressure ( l e s s  than 
5 ps ig)  conta,inment s t ruc ture  where more normal building layout and s t ruc-  
t u r a l  loading pract ices  c.m be followed.. R flat-bottomed cyl..indrical_ or 
prismatic s t ructure ,  o r  even an industriaL-type s t e e l  frame or concrete 
building w i t h  modifications f o r  leak  t ightness,  may  provide the  most eco- 
nomical containment f o r  low or sl iglr t ly  negative in t e rna l  pressure designs. 

For power reactors  having la rge  energy re lease  charac te r i s t ics  under 
the maxinium credible  accident cond-itions, it has been the  prac t ice  i n  the 
United S ta tes  t o  design and bui ld  containment vessels out of s t e e l  accord- 
ing t o  Section V I 1 1  of the  ASME Boiler and Pressure Vessel Code and the 
Nuc1ea.r Code Cases.3 Use of t he  TJnfired Pressure Vessel Code i s  ad l e g a l  
requirement In many s t a t e s  fo r  vessels  with design pressures greater  than 
15 psig.  The recent ly  published Section I11 of t he  ASME Code, Rules fo r  
Construe-Lion of Nuclear Vessels, contains e s sen t i a l ly  the  sane provisions 
f o r  containmen-t; vessels  a s  a re  incl.ud.ed i n  the  Unfired Pressure Vessel 
Code (Section V I T I )  and the Nuclear Code Cases, except t h a t  it applies 
t o  vessels  w i t h  design pressures above 5 psig.  Section I11 i s  a l so  re f -  
erenced i n  the ASA Proposed Safety S-tandard f o r  DesFgn, Fabrication and 
Maintenance of S tee l  Containment Structures f o r  Stationary Nuclear Power 
Reactors ( s e e  Appendix E ) .  

accident i n  a sodium-cooled graphite-moderated yeactor, the  con1;ainment 
s t ruc tures  fo r  t h i s  tyye of plant  have usual ly  been reinfoxed-concrete  
boxes with welded s t e e l  l i n e r s .  A concrete s t ruc ture  with a welded s t e e l  
l i n e r  i s  a l so  used for  .tile pressure-suppression pool fo r  t he  Hudooldt Bay 
direct-cycle  boiling-water reactor .  This pool i s  i n  the  shape of a cy- 
lindrical..  annulus wrapped around the  reactor  drywell. The cy l indr ica l  
s h p e  was chosen t o  f a c i l i t a t e  caisson construction. The building code 
requirements f o r  reinforced concrete8 were the  'oasis fo r  design f o r  these 
concrete containment s t ruc tures .  Reinforced concrete w i t h  a weld.ed st,eel 
lliner was a l so  used f o r  t he  containment vessel  f o r  the  l6-Md(e) CTPX a t  
Parr Shoals, South Carolina. In  t h i s  case, a p a r t i a l l y  aboveground ver- 
t i c a l  cylinder with a f l a t  bottom a ~ d  a hemispherical top w a s  used. 

Secause of t he  low pressure resu l t ing  from the  m a x i m u m  postulated 

ts 
The choice of mater ia ls  i s  discussed i n  more d e t a i l  i n  Section 8 .2 .  

8.1.. 4 Additional Requireinents 

8.1.4.1 Containment Shielding 

Biological shielding i s  sometimes required t o  protect  the  adjacent 
p lan t  f a c i l i t i e s  and operating and ma:intenance personnel or nearby o f f -  
s i t e  areas from the  poten t ia l  di.rect rad ia t ion  caused by a nuclear acci- 
dent. Wnen such requirements ex is t ,  concrete containment s t r u c t w e s  and 
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wltderground. designs have an advantage over o ther  types o f  s t r u c t u r e s  i n  
t h a t  t h e  contahment  v e s s e l  cons t ruc t ion  ma te r i a l s  o r  t h e  surrounding 
soil. provide m o s t  or a l l  o f  t h e  requri.red sh ie ld ing .  

Aboveground. s t e e l  containment vesse1.s can be shielded, bu t  Lhere i s  
a r e s u l t i n g  plank c o s t  increase .  A concreLe dome, such as t h a t  used f o r  
t h e  ind ian  Point  i n s t a l l a t i o n ,  can be used t o  provide complete sh ie ld ing  
of a containment sphere, i n  wliri.ch case it might a l s o  be used as a secon- 
dary containment boundary. Cylindri.cal concre'ic shad~ow shielMs can be 
buil-t  around. e i t h e r  spheres or cyl inders  i f  complete shiel-ding agains'k 
"sIqyshi.ne" i s  not  requi red .  In some p l a n t s  employi.ng aboveground s t e e l  
containment vessels rdicre potent ia l -  d i r e c t  rad-ia'iion t o  o 8 f - s i t e  a r eas  
i s  not  a probJ.em, only t h e  con t ro l  room j.s sh ie lded  t o  p r o t e c t  t h e  opzrat-  
?.ng personnel a g a h s t  containment r a d i a t i o n  or -to permit opera t ion  of m- 
darnaged unri.ts ad jacent  t o  a imclear  unit t h a t  has sus ta ined  an acc ident .  
The shi-elding cos-t; i s  thus  minri.mi.zed. Examples o f  t h i s  type of shlel.ding 
i.neludc t h e  Elk Ri.ver r eac to r ,  t h e  experimental  gas -cool.ed r eac to r ,  and 
tiie Peach Bottom r e a c t o r .  

8.1.4.2 S i t e  Layout ~ . . _ .  

The s ize ,  shape, e levat ion,  and even type of conLaimiient a r e  o f t en  
dictabed,  i n  part, by  t h e  site l ayout  and prsx imi ty  t o  ad jacent  s t ruc -  
L u r e s .  A t  a conges-Led s i t e  a small o r  unusual ly  shaped containm-ent sLruc- 
t i n e  my be des i r ak le .  For example, a t  Humbol-dt Bay, where a, nuc lear  u n i t  
was added t o  an  m i s t i n g  conventional thcrmal power p l a n t  comp:,?.ex, a coil- 
pax L arrangement was devel-oped -to permit common use of  certain conventional 
facri.l.i.ties. This dicta , ted t h e  p l a n t  e l eva t ion  and t h e  nced for sh ie lded  
con'cainment . 
8.1.. 4 3 -- Refueling 

W e r e  wet r e f u e l i n g  i s  used i n  conjunction wi th  an cxiernal spent- 
f u e l  pool,  it i s  des i r ab le  t o  have t h e  sur faces  of" t h e  r e fue l ing  water 
i n s ide  t h e  containment sysicm and the water i n  t h e  spent - fue l  pool  a i  the  
same e l eva t ion .  Otherwise a lock  i s  requi red  between the  r c f u c l i n e  p i t  
and the spent Riel pool t o  maintain t h e  t w o  sur faces  a t  t h e i r  pi-oper 
level s while t r a n s f e r r i n b  fuel under water betwecn t h e  two a reas .  

8.1.5 ~. Examplks of De&n-..gonsiderations . . . T,eaciing . .-.- 
-____.... t o  Various Containment ........ Shapes -^__ 

The p r i n c i p a l  U. S. power r eac to r s ,  tiie shape o f  containment system 
used, and addi t iona l  design cons idera t ions  t h a t  contr ibuted t o  Lhe se l ec -  
t i o n  of t h e  containment shape and type are 1:-sted i n  Table 8 .4 .  ?he f o l -  
].owing paragraphs discuss ,  as examples, t h e  Sases for se l cc t i i l g  t h e  con- 
tainment desigils f o r  cer-tain s p e c i f i c  pl.ants. 
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Table 8.4. Reactor Containment Shapes 

Design 
Additional 

Requirements 

Containment 
Reactor Enve 1 ope Pres sur e 

Shape b i d  

Dresden Spherical  

Yankee Spherical  

Rig Rock Point 
mwR 
VBWR 
Saxton 
Indian Point 
E l k  River 
EBK- T I  
Enrico Fermi. 
Pathfinder 
EGCR 

Spherical  
Cylindrical.. 
Cyl indrical  
Cylinclr ical. 
Spherical  
(31- indr i. c a l  
Cylindrical  
Cy1ind.r t e a l  
~Cyl indr i c a l  
Cyliiirlrical 

Iiwnboldt Bay Cylind.rical. 

D r y w e l l  
Suppression 

c ha.mb e T 

CYVilR Cy]. inch- ical. 
ESAIIA- 'JESR Cylindrical  
Peach Bottom Cylindrical  

SRE F l a t  .rml.l.ed 

I-Tallam F l a t  wal. l e d  
L4cJBwR Cy1 indi- i cal. 

29.5 

31.5 

27 
1 5  
45 
30 
25 
21. 
15 
32 
78 
9 

72 
10 

23 
58 
8 

6 
52 

Shadow shielding of 

Shadow shielding of 
control. room 

control  room 

F u l l  shielding 

Shadow s1zield.ing o f  
control  room 

Full shielding 

Shadow shielding of 
conbrol roorli 

Low elevat ion access 
t o  r-eacto:r head re- 
quired for' refuel ing 

8.1.5.1 Spherical  

The design of t h e  Big Rock Point pl-ant i l l u s t r a t e s  -the considerations 
leading t o  t h e  choice of a spherical  steel.. contaiilrrient vessel. 'Thri.s plant  
h.as a direct-cycle,  forced-cireifiation, boiling-water reactor with an  
i n i t i a l  e l e c t r i c a l  capabi.l.ity of 50 L%-. 

a separa-Le tank external  t o  -Lhe reac tor  pressvwe vessel .  
b u i l t  on an undeveloped s i t e  on the  shore of Lake Michigan. Planning 
c r i t e r i a  required consideration of  o n l y  one nuclear 1mi.t on tine s i t e .  
Soil. conditions consis t  o f  a r;and-clay m i x t u r e  with sdrqyate bearing capa- 
c i ty  and good slope s t a b i l i t y .  

it was decided t h a t  t h e  turbine should he enclosed, no serious comidera- 
t i o n  was given t o  includj-ng t h e  turbine within the containment s t ruc ture .  

Steam separati.on i s  performed i n  
'The plant  .rcra,s 

Even though t h e  pl.ant 2.s I..ocated. i.n t h e  northern TJ.S. and 'Gherefore 
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Since no provis ion  w a s  requi red  f o r  sh i e ld ing  a d d i t i o n a l  un.ts and s ince  
suff j.cient exclusion a rea  was provided, shadow sh ie ld ing  was not  requi red .  
Therefore Uiere was no incent ive  t o  consider t h e  use of concrete o r  under- 
ground containment t o  assj.sL i n  meeL:hg sh ie ld ing  requirements, and steel. 
corwtu.uction was t h e  I.ogical.. choice.  Soil. condi t ions were favorable  f o r  
using a curved sur face  foundati-on of  t h i s  type cormmly used wi th  a s t e e l  
capsule o r  sphere.  A pressure-suppression concept s i m i l a , r  t o  t h a t  used 
a t  Humbol.dt Bay was not  a t t r a c t i v e  because of 'che large space occupied 
by t h e  reac tor ,  the s L e m  separa t ion  drum, and t h e  in te rconnec i ing  p ip ing .  
The r eac to r  packagc could be accommodated in e i t h e r  a capsule or  a sphere. 
Bids were so l . ic i ted  f o r  both,  and t h e  choice o f  a sphere was made on the 
basis of economriics. 

8.1.5.2 Cy1.indri.cal . . . .. .- 

A s  ind ica ted  by 'Table 8.L+, most containment systems have been cyli.il- 
d r i c a l .  Although the Hwflbol~dt Bay con-taiment  &sign i.s qurite differe3.L 
from other  c y l i n d r i c a l  contai-ment  designs and cannoi be coils ldered  typi-  
ca l ,  a review of  -Yne cons id~era t ions  t h a t  I.ed t o  t h e  sel .ection of  t h i s  
design is i l l u s t z a t i v e .  

water reac-tor p l a n t  was bui l~t alongside two e x i s t i n g  o j~ l l - f i red  u n i t s .  
Containment shiel..ding was recplred t o  permit conti-nued operat ion of  these 
o t h e y  u n i t s  i.n t h e  event o f  an acc ident  i n  t h e  nucl ea r  u n i t .  This require- 
ment imposed a l i m i t a t i o n  on Lhe types o f  containment t h a t  could be used. 
The soil cons is ted  of  sand, gravel ,  and clay,  ar~d t h e r e  was a high ground.- 
water t a b l e .  The exisC;i.ng mtts were b u i l t  on p i l e s .  

Ori~ginal ly ,  an aboveground s t e e l  capsule I.oca-Led al-ongsi.de ihe e x i s t -  
ing u n i t s  was consideyed TOY- t h i s  p l a n t .  However, t h e  requiremeni for 
sh ie ld ing  coupled wi th  t h e  d e s i r e  t o  i n v e s t i g a t e  a p r e s s u r e - s u ~ p ~ ~ e s s i o n  
system l e d  i o  t h e  cons idera t ion  o f  ax 1mdergroiiti.d design. For a sing1.e- 
cycle n a t u r a l - c i r c u l a t i o n  b o i l  ing-water r eac to r ,  t he  containment vessel  
(drywe1.l.) need enclose only Lhe r e a c t o r  vessel.. 
s rnz l l  cyl inder ,  which Ls espec ia l ly  s u i t a b l e  f o r  underground cons t r u c t i o n  
and pressure  suppressioil.  The d.rywe11 and siqppressi.on pool  were incor-  
poraked i n t o  a f la t -ended  c y l i n d r i c a l  concrete  s t r u c t u r e  Sunk a s  a ca isson .  
A cai.sson was a l.ogica1~ choice s ince  t h e  coi.1. cond.itions includ-ed a grave l  
a,quifer o r  hi.gh permeabi l i ty ,  which was c lose  enough t o  the ground sur face  
t h a t  it would be i n  contac t  >j?L.i'n t h e  containment wall. Since t h c  r e a c t o r  
vcssel was cyl-indri ca l ,  i.t was natural .  t o  make Lhe drywell. containment a 
si-ighLly larger cyl indcr  and. Lo mapp t h e  suppression pool  around t h e  dry- 
wel l  t o  form an annulus. This shapz i.s 'die mosi e f f i c i e n t  t o  resis-L t h e  
i n t e r n a l  suppressi-on-pcol pressure  and ex te rna l  pressures due t o  ground 
water and e a r t h .  

A t  1Ii;cmboldt Ray, a s ing? e-cycle  i?a;LuraI.-circul a t i o n  50-Mw( e >  bo i l ing -  

'This r equ i r e s  on1.y a 

8.1..5.3 Flat-TyLTal.led RecLanmlLar P r i s m s  

Rectangiil ar prism containment s-kru.ctures usua l ly  a rc  employed only 
where -tile design pressure  i s  less  than  approxTffiately 5 i n .  o f  H20. Since 
f l a t -wa l l ed  s t r u c t u r e s  a u e  t h e  simplest  to cons t ruc t ,  Lhis type o f  stvuc- 
t u r e  is given se r ious  cons idera t ion  Torr designs i n  t h i s  pressure range. 
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I-t i s  p a r t i c u l a r l y  a t t r a c t i v e  f o ~  plants  where w a l l  and- :roof spans can be 
r e l a t i v e l y  short  so  t h a t  wall thicknesses do not hav'e t o  be l a rge .  An 
example of  Vais ty-pe of contaimien-t, designed f o r  l o w  pos i t ive  presmres ,  
i s  t h e  containment stru.e-tisr.e f o r  the sodimfl-grapbite ~ e a e t o r  a t  Hallam, 
I\Jebra,ska. This design cons ls t s  of a nm3er of conerrilte m,uIts l i n t ? t j .  with 
s t e e l  p l a t e .  In t h i s  case, - the  containment s t r u c t w c  -i,$~as pl.aced below 
grade f o r  conveiirient access t o  t h e  equiprrien-t; located on top  of t h e  re-  
aclior and. t o  minimize the shieldling requirenient s - Access i s  p-ovided 
via gaske-ted shielding plugs be1.d ?In place by gravi ty .  

ing  mater ia ls  a r e  also used." 
a.1; EL s l i g h t l y  negative p r e s s u ~ e  wi_th respect t o  the  s ixroundbg atmosphere 
so t h a t  a l l  l e a h g e  w i l - 1  be  i:fl~ard. Leakage passes Yfirough the contain- 
ment spaces and i s  exhau.sted through appropriate a i r -c leaning a id  f i l - t e r -  
ing systems located. i n  the exluxst system. 'The siuperstructure a t  H,al.l.arii 
i s  an example of this type of  bui lding.  It i s  of s t e e l  rrarfie with fhit,ed 
steel .  roof deck and s iding.  J o i n t s  and I_aps nix eaul.ked and fas-Leners 
have neoprene washers. A t  i4wnboldt Bay, where t h e  mximm erec3i.bl.e rzc- 
cident analysis showed the possibi. l i ty of melting a f u e l  element d-u-ring 
refuel ing operations, t h e  re.fueling building over the  reactor  has %he 
addi.tional fvulction of a sh.ie1.d f o r  ",skyshine. ' I  

c r e t e  was required f o r  this piirpose. Since no s igni f icant  pressure r i s e  
T I Z T O U . ~ ~  occur 5.n t h i s  area, a concrete buil.d.ing was chosen with poured- in- 
place w&Lls  arid a f la t  roof of precast ,  prestmxsed concrete beams and 
a poured-in-place topping* Doors have special. gaskets t o  1 . i . m i t  leakage. 

Flat-walled. Low-leakage build-ings of r e l a t i v e l y  conventional. bui ld-  
I n  this case, the  baK.ding ai.r i s  kept 

%el.ve iriches of  con- 

8.2 CHOICE OF WJER'ULS 

8.2.1 S t e e l  

Most containment vessels  i n  the  United S ta tes  b v e  been b u i l t  of 
cian.bon s t e e l  p l a t e .  The pr inc ipa l  reason f o r  the  choice of carbon s t e e l  
over other materia1.s has been cost .  
l e s s  stee1.s and nonferrous metals o r  al.Loys have been &Le t o  corripete. 
Other mater ia ls  my, however, have some characteris-bics superior to those 
of carbon s t e e l s  with regard t o  containment, such as pea- ter  rc?sis-f;ance 
-Lo low-temperature b r i t t l e  fr'ac-Lure and grea te r  corrosion res i s tance .  
Even with respect  to these propert ies ,  properly trea-terl cal;bon steel. bas 
been shown to be eorfipl.ete1-y adequate for the  expected. service conditions,  
Design and construction procedures for steel. vessels  are well  known and 
i n  most cases a r e  governed by esbablished codes, notably, Seeti.on 'JTII 
of t h e  ASME Boiler. and Pressure Vessel Code3 a id  i t s  vay.ious N-uclcar Code 
Case in te rpre ta t ions ;  al-so, subsection B of s?,ct-ion. IIT of tlie ASME code2 
nppl.ies s p e c i f i c a l l y  t o  containment vessels  and includes essential1.y the 
same provisions as Section VI11 and the  appl-icable Code Cases. For low- 
presswe containment vessels,  t h e  provisions o f  API Tentative Staadard 
620, "Recommended Rules f o r  the  Design and Coiistruction of Large Welded 
Low-Pressure Storage Tanks, ' I  have a l s o  been used.. 

Almost none of the al.l.oy 03% s ta in-  



Paragraph (l)(b)(3) of C0d.e Case 1272N-5 and Paragraph N-1342 of  
See t ion 111 s p e c i m  that  the maximum. s h e l l  p l a t e  thickness permitted. 
without postwelding heat treatment i s  1 .5  i n .  (a t  t h e  welded. j o i n t  where 
p la tes  of d i f fe r ing  thi.ck.ness a re  joined),  i f  the  material- i s  pyeheated 
to at l e a s t  200°F during -wel.ding, or  1 .25 in. ,  i f  the materi.al. i s  not 
prehea,ted. ' i i i s  has pl.aced a p r a c t i c a l  l i m i t  on shell. pla'w tbi.ckness, 
si.nce i t  i s  not economic t o  postweld heat t r e a t  n l a r g e  vessel  i n  the 
f i e l d .  This 1.i.mi'~ation -my have a subs tan t ia l  e f f e c t  on the design of  
containment vessels  f o r  la rge  nuclear p lan ts .  The development of de- 
sri.gns invol-ving the  use o f  high-s'irength s t e e l  or reinforced concrete 
rnay be requ.i.red f o r  some appli-cations. 

Steel i s  used f o r  most pressure vessels  and f o r  inany o-Lher st ruc-  
tinres because of i t s  high 'ieiisil-e s t rength coupled with iLs d u c t i l i t y .  
However, s t e e l  exhibi ts  a phenomenon known as low-temperature notch 
br i t t ] -eness .  This c h a r a c t e r i s t i c  o f  f e r r i t i c  stee1.s has resu l ted  ii1 t h e  
catastrophic fa,il.ure of 3.arge steel- struc-Lures, l1 such as ships, '-'-'4 

bridges, pressure vessels,  pipe l i n e s ,  and s'iorage tanks .I5 This phe- 
nomenon has received considerable atten'iioii, and nwrierous tes'is have been 
devised to evaluate t h e  tendency of f e r r i t i c  s t ee l s  t o  low-temperature 
b r i t t l e n e s s .  In general, these t e s t s  define a d u c t i l e - t o - b r i t t l e  tran- 
sitri.on temperature below which the ma.tcria1. f a i l s  i n  a b r i t t l e  mnner .  
However, t h i s  t m n s i t i o n  temperature ri.s not an 5.nheren-t; constauil; of the  
mater ia l  but depends on the t e s t  coridit ions and the specimen geometry. 
Several of the t e s t  me-Lhod.s have been correlated. with service f a i l u r e s ,  
and t h i s  correlat ion i s  the  b a s i s  of present methods of Fracture armlysis 
Thc various invest igat ions of b r i t t l l e  f rac t i . re  of s t e e l s  and other 0%-kc- 

r h l s  indtcate  'chat the possibi1.i-ty of b r i t t l e  f r a c t u r e  depends on the 
following parameters : 

1. The t r a n s i t i o n  tenperature o f  t h e  metal.., 
2 .  The service 01- best ,  temperatire, 
3. 'The s t r e s s  level. i n  the metal, 
4 .  The presence of a crack or sharp notch causing a strzss concen- 

5. The s i z e  o f  t h e  defect.  
t r a t i o n ,  and. 

A more corple'ie discussion OS t h i s  phenomenon, t h e  parameters involved, 
and the  ana1ysi.s o f  engineering s t r u c h r e s  j.s presented. i n  Section 8.5, 
m d  an excel lent  analysis  of the "Procedures f o r  Fracture Safe Engineer- 
ing Design" has been prepared by P e l l i n l  and Puzak." 
outlined by P e i l i n i  and- Puzak a r e  fa i r ly  widely accepted and a r e  the  
b a s i s  for  a nwrher of t h e  requirements i n  the ASME: Code and al.so i n  some 
operaking procedures i.n use i n  the United S ta tes  today.17 

of Section III of the ASME Code spec?:.* tha'i, unless a, containinent vessel  
i s  t o  be 'neat t rea ted  a f t e r  Thield.ing, the  steel p l a t e  sha3.3. conform t o  
specif icat ion SA-300 (ASTM Specif lcat ion A-300) . 
covers s t e e l  p l a t e  t o  he used i n  welded pressure vessels  subject t o  low 
temperatures. It requires p l a t e s  'io he furnished i n  a mj.formly heat 
t r e a t e d  condition by normalizing m d  requires t h a t  samples of the pla,te 
a i d  welded areas be impact t e s t e d  usihg the Charpy U-notch or keyhole 
impact t e s t  a s  an indi-cation of  the  res i s tance  of  t h e  mater ia l  t o  b r i t t l e  
f r a c t u r e  at low terpera,t,i.mes. 

T'ne procedures 

Parragraph ( l ) ( b ) ( l )  of Code Case 1272N-5 and Paragraph N-3.211 (a) 

'ibis spec5 f i c a t i o n  

Paragraph N-1.210 of Section TTJ spec i f ies  
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that;, f o r  containment vessels exposed t o  ,anbizfit air tercperai;u_re, i m p u - t  
t e s t s  s h a l l  be performed a-t a temperature Eot l e s s  than 30°F bel..ow the  
lowest service metal temperature. Paragraph N-1211 (a)  of Section 111 
requires  the  use OS Charpy V-notch specimens ra,ther tlxm t'ne Charpy TJ- 
notch or  keyhole i m p x t  t e s t  specimens. Paragraph IJ-332 and Tab1.e N-332 
of Section I11 give various impact values requi-red f o r  vari.ous s t rength 
Level-s i n  s t e e l s .  

It i s  highly unl ikely that reactor  containment vessels  w i l l  exhibi t  
wh.at i s  termed rad ia t ion  ernbrittlement, which consis ts  (xi? an increase i n  
-LIE duct i le - to-br i t  t l e  t r ans i t i on  temperature because of neutron irradi- 
a t ion .  Radia-Lion embrittl.em.ent o f  steel i s  b r i e f l y  discussed i n  Section 
8.5. 

The types of s t e e l  p l a t e  most commonly used f o r  containment, vessels  
a r e  ASTM A-201 an? A-212, bath Grad .e  B and Firebox quaLity, made t o  the  
A.STM A-300  specif icat ion.  The s t e e l  p l a t e  f.s a l s o  cornriiorily specif ied to 
be a,luminmi kil.led and. heat treated. to f i n e  grain s i ze  i n  ord.er t o  fu l the r  
:reduce notch sens i t i v i ty .  T'ne A-201. s t e e l  has of t en  'oeen favored because 
of i t s  grea te r  du.rr:tility and lower notch sens i t iv i ty ,  even though i t s  
allowable s t r e s s  i s  less  than bhat of A-21% s t e e l .  Forgings and pipe a re  
usual ly  specified t o  be ASTM A-350 and A-333  steel, respect ively.  Plate 
f o r  low-pressure containment vessels  ma7 be A-131. s t e e l .  Properties of 
these :and- some other s t e e l s  su i tab le  f o r  contaii-ment struetuxes a r e  given 
3.n Tables 8.5,  8.6, and. 8.7. The physical propert ies  OS a l l  s t e e l s  used 

'I'able 8.5. Phjrs tca l  Properties 
of  Carbon S-Leel 

Density: 489 l b / f t 3  
Thermal conductivity: 26.2 

Specif ic  heat : 
1 o i s s m ' s  r a t io :  0.26 

Btu/hr * OF * ft 
0.1. Btu/lb O F  

Menn Coefficient 
of 'Thcm-al 
Fxpansion 

Temperahre 
Range 

( OF) ( i n . / i n . . O ~ )  

70-200 
-300 
-400 
-500 
400 
-700 
-800 

x 
6.3% 
6.60 
6.82 
7.02 
7.23 
7.44 
7.65 
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Table 8.6. Mod.ul.us of E1astici:ty 
of’ Carbon Steels 

... ............. .- .. - ___. 

Mod u 1 .lis of E l  as t i c_ it, y 
‘r emp e ~ - 3  ’~UX 

(OF) 
(lb/i-n I2 ) 

-. ....... .- 

G . 3 0 $  C >0.30$ C 

70  
200 
300 
403 
500 
600 
700 
800 

x 1-06 

27.9 
27 .? 
27.4 
27 .0 
26.4 
25 .? 
2 h .  8 
23.4 

x 106 
29.9 
29.5 
29.0 
28.3 
27 .4 
26.7 
25.4 
23.8 

a 
Table 8.7. Mechanical B o p e r t i e s  of Some Containment S tee l s  

lWnimum  ensile Xlongation 
Strength i.n 2 in .  

m e  Yield 
Point, 

A STM 
Spec. of Gradc U s  e 

( $) ( p s i )  
(Psi  1 No. S t ee l  

A-7-61T 
A-36- 63T 
A-131 -51 

A- 201 - 6h 

A-201-6)k 

A- 21 2 .- 64 

A- 21 2 - 64 

A- 283 - 58 
A-283-58 
A-385 ._ 6 / k  
A- 333 - 64 

A- 3 50 .. 6/. 

A-442-6)~ 

A S m  code 
case 1280 

Structural 
S1,ruc tural 

M C  P l a t e  and 
s~ii.uctwal 

Flange A P l a t  e 
F j-sebox 
Flange R P l a t e  
Firebox 
Flansc A P l a t e  
Firebox 

P’irebox 
Flanse B 

C 
u St ruc tu ra l  
C 
3 Pipes and 

4. 
5 
LFl  Forgings 
LF2 
55 P h t c  
60 
65 Plat,e 
70 

tubes 

.................... .................... ~ 

a 
Froa  r e f .  18. 

33,000 

3?> 000 
36,000 

30,000 

32,000 

35 J 000 

38,000 

33,000 

35,000 

35,000 
35,000 

30,000 

30,000 

30 000 
36,000 
30,000 
32,000 

38,000 
35,000 

60 000-72,000 
60 O O G 8 0 , O O O  
58,000--71,000 

55,000-65,000 

60,000-72,000 

65,000-77,000 

70,00C-85,000 

55,00065,000 
60,00G72 000 
55,000-65 000 
65,000 

60,000 
65,000 
60,000 
70,000 
55,00M5,000 
60,00072,000 
65,00&77 000 
‘10,0OGt35,000 

24 
23 
24 

28 
29 
25 
26 
23 
2 4 
21 
22 
27 
2 4. 
28 
30 

30 
30 
25 
22 
28 
25 
24 
22 
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i n  the  pas t  i n  containment vessels  a r e  similar and are  l i s t e d  withou-t 
ident i fying the  type of s t e e l .  
t h a t  they a r e  l i s t e d  f o r  each tTy-pe o f  s t e e l .  

vessels a r e  minimized by allowing the  vessel  t o  expand freely,  such as 
was done f o r  the  EGCR, Dresden, and many o-ther containment vessels .  This 
requires  t ha t  a l l  s t ruc tures  connected t o  access openings and penetrations 
must permit t h i s  movement. This subject i s  t r ea t ed  i n  more detail. i n  
Section 8.3. 

temperature above -the ambient temperat,iwe t o  minimize the  poss ib i l i t y  of 
b r i t t l e  f rac ture  and a l s o  t o  reduce thermal s t resses  (see See. 2.6). On 
the  other hand, insul.ation w i l l  impede heat t ransport  and thereby possibly 
cause a s l i g h t l y  higher peak pressure and much more prolonged pressure de- 
cay i n  the  event of a l o s s  of coolant accident.  Corrosion protect ion i s  
al.so normally provided and usual ly  includes paint,  other coatings, and 
sometimes cathodic protect ion (see Sec. 8 . 6 ) .  

The mechani.ca1- proper-Lies vayy su f f i c i en t ly  

The e f f ec t s  of thermal and pressure expansion of s t e e l  containment 

Insulat ion i s  often used on s t e e l  vessels,  both Lo mnaintain the  pl-ate 

8 .2 .2  Concrete 

Concrete i s  a r e l a t i v e l y  I-ow-cost construction mater ia l  and i s  a 
I.ogical choice for  containment s t ruc tures  similar to convent iional. bui.ld- 
ings where the  design pressure i s  low and where a high degree of Leak 
t ightness  i s  not requived. Concrete a l so  has several  important advantages 
over s t e e l  f o r  other types of containment s t ruc tures .  As a r e s u l t  of the 
grea ter  wall thicknesses required, a concrete s t ruc ture  5.s l e s s  sub jecl; 
t o  buckling from external. I.oads, such a s  wind and s o i l  pressure, than i s  
a t h i n  s t e e l  p l a t e  s t ruc ture .  F'urther, concrete s t ruc tures  a re  not sus- 
cept ible  t o  corrosion when properly constructed and are therefore  par t icu-  
l a r l y  su i tab le  for underground appl icat ions.  

If a containment rad ia t ion  shield. i.s required t o  protect  nearby areas 
from d i r ec t  radi8,tion i n  the  event of  an accident, it may be advantageous 
t o  provide both the shield.ing €'unction and the  containment function with 
a s ingle  concrete s t ruc ture .  A concrete cori.Laimmit vessel  w a s  used on 
the CV"R f o r  t h i s  :reason, and similar s t ruc tures  a r e  planned f o r  use on the  
proposed Comectici-1-t Yankee and Malibu p lan ts .  

thickness imposed on steel .  vessels because os" the  requirement for  postweld- 
ing heat  "ireatmerrt;. Thus i t  may be possible .to bui ld  la rge  concrete con- 
-tainment vessels fo r  somewhat higher pressure service -t'n:m i s  present ly  
a t ta inable  with s t e e l  vessels .  For some o f  the  Large nuclear p lan ts  now 
contemplated, concrete vessels  or high-strength s t e e l  vessels w i l l  pos- 
sibly provide the  only p rac t i ca l  means of containing the la-rge aflourxts 
of s tored energy i n  the coolant without using pressure suppression o:r 
other means of energy rermval.. 

Concrete vessels a r e  not subject t o  the prac t i ca l  limi.tati.ons i n  wal.1 
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A less tangible  advantage t h a t  could- r e s u l t  from using concrete f o r  
containmen-t i s  grea te r  freedom i n  reaxtor pl.ant; arrsngemeiit . A-t present, 
the  primary system components of most reactor  pl-ants a r e  compactly ar- 
ranged~ near the center of the  contai-ment; struc-Lure t o  rninimize the amowit 
of primary shielding mater ia l  required.  If a concrete containment s t n i c -  
tu re  i.s used, it  my prove advantageous t o  I.ocate some components near the  
coritainment w a l l  and u t i l i z e  t h l s  w a l l  f o r  primary shielding, as well  as  
foz. coii taiment and for containment shielding,  

vesse ls .  Sri-iace concrete has l i t t l e  kensile s t rength o f  i t s  own, s t e e l  
i -e inforchg i s  near ly  always required, particul-arly i n  an appl icat ion such 
as a pressure vessel. >There the loading i s  primarily i n  tension. Since a 
re inforcing bar can tak.e loads i n  one d i rec t ion  only, whereas s h e 1  p l a t e  
can be loaded- biaxj-ally, more steel. may be required. for a reinforced con- 
c re te  vessel  than f o r  a comparable a l l - s t e e l  vesse l .  However, since r e h -  
forcing bars have a lower u n i t  cosi; than pla te ,  the grea te r  st,eel weight 
f o r  concrete construction is p a r t i a l l y  ofPset costwise. Since concyete i s  
subject t o  cracking, a l i n e r  i s  required t o  provide a degree of leak  t igh t -  
ness coniparable with t’mt obtai.nablc with a s t e e l  contai.mnent vessel .  
Therefore, a concrete vessel. may cost  more than an equivalent s t e e l  vessel. 
for those vessel  si.zes and design pressures f o r  which s t c e l  can be used 
without postwelding heat ti-ea’iment . If containment shielding i s  required, 
however, as i n  t h e  case of  the  CV”lT3, t hc  concrete vesscl  may be t h e  more 
economical-. 

In general, temperature g-i.a.dien’cs present a grea ter  proiol. em i n  con- 
c r e t e  than in steel, since an i n t e m a l  tempera-Lure r i s e  causes thermal 
expansion tha-t pl.aces t h e  ou te r  face o f  the  wall i n  tension. 
t e n s i l e  strength of concrete i s  mueh less than that; o f  steel, cracking oi” 
the surfaces may occur i f  the  differcnce i n  exyansi.on between the inicr i la l  
and external  surfaces i-s too grea t .  The lower thermal. conductivity o f  
concrete and ’Ale :normally thicker  w a l l s  compound t h i s  problem. The normal 
da5.l.y r i s e  and f a l l  of k’ne temperature i s  of ten rapid enough t h a t  therml.  
equilibrium i s  not reached, i n  which cas: thermal expansion m y  not be a 
problm;  however, if necessary, t h e  ex ter ior  surface can be insulated.. 

Ordinary concrete i s  normal1.y used i n  containmen-t s t m c t u r e s  and. i.s 
no different;  from c o n c r e k  used i n  other  structural^ appl icat ions.  Con- 
c r e t e  used. f o r  shielding, however, requi-res spec ia l  caTe i n  design and 
placement t o  prevent voids or cracks t h a t  may a f f e c t  shielding effect ive-  
ness. High-density concrete m y  be use2 for shiel-ding when l imited space 
i s  ava i lab le .  Since a premium cos’i i s  associ-ated with high-density con- 
cre-Le, i.ts use i s  l imi ted  to spec ia l  condi’Lions. Concre-tc f o r  a contain- 
ment b a r r i e r  must have low porosi ty  and must bc f r e e  of gross  cracks t o  
minimize I-eakage of a i r .  However, since il; i s  di.fficu1.t t o  ensure that  
a l a r g e  concrete s t ruc ture  w i l l  he crack-Pree, a coating or  s t c e l  l~inzr 
i s  usu.al..l.y required t o  assure ].ow leakage. 

Various propert ies  o f  several concrete mixes used i n  containmen-t; 
s t ruc tures  and shtelds  a r e  l i s t e d  i n  Table 8.8. l%ese a r e  ty-pi.ca1 values 
used in engineering design and analysis  and were compil-ed f r o m  various 
sources. Unless otherwise indicated,  the  values given a r e  Tor ordina.ry 
concrete. 

There a r e  several- l imi ta t ions  to t h e  u.se of concrete f o r  containment 

Since the 
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Table 8 .8 .  Some Propert ies  o f  Concrete 

Density, p, 3.b/ft3 

Ordinary concrete“ 
High-density concrete b 

Limonite concrete 
Limonite-magnetite concrete 
B a r y t x s  concrete 
Magnet i Le concre-t; e 
Ferrc3phG sphorous concr e t e 
Iron-portland concrete ( s t e e l  
shot and. steel. punchings used 
as aggregate) 

Corqressive s t rength a t  28 days, 
f;, p s i  

4 g a l  of water per sack of cernent 
5 gal of water per sack of cement 
6 gal. of water per  sack of cement 
7 ga l  of water per  sack of cement 
8 gal  of water pe r  sack of  cement; 

Tensile s txength d 

Mod.uLus of e l a s t i c i t y  a t  28 days,” E, 

For densities, p, ’oetween 90 and 

For ordina-ry concrete 
155 lb/ f t3  

Poisson’s r a t i o e  

Coefficient of therrral expansion, e 
a, in./in. * OF 

Range 
Average 

Thermal conductivity, k, E-l;u/hs-. f - L  OF 

Ordinary concrete 
Iron o re  aggregate concre-te 

Specif ic  hea-t, e cp, Btu/lb. “F 

~ e r x e a b i ~ i t y  (a i r  ,g cfm per inch of  
thickness per ft’ per AP ( i n .  1120) 

1-45 

185 
215225 
22Cb225 
210-245 
300 
360-4.10 

6,000 

4,000 
3,300 
2,800 

7 to 11% of P; 

5,000 

5.8 x 104 (IC;)”/~ 
0.15 t o  0.24 

(0 .20  average) 

4 x to 7 x 
6.5 x 10-6 

0.2 t o  1.0 
1 . 2  t o  3 

0.20 t o  0.24 

2 x to 3 x 

1-0- 

1.0- 

e Frorn r e f .  23. 

‘~roril r e f .  1.9. 

‘From ref. 10. 
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8.2.2.1- - Reinforced Concrete 

'The 'cerm re inforced  concrete  as used i n  t h i s  chapter  rzppl-ies t o  con- 
ere-Le t h a t  contains  mi ld - s t ee l  ba r s  for r e in fo rc ing .  Pres t ressed  concrete  
containing 'nigh-strength steel s t r e s s i n g  cab]-es o r  ba r s  i s  discussed l a h e r  
i n  t h i s  sec t ion .  

T'ne yei n foxed-conc re t e  CVTR containment v e s s e l  at; Parr Shoals, South 
Carol-ina, was b i i i l t  uiider the pi-ovisions o f  t h e  Building Code Requirements 
for Reinforced Concrete. This code covers the [design of  reinforced-con- 
c r e t e  bu i ld ings ,  bu-t i t s  provis ions  can be appl ied,  wi th  modifi.cai;ions, as 
necessary, t o  o ther  special-ized r e in foxed-conc re t e  s t ; ruc t ixes .  The Build- 
i ng  Code permits considerably hi.gher s t r e s s e s  i n  t h e  reinforci-ng steel tlhan 
the correspond-ing bas i c  p l a t e  stress allowed. by Sect ion VI11 of  t'ne ASME 
Code. 

The shapes used f o r  re inforced-concrete  containment vessels  may d i f f e r  
f r o m  those  used f o r  s t e e l  ves se l s  because t h e  d i f f e r e n t  p rope r t i e s  of t he  
ma'ieria.1-.s c r ea t e  d.i.fferent problems. S t e e l  r e in fo rc ing  bar  p a t t e r n s  can be 
e,wil .y worked. out f o r  cyl inders ,  b u t  t he  design of a roof foi* a, cyl inder  i s  
more d i f f i c u l t .  A hemispheri-cal. dome theore t ica l l -y  makes most effici.e:rrt 
use of t h e  nlater ia l ,  but becau-se t h e  meridian r e in fo rc ing  b a r s  converge 
and thus  t h e  constant  optimum spaci.ng cannot be :naintained, t h e  t h e o r e t i c a l  
e f f i c i ency  cannot be real . ized. Oil  t he  o ther  hand, a f l a t  roof r equ i r e s  
cons idemble  thickness  -to ov-ei-come l a r g e  bending s t r e s s e s ,  and unless t h e  
diameter i s  qu i t e  small, r i t  i s  uneconorilical . Consequently, a hernlsphere 
o r  o'Llier curved suxrface i s  usua l ly  used. 

Pcnetizati.ons i n  concrete  s t r u c t u r e s  can be si~nil.ar t o  those i n  steel. 
struc-Lures. Normal-ly they  a,re made through condui ts  placed i n  the s t ruc -  
t i i re  as forms p r i o r  t o  placement o f  t he  concrete .  'The conduit  i.s sea led  
i n t o  Lhe containment envelope boundary by welding, i f  a metal  l i n e r  i s  
used., o r  by- appl-ying a coa-Ling t o  t h e  ma'cing sur faces ,  i f  a non-metall ic 
coa t ing  is used t o  s e a l  t h e  concre-Le. Seal ing of  t h e  pene t r a t ing  corilpo- 
nents  i n s ide  t h e  coild.uits i s  accomplished by 'chc same techniqiies a s  those 
used f o r  s t e e l  vesse ls ,  which a r e  ou t l ined  i n  fwther d e t a i l  i.n Chapt;w 9. 
Structural..  problem:: are negl.igible i f  t h e  desigg. pressure  i s  low o r  t h e  
diameter of t he  pene h a t i o n  i s  si-ml. 1.. However; l a r g e  penetya-Lions d z n i p e d  
t o  operate  i.n high-pressure systems mins t  be  s t r u c t u r a l l y  t i e d  i n i o  t h e  
s t e e l  r e in fo rc ing  bar, and t h e  reinforcing b a r  that i s  in t e r rup ted  by the 
pene t r a t ion  mu.st be  proper ly  anchored t o  a s t r u c t u r a l  s t e e l  r h g  or  frame. 
If the r e in fo rc ing  ba r  i s  fastened. t o  t h e  r i n g  by welding, i.t must be done 
under careful- ly  con t ro l l ed  coiid-.i.tions because of  t'ne high carbon content 
of t h e  r e in fo rc ing  b a r .  

E i the r  a s tee l .  Liner or a nonmetal-lie coa,ting may be used as a mem- 
brane t o  reduce leakage from concrete  contaimien-t ves se l s  t o  acccptah:.e 
l e v e l s .  A s t e e l  membrane has M g h  r e l i a b i l i t y  and can provide the same 
i n t e g r i t y  as an a l l - s t e e l .  containment; .vessel. i f  it i s  properly constructed 
and l e a k  t2sted.  Zowever, d . i f fe ren t i . a l  thermal.. expansion may tend  t o  
caxse an  ri.nside l i n e r  t o  buck.1.e. This i.n i t s e l f  mmy no t  be ser ious ,  bu t  
t h e r e  i s  increased p o s s i b l l i t y  o f  rupture  of  'ihc l i n i n g .  i f  somewhat 
higher  1.eakage i s  permissi~bl~e,  a nonmetall ic membrane o f  t h e  type i n s t a l l e d  
at HWC'I'R o r  BOWS may be used. However, l oca t ing  and r epa i r ing  a defec t  
i n  a nonmetal.1 i c  membrane i s  di-fficull ; .  
fu l ly  i n  Section 8.4 .3 . )  

(Membranes are discu-ssed more 



The cons.i;?-ucthin problems associ-ated w i t h  :reinforced concrete s trv-e- 
t u r e s  a r e  d i f f e r e n t  from those of steel containment vesse1.s More f:i.el-d. 
work i s  required, and t h i s  may r e s u l t  in a I.onger coiis:;mi:tion schedule 
rzrnd add.itiona,l. problem in quality c o n t m l  . ?&my problems ,are a.ssociated 
with forming and placing a 1-ong- span concrete roof, whelher f l a t  02- d.ome 
shaped. Yne problem of sp l ic ing  reinforcing bars i s  d.if:t'icu.lt, even I.f 
t h e  bars arc lapped, welded., o r  connected wi-L'n i.nechani.cal. connectors, 
particr.ii7.arly i f  there are three  or more cm.tarins of  bars .  
contairment wall i s  t o  serve the ad.di.t;ional function of a i.ad.iation sli ield,  
care must be taken t o  assure  uniform d i s t r i b u t i o n  of -Lhe aggregaS;e, par- 
t i c u l a r l y  if heavy aggregates and s t e e l  puncshingi; x c e  used. 

Current praxt ice  i s  t o  use hea-vy high-strength steel .  r e in fo rc lng  'oars 
in the desi&@ of large s t m e t u r a l  rtlerflbers . Bars w i  'ih a cross-sectian.a.:. 
area of 4 inm2 and. a - tensi le  strength of 100,000 p s i  are now smilah1.e and 
a r e  f requent ly  used in general  construction pra,c.t;ice. 

Spl.icing of reinforcj-ng bars  may be done by overlapping, by the  use 
of mechanical connectors, or by weldbg.  
bar diarwters  i s  t h e  e a s i e s t  and most coirrfion rrie.i;hor3 o f  constrneti-ion s p i i c -  
ing, '0u.t t'ne use of bars of incmasingly Larger cross-sec-t;Fonal dimensioris 
tends t o  make this  neth hod itiijre d . i f f i c u l . t  am?. -Lo rflake spl. ..i.ci.ng wi th  mechalzri- 
ea1 or welded connections more economical I )  

Meclm-ical- connectors iiiay be d.i.vi.ded. ixto -two classes : those tliat 
g r i p  prepared. surfaces of t h e  ends of .the bays wi-tl? mee1ianicaL teeth,  as 
shown in Fig.  8.1.2, and those that g;rip the  ends through an ai.loy metal. 
t h a t  :i.s allowed -to nolidi.fy b e h e e n  a g:c~mved. connecting SI-eeve and the 
n o m l  bar  surface deformat-i.cms, at? shcim in Fig. 8.13" Mecha-rical g3:j.p- 
ptng connectors ~7,1110~ the use of Lhe T u l l  physical  p roper t ies  of the bars 
provided t h e  e n d x  are prope~1.y smcjo-thed so -t;liat the gripping t e e t h  can ' ! e  
properly seated and. provided the ends  YE) smoothly cut and butted together 
S G  tAat t h e  couppl.ing does not I..oosen wi til workirig All..oy-metal mecha,ni.cal.. 
colmecto~s reqwirc: l e s s  bar enid preparaticm but  inore f i e l d  i..onstructi.on 
time t o  assenble the melted a:l.l.oy preparation equipmen% a n d .  to r11ake the 
s p l i c e .  I'4etal-allojr bu.tt- spl-iced rnechanica,l conriec tors  are capa'ol..e of 
developing the  u l . t i m a t e  stxength or" the  reinforcing bar i.n compression 
and t'ne -yield s t rength i n  tensi.on if the ulI..oy m e t a l  and. con_meti.ng sleeve 
are properly selected.  Less c o s t l y  grrad.es of a l l o y  metal. a x e  of ten u s e d  
when full st rength splices are not  required. 

IS the concre.te 

Gverl8,pping by t h e  norrml 30 

Welding of reinforcing bars has only recent ly  garined w-id-e acceptance. 
Recowlsiended prac t ices  for. such welding have been approved by the  fae- t f ' ~  l c r a ~  
Weldlng Society (AWS U l Z . l . + 3 i >  and have been pu%lished, a long w?.t'n a de- 
scripbive article, by krlriri.kkn. * 4 The reinforcing bar nor:ml.l.y used. in 
Lhe bui lding inc1ixh-y corms i n  three grades : s t r u c t ~ ~ s l ,  intermed.iste, 
and hard. The : ; t ruc twal~  grade has cliem.~.st,y.y conipmhle  ~ i t h  that of mild. 
s t rue-Lwal  steel. m d  presents no spec ia l  pnmbl.emr in welding, but the  in- 
termediate Snd hard grades, mainly because of  - their  hi.gher carbon eontent, 
require  special procedures t o  assure an a.cceptable qmli-t;y of we1.d.. FOY 
bars of interniediate grade (up to 0.50% earbori), low-hydrogen elec'crodes 
and preheat and .j-nterpass terrrperature cont ro l  ra.ngi.n.g from 100 bo 4-OO":y 
my 'oe needed. 
f r o m  0.50 t o  0.80$, the use of T42crmit wzldia?.g 01- pressusized-gas wel.difig 
i s  recommended. Some l i m i t a t i o n  on the mnganese content; of the s t e e l  my 
also be necessary. Accordingly, since chemical eon~posit,.i,on i s  normally 

For the  hard grade, i n  which the carbon conten'i varies 
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Fig .  8.1.2 a Reinforcing-Bar Mechanical Connector w i ' i h  Teeth Gripper. 
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Fig, 8.13. Reinforcing-Bar Mechanical Connector with Alloy-Metal 
Gripper. 
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not specif ied 5.11 procuring reinforcing bar, it i s  iqor-Lant  t h a t  inform- 
tio, regarding the  c'ilenical compositi.on be obtained f r o m  the  siippl-ier i n  
o ~ d e r  t o  detemnlrine the proper wel-ding procedmes. 

those of the base metal o r  the bar# 'The s t rength of  R f i l . . l .p t  we1.d. u~%de  
on the ends of sp l ic ing  sleeves i s  assumed equal t o  6 8 s  of the allowa'ule 
tens5.l-e s t r e s s  f o r  the base metal, bar, o r  sleeve e A.l_lom,ble stresses 
in Lap welds with adjacent reinforcing bars or with f"1.a-t; surfaces a r e  
reduced because the  geometry of the weld L s  not favorable f o r  obtaining 
a fill penetrat ion o r  fusion f;hr.oi~'ri the root  snd becainse t h e  weld i s  
subject  t o  shear r a t h e r  than t e n s i l e  01% compressive foixes .  'LSrpieal.. 
values fo-r mechanical propert ies  of  steel re inforcing bars a r e  I . isted 
i n  Table 8.9. 

':['he allowable u n i t  s t r e s s e s  f o r  butt welds a r e  Laken as equal to 

Table 8.3. Properties 0.F Steel. Reinforcing Ears" 

Mh:i.riium Elongrit ion 
Type Tensile i n  3 in. 

s1;ee:. ( p s i )  bar size) 

Yield 
Point 
(ps i )  

As 'TM 
$pm, of c II. -,. acie Strength (varies wi th  

( $1 
IiG. 

A-15-64 Bri Ile-t s b e e l  Stl?ue-tural 
Interned i.al;e 
k r  d 

A-408-64. B i l l e t  s t e e l  S L : n i c t u r a l  
Inlt wine d i a t  e 
H a r d  

A-432-64 Bil . le- t ;  steel 

A-4.31- 64 High- s-trmgth 
billet s t e e l  

A-160-64 &le Stee l  Stru.c tural 
Intermediate 
Ikwd 

33,000 
40,000 
50, GOO 

60,000 

75,000 

33,000 

50, coo 
40, GOO 

55,000-'75,000 
70, OOeCIG, 000 
80, OOO ( r n i  t i )  

5 f , O O G 7 S , O O 0  
7G,000--90,000 
80, 000 ( mj.n) 

90,000 

100, GO0 

55,000-'75,000 
7O,GGCj-90,000 
$0, GOO (rain) 

16 (inin.) 
12 (min) 
( e )  

%om ref .  18. 
b. 

c 
1,000,000 diviCl.ed by the tensile strength less 1 to 5%. 

I., GOO, 000 divided by the  txnsfle strength.  

8.2.2.2 Pres-Lressed Concrete 

Prestressed concrete has vany of  t h e  same advantages and dissdvan- 
Lages a s  re inforced concrete e 

t h e  concrete i s  always i n  compression so  that cra,ck.ing 5.s miainri.zed and 
I.eak8ge through t h e  concrete i s  reduced. Also, since pres t ress ing  wires 

One pr%ncipal  addi t ional  advantage i s  that 
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and rods can be used a t  higher s t r e s s  l eve l s ,  l e s s  s t e e l  i s  required.  
Unless the s t e e l  is grouted i n  pos i t ion ,  ind iv idua l  wi.res may be r e -  
peated.1.y tes ted ,  retensioned, o r  even replaced. 

been b u i l t  i n  the U.S. ,  t he  c loses t  approach being t h e  HWC'TR,25 whjich 
has a s t e e l  dome and a p res t r e s sed  concrete cylinder subs t ruc ture .  For- 
ei.gn experience with l a r g e  p re s t r e s sed  concrete pressure vesse ls  has been 
more exi;ensj.ve. IPrestressed concrete was used for t he  l a r g e  reac-tor ves- 
sels f o r  t h e  gas-cooled G-2, G - 3  and EDF-3 r eac to r s  i n  and f o r  
the  Oldbixy r eac to r s  i n  Ehgl.and.*7 The basi-c p r ine lp l e s  of  these  designs 
a r e  shoTwii i n  F igs .  8.1.4, 8.1.5, and. 8.16, and pe r t inen t  da ta  a r e  presented 
i.n Table 8.10. Although designed f o r  higher pressures than a r e  l i k e l y  t o  
be required- of containment vesse ls ,  t h e  p r inc ip l e s  of t h e i r  design and 
construction rmy be usefu l  i n  containment system d-esigri. W t h e r  disciss- 
s ion  of  these  r eac io r  vesse ls  has been presented by Render. 

Pres Lressing can be applied most casil-y 'GO plane and c y l i n d r i c a l  
sur faces .  The problems assoc ia ted  with p re s t r e s s ing  spher ica l  shapes 
a r e  much more d i f f j - c u l t  because o f  t h e  b i a x i a l  na,ture of t h e  s t r e s s e s  
indue e d . 
those i n  i-einfoi-ced concl-eke. The s t r e s s i n g  cables can he guided around 
small pene-trati.ons. Larger pene t ra t ions  must have frames i n  which the  
s t r e s s i n g  cables a re  anchored and which d i s t r i b u t e  t h e  s t r e s s e s .  The 
Oldbury r eac to r  vesse ls  i n  Engl-and. have penet ra t ions  f o r  t he  blowers t h a t  
a r e  8 f t  6 in .  i.n diameter. 

S t e e l  wire t h a t  i s  not  b o d e d  t o  t h e  concvete should normally be 
pro tec ted  aga ins t  corrosion by galvanizing o r  by coating wi-th tar, o i l ,  
or other waterproof ma-herial. Recent ca tas t rophic  failure of a pres t ressed  

To date ,  no compl.etely p re s t r e s sed  concrete containmen-t; vesse l  has 

2 8  

Penetrations i n  pres t ressed  concrete r equ i r e  'che same treatment as 

2 7  

ORNL Dwg. 61-2792 

Fig. 8.14. h r c o u l e  G-2 arid (2-3 Tyye of Cyl indr ica l  Prestressed 
Concrete Pressure Vessel. (From r e f .  28) 
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OAM. Brg. 63-2793 

Fig. 8.15. EDF-3 Culvert, Concept. (From r e f .  2 8 )  

Fig. 8.16. Oldbwy 60" H e l i c a l  Wrap Concept. (From ref. 28)  



a Table 8.10. Per t inent  Data on Prestressed-ConcreSe Vessel. Designs 

Reactors G - 2  and 
G - 3  ai; Marcoule FDF- 3 Reac 'cor Oldbury Reactor 

Shape Cyl indr ica l  with Cubica? 
concave heads 

FresLres s i n g  me-'ihod 270" wrap, anchored 0J.l.vert arrange- 60" heli .ca1 wrap, 
t o  fouridations ment horLzontal lay- 

e r s  in ends 

Design pi-csoue,  p s ig  200 3 86 350 

Prestressed-concrete  10 
i h j  ckiiess, ft 

16 15 (wall s) 
2% (ends) 

Ins ide  vesse l  diame- 46 62.5 '77 
i e r ,  f t  

Cable s i z e  1.2 groups of 1/2- 797 straiids of 41 s t rands  of 
5-mn wire 1 .5 -  i n .  - d i a n  i n .  -d  i a m  seven- 

s ing le  cable s t r and  cabLC 

Cable t e n s i l e  -200, GOO 
st rength,  ?si 

thickness ,  i n .  
Vessel l i n e r  1 

-250,000 -2 50,000 

1 1/2 

Liner cooling nethod C02 a t  25°C Reflect ive insu- ReflectiLve i.nsu- 
lation with l a t i o n  with 
wate- c o i l s  a t -  water c o i l s  at- 
tac'ned t o  l i n e r  zach-il 'GO liixr 

Concrete tempei-aturc 70 70 ' io 
l i m i t ,  "C 

~ __ _...._.._..__... 

"From r e f .  28. 

concrete  sludge tank as a r e s u l t  of cor ros ion  of  t h e  p r e s t r e s s i n g  w i - r e  
i l l u s t r a t e s  t h e  need f o r  careful- a t t e n t i o n  t o  Lhis phase of design.  
The s t e e l  wires  nay a l s o  be d r a m  through p r o t e c t i v e  guj-de tubes,  which 
a r e  usually bonded -Lo t h e  concrete  by embeddins t h e  emp-ty tubes i n  t h e  
forms pri.or 'LO concrete  placement. The wires  may be bonded t o  t h e  con- 
Crete  by o r i g i n a l  placement 0%' by subsequent grout ing .  

concrete  than  f o r  re inforced  concrete,  an i m e r  l i n e r  7.s nornia1.l.y rcqui.red 
t o  achieve leakage r a t e s  comparable with those of s t e e l  coiitainment ves- 
s e l s .  A thermoset t ing p l a s t i c  l i n e r  i s  used. on t h e  concrete  po r t ion  of 
t h e  HWCTK containment s t r u c t i x e  . 
v e s s e l  a re  not much diffe-rent  from those  f o r  re inforced  concrete,  except 
Lhat t h e r e  aye addi t i -ona l  opera t ions  connec-Led wi-th s e t t i n g  and s t r e s s -  
i~ng  .Hie p r e s t r e s s i n g  elements t h a t  require g r e a t e r  s k i l l  and invol-ve i n -  
creased labor cos t s .  Access m u s t  be maintaiired t o  t h e  cable anchorages 
unt i l .  p r e s t r e s s i n g  opera t ions  a r e  complete. Thus, po r t ions  of  t h e  ten-  
s ioning opr ra t lons  mist  wai'c until a l l  major cqif.pment 5.s s e t  i n  order  

2 9  

3 0  

Even t'iiough the  p o s s i b i l i t y  of crackj-ng i s  lower f o r  p re s t r e s sed  

Techniques f o r  cons t ruc t ion  of  a prestressed.-concrete contal-nment 
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thah large construction openings can be closed. 
- ta i led information on the  theory and design pract ices  f o r  pres-tresstxl 
concrete, see r e f s .  31 and. 32 and the Journal. o f  t he  Pres-tressed Concrete 
I n s t i t u t e .  1 

(For f u t h e r ,  more de- 

8 .2 .3  Combination S tee l  and Concrete 

In  a few cases, s t e e l  p l a t e  and ccncretc ha-fle been used i n  combina- 
t i o n  t o  r ea l i ze  t'ne advantages of each a,nd t o  obtain a.n er:onomica,l. con- 
taimient s t ruc ture .  Concrete i s  a Logical choice f o r  t he  porttons below 
g m d . e ,  s ince it can serve as t h e  foundation and can resist soil and water 
pressures. A flat-bottomed concrete substrue-Lure, as used both  a t  HrdCTH2 
and. BOSJUS, 3 3  a l so  has layout and construction a,dvantag;es. 
res is tance of concrete i s  pa r t i cu la r ly  bene f i c i a l  in inaccessible areas  
whem corrosion i s  d- i f f icu l t  t o  detect  and l;o cor rec t .  A s t e e l  super- 
s t ructure ,  on the  other hand, i s  an e f f i c i e n t  means fox- containing ri.n- 
te-r-nal. pressure i n  an area where there  axe  few other requ-irerncnts. 

A disa,dvantzge of combination s t ruc tures  i s  tha t  the overal.1. .leakage 
r a t e  will be determined primarily by leakage through the concrete portion 
o r  t'moi.igh the  concrete-steel  jo in t ,  so the f u l l  benefi-t of  a s t e e l  ves-  
s e l  cannot be real-ized. Leakage of the HWCTR contaimmnt sti-ucture,  which 
i s  of a composite design, was over O.5$ i n  24 hr, whe-reas O*1$ i s  eas i ly  
ob.tainable f o r  a l l - s t e e l  vessels  (see a l so  Chap. 7) .  
st i-uetinal problem at  the j m c t i o n  of t he  s t e e l  p l a t e  and the conclr.et;e, 
particulal-1.y fur  high-pressure containment vessels, since the d.i.fferenLia1 
circumferential  s t r a i n  must be taken up by a f l ex ib l e  join-t or  by f lexing 
o f  the  s t e e l  vesse l  wall. On Yfle BITCTR containment vessel., designed for 
a pressure of 24 pig, over 300 prestressed anchor 501.t~ 3 ft long were 
used a t  the  junction of the  concrete and s t e e l , 2 5  as shorn- i n  Fig. 8.17. 
On the 5-psig BONUS contaLment vessel., holddown was accomplislied w i t h  
s-Leel bars on 1.2-in. centers.  3 3  Thenml. s t r e s s  problem i n  the two por- 
t ions  arc not a l t e r ed  by the  combimtion construction cxcept at, the junc- 
t ion .  

Construction of t he  c o r r p s i t e  s t ruc ture  i s  sonzewha-1; more compl.ieated 
t'nari f o r  e i the r  s t e e l  p l a t e  OY' Concrete, since 811 steps unique t o  each 
.t;y-pe enter irit;o combination construction. 
S e e .  8.4 .2)  was used a% FIIJC'IT3, where the  in-Lernal concrete wax compl.eted 
before s t e e l  erect ion was bcg J T m .  Two-s-tage eonst-ruetion was not possible 
a t  BOPOJS, since i'c was desired. .Lo leak. t e s t  the  boi;l;om r.embra%e before 
covering it w i t h  i n t e r i o r  conere-be. 
of the  steel domc prior t o  construction of the  contained plant, s t , ructwe.  

The corrosion 

The.re is also a, 

'l'wo-stage construction (see 

ThLs l e n k  t e s t  required- completi.on 

8 . 2 . 4  Low-Leakage-Rate Conventional 13u.ildririgs 

T'ne leakage rate of 3. building i s  dependeat on -t;& basic  construc-Lion 
mater ia ls  used. and the c a e  taken t o  block all. disconti.rzuity openings 
t'nrough the use of vmious filler substances. When a, conventional build- 
ing i s  used as a contaiivnent s t ruct ixe,  a reduced-pressure system .Ls usu- 
ally employed so t h a t  a,n in-leakag;e r a t e  of several  percent per day w i l . 1  
be acceptable. The exhaust a i r  i s  ducted through. f i l t e r s  a 
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U P P F X  STEEL W A L I ,  
EXTERIOR 

FINISH 

$/F 

CAULKING 
COMPOUN 

GRADE 

Figrn 8.17. IWCTR Concrete Wall and S t e e l  J o i n t  a t  Grade. (From 
ref. 25, Exlitbit X) 

EXtensi-ve t e s t s  have been made of t h e  a i r  leakage r a t e s  khrough s t ruc -  
tural. components of  metal  panel  and concrete  buildi .ngs -that, rnri-ght serve as 
housings f o r  nucI.ear r e a c t o r s .  lo These tes ts  have shown t h a t  normally 
construc-ted bui ld ings  can be expected t o  leak. on t h e  ord~e:r of 2400% of  
t h e i r  contained volume per  day. Hor;revcr, wi th  improved cons t ruc t ion  tech-  
niques, such as t h e  use o f  cau-lked j o i n t s  and rubber gaske ts  on metal- 
screw connectors, the leakage r a t e s  of I-a-rge metsl.-panel ’0ui.l dings can 
poss ib ly  be reduced Lo 1000% of  1;lne conta-ined vol.me per  day a,t p r e s s w e  
d i f f e r e n t i a l s  l e s s  t h a i  0.5 p s i  or 100% per  day a’i. 0 . 1  psT, provided -the 
s t r u c t u r e  i s  s u f f i c l e n t l y  s t i f f e n e d  so t h a t  pressure  d i f f e r e n t i a l ,  wind, 
o r  thermally i-nducrd de f l ec t ions  d.o not  open up caulked j o i n t s  i n  .tile 
m e t a l  sid-ing. Based on h i s  experiments, Koontz’’ estin!ates ihat I-argr 
concrcte  bii i ldings can be constructed t h a t  have .z leakage r a t e  o f  l e s s  
than 1~$ per  day with a pressure  d- i f fe ren t ia l .  up to 0.5 p s i .  
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Koont z has developed leakage r a t e  i.nforration on vaxious building 
corqonents for confinement and low-pres sure containmeni; building:;. He 
repor t s  t ha t  t he  accuracy of w i n g  coniponent t e s t  d.ata  t o  estimate the  
Leakage of a la rge  s t r u c t u r e  i s  abou'c 50$. 
t r a t ions  and seals  axe given i n  Chaptei- 9. 

Addli-tional. d e t a i l s  on pene- 

8.3.1 

The foundation and suppor1; requirements or" containment systems are 
dependent on the  SOY!. and seismic cond.itions, the s i ze  and wei.gl1.t o f  the 
containment sys i;em and its contained equipment, alii1 the  elevztioil of the 
system wi.th respect t o  grcjwnd. I.eveI The discussion of foundations arid 
s o i l  mechanics Ynat follows is not ixtended. t o  pyesent design cr i ter- ia  
but r a the r  t o  i.ntroduce some o f  -the inqor.tarit f'acets Yna-t r e l ake  -Lo con- 
.tainme:nt s t ruc tures  . 
range, =king it m-datory t o  determine the  na.-tu-re of  .Ycie underlying so i l .  
by 'horings, t e s t  pits, or other methods. If the  soil. consis'cs o f  medl i im 
or  soft clay, a settlement mna,lysis based on consolidation tests of im- 
disturbed s o i l  smqles from the foundation strata t s  needed. 

Table 8.11 gives the  general c l a s s i f i ca t ions  of soil. ancl the pres- 
sures which they PAY sa fe ly  support a 3 4  The safe values a,yproximate the  
pressures allowed by most 'building codes. Higher values may be used if 
substant ia ted by spec i f ic  t e s t s  ConservatF-ve values sbou3.d b e  ixsed f o r  
:i?ouxida-tions f o r  stacks o r  otlier tall st~71ctures beea.u-s(-. of the mnagi.ifi.ed 
e f f ec t s  t h a t  would. result  fYom a s n l a l l  loca,l  settlement. 

Footi.ngs o r  p i l i ngs  am:i foundations enable the  concentrated loads 
of  t h e  containment system -Lo 'oe spread over a. su f f i c i en t  w e a  o r  -to 5 

su f f i c i en t  depth .that t he  un i t  pressure w i l l  come within the alli;m.ble 
1.imits. Footings are no-mally of  concrete and of ten are reinforced w i t h  
s t e e l  t o  provide b e t t e r  s t ruc tu ra l  d.istribrt-l;ion of the  heavy reactor  
vessel and shielding loads.  Pi l ings are used. where sa t i s f ac to ry  bearing 
s0i.l i s  not avai lable  at, a reasonable depth. W t e r i n l s  corn-only i-ised 4rci 

wood, which mmy carry 8 t o  12 tons per pi1.e; concrete, carrying 2.5 to 60 
tons per p i l e ;  and s t r u c t i w d  steel- IZI co1uilns, with. stKI.1. bigher capaci- 
ties. Texts by Abbett3' axid T~che 'oo ta r io f f~  o r  similar engineering docu- 
ments shoziLd be consulted. f o r  addi t ional  d e t a i l s  on the  norrml design and 
construction prac t ices  f o r  Ynese items e 

Lype of  eontaiment  and t h e  design approach, as wel l  as w i t %  the p'aysical 
size and welgli--t of the  nuel-ear plant contained. 
xmterial  my  easily be the dominant contributor t o  t he  total weight and. 
could vary widely depending on plan-t arr.arigerrient, shi.el.ding c r i t e r i a ,  e t c  
'The buoyant forces ac t ing  on undergrowxi portions may counteract a slg- 
n i f iczn t  portion of the  total. load. For example, the cyl indrical ,  under- 
ground, pressure-suppression containment system used at; HWoldt ,  Bay has 
a total weight of  13,080 tons or  approxiniately 5 tons/f.L' However, t h e  
buoyant force o f  5130 tons reduces the t o t a l  pressure on the  s o i l  t o  

T5e bearing pressures t h a t  rnag be allowed on soil vary over a wide 

The load the foundation must car ry  will v&ry signlfiemC1.y w i t h  t he  

Th.e wetgirt of  shielding 
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Table 8. Il. Bearing Values of Soi 1.s Considered 
as Supports f o r  Found.ations" 

Ma,t c r  i a l  

A1.l.owabl. e 
Bearing 

Value 
( tons / f t2  ) 

Massive c r y s t a l l i n e  bedrock, such as 
gi-ani-Le, d i o r i t e ,  g;nei.ss, and tyap- 
rock i n  sound condition 

Foliaked- rocks, such as s c h i s t  and 
s l a t e ,  i n  sound condition 

Sedimentary rocks, such as hard shales, 
s i l ts- tones,  l.irnestones, sands tones ; 
also thoroug'hly cemented conglomerates 
i n  sound condition 

Soft or  broken bedrocks of  any kind, 
except sha1.e 

Exceptionally compacted or par - t ia l ly  
cemented gravels, sands, and hardpan 

Gravel., sand- gravel mixtures, compact 

Gravel, loose; coarse sand, compact 

Coarse sand, loose; sand-gravel mix- 
tures ,  loose; f i n e  sand, compact 

Fine sand., I-oose 

S t i f f  c.l.ay and s o f t  shales 

Med5wn- s t i f f  clky 

Medium-soft c lay 

F i l l ,  s i l t ,  organic material, muck, 
peak, e t c .  

100 

40 

15 

1.0 

10 

6 

4 

3 

2 

4 

2 l./2 

1 1./2 

0 

%rorn r e f .  34. 

2.85 tons/f'i2. In t h i s  case, t h e  60-ft-diam fi.at bo-ttom of  tine concrete 
caisson i s  s u f f i c i e n t l y  r i g i d  and i n  contac-t; with s u f f i c i e n t l y  f i r m  s o i l  
tha-t no fur ther  foundation i s  required.  For the Big Rock Point plant ,  
whose 1-6, 000-ton spherical  containment vessel  i s  primarily above grade, 
the pressure on the  s o i l  i s  on1.y approxim2.tel.y 2.3 tons / f t2  because of 
the  7600 f t 2  o f  foundation bearing axea avai lable .  
cludes about a 0.2-ton/ft2 loading caused by the  foundation i t s e l f .  I n  
t h i s  case, the containment vessel  fouudati.on ex-Lends only t o  the bound- 
ary at which the spherical. vesszl  emerges from t h e  finished. gracie, but 

This pressure in- 
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consj-dera,ble foundation st rength was required because the maximm- reac-tor 
and shielding-load pressures occw i n  t'n.e center of the foundation upper 
surface . 
.LO.C e rect ion of  free-s-Land-ing p la tes ,  for  which access t o  '00th s ides  of 
a l l  welds i s  possible, prior' t o  the placement o f  tlie por-Lion OS the 
foundation that forms the  permanent d i r ec t  suppor-t of t he  vessel .  This 
procedure i s  used -to f a c i l i k a t e  welding and t o  permit f u l l  i.nspecti.on o f  
the  welds. It al.so avoids the  d i f f i c u l t i e s  -that mighi; be encountered i f  
the foundation were poured first and the s t e e l  vessel  sinbsequent1.y f i t t e d  
1.~0 its surface.  

during construction p r io r  t o  t he  pl.a,cement of external  or i n t e rna l  concrete 
foundations adjacent t o  t he  skin surfaces For spherical  vessels,  t h i s  
support has been t 7 ~ l c a . l . l y  szippl.ied by a s e t  o f  external  colurms and brae- 
i.ng that support the vesse l  from a b e l t  0x3 intermed.iate point on i t s  g i r t h ,  
Sirzce the t o t a l  weight t o  be s'uppor-Led i s  only .the containment s h e l l  and 
re1al;ed t e s t  eqin5.prrkent, i .e much l e s s  than the  total operating weight;, 
tlzcse support col-i.u~ns will norimlly require only spread f o o t b g s  o r  pi1.e 
caps, i f  p i k s  are used i n  the  permmient foundation system. 
required i n  order t o  resist 1zi;eral seisinic o r  wind loads on the  vessel .  
These temporary suppor-i; colwcms and bracing my be removed a f t e r  the 

3 6  foundation concr&& i s  pl~i,eed. and se t ,  as w a s  done at t he  Fermi plaai,, 
01- they my be left i n  place a f t e r  readjustment as perma,nent supports o r  
cnfker. being loosened so t h a t  they do not, su.scquent1.y induce extraneous 
sttresses in the  free-s-tanding vessel. 

Tie placerrien-l; o f  concrete und.err a free-standixlg steel. vessel. must 
be done rin s teps  o r  by paki-q alternate placements of ccncre%e i n s i d e  
and oirbsiiie t h e  vessel w a l l .  ( see  Figs. 8.27 and 8.28 of See. 8 .4 .2 )  so  
as to eli.mina-Le :;he extensive upl.iz"t, t h a t  comld occur as a r e s u l t  of w e t  
concrete f l -u id .  pressure,  A s  discussed- i n  Section 8.3.3, s t ee l  conta5.n- 
:miit vessels require  careful  design of .t;he area a,t ~wh.i.ch the  shel.1. pla.te 
1.eaves .the concrete fo-tuidation, s ince t h i s  area i s  subjected t o  eompli- 
cated. stress patterns,  both t u?de~  Z ~ O ~ I K B ~  operating t h e r m x l  va:riations and. 
imder design 0 pres swe  and thenrmml. expans $.on conditions 

N o r m a l  ccnstruction procedures f o r  s t e e l  containment vessels c a l l  
c .  

L 

Free-standing s t e e l  contaiment vessels  must be temporarily suppor-bed 

Bracing i s  

8.3.2 Penetrations i n  Containment Vessels 

Penetrations i n  tt pressure .vessel in te r rupt  Yne s t r e s s  patterm and 
reyi~ir:: adequate design followed by carefu l  irzstalla1;ion i n  order t;o 
avoid being the  weakest l i n k  i n  t h e  vessel.. 
pofxnt ia l  leakage paths ,and of ten presen-t d i f f i c u l t  seal.ing problems a 

This sect ion d i s c u s ~ e s  onQ- t he  s-Lructural aspects of containment vessel  
penetraLions, i r respec t ive  of  function. Tne various types of  penetra- 
t i o n s  used f o r  cmtakment  vessel  access, piping, and el .eetr ical  connec- 
t ions and the met'noiis o f  seal ing f'3r l e &  t ightness  are discussed i n  

I n  addition, they provide 

Chapter 9. 
Rules for the design cf small pene-brations (under 40 in .  i n  di.arce- 

.i;er) j.n s t e e l  containment vessels  are well covered i n  Section VI11 of 
t h e  ASME Code. 3.ul.es for I.arger openings and t h e i r  spacing are given 
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i.n the  proposed ASA stand-ard on design, fabr icat ion,  and ma.int,enance of 
s t e e l  containment struc'wres ( see  App. E ) .  Pa,ragraph N-l342(b) of Sec- 
t i o n  III of the  ASME Code spec i f ies  t h a t  a l l  p l a t e s  contai.i?ing penetra- 
t ions,  regardless o f  s ize ,  mus-t be furnace heat t rea ted  before b u t t  
welding h t o  the containment shell iml-ess t h e  e n t i r e  vessel. i s  heat 
t r e a t e d  a f t e r  completion. Where penetrat ions woul-d i n t e r s e c t  a s h e l l  
seam or where the penetrati-ons a r e  i n  a group, a th ick  i n s e r t  pl.aLe as- 
sembly (grea te r  than l . 5  i n . )  may be used t o  i.ncl_ude one or a l l  of t h e  
penetrations,  but  the periphery of the heat- t reated i n s e r t  assembly must 
be tapered t o  keep the  thickness of the weld t o  the adjacen-t shel.1 p l a t e s  
wibhin t h e  1.5-in. maxri.rnum. The proposed ASA standard recommends t h a t  
the i n s e r t  welds be located so  as t o  miss t'ne main b u t t  welds by 12 i n .  
o r  more, i n  some cases, or shall. be made t o  cross  the mai.n seam a t  an 
angle of not l e s s  than 30". Paragraph N-1350 of  Secti.on 111 requires 
f 'ull radiography of Category A and. R welded j o i n t s ,  and a l s o  of Category 
C and D j o i n t s  i f  a radiographable j o i n t  i s  used.. If not rad-iographable, 
Ca-Legory C and. D jo in ts ,  and a1.l other j o i n t s  not Tncluded i.n Categories 
A, By C, and D, s h a l l  be examined by ul t rasonic ,  magnetic p a r t i c l e ,  o r  
l i q u i d  penetrant techniques The jotnt, ea-tegori-es a r e  d-escribed. 5.n Para- 
graph UW-3 of Section V I I I .  

Penetrati-on p l a t e s  too  la rge  t o  shi.p i n  one piece should be assembled 
and heat t r e a t e d  i n  t h e  f i e l d - .  According t o  ASW Code Case 1272N-5, open- 
ing frames must be heat treated.  before being wel.d.ed i n t o  the  s h e l l .  If a 
door frame or gasket i s  included i n  a large penetrat ion p la te ,  t'nc dimen- 
s iona l  limits of av-a-i.1.able machining equipment may determine -Yne m a x i m u m  
s ize  of such a peneti-atj.on. Frequently., re inforcing r ings f o r  peiletra- 
t i o n s  o f  these la rge  s izes  a r e  forgi-ngs made t o  spec i f lea t ion  ASTM-A350. 

Accep.t;ed r u l e s  governing the  design, location, and relnforcement o f  
penetrat ion frames i.n concrete containment s t r u c t w e s  a r e  not avai lable .  
In general  the penetrat ton sleeves a r e  s t e e l  f o r  convenience i n  making 
aktachments. A n n u l a r  r ings a r e  added t o  the  outside t o  provide imchorage 
and a labyrinth s e a l .  Penetrations should be aryaxged i n  v e r t i c a l  and 
horizontal  rows 'io provide ligaments f o r  re inforcing bars  and t o  f a c i l i -  
t a t e  placement; of concrete. 
s-Lructural s t e e l  r ings o r  frames t o  which r e i n f o x l n g  bars  a r e  welded. 
These r ings should be heat treated. af'ier welding on the reinforcing bar 
st1.k s 

Large penetrations wil-1- probably require 

8.3.3 Thermal and Other Motions of ConLarinment Vessels -__ 

Various 'ilieriml and load conditi-ons cause movement o f  containment 
vessels  and t h e i r  r e l a t e d  fixed accessories, such as piping penetrations 
and a i r locks .  These motions can be surpr is ingly large,  amounting t o  
several. i-nches i n  t h e  case of la rge  s t e e l  conkainment vessels,  and under 
t h e  influence of the  sun, the  movement of exposed vessels  i s  complex and 
var iab le .  It i s  not des i rab le  t o  introduce r e s t z a i n t  o f  these motions 
above tlne foundation; hence, i n t e r i o r  and. ex ter ior  s t ruc tures  should be 
kept well  c l e a r  of  the  containment vessel  w a l l .  

the  s t e e l  shel.1. emerges from t h e  restrai -nt ,  such as a t  the  pori.nt where 
a sphere or a cylinder emerges from the  concrete Toundation. Above -the 

If r e s t r a i n t s  a r e  mavoidable, spec ia l  provisions must be made where 
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concrete, r a d i a l  d.istortions diue to temperature and pressure occu~, whereas 
below t h i s  point they a re  suppressed, and high I.ocal s t resses  can be pro- 
duced. In  order t o  minimize these s t r e s s  concentrations, a t r s n s i t i o n  zone 
i.s norma1l.y provided. t o  permit gradually. diminishing r i g i d i t y  of  tbe  fom- 
dation r e s t r a i n t .  Pa example of one design solut ion i s  sham i n  Fig.  8.18, 
where a sand-f i l led tapered space i s  provided between the outside concre-te 
cradle  and -the s t e e l  s h e l l  t o  furnish a region of intermediate r e s t r a i n t  
axid prevent severe bending when Yne vessel- i s  pressurized.. 37 This a rea  i s  
furYner protected by a v e r t l c a l  s k i r t  t h a t  creates  a dead a i r  space and 
minirni.zes temperature var ia t ions  caused by varying ahosphe r i e  condit ,ions. ' 

A s i m i l a r  d e t a i l  f o r  a s t e e l  cylinder is  shown i n  Fig. 8.19. 

t he  containnent vessel  i s  pressurized must a l so  be considel-ed. Although 
opinions d i f f e r  as t o  whether. - this slippage arstual1.y occurs, it i s  good 
prac t ice  t o  assme that, sonic does occur and -to wrap a l l  projections of the 
s t e e l  shell t h a t  a r e  Lo be embedded i n  the concrete with (::(impressible pa- 
t e r i a l .  It i s  a l so  good prac t ice  -Lo keep the  center of gravi-by of the  in- 
t e r i o r  s t ruc ture  as close as possible t o  the  v e r t i c a l  axis of a spher?.cal. 
containment vessel  t o  avoid t h e  p o s s i b i l i t y  of ro t a t iona l  slippage due t o  
eccentr ic  loading. 

Relative motion of the s t e e l  p l a t e  with respect t,o the  concrete when 

BACK UP WALL - _  

- MASTIC 
EASEMENT 

Fig. 8.18. Contaiment Vessel Transit ion Embedment at Grade. (From 
ref. 37, Fig. 5) 
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-STIFFENING RING 

VESSEL WALL\ S U P P O R T  LEG 

SLIDLNG SURFACE COPPER 
WAI ERSTOP 

Fig.  8.1.9. Containment Vessel Support Leg and Ra,dial Expansion 
J o i n t .  (From r e f .  36, Fig. 5.10) 

8.3.[+ Shock a,nd Missile Protcc’iion --.--- 

Shock waves could be generated by a rapid. release of coolant o r  other 
f l u i d s  within a containment vessel  o r  dryvJell imder c e r t a i n  accident con- 
d i t ions ,  and therefore  it m a y  be necessary t o  consider the e f f e c t  of the 
shock on t h e  vessel-. Usually the  b io logica l  shiel.ding around a reactor  
primary system i s  s u f f i c i e n t l y  massive’and located so  t h a t  it would tend 
Lo di-ssipabe a shock wave or iginat ing i n  Lhe reac tor  system and prevent 
i.t from reachins the  con-Laimient she l l ,  al-Lhoug’*? some missil-es might be 
generated. This can be  seen i n  the  cross-section drawings of several  
p lan ts  included i n  Chap’LeY 7. Some shock-loading conditions were assumed 
f o r  the Enrico Fermi containment vesse l  but  proved to be less than t h e  de- 
s ign inte:i-nal.. pressure.36 
shock waves and the i r  magnitude i s  presented i n  Chapter 6. 

Missile pro-tec-ti.on for steel. containziient vessels i s  achieved. where- 
ever possible by enclosing within sh ie ld  w a l l s  a l l  equipment considered 
capab1.e of  creat ing missil-es. Thi-s w a s  done a t  the Dresden and Big Rock 
Point pl.ants. With t h i s  ari-angement, care must be taken t h a t  ‘ihere i s  an 
effecbiv-e means of  venting the shielding structiirre t o  the surrounding con- 
tainment volime t o  av0j.d a da:ngerous local. pressure buildup. Often doors 
and other access openings a r e  i n s u f f i c i e n t  f o r  t h i s  purpose and additional. 
openings must be provided. 

Concrete contari.nment s t ruc tures  are consid.ered inherent ly  missi le  re-  
sistan-‘i, and. spec ia l  mrissile protect ion i s  usua?.ly not requi-red, except 

More de ta i led  information on tlcie source o f  

(For Pirt’ner information see Chapter 6. ) 
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as nlay %e needed. t o  pro tec t  metal l i n e r s .  Where it i s  cont5idered possible 
f o r  miss i les  to  s t r i k e  t h e  w a l l .  of  a s t e e l  containment vessel., it may be 
necessary t o  l i n e  the  s t e e l  with concrete. 
th.ick concrete l i n e r  w a s  provided below the  main f l o o r  -to protec t  the s h e l l  
from miss i les  caused by an expl.osion i n  the  nuclear system. A 1.2-in. eon- 
Crete l i n e r  was provided above t h e  main fl.oor t o  pro tec t  against  nissl1.es 
from t h e  evlclosed turbine a 'The o r i g i n a l  designs for i;he Xhippingport 
containment vessel. included a 6-in.  gmiite inner l i n i n g  for missi le  pro- 
t e c t i ~ n . ' ~  Tize gunite  was finaJ.1.y omitted when it was decided tha-t i.'~ was 
not reasonab1.e t o  assume t h a t  a f a i l u r e  of  a u s t e n i t i c  pipe c o ~ i l d  generate 
miss i les .  

brane l i s  s o l i d l y  backed by reinforced concrete that provj.d.es s t rength  for 
t h e  drywell membrane and protect ion of the  suppression cii:mber vesse l  
aga ins t  missi les  t'mt nligbt be created by steam rushing out of a rupture 
i n  the  p r i r a r y  system. '-These f o ~ c e s  might otliemfise cainse penetrat ion 
of the r l r p r e l l  rflembrxme. 
fox- t h e  same purpose. 

I n  t h e  EB?R vessel., a 24-in.- 

A t  Hmn'uoldt Ray, t h e  c y l i n d r i c a l  port ion o f  t h e  drywell vesse l  mem- 

Il"ne heads are l5ned. on the ins ide  w.i!;h concre'c;e 

8.3.5 Attacllvnents and. Accessories 

Large contaimerrt; s t ruc tures  usually require  a, number of attachments 
Paragraph N-1.342(d) o f  Section III of the A34E Code re-  and accessories ,  

quires  that a l l  per.fnanently welded. attachments t o  'che shel.1. be inpact- 
kested material. iin.nl.ess th-ey a r e  t o  he heat  t ~ e a t e d  a f t e r  welding. IiuLes 
ai-e also given f o r  .bhe wzlding of nonimpact- t e s t e d  m a t e r k l  t o  permanent 
attachments a To meet these reqxiirements and a l s o  t o  provide aceeptab1.y 
I.OW st resses ,  c i r c u l a r  pad p l a k s  of A-300 steel .  a r e  of ten  welded t o  the 
shel.1. a . t  t h e  attachments . 

S-tee1 eyer; a r e  frequent1.y wel.d.ed. t o  the  insid.e of a s'beel dome t o  
support temporary maFntena,nce scaffolds. I n  the  Dresden containment ves- 
sel, eyes a r e  spaced on approxirmtely 8-ft centers i n  each d i rec t ion  and 
axe designed f o r  1000 Ilb each. I n t e r i o r  pl-atforms a r e  not nornlal.1.y per- 
nianent1.y attached t o  t h e  containment vesse l  wall * Other ex.wnyles of wel.ded 
attachments ai-e wel-ded s tuds  f o r  the sw.ppo:r-L of  insula'cion and s t i f f  erii.ng 
members t o  pro tec t  against  external1.y applied collaqsing loads.  

The accessnyies required for inspection and mflaint;en.ance of  the ex- 
- te r ior  surfaces of s t e e l  contaim-ent vessels vary grea t ly .  '13e Dresden 
vessel w'as original1.y provided with a fi.xed exberior  stair  and ladder ar- 
rangement, and it was an t ic ipa ted  t h a t  nni.ntena.nee cou1.d 'oe accompli shed 
by means o f  a boatswain's chair  t i e d  -to a nozzle  st t h e  top of  tine sphere. 
When an extensive program of insu la t ion  repai.r was decided upom, a r o l l i n g  
scs f fo ld  was  in.sta.l.l.ed t h a t  covered t h e  top heizisphere from t h e  equator t o  
t h e  60.tfi p a r a l l e l .  TZlis scaffol-d m m s  on rails b o l t e d  t o  permanently 
wel.ded., shell-attachment pads and i s  propt?lled by a ha,nd crank. A simi.l.ar 
movable scaffold was incorporated i n  the design of .khe con:Laliuixenb sphe:r.e 
a t  B i g  Rock Point.  It, can f ie  seen c l e a r l y  i n  Figs.  8.22 and 8.24 of See- 
tion 8 . L b . l .  In t h i s  case, the scaffoZd itself provides access to the top 
of t h e  sphere. For t h e  vertical .  eylinde-r contairmien't vessKl. a t  Peach Bot- 
tom, a moving scaffo1.d covers t h e  top knuckle with provisrion for 8,tt:zcbing 
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a, boatswain's chair  t o  cover the  v e r t i c a l  s ides .  In  a l l  these cases t h e  
scaffold termina-tes a t  a safe ty  fence al; t h e  60-th p a r a l l e l .  

Opinion regarding the necessi ty  of l ightning rods on 1a:cge s t e e l  con- 
tainment vessels  varies,  but the  t rend appears t o  be away from t1iei.r use. 
The NationaJ F i r e  Protection Association Code f o ~  Protection Against 
Lightning (NFPA No. 78-1.959) 39 allows the  use of s t r u c t u r a l  steel. frame- 
work as the  main conductor f o r  l igh tn ing  protect ion systems providing it 
i s  grounded a t  d.i.stances not exceeding 60 f t  apart; at; the  perimeter. This 
code a l s o  acknowledges t h a t  properly grounded water tanks need not have 
protect ion i f  l ightning w i l l  no'i darmge Lhe wall mater ia l .  Specifications 
on ground.ing and l ightning a r r e s t o r  ti.p materia1.s and dimensions a r e  a l so  
provided. A l ightning rod. w a s  i n s t a l l e d  on t h e  Fermi containment vessel ,  
although t e s t s  showed t h a t  it w a s  vrirtual.ly impossible f o r  a. l ightning 
bolt t o  puncture tiie vessel-. 

A cylLindrica1 containment vessel. often lends itseJ-f t o  supporting a 
bridge crane f r o i n  i t s  walls. However, -the brackets supporting the crane 
girder  ri.mpose bending moments and other loads on .the she l l ,  and for t h a t  
reason the g i rder  i s  sometimes s t r u c t u r a l l y  separated frorn the containment 
s h e l l .  
i s  supported on a continuous r ing  attached t o  t h e  contai-nrnent vessel  w a l l ,  
whereas the c i r c u l a r  girder  f o ~  t h e  25-ton crane a t  HWCTEl i s  supported. on 
separate col-urns at the  pei-iphery of the containment vessel .  In spherical  
vessels, cranes a r c  invariably supported on the inLernal shielding s t ruc-  
tinre. 

Occasionally, a watw tank i s  suspended from t h e  roof of the contain- 
ment vessel. t o  provide a. pos i t ive  head. source o f  water for  emergency ye- 
actor  cooling. This tarik i s  sometimes an i n t e g r a l  p a r t  of the  roof of the 
containment vessel .  Such i s  the case i n  the  EBWR, Elk River,  and^ IIWCTR 
containment, vesse1.s. A f3.gux-e showing t h i s  detail .  i s  incl-uded i n  Chap- 
t e r  7. 

3 6  

For zxarfiple, the  150-ton bridge crane at .the Eiirico Fermi plant  

8.4.  CONSTRUCTION 

Since nearly- a l l  steel. conLai.iiment s t ruc tures  a r e  !?ab-rica-Led i.n ac- 
cordance wlth tiie AXME Code f o r  TJnPired Pressu.Te Vessels and r e l a t e d  Code 
Cases, -the d e t a i l s  of  construction a r e  e s s e n t i a l l y  those t h a t  have been 
used f o r  many years.  However, because of  the s i z e  o f  these vessels,  in-  
diistqr h.as had t o  develop new approaches t o  fie1.d erecti-on to  ensure eco- 
nomical. production and s-kil l  lila,in-kai:n adequate qua l i ty  control.. 'To L.l.us- 
t r a t e  t h e  special. problems involved, i t  i s  helpfif'rrl- t o  fol.low a t y p i c a l  
construction sequence f o r  both singl-e-stage and multiple-stage zrection. 

8.4.1 Single-Stage Construction 

Sj.n.glc-stage constriic t ion i s  defined a,s the  erect ion of the contain- 
ment vesse l  as a complete unit p r i o r  t o  construction of  a n y  enclosed 
f a c i l i t i e s .  After  pi-essure and leakage r a t e  tesLing, one or more la rge  
cons-tniction access por t s  a r e  usual ly  cut i n  the containment vessel  w a l l  
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additional foundations, plant structure, piping, and equipment 

tion openings have been sealed, a final leakage rate test is performed 
to ensure compliance of the final structure with the leakage rate speci- 
f icat ions. 

A recently completed typical example of single-stage construction 
is the containment vessel of the Big Rock Point plant, which is illus- 
trated in Figs. 8.20 through 8.24. 
d i m  steel sphere erected on 1 4  pipe colms, which support the sphere 

n installed. After the plant has been completed and the construc- 

The containment vessel is a 130-ft- 

r. The construction se e is indicated in Figs. 8.20 

canting, the equator columns were set, and the entire ves- 
cted, complete with locks and capped penetrations. The welds 
radiographed. (See Sec. 8.4.4 f o r  discussion of fabrication 

-bubble tested, 
and erection techniques frequently 

The completed sphere was pressurized to 5 psig, 
ized to 1.25 t the design pressw d held for 1 hr. 
then reduced to the design value (37 psig), and an inte- 

grated leakage rate test was conducted using the reference ve 
"he testing se nce was essentially the same as that describ 
ter 10. 

ms cut at ground level. 
by making alternate pours. 

After the leakage rate test, a 24- by 24-ft construction access hole 
Interior and exterior foundations were placed 
Then the in%ernal plant structure and the 

Fig. 8.20. Big Rock Point Containment Vessel Showing Temporary Sup 
port CoLumns. 



Fig. 8.21. Big Rock Point Containment Vessel During Erection. 

Fig. 8.22. 
for Leaks. 

Vessel Bubble Testing of Big Point Contai 
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A D 

Fig. 8.23. Big 
into Containment Vess 

I .  

Fig. 8.24. Completed Plant at Big Rock Point. 



8.50 

equipment were installed; the penetration caps were removed; the piping 
and electrical cables were installed, routed through the penetrations, 
and sealed; and the construction access opening was closed. The original 
14 structural support columns were left in place but loosened so that 
they would not produce stresses by suppressing normal vessel movements. 

were halide leak tested. 
bubble tested. The sphere was then leakage rate tested at a pressure of 
10 psig by the same procedure as was used earlier. At 10 psig the elec- 
trical penetrations were again halide leak tested, and the locks and pip- 
ing penetrations were soap-bubble tested. 

The sphere was then pressurized to 5 psig and electrical penetrations 
The piping penetrations and locks were soap- 

8.4.2 Multistage Construction 

Many new plants have taken advantage of a 1956 ruling of the ASME 
Boiler and Pressure Vessel Committee (Case 1228), which permits partial 
erection of the containment vessel prior to construction of the support- 
ing foundation, internal structure, and equipment. Case 1228, which has 
since been included in Case 1272N, states that 

"Inspection of welded joints in the lower part of containment 
vessels during the pneumatic test will be waived where such 
joints are covered by concrete during the construction of the 
vessel, provided: 

of the vessel covered by concrete, and 

tion during the test of the completed vessel shall be Ty-pe 
No. (1) of Table UW-12 [double butt type] and shall be fully 
radiographed and prior to being covered shall be tested f o r  
leak tightness using a gas medium such as Halide Leak Detec- 
tor Test." 

The same provision is included in paragraph N-1411 of Section I11 
of the ASME Code. This ruling may have a beneficial effect on the over- 
all job cost, since it permits the construction of the interior portions 
of the plant by conventional methods of material and equipment handling 
and may permit more efficient utilization of construction forces. 

vessel used for the Peach Bottom Atomic Power Station is a typical ex- 
ample of multistage construction. 
8.29. 

mately 3 ft above grade, welded, radiographed, and halide leak tested. 
The interior and exterior foundations were then placed; the plant struc- 
ture was completed; and the bulk of equipment and piping was installed. 
A 200-ton capacity guyed derrick was placed atop the concrete structure 
for erection of the reactor vessel, helium dump tanks, steam generators, 
and helium compressors. 

vessel were then erected, welded, radiographed, and soap-bubble tested. 

"a) 

"b) 

There are no openings o r  penetrations of the part 

All welded joints that are inaccessible for inspec- 

The construction of the 100-ft-diam, 162-ft-high capsule containment 

It is illustrated in Figs. 8.25 through 

After excavating, the lower ellipsoidal head was erected to approxi- 

The cylindrical portion and upper ellipsoidal head of the containment 
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Fig. 8.25. Initial Construction of Lower Portion of Containment 
Vessel at Peach Bottom. 

ing of Lower Elli Con- 
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I 
I II 

Fig. 8.29. Erection of Containment Cylinder Walls and Internal 
Equipment at Peach Bottom. 

A pressure test at 1.15 times design pressure was conducted followed by 
an integrated leakage rate test at design pressure. 

Penetration caps were then removed, and all cables and piping were 
ugh the penetrations and sealed. A11 work done subsequent to 

le tested o r  halide lea& tested. 
rate test. Either the single- 

d can be used for most contain- 
ment designs and the method to be used 
shape of vessel. Howeve in composite nt structuyes, such as 
the HWCTR vessel, the nstruction is e by the nature of the 

of' single- and multistage construction are outlined in Table 8.12. 
erials used. The comparative advantages and disadmt 

8.4.3 Lined Concrete 

In concrete containment structures, the concr must usually be 
lined with metal or a no 
gree of leak tightness. 
a welded and rully tested metal liner is essential. 

allic coating to provide the necessary de- 
a high degree of leak tightness is required, 

A coating also may 
ired to provide an easily decontaminated surface. 



8.54 

Table 8.12. Comparative Advantages and Disadvantages 
of Single- and Multistage Construction Sequences 

Advantages Disadvantages 

Single stage 1. Lower construction 1. Requires temporary in- 
cost for the vessel terior lighting and 

ventilation 

2. 100% observation of 2. High noise level during 

3. Provides weather pro- 3. Limited access 

welds under pressure interior construction 

tection for interior 
construction 

4 .  Difficult rigging of 

5.  Congestion raises con- 

materials and equipment 

struction cost of inte- 
rior work 

Multistage 1. Free access for erect- 1. Higher construction 
ing interior plant cost for the vessel 

2. Overall cost of com- 2. Separate leak testing 
bined structure and required for bottom 
vessel is normally portion of the vessel 
less than that for 
single-stage construc- 
tion 

3. Temporary interior 3. Piping and electrical 
lighting or ventila- connections must be de- 
tion may not be re- layed due to later com- 
quired pletion of containment 

vessel 
~ -~ 

8.4.3.1 Metal Linings 

The metal linings used are of two types: (1) those attached by weld- 
ing to cast-in-place inserts in the concrete, such as used at Hallam and 
illustrated by Fig. 8.30, and ( 2 )  those used as integral forms for the 
concrete, such as used at Humboldt Bay and illustrated by Fig. 8.31. 

pressure vessel, its fabrication does not fall under Section VI11 of the 
ASME Code. To maintain the integrity requirements, however, it is still 
necessary to require welding quality control and leak testing. 

Hallam Nuclear Power Facility containment structure. This method was 
used because it was desirable to be able to vent any moisture trapped 

Since the lining is used only as a leaktight membrane and is not a 

Extensive use of liner plates welded to inserts was made on the 
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CON T INU OIJ S 
EMBEDDED STEEL CONCRETE FLOOR, lVAJ. .Lt  OR ROOF 

L S T C  . '> ' I  > i PLATES WELDED TO TEES 
AFTER CONCRETE F O R M S  

WERE STRIPPED 

Fig., g.30. 
c l e a r  Potrer F a c i l i t y .  

Linear PlaLe Dcta i l  for Subterranean Cell-s at I € a l l a m  Nu- 

C ONGR E T E 'N.%I..l. 
POURED A F i E R  - CON'IlNUOUS STEEL ANGLES 

W E L I I E D  TO J.,IEJER P L A  1'ES INSTALLATION Rr TESTING 

Fig I 8.31. Linear Plate De t a i l  for Sippre ssT on Pool.. ~a1.3.s at xfumboldt 
Bay Nuclear Power Facility. 

i.n the space behind the liner since the c e l l s  were t o  operate a t  ttzmpera- 
twrFjs zxceeding 212 "F. 
that  vau5ed f r o m  2 ft 9 he t o  6 ft 0 in. 
1.2-ga. wall m d .  ceiling sb.eets were s e a l  welded t o  the  5.nserts immdiately 
foi.l.owlng the  remcljval of  the concrete f o r m .  
t e s t e d  at; 3 psig with vacimi. boxes. 
cables 
test. 

The suppression pool  of the Hwriholdt; Eay Power- P l a n t  (see Figs. 8.1 
i;Iirougin 8"5)  i s  an example o f  the  use of an integral  liner. 
w a l l .  of t ine suppression pool  was constructed as  a caisson, being surik -to 
a depth of 78 ft Ise1.0~ grade after being coristr?rc.Led i n  four l i f t s  at 
gratle. 
place as the caisson was sunk, the liner .was designed t o  ~esist the pres- 
sui-e of the external ground water, which will eventua1.l.y I.e& through the 
4- FL-  thick concre Le caisson wall. The I.nterna.3. pressure a&. the external 
soi.1. pressure a r e  carried. by the concrete struc-ture, with the li.nerr acting 
as  a, leektigli-t rnenbrane. TI-ie l i n e r - p l a t e  segments were fabricalxd with 
v e r t i c a l  s t i f f e n e r s  on 4-f t  centers,  with the p l a t e  scalloped inward be- 
bween stiffeners to t r a n s f e r  the ex terna l  grouxid-water pressure load. t o  
the stiffeners. Concentrating the  form t i e s  a t  the v e r t i c a l  stiffener:; 
allowed t h e  prefabricated segments of l i n e r  p l a t e  t o  be used as the  concrete 

S t i ~ u ~ . t . u r a ~  t e e  i-nserts were e i ~ J ~ e ~ ~ . < ~ ~ ~  0 2 1  centers: 
The 1/4-in. fl.oor p l a t e  a ~ d -  

A l l .  welds were soap-bubb1.e 
A f t e r  i irstallati .on of  the  pipillg, 

and eqixipentJ t h e  s-t;r.uctm-e was given an. integra1;ed Icrzlytge r a t e  

T ~ C :  exterj-or 

Since T+ral;erproof ling mater ia ls  cau1.d not b e  expected to stay in 

L 
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forms. The l i i ier  p l a t e  segments were wel. ded., lO$ spot radiographed, and 
100% soa,p-’uubbl.e t e s t e d  p r i o r  t o  erect ion of other forms. 
was  placed, the wood forms str?’.ppcd, the  cajsson sunk level. wi-th the 
ground, and the  next 1 5 - f t  l i f t  formed and placed. 
cai-sson was completed, the bottom was sealed wLth concrete and pumped 
dry. A l e v e l  f loor  of  concrete w a s  then placed i n  the  bottom of the sup- 
pression tank and l i n e d  wlith steel. p l a t e  welded t o  embedded s t e e l .  These 
ppl.at;cs were soapbubble t e s t e d  only. The roof o f  the  suppression tank 
w&s formed of  a 3- f t - th ick  concrete s lab 1-ined Twi.th steel. pl..ate welded 
t o  the w a l l  l i i i e r  p la te .  Fol-lowing leak  tes t ing,  the roof l i n e r  p l a t e  
w a s  a l s o  used. as a f o r m  after being s t i f fened  amd. supported by s-Leel. 
beams. Upon completion, t h e  suppression pool was pressure t e s t e d  a t  20.3 
psig and 1-eakage r a t e  ‘tested a,t 10 psi.g using the  reference-vessel method. 

It can be assumed t h a t  metal. 1.i.nings wj-J . . l  f i n d  increasing use becmse 
of widespread i n t e r e s t  i n  the fol lowing types of  containment: 

1. Pressure suppression, 
2.  F’ressure r e l i e f ,  
3. Composite type (concrete base and. s-tee1 hemispheres) , 
4 . 7; ow- pr e s sur  e c on t a inment , 
5 .  Hi-gh-pressure concrete vessels .  

I n  Lhe corkainment system proposed f o r  the  Mal.ibu p lan t  at Los 

The concrete 

After sinki.ng of  t h e  

Angeles“ and f o r  o-ther la rge  nuclear p lan ts  t o  be located near m e - t ~ o -  
po1.ita.n areas, two welded steel- membranes a r e  used. The t h i n  steel- p l a t e  
membranes a re  separated by a red.uced pressure zone f i l l e d  with porous 
concre-Le, a,nd the e n t i r e  sand-wich i s  backed up by an extei-ilal concrete 
pressure-containing s-Lrincture that 31.~0 serves as a containment shield.  
The double membrane al-lows conti-nuous ronT torains of the intermediate zone 
for leaks and providFs a mechanism f o r  control led venting of a.1.l. leakage 
f r o m  insid.e the containment vessel  or the re turn  of the  leakage t o  -the 
containment vesse l .  

The pri.ncipal. sdvan’Lage of a metal 1-iner as a I-eakage b a r r i e r  i s  
t h a t  it allows t h e  conc-rete s t ruc ture  t o  car ry  the  pressure a t  normal 
working s t resses  .without concern about 7..eakage through s t r e s s  cracks or  
exis’iling shrinkage cracks. Sqpplem.entary- ad-vantages a r e  t h a t  it can be 
used as a concrete form and may a l s o  be ut i l ized.  as a waterproofing mem- 
brane i n  some imdergroimd. locat ions.  A s  with any membrane it i s  necessary 
t o  consider the possibil . i ty of  deformation or buckling due to  external  
pressure o r  a.dverse temperature conditions. Consideration should be gj.ven 
t o  corrosion protect ion and specimen monitoring i n  those instances where 
meribranes a r e  exposed t o  water seepage and a l t e r n a t i n g  evaporation and 
condensation conditions. 

8.4.3.2 Nonmetal.l.ic -.. Coatiiigs 

I n  general, coatings a r e  used as leakage bar:fi.ers f o r  concrete s t ruc-  
tures ,  where some leakage i s  tal-erablc, with the  r e a l i z a t i o n  that some 
maintenaxtce m y  be necessary duri-ng t h e  l i f e  of t h e  p lan t  because o f  
shri.nkag;c o r  settlement cracks and damage due t o  abrasion o r  i r q a c t  of 
coat ing surfaces. 

decontamination coatings axe usual ly  of the 7.00% so l ids  type (phenolics, 
Coatings t h a t  a r e  intended t o  serve both as leakage barrj-ers and 
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polyesters,  epoq-s, etc . ) e These types of coatings can withstand t r a f f i c  
a n d  abrasion but are not as f l ex ib l e  o r  self-healing as asphal-Lie 01' coal- 
t a x  p i t ch  coatings . 

Where coatings are t o  be l e f t  exposed, they are usuul.l.y appl.ied a f t e r  
major eq1xipmn-L and piping have been erected t o  prevent serious construc- 
'cion darmge. It i s  also necessayy t o  pro tec t  f l o o r  coatings during con- 
s t ruc t ion  by decking with an I'.neqxnsive plywood or heayr cardbcard ./ 

A r i g i d  coating of "LTquid 'Tile" (a thcmal - se t t i ng  nonporous p las t ic  
Iresix) was used on the  concrete portion of the lrvJCTE containment vessel .  
Waterproofing of  -the ex ter ior  surface below grade t o  obtain a dry w a l l  and 
special. etching and e l - e a i n g  of the interna.1. concrete siwface were neces- 
s a ~ y  t o  ensure a yroper bond. Toe "Liquid Tile" was applied t o  all- inte- 
r t o r  s i r f aces  of the  concrete contx,irmexb wall and f loor ,  .Lo a 3-f.1; r e t u m  
on al-1. walls and floor slabs abivt-ting Yne containment vessel., and t o  t he  
bop arid liottom swfaces o f  -the groimd-floor slgb, 

'The e f fec t ive  USE of a f lev ib l  e, bui l tup  bi.tmiinous a.nd p i t ch  meni- 
brarie as a vapor barrier. was d-enionstrated on %lie BONUS reactor  building./*' 
.lhe 1.82-ft-diam concre-Le-base slab i s  3 ,5  f t  thick and is surfaced. with 
R bituminous paint and a laminated. membrane consisting of three 3/1.5-.i.n. 
pLys of coa l - ta r  pi.tch and two ply's of asbestos f e l t .  T'ne mmbrane is 
covered with 2 f-t; of' sa,nd Lopped. by a &in. ~ ~ n ~ ~ e t e  f loor  slab. All con- 
atnicti.on j o l n t s  in the lower slab ha-ve waterstops and art? sealei? a t  t h e  
top  by " J e t  Careylastic" j o i n t  compound and coal-tar. pi tch .  
t;iree coats of "Bituplastic 33" (a coal-tas popsner emdsioi i )  weTe extended. 
up - h e  walls t o  form a longer leakage path,  "hese  Lypes of materials lmve 
khe advantage of 10%~ c o s t ,  ease of  FppPicati.on, low peimeability, ability 
t o  self heal, and resis tance t o  de te r iora t ion .  Disad.vai?tages are poor 
wear yes  $stance and difficul-ty of decontanination. 

i.1 

In add.itli.on, 

The Zurge Lamount or" f i e ld  wel.tl:i.ng inTJolved i n  large steel. containment 
vesse1.s has necessitated t he  development of production techniques f o r  usi.ng 
large f i t  -up jigs and t h e  autom1;ic ~ ~ e L d i n g  equipment normaL1.y used only 
i n  the shop. 
l i n  ft of  dov-ble-%utt-welded j o i n t s  i n  p l a t e s  va-qing i n  thickness from 
1.25 t o  1.40 in. The shell pl.at;es were shipped precut a.nd dished i n  s i z e s  
up to 10 by 35 f t .  
n-~c'nine welded on la rge  custom-bu.i.1.t ta,b!,.es - The ta3 les  were ad,ju.s table 
and could aceormodate four  p l a t e s  at once. 
in.g w a s  done by the automatic submc-rged-arc process. 'The welding tables 
saved coxisid-erable t i m e  and e-xpense and a l so  gave good qua l i ty  con.trol.. 
'l%e machine wel.ds were l.OO$ radiographed and repaired on ad<ja.cent -6aliles 
prior to erection. 

ing and subassenibling the plates ,  a LOO-ton guyed der r ick  mounted cen- 
tral1.y i n  the  sphere t o  e rec t  the  subassemble? plates ,  and various booms 
and hangers supported on the  interior derr ick  tower f o r  maintaining spheri- 
c a l  alignment of  the  erected plates during f i t - u p  and wzlding. 
ing i n  Lhe erected pos i t ion  w a s  d.one by hand with low-hydrogen eleckrodes.  

On t he  Dresden sphere, 37 f o r  exaiqle, there  are over 17,000 

To rnin2nliz.e hand welding, these la rge  plates were 

Nearly 60$ of  the  fie1.d weld- 

Erection of t h e  plates requirted a 50-ton capacity d.errick fo-r mload- 

All weld- 
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81.1 j o i n t s  weye double b u t t  weLd.ed, tlne back weld being -made a f t e r  carbon- 
arc Roueling and maguetic pa'r t icle inspectton of the  f j r s t  weld. Full 
radiog:raphy of 'zhe welds was done as the welding progressed. 

The shop fabri-cation f o r  the  Dresden sphere consisted of  (1.) shapingj 
ti-lirming, beve?.iing edges, pickling, and paint ing of  s h e l l  p la tes ;  ( 2 )  
welding penetration nozzles and colisimn stirbs to s h e l l  p l a t e s  and heat 
t r e a t i n g  the  asseriib3.y; an& (3) fabr ica t ion  and postweld heat treatment 
OS locks. One l.arge bol ted  door, with a 3.6-Ft-d~iarn c lear  opening, t h a t  
w a s  mounted i n  a 2 6 - f i - O D  i n s e r t  p l a t e  required f i e l d  wel.ding and pos t -  
veld heat I;i-estment. To minimize d i s t o r t i o n  betweein the  gasketed sur- 
faces o f  the door, the  welding was done on a round.--t'ne-clock b a s i s  and 
followed- a carefu l ly  de ta t lcd  sequence w i - L h  magfiafl-uxing of many i n t e r -  
pass beads. The doo-r was bo1.ted r i g i d l y  t o  t h e  i n s e r t  p l a t e  during the 
welding and. t h e  postweld heat treatment (11.50"F f o r  3 hr).  

The fabri.cation and errection techniques for steel. contaj-nment ves- 
sels of other  shapes a r e  sirnil.ar t o  those mentioned above. I n  general., 
every e f f o r t  ri s nlade t o  handle the  unloading, subassembling, erection, 
welding, and t e s t i n g  a€ the pieces i n  a producti.on-li.:fle manner, t o  stan- 
d.ardize procedures, t o  reduce f i e l d  time and. cost, and to increase qual.i.-ty- 
control  of welding and tolerances.  F ie ld  erecti-on of  mos'c containment 
ves s el. s r eqji!ni.re s spc c ia1.l.y Pabi- i c a t  ed derrj. cks, welding tab1 es, handling 
devices, and erect ion j i g s ,  which compri-se a sizeabJ.e port ion of the  t o t a l  
cost  o f  the  job. 

Litt1.e e f f o r t  has been m,de t o  specify erect ion tolerances other than 
those contai.ned i n  t h e  Unfired Pressure Vessel Code.3 
tolerances were establ ished f o r  niuch smaller vessels  and a r e  not app.1icabl.e 
t o  mos-t contai.nment vessels .  
8Oa) permits an erect ion tolerance of up t o  1.0% on the  diameter of cy- 
l i n d r i c a l  she l l s ,  allowi.ng a 1.00-ft-diam cylinder t o  be out of round as 
much as 12  h. 
provisions f o r  tolerances tha t  a r e  applicable t o  coiitairiment vessels .  

'The pr inc ips l  probl.em created by loose tolcranees, that of avoiding 
contact with adjacent s-Ll'uctures, has been alleviated.  i n  most ca,ses by 
the ri.gid control  and t i g h t e r  tolerances ac tua l ly  ach-ieved by the  f a b r i -  
cators  i n  erect ing t h e  vessels a.nd by allowing r e l a t i v e l y  la rge  clearances 
between the  vessel  and the  i n t e r i o r  s t ructures ,  except a t  grade. However, 
i n  recent multistage c a p s u l e - t y p  vessels,  such as t he  vesse l  a t  Peach 
Bottom, t h e  buj.l.ding s t r u c t m e  and pla'iforms extend to wi-thin 6 i n .  of  
the vessel. wall.. and a r e  erected p r i o r  t o  vessel. erect<-on. Because e x i s t -  
irng standards were inadequa-Le o r  unavarilable, i t  was necessary for  the  
designer t o  include the  tol.erance requi.rements i n  t h e  job specif lcat ions.  

However, the code 

T'ne Unfii-ed Pressure Vessel Code (Par. UG- 

Section 111 of  the  ASNE Code2 contains no add-i-Lional 

8.5 BilTTTLE FRACTURX OF STEEL 

J. K. Hawthorne H. R. Piper 
L. E. Steele  

The b r i i t l e  f a i l u r e  of  large steel  s t r u c t ~ r c s ~ ~  i s  a widespread 
problem t h a t  has a t t r a c t e d  the a t t e n t i o n  o f  engineers and s c i e n t i s t s .  
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m e  dramatic. f a i l u r e s  of merchant ships t h a t  followed t he  advent o f  welded 
ship construction i n  the ea r ly  years of World W a r  11 ha,ve been widely dis-  
cussed, 4 3 - 4 5  as have mny b r i t t l e  fail.i.zres of bridges, pressure vessels,  
pipelines,  and storage tanks. 4G The invest igat ions and analyses t h a t  fol- 
lowed as the aftermath o f  these incidents shcmed t h a t  the or ig in  of the 
failures lay i n  the tendency of a broad c l a s s  of metals and a l loys  t o  
exhibi t  low-temperature br j - t t leness  T'nis tendency i s  increased as a re- 
s u l t  of exposwe t o  radiat ion,  and hence the possible  ewibrittlexnent of 
.rea,c-tor pressure vessels  i n  service j.s a. inatter of  concern from the stand- 
point o f  nuclear safety.  Furt'nermore, t he  containment vessel  may be sub- 
3ect t o  f a i l u r e  from eithe?: t h e  influence of mbient  temperatures or neu- 
t r o n  exposure. Bo-th these p o s s i b i l i t i e s  <are of i n t e r e s t  t o  the  conk in -  
mx.t; designer. The information preseiited here i s  directed toward failure 
of  the  reactor  presswe vessel, s i m e  t3ni.s vessel  w i l l  receive a l a rge  
neutron dose d.iiri.ng i t s  l i fe t ime,  but  t he  p~inc ip l -es  i.nvolved in2y be ex- 
tended t o  cover o-Lher pressure-containing sys t em as well, such as the  
contaivment shell. 

The purpose of  the  following d.iscussion i s  to fmi l i a r - i ze  tl?e reader 
with bri.-t-tl.eness of s tee ls ,  the tests used t o  determine t h i s  b r i t t l eness ,  
the e f f ec t  of neutron exposure on b r i t t l eness ,  a a d  surveillance ana rerne- 
d i a l  techniques t h a t  inTghC be used to miniinize t h e  hazards of a brittle 
rcu~p t u r  e . 

8.5.1. Transit ion Temperature Tests 

The energy t h a t  i s  absox-bed- before f r ac tu re  takes pl.ace i n  the low- 
s t r a i n - r a t e  ter is i le  t e s t  my be used as a measure of i l-ucti l i ty or, more 
precisely,  "toug'hness ." For s t e e l s  tine duc t i l e - to -b r i t t l e  - trmsitrion f o r  
t h i s  tyye of t e s t  would occur a-t qui te  low temperatures. On the  othel' 
hand, when impact loading of notched. samples i s  employed, t he  transj-t  ion 
teraperature i s  higher. Notch- i rqac t  -Le::%:; have therefore been devised i n  
which t h e  r e s i s t a i c e  t o  f rac ture  i s  m.easured. i n  a more convenient tempera- 
-Lure range. ALSO, the transrition temperatures t h a t  a r e  measured 3.n notch- 
impact tes2;s are  more representat ive of temperatures a t  which service fail-  
u ~ e s  have taken place.  
-the c'ria-rpy V-nokh inxpact t e s t  is prob$ably i n  widest current use but o t h e r  
txpes of t e s t s  a r e  also employed, such as the di-op-.c.ieig'n.t test,4.'-50 the 
explosion bulge t e s t ,  47, lr8> 51 and the  crack-arrest  t e s t .  "l ,  5 2 ,  5 3  '1Thrse 
four  t e s t s  serve t o  determine the  n i l - d u c t i l i t y  t r ans i t i on  (PDT) tempers- 
. t i re ,  t he  f rac ture  t r a n s i t i o n  e l a s t i c  (FTE) temperatine, a n d  the  crack- 
a r r e s t  temperature (CAT). These quantrities play a pa,rt i n  the analysis  
o f  service failixees snd the  es-tab]-ishment of design c r i - t e r i a .  

In  the t e s t i n g  of Teactor-p~,essure-vesGel s'teeI.s, 

8.5.1..1 Impact Tes t s  

In the  Charpy and i z o d  impact t e ~ t s ~ ~ J ~ ~  a. notched sample bar  is 
st ruck a s ingle  blow by a swimging pendulum, and. the f rac ture  energy i s  
measured by the  reduction i n  the ener.&y of the pendul.wn upon breaking .the 
samp3-e. Tne t e s t  i s  repeated on a number of i den t i ca l  smples  a t  .sariom 
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temperatures, and t'ns f r a c t u r e  energy i s  recorded as a fvrictri.on of t e s t  
temperature. 
notch samples of a pressure-vessel For t h i s  mater ia l  and type 
of tes'i, the  f r a c t u r e  energy i s  high (40 f t - l b )  for temperatures above 
0°F and. low ( l e s s  than 10  f t - l h )  below-100°F. Since the  curve OS frac- 
t u r e  energy versus temperature i s  nol; a perfec t  s tep  function, a f rac ture  
energy v d u e  must be chosen for  which the  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  
temperature i s  specif ied.  

A t y p i c a l  impact curve i.s shown i n  Fig. 8.32 f o r  Charpy V- 
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Fig. 8.32. Charpy V-Notch Impact Energ3 Curve for ASTM A-21.2 Grade 
B Steel. Norrmlized t o  1700°F. (From r e f .  47) 

8.5.1.2 Drop Wzight -~ Test 

i n  the  drop-weight Les t ,  'cine specimen i s  s t ruck by a f a l l i n g  weight, 
and a. crack i s  s t a r t e d  i n  a small ' o r i tk le  weld bead on one o f  the p l a t e  
surfaces. Stops a r e  arrangi-d so t h a t  t h e  surface on which the bead i s  
welded i.s s'cressed i n  tension t o  Lhe y i e l d  s t r e s s .  The DBT temperature 
i s  determined by the temperature a t  which tile sanple breaks comp1.etely. 
Thus t h e  drop-weight t e s t  i s  a "go, no-go" t e s t  tilai; determines the  tern- 
perature at which a small. f l a w  w i l l  propagate through the  specimen and 
produce a b r i - t t l e  f rac ture .  
it was c o n ~ l u d c d ~ ~  that; the NDT t e q e r a t i r r e  represents t h c  highest tern-. 
perature f o r  the  i n i t i a t i o n  of b r i t k l e  f r a c t u r e  Pn eonventional s t e e l  
structu.res. 

As a r e s u l t  of t e s t s  on ship-fracture  s t e e l s ,  
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Despite the  f a c t  t h a t  the term "NDT -teniperatu.re" i s  defined specrifi- 
tal-ly with reference l;o t h e  drop-weight t e s t ,  it has become common prac- 
t i c e  -to use the teyx more generally t o  i n d i c a t e  the  di~.etil.l.-.f;o-b?-i%tle 
t r a n s i t i o n  temperature, as deteTmined by other t e s t s .  For the Charpy V- 
notch impact t e s t ,  it i s  possible to eorrel-ate the d.rop-weight GJDT w i t h  
t h e  temperature corresponding t o  a c e r t a i n  Cliarpy 'i-notch energy. T h i s  
eneygy var ies  somewhat, f r o m  m e  s t e e l  t o  another. For rea,ctor pressure 

A-336, and A-105, t h i s  cor re la t ion  energy i s  considered48 t o  be i n  the 
range of 20 .to 30 ft-133. Recams? of t h e  srmller  s i z e  of the  Charpy V- 
notch sample ('75 X 10 X IC) imi) as compared wi th  the drop-weight san1pl.e 
(la X 3.5 X 3 / 4  i n .  or 5 X 2 X 5/8 i n . ) ,  the  Cmrpy sarrpl-e i s  considerably 
more conveni-ent f o r  reactoi- experi.rrfen2;s. Therefore, i n  m n y  cases i n  
w,ii.cln .the r e s u l t s  of i r r a d i a t i o n  are  quoted as "changes i n  NDT tempera- 
ture ,  '' the change:: have genera.l.l.y been nieasurecl by use of notched-bar 
impact t e s t s  and  EO^ cYrop-weighL tests e -X- I r r a d i a t i o n  experiments 4 8  hxvr 
been carried. out using dropweight  saniples, however, i n  which i t  was de- 
mons-Lrated t h a t  the  s h i f t  -i.m t'ne Charpy V-notch t r a n s i t i o n  kerripera.ture 
( .30 ft-1.b level.) c~ainsed by i r m d i s t l o n  was equal t o  t h e  sli l.M; i n  the drop- 
w e i g h t  1W'T temperatiue . 

vessel steels, such ELS A-2019, A-21.213, A-320BY A-350-LF-1, A-350-LF-3, 

--I . 

8.5.1.3 Iikyjl.osi.on I Bulge Test 

The -test  p l a t e  for. the  exp3.osion-bulge tes t47 ,  4 8 ~  '' on which 8, hri-LLle 
crack-stawter we1.d i s  appl.?'.ed i s  14 i n .  square by about 1 i n .  th ick .  The 
p l a t e  is exp:.osivel.y load-ed so that  t h e  w e l d  bea? i s  pl.aced i n  tension. A 
llold-do>i-ri d i e  i s  used so  t h a t  the edges o f  t h e  p?.ate a re  only ela,stica.l.ly 
loaded. T'ne FTE terfiperatw-ae i.s t&r-n to be the highest temnpera1;ux-e st 
which the fracti-ire propagates through this e l a s t i c a l l y  I-oaded. die-supported 
region. 'file tei-fpei-sture t h a t  corresponds to :;lie NDT .te~~xperatuwe i s  reached 
at, a,pprroxrinlatel.y 6O"F b e 1 . o ~  the  FTE temperature f o r  pressure-vessel stee1.s. 
Below . M i i s  temperature t h c  p l -a te  b r e a k  without bu1.gin.g ( i ~ e . ,  wi'c;hol~t 
visi.51.e p l a s t i c  deformation) . %"nus the F'TE terfqers-Lure i s  -Lhe terqeratuxe 
dmve which a crack. w i l l  not propagate through z regi.on o f  the  sa:rql..e that  
i s  s t ressed  a t  o r  below -the y i e l d  s t r e s s .  

8.5.1.4 Crack-Arrest Test 

The crack-amest,  o r  Robertson, .53 involves t h e  use of a 1a:rge 
'The sgecinen i s  sv.bjected rectmgular p l a t e  that i s  at, l e a s t  1 2  i n .  wi? . t? .  

t o  a uniforrri t e n s i l e  stress. I n  one var ian t  of the  t e s t ,  the  t e s t  piece 
i s  h d d  j.n a tenqxrature grad.ient, and a mpid1y r a i n y  crack i s  started 
across the t e s t  piece frrim t h e  cold end. A t  a gri.vcn stress level., t h e  
temperature i s  oixerved t h a t  correspond.s t o  .the point  a.t which t h e  shear 
l i p  thickens o r  the  crack s'cops. This CAT as a fwn.ctii.on of  the appl.i.ed. 
tension stress determines the CAT curve. 'The CAT f o r  1oad.ing at the yie ld .  

*In %his discussion, changes i n  notched-bar ~ i ~ c t i l e - - t o - ' o r i t t l e  t ran-  
s i t i o n  temperatures are re fer red  t o  as changes i n  DDT t e rqera ture .  
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s t r e s s  i s  correl.ated with the  F'TE temperature. In  a subsequent d~iscussion 
of  the  actiial. reac tor  pressure vessel ,  it w i l l  be seen t h a t  the  f a c t  t h a t  
the FTE temnpera.twe i s  approximatel 60°F higher than the  PJDT temperature 
f o r  reactor  pressure vesscl  steels 'y plays a p a r t  i n  the design c r i t e r i a  
for reactor  pressure vessels .  In another modifi-cation o f  the  Robertson 
t e s t ,  the  t e s t  piece i s  held a t  a uniform temperature and a "go, no-go" 
t e s t  i s  applied- i.n w'nich Lho crack e i t h e r  succeeds or fa i l s  t o  propagate 
entiinely across t h e  p l a t e  a t  a given applied s t r e s s .  

8 .5 .2  Low-Temperature Br i t t l eness  .- 

A chamwteris t ic  fea'iure of the  metals t h a t  exhibi t  low-ternperatu-re 
b r i t t l e n e s s  i.s the presence of a duc.t?'.J.f3-to-brittle t r a n s i t i o n  over a 
ra ther  nari'ow range of temperatures. 
Z;o-brit.tie t r a n s i t i o n  takes place i s  not an inherent constant o f  the ma- 
t e r i a l .  Instead, the ducti.le-i;o-bri.i;.ile t r a n s i t i o n  temperatuse depends 
upon Lhe type of t e n t  used t o  measure it and. specimen geomeLry. Tle t ran-  
s i t i o n  temperatwe usuaJ-1.y increases with &he 1oadi.ng r a t e  of the t e s t  
and t'ne tr i-axiali . ty of  the  s t r e s s  s t a t e  t o  which the sample i.s siibjected. 
Many t e s t s  have been d~evised t o  evaluate t h e  d u c t i l e - t o - b r i t t l e  chsrac- 
t e r i s t i c s  o f  metals. They may be c l . a s s i f i e ~ 3 . ~ ~  accoyding t o  Llie ty-pe of  
I-oading (tension, bending, tension plus bending) and according 'io whether 
t h e  samples a r e  wel-ded or notched. 

Above the t r a n s i t i o n  temperature, upon the appl icat ion of higher and 
higher t e n s i l e  s t resses ,  'che metal undergoes e1asti.c distor-Lion u n t i l  the  
y i c l d  s t r e s s  i s  reached. It then exhibi ts  uniform p l a s t i c  deforamt5.on 
u n t i l  a mechanri.cal i n s t a b i l i t y  takes pl.ace i n  which tiie metal suf fe rs  a. 
loca l ized  reduction i n  area, o r  "necking. F ina l ly  the rnetal~ fractures 
a t  tiie ileck as a resin1.t of a 'Geari.ng o r  shearing action. This d u c t i l e  
'oeliavior e n t a i l s  the a'morption of a, considerable amount o f  energy p r i o r  
'LO f r a c t u r e .  In  contrast ,  when the aietal. i s  s t ressed  below the Lransition 
~ernpcrature, very l i t t l e  p l a s t i c  deformation takes place.  The f rac ture  
i s  l a r g e l y  the resul-k of  cleavage, f o r  which re1.a'iivel.y l i t t1 .e  ener,gy i s  
required. In b r i t t l e  fracture the  f r a c t u r e  occiirs as a r e s u l t  of -the 
in i . t i a t ion  and. propagation of  a clevage crack. W l t h  respec-t; t o  thc  in- 
t e g r i t y  o f  l a rge  s t ructures ,  the  insidious nature of  the  b r i t t l e - f r a c t u r e  
process l i e s  i n  t h e  f a c t  tha'i, once the crack reaches a l a r g e  enough s ize  
a,nd acquires a. s u f f i c i e n t l y  high propagation speed i n  a susceptible por- 
t i o n  of  the s t ruc ture ,  it can continue a t  high speed i.nto other p a r t s  oi" 
the  s t ruc ture  and my ~zsult i n  sudden, catastrophic  f a i l - w e .  

'The temperature a t  which the  duc t i le -  

L 

8.5.2.1 Three Conditions f o r  Fracturc .... . ... .._.__ 

The many invest igat ions of b r i t t l e  f r a c t u r e  i n  supposed1.y d u c t i l e  
s 'u-ucturcs consis tent ly  point  t o  th ree  conditj.ons t h a t  must be present 
t o  cause such f a i l u r e s :  (1.) Lemperatue near o r  below the NLT, ( 2 )  nomi- 
nal s t r e s s  ].eve1 >5000 t o  8000 ps i ,  aarl (3) a s t r e s s  concentra,ti.on or 
flaw t h a t  r a i s e s  the local- nominal stress above the  y i e l d  point .  5 g  Fi'ac- 
turc-safe  operation d.epends on properly controll.ring o r  eliminating one or 
more of thcse fac tors .  
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anal-ysis. To t r i g g e r  a f r a c t u r e  i n  a flaw-fyee s t i u c t u r e  a t  t h e  ND'L' tern- 
pe ra tu re  o r  bel.ow reqiilires that s t r e s s e s  be  a t  (or j u s t  above) t h e  yi.eld 
po in t .  For successively la.rger flaws, a t  NDT t h e  f r a c t u r e  s t r e s s  decreases 
rough1.y i-n inverse proport ion t o  t h e  square roo t  of t h e  fl.aw length,  u n t i l  
a lower p l a t eau  of  5000 t o  8000 p s i  i .s reached; below t h a t  t h e r e  i s  not  
enough el.asl;ric energy- s to red  i n  t h e  s-Lructixre -Lo suppor'c t'ne propagation 
of even a very l a r g e  crack. Above t h e  NDT, t h e  sa,me tinend of decreasing 
s t r eng th  with increasi-ng flaw s i z e  i s  evi-dent but, a t  much higher  s t r e s s  
l e v e l s .  A t  a poin t  approxiniately 60°F above the  NDT t h e  s t r e s s  at which 
even t h e  l a r g e s t  crack cannot propagate rises t o  t h e  y i e l d  poin t  of t h e  
s t e e l ,  and small-flaw o r  no-flaw s t r e n g t h  approaches the u l t imate  tensi1.e 
s t rength.  'The '' ext ra"  6 0 " ~  then  provides s u b s t a n t i a l l y  greaber f r a c t u r e  
r e s i s t a n c e  than the NDT c r i t e r i o n ,  thus  ensuring aga ins t  t he  propa-ya;tion 
of an extremely l a rge  fl-m a b  normal oper3t ing s t r e s s e s .  Reduction of t h e  
nominal (working) s t r e s s  rdxn below t h e  I!DT + 60°F temperature gives  t h e  
f r a c t u r e  s a f e t y  needed for opera t ion  a t  l-ower temperatures .  

wi-Lh respec t  t o  NDT temperatures i s  presented i n  t h e  - t en ta t ive  "Navy" 
cod-e, as fo~. lows : O 

One approach t o  'ihe problem o f  determining allowable s t r e s s  l e v e l s  

"In order  t o  decrease t h e  p r o b a b i l i t y  of b r i t t ] - e  f r ac -  
tiline of f e r r i t i c  s t e e l s ,  ' h e  following load. r e s t r i c t i o n s  
sha,l.l. be used i n  r e l a t i o n  to t h e  NDY' temperature.  Wheil t h e  
me-La1 tempcrature i s  l e s s  than 60°F above the NUT ternpera- 
"Lure, -the maxirflum appl ied  load; incl.uding ma te r i a l  pressure,  
s h a l l  be r e s t r i c t e d  t o  20% of t h e  desi-gn value.  
metal  terperatu-re Ls more than  60°F above t h e  rJDT ternpera- 
ture, t h e r e  is no r e s t r i c t i o n  upon t h e  load from the aspec t  
of  b r i t t l e  f r a c t u r e  prevent ion.  I '  

When t h e  

8 .5 .2 .3  Signi f icance  and P r a c t i c a l  Use o f  t h e  ....._ Frac ture  
Anal.ysis D i  agraril6l 

_i.._. 

The o r i g i n  of  t h e  ' ' c l a s s i ca l ' '  b r i t -L le  f r a c t u r e  problem ri.s t h e  de- 
crease i.iI f raac ture  'iougbness r e s u l t i n g  from a change i n  f r a c t u r e  mode 
from high- energy-absorp t i o n  d u c t i l e  t e a r i n g  t,o low- energy-tzbsnrpt ion 
cleavage f r a c t u r e  i n  a r a t h e r  narrow ra.nge of temperatures.  'The full  
span of  t h e  t r a n s i t i o n  i s  i n  the order  of 1.20"E'. 
t i o n  span from an "i.ntermediate" to a "very low" level. of f r a c t u r e  
toughness, which is t h e  t r a n s i t i o n  range o f  engineering i n t e r e s t  f o r  
convent;iona.l~.ly loaded s t r u c t u r e s ,  occu.rs over a range of 10 t o  60"E', 
depending on the  s t r e s s  l e v e l .  

ing  f r a c t u r e  rinit iati-on o r  on preventi-ng f r a c t u r e  propagation. Un t i l  
r e c e n t l y  the re  was considerable  content ion a s  t o  t h e  r e l a t i v e  m e r i t s  of  
the  two approaches. The " f i "ac twe ana lys i s  d-iagram, ' I  Fig I 8.33, serves  
t o  un i fy  these approaches inLo a coherent a n a l y t i c a l  scheme,62 as il- 
lus t r a t ed .  by -the genera l ized  s t~ ,ess - ten ipera ture  ciii"ves for both crack- 
a r r e s t  and f r a c t u r e  i n i t i a t i o n .  For  temperatures above those o f  t h e  
crack-arrest-temperature (CAT) curve, b r i - t t l e  frac-Lures a r e  indicated- 
t o  be prevented by the  "crack-ar res t ' '  p rope r t i e s  of the s t e e l .  This 

However, t h e  t r a n s i -  

Frac ture-safe  design of s t e e l  s t r u c t u r e s  may be based on prevent- 



8.65 



8.66 

$ "  SHEAR LIPS TENSILE NECK FRACTURE 
FAILURE 

Fig. 8.34. Features o€ Deliberately Flawcd Presslire Vessels Used 
for Pneumt7.c Load Burst Tests.  (From r e f ,  61) 

'Table 8.13. 'i'ensi.on Test Data for  0.505-in.-diam 
Seamless ASTM Type A336 F22 Steel Tubin? 

- 

0.2% Yiel d 'Tensile Elongation Reduction 
Strength Strength i n  2 i n .  i n  Area 

( P s i )  (Psi  ) (%) ( %I No. 

E71 84,300 100,900 75. 8 22.5 

m j  96,300 111,800 ?4.4 20.8 
_... .. . 

a- From r e f .  61. 

of  t h e  s l i t .  A t  t h i s  point, the  bulge regions "opened" and t h e  f l a w  ends 
were subjected t o  very high p l a s t i c  load s t r e s s e s .  The rupture of flask 
E75 s t a r t e d  and propagated- i n  i t s  e n t i r e t y  as a A5" shear t e a r .  Thai; of 
f lask 
l i p s ,  as il.1.u.strated schematically i n  Fig.  8.34. 

t e s t  terperakure . 
that  flask E75 wou1.d f r a c t u r e  i n  shear mode with an e f fec t ive  s t r e s s  
l e v e l  i n  the order of the  ult imate t e n s i l e  s t rength of the s t e e l .  The 
JJDT of  'ihe E71 flask was O O F ' ,  which i s  approximately 50°F below i t s  burst-  
t e s t  temperature. Accordingly, t h i s  f l a s k  w a s  expected t o  f r a c t u r e  i n  a 
b r i t t l e  mamer with heavy shcar 1.ips and with an effectj-ve burs t  s t ress  
of a re1ativel.y high plas'iic l e v e l  but below the  u.7-timate t e n s i l e  strength 
of the s t e e l .  Tine f rac ture  modes of bo-th vessels  werc predicted exactly 
by t h e  NUT I.ocat;ion o f  the f r a c t u r e  analysis d~isgrams with respect t o  t h e  
burs t - tes - t  temperatures. The e f fec t ive  burs t  s t resses  were indicated in-  
d-ircc-tly by the degree of Sul-ging i.n t h e  f l a w  areas - t h e  El75 vessel  de- 
veloped a considerably l a r g e r  bulge than -that developed by the  E 7 1  vessel .  

s t a r t e d  an.d. propagated as a b r i - t t l e  f rac ture  wit 'n 7/8-in. shear 

The ND'I of  the  E75 f l a s k  was --?O'F, which i s  1.25'3' bel.-ow 'Lhe burst-  
Accord-ingly, t he f r a c t u r e  analysis  diagram predicted 



8.67 

P '  

Fig. 8.35. General Mode of Failure of Pne 

by f lask E71. 
Vessels Tested in the f Large Flaws. 
w i t h  1/8-in. shear li 
shear rupture developed by f lask E75. (From r e f .  61) 
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8.5.2.3 Comments Pertinent to Pressure Vessel Fabrication61 

The rapidly developing background of information on procedures for 
the prevention of brittle fractures has resulted in an increasing demand 
for fracture toughness data for the comon grades of structural steels. 
Ln effect, the design engineer has awakened to the realization that large 
tonnage production procedures are sufficiently reproducible so that a 
particular grade of steel of a given thickness range m y  be categorized 
by an expected range of NDT or crack-arrest temperatures. 
is no published compendium of such data. In effect, the information on 
the use of these procedures to provide fracture-safe engineering design 
of steel structures has preceded the development of the necessary data. 

The primary specification requirements for steels involve controls 
on chemical composition, tensile test properties, plate thickness, deoxida- 
tion practice, and the use of normalizing heat treatments. The NDT fre- 
quencies of the Navy'high-tensile steel (HTS) and of A S T M A U l  steels, as 
given in Fig. 8.36, illustrate the generally expected Gaussian distribu- 
tions. Both steels are essentially equivalent with respect to chemical 
specification requirements, but the improved NDT of the HTS steel reflects 
the additional requirement for a normalizing heat treatment. 

However, there 
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Fig. 8.36. Comparison of NM' Frequency Distribution Plot of As- 
Rolled ASTM A M 1  Steels with that of Normalized High-Tensile Steels. 
The illustrated curve represents the NM! frequency distribution plot 
for World War I1 ship steels (points not shown). (From ref. 61) 

8.5.3 Neutron Embrittlement of Steel 

The influence of nuclear radiation on the properties of the materials 
of construction of reactor secondary containment structures is not a de- 
sign consideration because reactor primary systems are fully shielded for 

- 
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biol-ogical reasons a Mireover, secondary eontainnlent vessels, because of  
t h e i r  physical  displaceinent frortl the reactcjr core, norrr~LL-- wo'uli .  not 
experfence sigrrificant radiat ion,  even i f  b io logica l  shielding weye not 
present Nevertheless, since the  px-fmzy purpose of the  secondmy con- 
t3,innent system i s  bo provide p r o t e c t b n  i n  the event o f  f a i l u r e  of the 
reaxtor pri.imry system, a review of preser1-l; howledge of neutron e w b r i t -  
tl.emer1.t of stee1.s is warr,mted as background infornlation regarding the 
po ten t i a l  haza,rds associated w i - L k  t h i s  phenomenon. 

izents, such as the pressure vessel, and operational eonsiderati.ons f o r  
miilirnizing the  poten t ia l - i t i es  03 such f a i l u r e s  were reviewed ahom .) 
sect ion deals, i n  a sununa?:y ~ i ~ n n e r ,  wi th  experimental evidence o f  steel. 
eirhrittleinent by neutron i r radiakion and the  infllu.ence o f  varia'ole fac- 
tors, such as neu-'won exposwxe avid temperatwe, as cl.etermined. f:rom rm,ny 
t e s t  reactor  eqer imenks  The extent of trioserved embrittlerrient i s  suf- 
ficient .Lo imply the need f o r  r e s t r i c t i o n s  artd limitations on reactor  
presswiza t ion  d-ixring starhqi arid shutdown for soiw reactors  and t o  sug- 
ges t  f-wtber in-ucstigations empl-oying po-wer reac tor  facil i-Lies -Lo ver i fy  
TmLh neutron em't.wittlernent observxLions and. the  need f o r  applying :reactor 
op mat ing re s I; r i c t 5. on s 

The condi t ions foi: catastrophi-c fari.l.ure of strv.ctixra.l steel eompo- 

This 

8.5.3,1- --- Effects of I1-radf.ation on Notch Ductil-il-ity o f  Steels 

The mjor deleterious effect of  nuclear. ra.diation on the  carbon 
s t e e l s  noi-rmI.I.y used f o r  pressure vessel. eon.si,ruc.t;rion i s  t;he rcdix.tion 
( T j f  notch ductil.3.t;y, as evi.d.enced by an. increase i n  the dxct5!.e-to-brittl-e 
t xms i t ion  temperature (often defined as an iricrease i n  the nil. d.inetil.ity 
t r a n s i t i o n  tejmpc-rratwe, &lIjT), and by the  reduction i n  the abiliLy o f  t he  
steel to wi-Lhstand gross def'ormnation or t ear ing  above thi.s ternperatinre 
Figure 8.37 shows the ernbri.ttl.ement t h a t  has heen o'oserved with :ircadia,ted 
LWTM Type A-302-B steel.. 
by high-energy neutrons, which rindxice dis locat ions i n  the  a t o m i . ~  s t ruc ture  
of the  s teel ."  

~ e r i m e n . l ; s  conducted i n  Lest  reactors have shmrt, t;hu.s  fa^, that  
-t;Jnr. .1 LE v a r i a b k s  pr.imri.1.y dktermine t ine i r r a d i a t i o n  maponse of s t e e l s  - 
(ms-mj..~.y reported i n  t e r m s  c;f neutzons/cm2 fo r  neutrons wi t in  ener,gy 31. 
~ e v ) ,  and. the  crmposit ion or nxi.ei-ostrueture of the S L E E ~ ~ ,  ~ f fec- t i s  re- 
lated t o  the ne~i t ron  spectrum (d i s t r ibu t ion  UP neutrons by energy 1.evel 
i n  repyeesentati-ve s t e e l  irx-adiation pos i t ions)  and neutrcn d-ose m . t e  
(Tatensity of rad ia t ion)  haTJe not been found to be signifiean.-t variables 

present ly  under way 5.n both t e s t  and power. reactors  t o  examine fiwthcr 
the influence of these exposure varia,bl.Ets. 69-71 

This phenomenon i_s attributed to bouibarcherrt 

r inese ii include the teupzrature o f  i rmd ia t ion ,  the  t o t a l  neutron exposure 

in .f;esj; - reactor  experinierxts = '7, 8 ~ o ~ e - v e r ,  surveil lance experiments are 

I-. Effect o f  I r r ad ia t ion  Temperature . The influence of increasingly 
higher exposure terqeratLwes on -t;he notch d u c t i l i t y  of s tee1.s ts manifested 
p'"imrilgr by a reduc1;ion i n  ir.r.adiation embrittlement . The perforranee of 
s t e e l  In experirmrtal. assembl.ies having several  progresslvely hi.gher tem- 
pen*dxce zo i~es  has shorn1 t lza t ,  th is  effect, termed "se l f  annealing, d.oes 
nct become signif'ieari-t ujn2;il  t he  ir i-adiation temperature exceer?.~ approxi- 
mat e1.y 45Q F . A t  pr ogr e s s tve ly Inigherr i-i-rad-iat ion 5, emp e sa.t-u:r e s 'c he 
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Fig .  8.37. ' f ransi t ion Temperature and Shcsr Energy Character is t ics  
of I r rad ia ted  ASTM Type A302-H S t e e l .  (From ref. 65) 

annealing effect; becomes more pronounced, with an equivalent redimtion 
i n  apparent i r radiat i -on sensitivity, as d e ~ n o n s t r a t e d ~ ~  f o r  A-3023 s t e e l  
in Fig. 8.38. Since most pressurized-water reactors  operate a t  tempera- 
tures  i n  'die range k+OO t o  600aF, various degrees of se l f  annealing may 

U N IRRADIATED 

IRR ADI AT ED* 

540°F 

+ 3  o x 1019 n/cm* >I ~ t ? v  

/ 
0 I .- 2.) ........ &...I -....I ..... L 
- 100 -60 - 20 + 20 60 100 140 180 220  260 300 

T E M P E R A T U R E  (OF1 

Fig.  8.38. 'i"ra,nsition Temperature S h i f t s  Resulting from Elevated- 
Temperatixe I r r a d j a t i o n  of ASTM 'lSpe A302-R Stee l .  (From r e f .  72) 
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4001 k------ 
IRRADIATED A I  

BELOW 250°F 
TE M PE RAT U R E 5 

~ ..... 
I x 1 0 1 7 6  1018 5 I x 1019 2 3 6  7 

INTEGRATED NEUTRON EXPOSURE n /cm2 ( >  i M e v )  

Fig.  8.40. Relationship of  NDT 'Temperatuye Increase of ASTM Type 
A302-B Steel t o  Accmul.aicd Neutron Dosag? at  Temperatures Below 450°F. 
(Yrom r e f .  74) 

INTEGRATED NEUTRON EXPOSURE ( n / c m 2 >  i MEY) 

Fig .  8.41. Increases i n  t he  ?!JliT Temperatures of Steels as  a R e s ~ l . t ,  
of Irradi.ation at Tempesatwes R c l o w  450"P'. (From r e f .  75) 
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INTEGRATED NEUTRON EXPOSURE (n/cm2> I Mev) 

Fig. 8.42, Increases i n  the  YjDT Temperatures o r  Stee ls  as a Result 
of 1rrad.iatFon at  Temperatures Above 450°F. 
neutrons/cm2 represent ear ly  i r r ad ia t ions  i n   he Brookhaven Graphite Re-  
ac tor  (RGB) a t  500 t o  600"~. 

Data points  at 5 x 

( ~ r o m  r e f .  75) 

Although a consis tent  r e l a t  ionship between t r ans i t i on -  1; emperataye 
increase with neutron eqJosure i s  evident i n  Figs. 8.41 and 8.42, t he  
r e l a t i v e  grouping o f  data points  fo r  individinal s t e e l s  suggests sone 
var ia t ions  i n  i r r a d i a t i o n  response between s t e e l s .  Experiments f o r  spe- 
c i f i c a l l y  comparing the  r e l a t i v e  i r r ad ia t ion  s e n s i t i v i t y  of se lec t  steels 
were perform& recent ly .  The data establ ished tha t  rmter ia l  composition 
and inherent microskructure are s igni f icant  var iables .  7 5 ,  '?' 
one such experiment,, 77  presented i n  Fig. 8.43, il..l.ustrate t he  importance 
of  material selec-tion f o r  reactor  systems. The m r i a t i o n  i.n embrit t le-  
ment i n  -Lhis experiment approaches a facto?- of 3 and thus suggests t'nat 
inateria1.s s e n s i t i v i t y  i s  as importaxt as irradia-Lion temperature i n  as- 
sessiag the  neutron embrittlernent of  a particu1.ar reactor  vessel - 

4.  k j o r  Changes i n  Zkposurc-e Conditions. The cmu1.ativc nature of 
neutron ernbrittlement a t  constant temperature j.s well- established. How- 
ever, nuclear Fower reactors  a r e ,  i n  some eases,, operated. at, various tem- 
peratures during a core l i f e  t o  conserve f u e l  or t o  extend f i e 1  binnup. 
Since the  neixtron embrittlernent o f  s t e e l  i s  a function of exposure tern- 
perature  (over 450"F) ,  t he  e f f ec t s  of r a i s ing  and lowering operating 

Data from 
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1 4 
TRFND BAND F O R  i t - -  -45OOF IRRADIATIONS 

I 
MATFRl4l.S 

API2-R PI ATE 
A302-R PLATE 
A353 PLATF 

A350-LF3 FORGING 

! f--7-~* 

316 

260 

204 

149 ("C) 

93 

3.18 

2 0  

INTEGRATED NEUTRON EXPOSURE (n/crn2 > I Mev) 

Fig .  8.43. Tm'f Tempe%aLilre Increases o f  Five S tee ls  I r radiated 
Simultaneously a t  490°F. (From r e f .  77) 

tenipera-txren mus-t; be considered i.n predict ing the notch d u c t i l i t y  proper- 
t i e s  off reactor  componcn-ts during service.  

some period of operation i s  il.l.ustratedr18 i n  Fig. 8.44,, 
r a t e  of  progressive embrittlement (d.ue t o  greai;cr sel..f annealing) i s  ex- 
pected a t  the highel- temperature, the  data  a l so  demonstrate t h a t  some 
porti o s  of  t h e  ernbrittlernent incurred diirrjiig t h e  i n i t i a l  o r  low-temperature 
operating period was removed as wel l .  'Thus, the  overa.11. l e v e l  o f  errbri-t- 
tl-ement, as w e l l  a s  t h e  r a t e  of conLinued embrittl-ement, i.s decreased by 
operating a t  a higher temperature. 

a f t e r  a period of service T s  shown in Fig. 8./*5. Here, adverse behavior 
i s  noted. The reduction i n  service temperature causes s t e e l  t o  be 
embritt3-ed a t  a higher rake, r e f l e c t i n g  t h e  I.ower self-annealing p o t e n t i a l  
at the reduced tenrpex-ature. 

tempe-ratures a r e  varied, the  more beneficial. operating procedure e n t a i l s  
an increase i n  component temperatures during core l i f e  and t h a t  t h e  re-  
verse procedure should be avotded i f '  possible because o f  adverse e & r l t t l -  
ing ef fec ts  dizrlng any period of lowered operating temperrature. 

Tfle e f f e c t  of r a i s i n g  a p r e s s m e  vessel. service temperature afLer 
Although a lower 

The effect, of a decrease i n  the pressure vessel  operating temperature 

'The d.ata presented i n  Figs ,  8.44 and 8.45 suggest t h a t  where service 



Fig. tS.44e rJDT Temperature Increase of A4STM Ty-p  A302-B Steel. as a 

(~rom ref. 7 8 )  
l3esul.t of I r rad ia t ion  i n  a, 'l'wo-Phase Schec3d.e. 
ducted at, 400°F. 

Phase one exposu~e COE- 

Phaat. two exposure performed at 5 4 0 " ~ ' .  

0 A212-E PLATE 
A A302  8 PLAT€ 

INTEGHATEO NEUTRON EXPOSURE (n/cmP > I W V )  

Fig. 8.1+5. rJDT Temperature Increases of  Five Steels  After 1 r r a d . i -  
a,tion Under 'Pwo Exposure Conditions. Two-phase exposire entai led i r r ad i -  
ation at  490°F to 1.0 X lo1' neutrons/cm2 followed by a,ctdii;ional ejrpsure 
at 350°F. (Prom ref .  7 7 )  
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8.5.3.2 Pos t i r rad ia t ion  Ifeat .- Treatment and Cyclic I r r a d i a t i o n  ._I_c__ 

and Annealina 

The magnitude of the  NDT increase developed i n  s t e e l s  exposed a t  
pressure vessel  service tcrIiperatures ( 400-600°F) t o  moderate neutron 
dosages (I t o  5 >< 1.Ol9 neu%i-ons/cm2 >1 Mev) has prompted invest igat ion 
of the o s s i b t l i t i e s  f o r  recovering ini'cial. mater ia l  propert ies .  One 
method"', ' proved p a r t i a l l y  e f fec t ive  f o r  res tor ing  notch d u c t i l i t y  
i s  pos t i r rad ia t ion  heat treatment (Fig.  8.46) I The var iables  control l tng 
heat-treatment response include the  temperature during i-rradiation, t h e  
t o t a l  neutron dosage received, matei-ial composi.tion and microstructure, 
and t h e  temperature and duration of  heat treatment. 
amount of recovery i s  possibl-e following exposure at, lower temperatures 
and with lower neutron dosage accumulations. SimilaPl-y, g rea te r  recovery 
i s  achieved by high-temperature, I-ong-term heat treatments 'ckian low- 
temperature, short-term xiea1.in.g. 

t,oration has been explored further with invest igat ions of the  respoixe 
of s t e e l s  t o  cyc l ic  l r r a d i a t i o n  and annealing treatments o f  the  type en- 
visioiied. f o r  reactor appl.ication. The notch d u c t i l i t y  behavior of one 
pressure vessel  s t e e l  i r r a d l a t e d  a t  24-O0F, annealed at '/OO°F, and r e i r -  
rad.ia Led, i s  shown i n  F i g .  8.47 which i l l u s t r a t e s  t h e  possible  benefi-ts 
o f  intermediate heat treatmen-k. '?' However, per iodic  annealing does not 
appear as highly benef ic ia l  when pressure vessel- i r radiat j -on condi-Lions 
arc si:mulated and re1ativel.y low-temperature heat treatments a r e  em- 

In  general, a greater  

The promise of heat treatment as a, method f o r  notch du.cti.liiy res- 

.-- 
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Fig3 8.46. Post i r rad ia t jon  Heat Treatment Response of  ASTM m e  
A302-R Stee l  Exposed a t  540°F. (From r e f .  7 5 )  
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_____ .. __ ............... 2.4 - I N  A350  - LF 3 FORGING I 
500 

TREND BAND FOR 

INTEGRATED NEUTRON EXPOSURE (n/cm2 > I Mev) 

Fig. 8.47. KDT Terfipei?atv-??c 3e'navior of ASTM Type i'2.350-LF3 Forged 
S t e e l  a t  Various Stages of  C$wl.ic 1rrsd.iation and 700 "F i2;.2;?ea.ll.i.ng Treat- 
ments. (From ref. 7 5 )  

3.5.3.3 

I k r ~ e s t i g a t i o n s ~ ~  o f  the influence of neutron rad.iation on the -tensi.le 
propert ies  of steels have shown that  ir-r.adiation increases i;he yield. s t ress  
and., t o  a lesser extent,  the i l l t i m a t e  t ens i le  s t rength ('TzbLe 3.14). In 
add-i t <.on, i.:rradis?:ted steels exhib i i; l e s  s uniform e Ionga t ion and. re duct ion 
in area. E'ccr~thcmriure, I;he yi.cld.-poi.nt phenomenon L k i a t  i s  chwracter is t ic  
of mild steel .s  is of ten  no lollger appmrent aftel-. irra,disti .on and there i s  
a decrease i n  wo-rk-hc~r!le:nin.g capxity. As with invest lgat ions oil notch 
d . i i c t i . l i t y  behavior, stiidi-es have riinwn that, f o r  a given st;eel., Lhe '- tJ ern- 
pera,tix@ of i r r a d i a t i o n  afid khe neutron dosage recei-ved. prirmi5.l.y govern 
 ne ex-bent of chmge i n  tens i le  proper t ies .  Thus, it i s  t o  b e  ti:x:pected 
timi; these changes are ~ U ' G  amother aspect of the same met,all.urgicul. conse- 
quence of  ii--- J. d,di.ation t,ha-t are the  cause of notch. b r i t t l eness  discussed. 
3,kove. Because of  the  educed notch ductility, as w e l l  2s re&ixed due- 
t i l i t y  in tension, no ndv-antage can be h k e n  of" Wit? higher &ri.el.d streng-bh 
af'cer %??radiation. i'jhi.ch m.ore datx are required before the  ful l  si.gnifi- 
cmice of  combined changes i n  tension test character is  tics and noLci?. duc- 
tility propertie:: can be assessed. 

L 7  
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Ftg. 8.48. Charpy-V Transition Temperature Behavior of ASW Type 
A350-LF3 (Modified) Steel at Various Stages of Cyclic Irradiation and. 
Anneal.ri.ng Treatments. The Charpy-V 30 ft-lb tyaiisition corresponds Lo 
the N13T temperature of t h i s  steel. (From ref. 78) 

Table 8.14. Mechanical Strength Characteristics of 'IDe 
A-212 Grade B Steel Before and After Irradiationa, 

Value After Chang t l  

b ($1 
Original 

Property Value lrradiat i on 

Yield strength 40,000 psi 74,000 psi +36 
Kupture strength 75,000 psi 102,000 psi +2? 
Elong:a,ti.on in 1 in. 25% 9.0% 4 4  

'From re f .  '19. 

lrradiation to a fast-neutron (>I MeV) dose of 

a 

b- 

2 x 1019 neutrons/cm2. 
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thermal-neuti-on f l u x  and a hfgh garrum f l u x ,  such as t o  make the  i n t e r i o r  
of the  vessel  uninhabitable and. pi-0babl.y inaccessible f o r  maintenance and 
repa i r .  
containment vessel .  It i s  siiggested tha-L the primary considerations i n  
the  p o s s i b i l i t y  of  catastrophic  b r i t t l e  f a i l u r e  of a containment vessel  
w i l l  depend upon t h e  i n i t i a l  material, desi.gn de ta i l s ,  and the  variabl-es 
introduced by cons Lruction, welding, and postwelding heat -ireatnient. 

These f a c t o r s  tend t o  r e s u l t  i n  a low exposure l e v e l  f o r  any 

8.6 C O N T A m E P T  FROTECTION 

8.6.1 Insulat ion 

S tee l  containment vessels  a r e  of ten  insulated.  'The usual reasons 

1.. To prevent excessive ternperat;v.res inside the contahment vessel. 

2 .  To reduce heat loss i n  winter xnd reduce or eliminate condensa- 

3. To prevent the s t e e l  pla,te from approaching the  n i l  d u c t i l i t y  

4 .  To niinimize therimJ. expansion of the shel~l due to so lar  heating. 

The control led 

f o r  insu la t ion  a r e  : 

due t o  so la r  radiat ion.  

t i o n  on i n t e r i o r  surface, 

t r a n s i t i o n  temperature, and 

Most of these reasons do not apply t o  concrete containment s t ructures ,  
and h s u l a t i o n  i s  not normally used f o r  these s t ruc tures .  
leakage rcfuel ing buildiilg a t  Hal.l.an~ uses insulated metal panels to re -  
duce winter heat loss. 

One technica.l. disad-vantage of  insulat ing a containment vessel- ri s 
t h a t  it impedes the d iss ipa t ion  of heat following an accident.  Other 
p r a c t i c a l  disadvantages a r e  l.is'ied below : 

sels have l imited service l i f e  - usual ly  abou-t f i v e  years.  

place t h a t  otherwise could be e a s i l y  noticed and corrected and makes leak  
dekection d i f f i c u l t .  

3. Many insulated vessels  do not look  a t t r a c t i v e .  This is often 
important i -n  view of the s i z e  and promrinfnce of the containment vessel  
i n  maiy i n s t a l l a t i o n s  . 

4 .  Some Tnsulati~on systems t h a t  a r e  a t ' i raet ive ? .ni t ia l ly  my de- 
t e r i o r a t e  t o  a l e s s  atl;i-active condition i n  time. 

Maiy types of insu la t ton  s y s t e m  have been used on s'ceel contabmcnt 
vessels .  
in . - th ick  sprayed-on cork-fi.l.led asphal t  mastic.  This i s  appli.ed t o  the  
primed s t e e l  p l a t e  wiLhout m e s h  or fas teners  by nleans of EL compressed a i r  
spray. 
t o  avoid 1.aminations and porosi ty .  The color o f  the  mastj.c mater ia l  i s  
black, and, t o  improve the appearance, a color coat was applied on top.  
However, because of the  dark co lo r  and rough texture, it i s  difficu1.t t o  
find a sa t i s fac tory  color coat.  Further, the  mastic must be allowed t o  
cure before applying the  color coat .  

coated ~ 5 t h  gJ..ass mesh reinforced mastic an& patilk. 

1. Tasulation systems thus far developed f o r  s t e e l  containment ves- 

2 .  Insulat ion i n  poor condition permits hidden corrosion t o  take 

The Dresden and 13i.g Rock Point containment vessels use a 3/8-  

Satisfac-tol-y. appl icat ion of the rms Lie d-epends on r i g i d  inspection 

The IiWCTR containment vessel  i s  insulated with Styrofoam hl..ocks 
The blocks are held 
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i n  place or t he  cyl.indrica.1. s h e l l  with cire~ui§erential~ steel. bands and an 
epow adhesive. On t h e  dome the  bl-ocks are izpaled on :;tutls. The design- 
ers of the  p l aa t  ind.ical;e tha-t they. would cons.i.der i ~ s I n g  a, sprayed-on- 
pol.yurethane insulation i f  8 similar vesse l  werce to be cor,s-l;mcted in t h e  
fij-tixce. ' 
have uninsulated s t e e l  containment vessels. 'The reason for the  lack of 
insul.atri.on 011 BOi\TJS Ls t he  rj_ld. e l i m t e .  'J- Ab Peach 3otb:)m It vas fe1.t 
that; internal. cond.ensation w a s  izcee:ptable m i l  tba-t; 'che winslala.ted sl1el.l. 
cou3.d be used fo-i- natinrral d k s i p a t i o n  of decqy heat a:nd. thereby e l imina te  
the need f o r  a separate postincid-ent cool.<.ng sy-s {;em. Ya.nkee, whS.eh i s  
I.ocated i n  a r e l a t i v e l y  cold cl_irr~,-te, i s  not rinsula-ted bee~mse of  t h e  
decay-heat re lease  problem a f t e r  e major lcss of coolant accident. 
8.15 lis-Ls the  in.sul.ation r a t e r i a l s  used. on various reac-Lors. 

BONUS, i n  Rierto RLco, and Peach Boi;t;om, in southeastern Pennsylvania, 

Table 

Plan b I n s i l l a t  ion  

8.6.2 Faint -- 

Steel contaimeni; vessels  are  al.va;ys painted- t o  provide corrosion 
protection. 
than i s  used above grade. Corrosion below grade i s  diffi.cCLt to d i . s -  
cover and. to correct,  so  a, inore expensive but bet;l;er protect ive coating, 
such as r;ietallic zinc, i s  some-bines used. Such coatings: c8rinot he eco- 
nomically jus-kifiect above ground. If cakhodic protect ion is t o  be used, 
it is advantageous t o  enip-ploy a high d i e l e c t r i c  coating, such as a coal- 
tar mastic. 

pickled or blast clea.ned according to the  specif icat ions of the Steel- 
Structures Pa,i.nting Cour-cil.87 

Often, a d i f f e ren t  type of  paint ris appl.ied below grade 

Primers a r e  usual ly  applied i n  t h e  shop t o  metal t h a t  has been 

The primer i s  then -touched up i n  the  
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f i e l d  a f t e r  t he  v e s s e l  has been f ab r i ca t ed .  Primers o f t e n  used a r e  r ed  
l e a d  and zinc chromate. W'neve a s t e e l  containment v e s s e l  i s  to  be ex- 
posed t o  the  atmosphere and i s  not  t o  be insuL!.ated, a rneta1.l.i.c z inc pa in t ,  
such 3s h e r c o a t  Corp. "Dimetcote," may be used. 
qu i r e s  t h a t  t he  p l a t e  be  sandbl-asted -to clkan metal .  
be colored, as appesrance requi res ,  o r  may be a l~wninm t o  l e s sen  ahsorp- 
- t ion of heal;. 

The ca:rbon s teel .  l i n e r  p l a t e  i n  the  suppression chamber of t h e  
II~i~bool.dt Bay p l a n t  w a s  l e f t  unpainted. Since t h e  suppression chamber 
i s  closed t o  Lhe atmosphere, wi th  veyji- infrequen'i access ,  i t  seemed 
reasonable  t o  conclude that  equi.l.i.briwn could be achieved wi th  r e spec t  
-to corrosion.  Any coat ing system would have had t o  have been pe r iod i -  
c a l l y  inspected and maintained i f  it, were t o  r e t a i n  i t s  Val-ue. Allowring 
modest corrosion of th:: l inei-  p l a t e  seemed. a be t - te r  sol-ution. Therefore, 
t h e  s t e e l  w a s  no t  painted., except f o r  a band a t  t h e  waker l e v e l .  It was 
l i g h t l y  sandblasted. t o  remove accwnulatlons of  scal..e and r u s t  t h a t  could 
be nuclei- f o r  corrosi.on. 

no d i f f e r e n t  f r o m  t'ne techni-ques used on concrete  sur faccs  i n  lionnuclear 
cons t ruc t ion .  However, sur face  coats may be  of I.ower po ros i ty  t o  reduce 
absorp t ion  and s impl i fy  decontamination. Pa in t ing  of i n t e r i o r  sur faces  
should be done t o  provide f o r  t h e  depos i t ion  and r e t e n t i o n  of f i s s i o n  
products,  as we1 1 as ti1ei.r subsequent dacontarnination. 

Use of t h i s  p a i n t  re- 
F in ish  coats my 

The prepara t ion  and pain'cing of  concrete  containment sur facL 0s  a r e  

8.6.3 Cathodic Pro tec t ion  

Cathodic p ro tec t ton  i s  o f t e n  employed t o  r e t a r d  cor ros ion  of inac- 
c e s s i b l e  sur faces  of s t e e l  containrilenk vessel-s, such as t h e  a reas  below 
grade. However, when i n c o r r e c t l y  used, t h e  Tmposed e l e c t r i c a l  cu r ren t s  
can add t o  natural- cu r ren t s  and can hasten cor ros ion .  A successful  i n -  
s t a l l a t i o n  d-epends on rnany s i - t e  c h a r a c t e r i s t i c s ,  includ.ing s o i l  corro-  
si.v<.ty, r e s i s t i v i t y ,  and t h e  na ture  and. 1 oca t ion  of any e x i s t i n g  el.ect;ric 
grounding mats and s t r u c t u r e s .  Often a survey by a consul tan t  i n  this 
f i e l d  i s  necessary t o  cietemine whether cathodic  probeet ion i s  des i r ab le  
and how i t  sh0uJ.d be appli..ed~. I n  order  t o  reduce c i r r en - t  requirements, 
a high diel.ecti ' ic coat ing i s  appl-ied -to t he  s t e e l  p l a t e  bel-ow grade.  

The cathodic p ro tec t ion  systems used a t  Dresden and ai; Big Rock 
Point contain many bur i ed  s a c r i f i c i a l  e l ec t rodes  around Lhe sphere.  
Several. re fe rence  el-ectrodes w e r e  also ins ta l - led  under t h e  spheres t o  
enable checkhg  'che p o l a r i t y  between t h e  sphere and Lhe surrounding s o i l .  
Cathodic p ro tec t ion  was not  used a t  Humbol_di Bay Unlt No.  3,  s ince  t h e r e  
were solid e l e c t r i c  grounding connections t o  t h e  e x i s t i n g  units which 
were no t  ca thodlca l ly  pro tec ted .  
Corrosives"88 ris a useful. source f o r  f u r t h e r  information on t h i s  sub jec t .  

Uh1.i.g' s book "Corrosion and A n t i -  

8.7 INSPECTION AND COWLPOL 

Carefil. inspec t ion  and t e s t i n g  must be performed in accordance w i t h  
s tandard procedures t o  ensure - that  ma te r i a l s  p rope r t i e s  meet o r  exceed 
those specified. .  This s ec t ion  o u t l i n e s  the  procedures fol-lowed f o r  in- 
spec t ing  and t e s t i n g  concrete,  s t e e l  p l a t e s  and components, welding am3 
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f i e l d  fabr icat ion,  and coatings. It a l s o  r e fe r s  t o  the deta i led  t e s t  
procedures norm1l.y specif ied for these rmter ia l s  . 

8.7.1 Concrete 

Inspection and control  of concrete construe t ion  f o r  reactor  contain- 
ment i s  usually performed by a t e s t ing  organization and by the  ~ o n s t r u c -  
'LOS' s field. inspector.  'Ibe tes kring organization w i l l  examine -the l o c a l  
suppl-y of aggregake and. cement m d  wil.1- design tke rnrix, su~~erv j . s e  batch- 
Ing, mke f3.e.l.d t e s t s ,  and tzke and t e s t  sample cylinders.  0f-t;en the 
design engineer w r i l l  specify t h a t  small q i a n t i t i e s  of addi.tives such a s  
accelerators ,  re tarders ,  or densifie:rs be inixed i n  the concrete dl-lriilg 
hatching t o  ixnprove the  placing and. du rab i l i t y  and to red.uce the  shrink.- 
age of t h e  Finished- concrete, 

The f3.eI.d. tests a,nd checks i~.sixal.ly carried. out by t he  inspector a r e  

1. OM 1.arge jobs, concmte m d .  concrete aggregate a r e  cc?ntrimioixly 

2 .  

the f o l l o ~ i x l g :  

and rout inely checked to assure uniformity. 

o f  consistency, workability, and a -rough indicat ion of the  wa-i;er..--Lo-cement 
i*&t;io. 

concrete i.s taken a s  an indicat ion that .the proper awnorurt of heated. water 
or i ce  has been acided so th.at  t h e  concrete w i l l  set properly. 

not smbs2d.e o:r def lec t  under tine weight  of t he  concrete. Placement, vihra- 
tton, and. cur.i:ng of  Yne ccncrete are  observed and inspected to assure the  
furmation of h n d ,  dense concrete Yimt i s  free of  voids sad honeycmibs. 

5. Samples of concrete are taken, cas t  i n t o  6- by 12- in . .  cyl.inders, 
arid stored in a control led envirozxwnt p r i o r  .Lo shipping t o  n i;i?sting 
7-abomtol-y e Gccas4onallyY {;he "isting laboratory is located at .the Job- 
site. A t  the t e s t i n g  Iaboratory, concrete cylindeys are t eshed  f o r  com- 
pressive streng1;h 28 days after pi:jI.wing and often, i n  addition, a f t e r  7 
days t o  exercfse b e t t e r  control  of m i x  design. If the  concrete i s  used 
as shielding, the cylinders are also weighed to check density. 

Nuch of the foregoing j.nspectj.on i s  dependent upon ind.i.iri.dual- judg- 
ment, and. from t h i s  standpoint conwe-Le construction i s  not its amenable 
as al.1.-steel containment vesse1.s t o  rri.gorous qua l i ty  control. + Assurance 
of  adequate r e l i a b i l i t y  demands conc:"L,nt and rigorous surveil lance of a l l  
operations and careful recording of concrete mix and placment .  

On all jobs, sI.mp shou1.d. be checked contkmmsly  as a measwe 

3 .  During ve-ry hot  weather or  f m e z i n g  weather, t he  tciirnperatwe of 

kt.  Forms and reinforcing bars a re  inspected t o  a s s u e  t h a t  they w i l l  

8.7.2 Steel 

The qualiky o f  s t e e l  i s  control.led pr inc ipa l ly  by inspection and 
tests a t  Yne mill. The purchaser of the s t e e l  obtains a c e r t i f i e d  s t a t e -  
ment from the n l i l l  tha t  gives the  r e s u l t s  of t e s t s ,  minimum strengths,  
and chemical. content. 14iI.l- tests cover some or all of the fol.lowing 
propert ies  : 
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1. Yield Point (minirrlwn). For carbon s t e e l ,  the y i e l d  point i s  the  

2 .  Tensile Streng-ti?. Tne mxximum or ul-tiia'ce t e n s i l e  s t r e s s  tha-t 

3. Elongation. 'The percent,age increase i n  lleng'di (norrmlly of a 

lowest s tyess  at which s t r a i n  h e r e a s e s  without an increase i n  s t r e s s .  

the  mater ia l  cain sus ta in  without f a i l u r e  i s  t h e  t e n s i l e  s t rength.  

2-in.  or an 8-in. sample) of the  mat,erial a t  t h e  point  of ir.1.tirna-Le s t r e s s  
i n  tension i s  a measure of the d u c t i l i t y  of the material .  

radius.  The specimen must not show any cracking. 

the percentage of const i tuent  elements, such a s  carbon, manganese, phos- 
phorus sul.phur, copper a,nd s i l i c o n .  

6 .  Charpy Keyhole, U-Notch, o r  V-Notch Test. Am impact t e s t  i s  
conducted insually a t  a low, control.l..ed terqxratu-e  as a measure o f  the 
d u c t i l i t y  'cougiimess and. b r i t t l e  f a i l u r e  r e s i s t i n g  propert ies  o f  the  s t e e l .  
(See ASTM Spec. A - 3 7 0 . )  

t e s t  i s  made t o  d.isclose seams, laminations, e t c .  caused by inrp-roper 
r o i l i n g  o r  inclusions of foreign iilatter o r  gas i n  %'ne materi-a.1 ... 'The t e s t  
i s  made by inspecting a fractm-ed surface of t he  p la te .  

4 .  

5. La,die Analysis. An analysis  of  each melt i s  macle to determine 

Bending. A t e s t  specimen i s  bent through 180" on a spccifj-ed 

7. Homogeneitq- Test ( f o r  Firebox quality- p l a t e s ) .  The bomogeneri.ty 

(See ASTM Spec. 
A-20.) 

Other t e s t s  of ten performed. a-i; the  m i l l  or performed af-ter the  s t e e l  
i s  received. by the  fabr ica tor ,  a r e  as follows: 

1. A check anal-ysis i s  some-tiines made by the  purchaser f r o m  f inished 
material- representing each melt t o  ensux-e t h a t  the  percentages of  the most 
importan.t const i tuent  dements a r e  within the specif ied ranges. 

t ions * 

of the  p l a t e s .  

a f t e r  fabr ica t ion  or erection. Tests for reinfoyrcing bars a r e  not a s  ex- 
tensive as those f o r  containment pl..ate. Nevertheless, re inforcing bar 
fabr ica tors  must pro'vide m i l l  t e s t  reports  fo.r materials prov-id.ed from 
each heat.  Field inspectors must check tags a id  synbols on the  bar indi-  
ca t ing  si.ze, origin,  and, occasionally, type of  s t e e l .  

2 .  Plates  8re visual-ly checked for Ylicknzss and possible  lamina- 

3. In the  f le ld ,  t h e  inspector w i l l  check principal-Jg Tor n i t t i n g  

U.S. prac t ice  does no-t require  mechanical t e s t s  of plate:: o r  welds 

8.7.3 Welding and Other Field Fabrication Gperati ons .I___r_____.- ~ 1 - 1  

Welding operations must be pereformed by qualifi.ed welders i n  accor- 
dance with an approved procedure and be inspected by a qua l i f ted  inspec- 
-tor. D e b a i l s  of these qua l i f ica t ion  requirements a r e  out l ined i n  Section 
V I 1 1  of the  ASPE Boiler and Pressure Vessel- Code and appl.icable Code 
cases.  
f'ull), magnetic partiel-e, dye penetrant (usual]-y used on j o i n t s  where 
rad-iography i s  imprac l;icaL), and soap-bubbl-e t e s t s .  

fii addition, tlierti a r e  spec ia l  qua,lity-control requirements f o r  s t r e s s  
relievring of welds a,nd f o r  penetrat ion nozzles, as outlined i n  Section 
V I I ' I  and. i.ncorporated by Section III of  the  ASMI? Code. 
cant f e a t i c e  of the quality-control. procedures required f o r  containment 

Tests on containment vessel- welds incl-ude radiograpby (usual ly  

The most s ign i f i -  



vesse1.s i s  the  magni.tu.de of th.e job; contaimen-t vessels can eas i ly  ?mve 
over 3 miles of  welded seams, every inch of which m i l s t  be :radiographed arid 
soap-buV~le tested, i n  addi t ion to bein.g si~b*jected- t o  leak and strength 
t e s t s ,  3,s discwsed i n  Chapter 1-0. 

Since metal l i n i n g s  a r e  not covered by aEy vessel. cock, Yne u s ~ m i  
pi-nctice i s  t o  compl.etely s p e l l  0u.L -the mterial- Ftnd tesi;ring .r.equis.eme~~ts 
in the  specif icat ions for fabricatLon and erect ion of t he  iiietal. l i n e r  ~ 

hctiliky i s  not, a.s cri.%ical. for a, 1.i.ner as i t  i s  f o r  a p r e s s . w ~  vessel.. 
However, it i s  stj.11. necessary .Lo require mill t e s t s  t o  siikstani,ia,te weld- 
ability and rmter ia l  compsi.tio.l?. of t he  liner plate * O..wPent prac t ice  has 
al.so required welder qu81ificatlon Lsrld t e s t i n g  of wel-ds by spot raitiograp3riy 
(lo$) 
has al.so been conducted t o  enswe leak tightness of the  .i.reld.ed j o i n t s  a 

Where the l i n ing  i s  welded t o  i n s e r t s  and radiography is not possible, 
magnetic p a r t i c l e  i.nspeetion can be performed. Ih the  construet:ion in-- 
dustry, inspection of  rein.forcing-bar welds Ij.s usu.a.lly liriri-Led to v-isual. 
inspection f o r  cracks, tnadequate s ize ,  and- other visib1.e de fec ts ,  but, j.t, 

a l s o  ineludes nagne-tic Far-Licle inspection and radiography for inliglily 
c r i t i c a l  applicatt-ons o r  joinks of suspected q.ua,lity. 
tainment, vessels may be consiCleretL ;z c r i t i c a l  application, h s p e c t i o n  of 
welded winforcement bar s'noi-~ld be done by vi.sml.., magnetic qxwticle, and. 
radiography metlricds . 

FUl-coverage leak  t e s t i n g  by vacuulli box, halide, o:r other Eieans 

msmu-eh as con- 

For nollznetall.ic coatings, qua l t ty  control  i s  reqwired f o r  both t he  
coa.t.l:.ng and. t he  surface t o  be cmated. A l l  m,riufactuw-s o f  plastic, eoat- 
ings require special care  lin t h e  preparation of  the  cor;e:r.ete surface to 
ensiwe the  proper bond. o f  t h e  coating The preparation us1aazal.l.y incl.ud.es 
a,n acid waszi and fil.l.ing of a.11 surface holes over l/8 in. .with zn inerl; 
materi.al. or mnate??i.al cc?:ffipati%le with t h e  coa'cing Because of  the c r i t i c a l  
mixing and application requiremen-ts of t he  coating  material.^, the  job  re- 
quires special. equipment and. a background of experience. Tr3 enszwe t'?~ 
qualF.ty of t h e i r  p.r.oci.v.ct, riuulufac~Lvxers of most coating rmterials rm,int;ain 
close f ie1.d 1.iatson with the  suhccmtraetors apIjlying them and. are grepa:red 
t o  furnish l i s t s  o f  r.ecarrmended sctbeontractors . 
mai.ntnj.n c1.ose inspection on a1.Z details t h a t  provide seal ing at construe- 
t i o n  .joints, clmflges of maberial, penetrations,  and. inser tx  . T e s t s  for 
wet-fi1.m thickness, d.:ry-film thiclmess, and p in  holes shou..d probably be 
conducted .to ensure adequate coat,i.ng. 

When. coatings are used as leakage bar r ie rs ,  it i s  ah; important to 
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3. F'. Griffin" G. B. Dyers 
H. W. Wahl.* 

E t  wo11l.d be a r e l a t i v e l y  simple matter to provid-e a leak t ight  con- 
tainment s t r u c h r e  around. a reactor  were i_t not fo r  yne f ac t  that, the  
reactor  system requires e l e c t r i c  power, a m e a m  of removing heat, occa- 
s iona l  servicing, and a host of other u t i l i t i e s  and services t h a t  recpire  
passage o f  pipes,  w i r e s ,  people, and equipment through the conta.innlent 
boundary. Containment i n t e g r i t y  m u s t  s t i l l  b e  mminta,-ined, however, over 
a wide range oI" bo'cin normal and abnormal. operating conditions, including 
accident conditi-om. Thus a complek conta iment  systorn rlnist, i.nelu.de 
numerous accessories, 3 s  well as the  basic  contarirment strxcture, i n  
order t o  perI"orm i t s  required functions properly. 

ment systems, depending, among other things, on reactor  type, s ize ,  and 
operational requirements; on the possible consequences of a release of 
rad-ioactivity t o  t h e  enviroment,  that; is ,  on the  s i t e  Location and- 
me-teorological conditions; and on t'ne type of containment used.. For 
example, t he  number and s i z e  of a i r  locks required fo r  access t o  Yne 
containment system, and even whee'ner or not a i r  locks are reqi-itred. a-t 
all, depend on. the degree of access required during reactor  opemtion, 
d-uring other tirnes of po ten t ia l  hazard, and fol.lowing an accident,  The 
nurn'oer, types, and. opei-atirg charac te r i s t ics  of i so l a t ion  iJal.VTS required 
for pipes t h a t  penetrate t he  containmen-t boundary depend on the  tyr;e of 
pipe, the  f l u i d  carr ied,  and the  coii.s!?queiices of a pipe fa i lure .  A p r i -  
mary steam l i n e  from a direct-cycle  reactor,  for example, requires  more 
i s c l a t ion  valving protectri.on where i-t ;  penetrates the  containment boundary 
than does a small service wa.Ler l i n e .  A pressure control. system  my 
form the  e n t i r e  bas i s  of the  containment design o r  it may merel-y serve 
to reduce the conseqiliences of an accident below those f o r  which the plant 
was designed. Tne same may be t r u e  of f i l t e r  systems. In  s p i t e  of these 
differences,  however, some generalizations can be made about, these acees- 
sor ies  and some designs or design pr inciples  t h a t  a re  applicable t o  many 
d i f f e ren t  s i t ua t ions  can be discussed. 

This chapter describes numerous examples of access, piping, f u e l  
t ransfer ,  and e l e c t r i c a l  penetrations and presents in fomat ion  on certain 
spec i f ic  d.esigns of each o f  these general types of penetrations.  Such 
penetrations a re  frequently designed t o  f a c i l i t a t e  e i the r  the  continuous 
or periodtc leak t e s t s  t h a t  may be desired o r  requlred t o  complement o r  
take the place of integrated containment leak t e s t s .  Ventila-Lion and 
pressure-control systems and fissj-on-product removal systems are  d is -  
cussed i n  m o r e  general terms. Instrunientation and power requirements 
f o r  operation of the  containment system a re  discussed b r i e f ly .  

The requiremecb for accessories vwy widely for d i f f e ren t  contain- 

*Bechtel Corporation, San Francisco, California.  
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9.2.1. General -..._...- 

Access pene-trations include both Yne openings i n  the containmen-t 
s t -mc tu re  t h a t  allow personnel. and eq?ripment t o  pass through t h e  contain-  
ment boundai-y and t h e  closures that seal. t hese  openii?gs t o  .maintain 
containment integri-Ly whenever it i s  required.. Con~Lainment in tegr i . ty  
m s  i; be majxtained when s u h s t a n t i a l  amounts of r a d i o a c t i v i t y  could be 
relkased t o  t h e  containment. Therefore air locks -that, provi.de cont inu-  
ous containment, even when being used f o r  access,  musi; be i n s ~ t a l l e d  i f  
access  t o  -the containment ves se l  i s  requi red  during such periods.  For 
water-cooled r eac to r s ,  it i s  usua1.l.y assumed t h a t  r ap id  releases o f  
rad.ioactivz materi.al can occur on1.y wheil t h e  r e a c t o r  is  opzrafbing o r  when 
t h e  primary system is  pressurized.  The p o s s i b i l i t y  of prima-ry system 
rapt i i re  and. subsequent rap id  fuel. meltdown occurr ing under col.d. shutdown 
coni?ri.tions i s  normal.ly not consid-ered credi.ble. However, meltdown of a 
finel element inadver-Lently l e f t  without s u f f i c i e n t  cool ing for ex-tend.ed 
per?-ods diiri.ng dry refYtelTng operat ions .may be considered c red ib l e .  
Therefore, s i -ng le-bar r ie r  access  doors or ports t h a t  can be closed i n  a 
r e l . a t ive ly  s h o r t  'ii.me intex-val may be used under t hese  co ld  shutdown 
condl-Lions . The quanLity of rad-ioac!; Lve mai;eri.als t h a t  could credib1.y 
be re leased  from a p a r t i c u l a r  r e a c t o r  p lan t  under var ious cond.i-t,ions 
must be eval-uated i n  each case t o  determine whether double-barr ier  lock  
systems arc: requi red  o r  whether e a s i l y  c losed s i n g l e - b a r r i e r  doors may 
be used. 

The foil-owing types of access  pene t ra t ions  a r e  f requeri t ly  used i n  
conventional steel-shel.1- types of contai.iment ves se l s  : 

1. Large bo l t ed  openi.ngs a r e  used fop equipment t r a n s f e r  on1.y 
during p lau t  shutdown. An opening of t h i s  type, s i m i l a r  t o  tile equipment 
doors used. a t  t h e  Ph-esden arid B i g  Rock Point  p lan ts ,  i s  shown i n  E'ig. 9.1. 

2. Large equipmeiit locks a r e  used for t r a n s f e r  of eqyipment or f i e 1  
casks during p l an t  opera t ions .  A t y p i c a l  equipment l ock  simil-ar t o  -those 
used at the  Llresd-en, B i g  Rock Poiiit, and Peach Bottom p lan t s  i s  sboTm i n  
Fig.  9 .2 .  

3.  Personnel locks a r e  used for normal passage of pe r sonml  i n  and. 
out oi" the containment ves se l  dui5ng opzrati-on. A s p h e r i c a l  a i r  1.ock 
f o r  u s e  pr imar i ly  i n  s p h e r i c a l  containment ves se l s  i s  i l l u s t r a t e d  i n  
$'rig. 9.3.  This type o f  l ock  is  used a-t Dresden. Cy1ind:rical locks  are 
a l s o  corniaozll-y used i n  bo-th c y l i n d r i c a l  and sphe r i ca l  contai-nment ves se l s .  

vessel. An escape lock  such as 'clia-t used a-i; Dresden and Big Rock Poi.nt 
i s  shown in Fig. 9 . 4 .  

Various o ther  types o f  doors with su. i table  seals have been used i n  
].ow-leakage buil.dLngs used for containment. Some of t'nese are discussed 
i n  See-Lion 9.2.4. 

4.  Escape locks a r e  used for emergency e x i t  from -the containment 
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Fig. 9.1. Section Tlrough 16-ft-diam Bolted Gpening. (Fnm Chicago 
Bridge Q Iron Company) 
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Fig. 9.3. Spherical Personnel Lock with 2 - f t  6-i2. by 5-f% Doors. 
(Frorn Chicago Bridge & Iron cmpanyj 
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9.2 .2  Air Locks 

The minimum requirements f o r  personnel- a i r  locks a re  l i s t e d  below: 
1. The lock s t ruc ture  and. both doors must be designed and con- 

2. Eqiializing valves must be provided t o  eliminate d i f f e r e n t i a l  
The equalizing 

s t ruc ted  for t he  same pressure as  the  containment vessel .  

pressure across the  doors so  t h a t  they can be opened. 
r a t e  should be as f a s t  as possible without causing personnel discomfort. 

3 .  The doors must be interlocked to prevent both being open stml- 
baneously. 
mechanism of the  doors i n  such a way t h a t  one door mu.st be completely 
locked and i t s  accompanying equalizing valve closed before the  opposite 
door can be opened. 

provided t o  indicate  the  posi t ion of t he  interlock, equalizing valve, 
and f a r  door. 

5. Ai in- ter ior  l i gh t ing  system, wit'n an emergency power supply, 
must be avai lable .  

6 .  There m i s t  be an emergency conmimications system. 
I n  addition t o  the  above, t he  fol.ll_ow-i.ng provisions will a lso  occa- 

s iona l ly  be made: 
1. There may be a bypass on the  door in te r lock  mechanism t o  al-low 

doors t o  be l e f t  open under proper authori ty  d-uring plarit shutclown. 
2. There may be a means of closing -the f a r  door i n  order t h a t  -the 

near door may be opened. 
Power operation of personnel access locks is  optional, since idle 

veight of t he  doors i s  usua.lly such t h a t  manual operation. i s  f eas ib l e  
an.d, i n  many cases, preferable.  If power' operation i s  used, a l t e rna te  
manum1 means must be provided t o  ensure t h a t  t'ne lock can be operated. i n  
t h e  event of a power f a i lu re .  Manual. operation av0id.s t he  'nigher cost  
and maintenance associated with power-operated doors and. r e su l t s  in more 
tsoubl.e - f ree  operation, but it may be inconvenient i f  frequent access to 
-the containment vessel  i s  required. Tne t i m e  required for manii.al. opera- 
t i o n  is  influenced by .tihe design pressure, the s i ze  and type of the doors, 
and. whether t he  doors a re  pressure-seated. Power operation ( e l e c t r i c  o r  
a i r )  i s  used f o r  la rge  o r  heavy doors. 
manually operated because they are  small. and because of the  nature of the  
service required. 

In  addi t ion t o  the  above requirements for  personnel I-ocks, equipment 
locks have the  following spec ia l  requirements : 

l. They must be of su f f i c i en t  size t o  accommodate the  l a rges t  equip- 
ment t o  be t ransferred during plamt operation. 

2. Special  f loor  systems and f loor  or overhead t racks t h a t  can be 
remo7ied must be provided t o  allow opening and closing of doors. 

3 .  Special. reinforcement of the lock  and the vessel  around the  
opening is necessary because of i t s  large s ize .  

L+. Stiffening of the s h e l l  or special  supports a r e  r e q u - i r e d .  t o  
carry the  moving load of the  equipmen-1; inside the lock. 

Power operation i s  normal for equipment locks because of the  weright 
of t he  doors, -Lhe force required t o  sea-t; -the locking wedges, and -the 
operation of la rge  equalj-zing valves. 

The equalizing valves must be connected t o  the  o p e r a t h g  

4 .  A mecha.nica1 pointer, wind.ows, o r  indicat ing l i g h t s  m.st 'oe 

Kscape-lock d.oors a re  alimys 
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li1 spi.te ol” t h e  sigxLfican’i cos t  of equipment locks (see Chap. 11) 
and t h e  savj..ngs t o  ’ne i-ealized ‘oy using a s i n g l e  equipment door, locks 
a r n  f r equen t ly  used. for one or more of i;he followi.ng reasons: 

I_. 111 l a r g e  p l an t s  with mul t ip le  coolant o r  reci.rcula-t,ion loopsj 
equi-pment locks a r c  provided s o  t h a t  t h e  replacement o r  r e p a i r  of pumps 
and equ.ipmcnt fi-om an i s o l a t e d  loop may be accornpl-2she.d while t h e  pl-ant 
i s  opera’c-ing or i.s a t  e leva ted  temperature or pressui-e condi-Lions. 

and shipirient, of spent fuel.. casks may be t o o  Trequen-f; o r  inconvenicnt t o  
be d.onc o n l y  during coLd shuidown condi t ions,  equipment I-ocks are used 
s o  t h a t  shipments can be made durtng operati.on. 

maintenance equipmerii, such as  a fork l i f t  t r u c k  o r  a d.isposa1. cask f o r  
r sd ioac t ive  mater ia l s ;  tha-i; i s  t o o  large f o r  a personnel. 3-ock. 

ment a i r  1.0cks iii v-ar-iLous s i z e  ranges and pressure ra-l;:i.ngs. These locks 
a r e  st;andardLmd, gum’anteEd, and avail.a’ole f o r  s e rv i ce  up t o  50 ps3.g 

2. When t h e  spent  f u e l  stoi-age p i t  3.s i n s i d e  t h e  containment v e s s e l  

3. Eqjsipmen-i 1-ocks may be provri.r?.ed. f o r  access dui-iing operat;ion f o r  

Manirfactui.ers a r e  now o f f e r i n g  complete l i n e s  of  persoimel and eqiiip- 

from sixfie equipment, manufacturers as  ca t a log  j t ems .  They 
coiiipl e t e l y  inspected and stamped with the appl icable  PSME 
can be i n s t a l l e d  i n  any vessel. 

9 . 2 . 3  Air-Lock Accessories arid Details 

car- be furn ished  
Code cy-dbol and 

A posi-Li-ve locking device is required. on doors t o  resist  t h e  design 
pressure 1.oads and main’iain adequate gasket  sea-t  pressure.  For the l a r g e  
access  doors used only d-wing shutdorm, t h i s  1ocki.n-g func Lion i s  accom- 
pl-ished by bol t ing .  01-1 a i r - l o c k  doors, however, t h e  locki.ng mechanism 
must, be quick ac t ing .  Y5ultipl.e dogs opiiiiated siirrul.taileous1.y or a r o t a t i n g  
c o l l a r  engaging ?<.xed wedges, as shown i n  Fj.3. 9.5, ca:n be used foi- Lhis 
purpose. The l a - t i e r  design was used. f o r  t h e  ai.r locks i.il t h c  B i g  Rock 
PO?:II’L p lan t .  

pressiire sr,:;ists in sea t ing .  Equ.i-pment locks a r e  sometimes exceptions 
t o  t h i s  r u l e ,  however, since a dooy opening i n t o  t h e  l o c k  would r equ i r e  
t h e  lock  ’io be longer  and would requi1.e a remova’o1.e f l o o r  5.n p a r t  of t h e  
lock.  If t h e  c0ntainmen.t v e s s e l  intel-nal pressure tends t o  s e a t  t h e  
&or, I;he 1.ocking mechanism. i s  not usual..ly designed t o  1iol.d more t han  a 
few pounds pressure i n  t h e  lock  wi.th atrnospheric pressure on t h e  oppos-i.te 
s i d e  OS t h e  door. Where t h e  lock  m u s t  be pressurized t o  a h igher  pressure  
f o r  tes Ling purposes; t emporaq  hold-down bol-ts a r e  usua1.l.y instal.1.ed t o  
prevent the inner  d.oorr from opening. 

All hinges should be provided. with means f o r  three-dimens i-onal 
ad.justmei2t t o  a s s i s t  i n  proper sca t ing .  The hinges should be capable of 
adjustment, i n d e p e n d e n t l ~  of the door, i n  order  t o  compensa.%e, i f  neces- 
saq-,  for any devia t ions  of t h e  lock  from a ho r i zon ta l  plane.  

In low- pr e s sure  c 011 t a 3. izme n t  s ys 1; em, r e  gu la r  s h i p  -type qui  c k- a c t  ing 
doors may be u t i l i z e d .  These a r e  discussed i n  Sect ion 9 . 2 . 4 .  The hri.g:her 
design pressures  of conventional containment systems r e q i i r e  that the 

Doors arz us-ual1.y dzsigned t o  swi-ng inward s o  t h a t  any interilal- 



A D C 
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Fig. 9.5. Breech-Lock Dye of Qulck-Opening Door. (Prom Chicago 
Bridge & Iron Co~fipany) 
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dooi- assembly and seat be s u € f i c i e n t l y  s ti-ffzned and aJ.igned properl-y t o  
prevent any warping under load.  

9 . 2 . 3 . 2  Seals  and _I Gaskets 

Door perimeters a re  usu.al.ly seaI..ed with soft elastomer gaskets  01; 
i.nf1al;able s e a l s .  
( r e f .  2 ) .  
bui; i n f l a t a b l e  s e a l s  a r e  not iiormallg used for boJhed doors. Single  
doors or bo l t ed  covers may have double gaskets  t o  perr0i.t t e s t i n g  t h e  
sea1.s wii;hout pressur iz ing  the  en t i re  containmzn’L vessel-. 
a l s o  be provided on gear  s h a f t s  khat pene t ra te  t h e  doors.  

60. 
accompl.i.shed by a rounded bead p ro jec t ing  into ’Ghe elastomer.  
of gasket i s  good f o r  alny pressure encountered -in containment desi-gn. 
1n.flatabI.e elastomer s e a l s  a r e  somewhat more expensive than gaskets  but  

Typical seals  a r e  shown i n  Figs. 9 . 6  ( r e f .  1) and 9.7 
Gasket seals a r e  used on both bo l t ed  and quick act,ing doors, 

Seals must 

Sof~bness of t h e  rubber u.sed i n  gaskets  ranges froin Durometer 40 t o  
The gasket  may be contained i n  a machined. groove, wi” ih  sealj.ng 

This type 

E’ig. 9.6. XBR-I I  Equipment A i r  Lock. (From r e f .  1) 
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JAMB H E A D  

TYPICAL DETAIL 

S I L L  

S E A L  

G A 5 - T  
S E A L  

SEAL. THRO'W 
D i S T A N C E  l N . F L A l " A S L E  S E A L .  CONTINUOUS A i i O U N D  D O 0 2  

WITI-I NO J O I N T S  O R  XIDGES. SEAL M A T E R I A L  70 
€3" N A 7 U R A L  RUS3ER OR NEOP3ENE. S H O R E  
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I N F L A T A B L E  SEAL DETAIL 

(TEE G E A D  SHOWN) 

Fig. 9.7. Sliding Mekal Door wiLh InfI-ata,ble Seals.  (From ref. 2 )  

require less machining of t he  seal ing surfaces, s ince surface i r r egu la r i -  
ties are more e a s i l y  compensated for 'oy the  f lexing caused by the  in t e r -  
na l  s e a l  pressure. On the  other hand, commercially avai lable  in f l a t ab le  
sea ls  require  a complicated re ta in ing  groove t h a t  adds t o  the  machining 
cost .  In f l a t ion  of the  seal is  an addi t ional  s t e p  t o  be sequenced in to  
the  operation of t he  a i r  lock, which complicates t he  air - lock control 
system o r  increases the  probabi l i ty  that t he  door w i l l  be improperly 
sealed. The in f l a t ab le  s e a l  also has Lhe disadvantages of being less 
durable, being l imited t o  contaillment pressures below the  i n f l a t i o n  pres- 
sure, and being dependent upon 3 supply OS a i r  pressure t o  maintain the  
s e a l  over extended periods of time. 
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9 . 2 . 3 . 3  Power Sys t em for Air-Lock OperaLion 

Power opera t ion  may be employed f o r  t h e  foil-owing funct ions:  

1. Actuating equal iz ing  valves ,  
2. Actuating wedges o r  dogs on door, 
3.  Swinging l a r g e  doors,  
4 .  Raising and lowering br idge systems on e i t h e r  s i d . e  of equipment 

locks.  

The f i r s t  t h r e e  func t ions  must be sequenced f o r  proper operat ion,  
and, i f  automatic, can be accomplished by mechanical means, such a s  by 
the use of c e n t r a l  geari-ng. This may he seen i n  Pig. 9.1,. Mechanical 
gear ing allows manual opera t ion  i n  case of power f a i l u r e .  rT?lie c e n t r a l  
mover can be powered e i t h e r  by ail e l ~ e c t r i c  motor oi- by a motor-driven 
hydraul ic  pump. 
e l e c t r i c a l ,  and hydrau3.ic equi.pi-ient, I n  add.litioii t o  sequencing requi re -  
ments, it i s  necessary Lo be able t o  operate  eri.ther door fyorn in s ide  o r  
ou ts ide  t h e  containment ves se l  o r  frorn insi.de t h e  l.ock. This r equ i r e s  
three con t ro l  panels and rou t ing  of coi i t rol  cables  and tub ing  inLo and 
out OS t h e  1-ock. TO minimize gear ing  aiid penetrat ions,  t h e  prime mover 
may be loca ted  in s ide  the lock  i f  space pzlmi.ts. 

Power i s  u s u a l l y  provided by a combi.nation of mechanical., 

9 . 2 . 3 . 4  I i i ter locks ...... and In t e r lock  __.I. Bypasses 

In te r locking  devices  t o  prevent both doors of a lock being open a t  
Lhe same t i m e  must be mechanical i n  na ture  t o  ensure their opera t ion  i n  
t h e  e w n t  of a power f a i l u r e .  Cams, gears ,  s tops ,  and- f l e x i b l e  shafts 
have been used sepa ra t e ly  and i n  combinatj.on t o  provide an in t e r lock .  
In te r locks  a r c  provided. with over r ides  01- bypasses t h a t  w i l l  permit both 
doors t o  be open a t  t h e  same t i m e .  These bypasses may be effec’ied ’ny 
access Lo a gearbox wit‘n a key o r  by use of s p e c i a l  t o o l s .  Bypassing 
t h e  in t e r locks ,  which inva l ida t e s  t h e  containment, must be done only 
duri.jlg those  per iods when containment inLegr i ty  i s  not required.  

9 .2 .3 .5  Equal iz ing Valves .._.^.._____ 

Equal.ri.zing valves  a re  i-equtred t o  equal ize  any d i f f e r e n t i a l  pressure 
across an a i r - l o c k  door s o  t h a t  it can be opened. Equalizl.ng valves may 
be seen in Figs.  9.2,  9.3, and 9 .4 .  ‘These vsl.ves usual. ly a r e  quick ac-ting 
Lo minimize t h e  ’clime requi-red t o  open -the doors.  Plug valves,  b a l l  
val-ves, and. r ap id -ac t in s  globe valves ‘nave been used. Care must be taken 
to assure the l eak t ightness ,  ope rab i l i t y ,  and propel. sequznc-ing of these 
valves,  s-ince they a re  an i n t e g r a l  par’i. of the containment cnvelope 
boundary. The c r t t e r i a  Tor s i z i n g  the valve and. pi.pe must include the 
lengt,h of time ava i l ab le  f o r  equal iz ing  t h e  pressure under both normal 
and accid.ent cond.ri.tions. This, j.n t u r n ,  i s  a func t ion  of t h e  manning 
movements r e rp i r ed ,  manpower costs, and the i n j u r y  t h a t  might occur a s  a 
resu lk  of r a d i a t i o n  dose, temperature,  and r ap id  depressurizatLon. If 
t h e  lock  is  used for personnel. access during piressure t e s t i n g ,  i t  a l s o  
may be necessary t o  es tahl ish a mhimurn pi-essure equa l i za t ion  ra . te  t o  
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prevent in jury  d-ue t o  rapid depressurization. Reference 3 allows depres- 
sur iza t ion  from 14.3 psig t o  atmospheric conditions i n  30 see and recom- 
mends use of t h e  procedures of r e f .  4 f o r  depressurization from higher 
pressures. 

9.2.3.6 Removable Floor Sys tems 

A por-Lion of t he  f l o o r  system o r  t r ack  used t o  t ransport  equipment 
through an equipment lock must be removable t o  allow the  door t o  open 
and close.  This requires a s h o r t  bridge on e i t h e r  s ide  o f  the  lock t h a t  
may be power operated or  removed by overhead hois t .  
bridges and lock f loors  a re  usual ly  desj-gned f o r  heavy loads, s i ~ c e  a 
spent f u e l  cask and t r ans fe r  car  may weigh as much as 80 tons. These 
heavy loads require considerable re inforcing of both the  lock and the  
vessel  wall t o  l i m i t  t he  def lect ions and stresses caused by the  moving 
load. It i s  general-ly not feas ib le  to use spec ia l  supports t o  keep the  
loads from being taken by the  she l l ,  s ince any f ixed supports w i l l  
r e s t r a i n  t h e  s h e l l  against  thermal or  pressure expansion. Temporary 
supports can be used if necessary. 

These removable 

9.2.4 Doors i n  Low-Leakage Uuild.ings 

Low-pressure containnent s t ruc tures  (below 5 psig)  and negative- 
pressure confinement have been used a t  several  plants,  such as  f o r  the 
refuel ing building a t  IIumboldt Bay, t he  Hanford New Production Reactor 
(NPII) ,  and the Canadian Nuclear Power Demonstration plant (NPD) . 
following types of doors have been used with success. 

The 

9 .2 .4 .1  @ick-Acting Watertight ,Ship's Door 

Doors of t h e  type used on snips a re  used on t h e  Humbo1d.t Bay re fue l -  
ing building. 
inter lock.  
The door frame i s  mounted i n  s t e e l  p la te  t h a t  i s  seal welded t o  channels 
embedded i n  t h e  12-in.-thick concrete walls of .the building. The build- 
ing i s  matn%ained al; a negative d i f f e r e n t i a l  pressure of 0.25 rin. HzO. 

Two such doors a re  used i n  series wit'n a f l ex ib l e  cable 
Soft  ru'ober gaskets are  used f o r  the door sea1.in.g surfaces.  

9.2.4-. 2 Bulkhead Door With Inf la tab le  Seals 

Bulkhead doors with in f l a t ab le  sea l s  a r e  used on the  NPR containmenl; 
s t ruc ture .  The doors are  provided with double perimeter pneumatic seals 
t o  permit checking f o r  leakage through t h e  sea ls  by pressurizing the  
space between the  two sea l s .  

9.2.4.3 Shielding Door 

The Ihmboldt Bay refuel ing building contains two large double-leaf 
ra i l road  access doors tha-t allow a ra i l road  ear  carrying a spent f u e l  
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shippi.ng cask t o  eizter the bui ld ing .  
They are made of re inforced  eoncrete  1 2  i r i .  t h i ck ,  and ezch weiglrs 10 
tons .  ‘key are providcd with compressible cell.ullar neoprene gaskets  
tht  can be ad jus ted  t o  improve t h e  seal if neccssary.  The doors a r e  
operated by pneurna1,i.c cyl-i-nders ’LO a s s i s t  i n  movihg t h e  heavy weigh-t and 
-io prov-7.d-e proper cornpi-ession of Llle s e a l s .  

NFR bui.l.ding 135 -N has shie1d.i.n.g doors with d~ouble pneumatic seals.  
Tbese doors a r e  ilot operated during r e a c t o r  operat ion.  

There a re  seve ra l  types of low-pres sure, I.ow-leakage doors comier - 
c i a l l y  ava i l ab le  with whicli t h e r e  has been s u f f i c i e n t  experience t o  
ind ica t e  t h a t  t roub le - f r ee  opeyation can be expected. These doors  a r e  
ava i l ab le  wi.i.h almost any cornbinakion of  compressible and rinfla-i;able 
seals and- i n  s tandard package u n i t s  of door, frame, a-od locking hardware. 
They a re  b e s t  s u i t e d  t o  very near  akmospherie pressure condi t ions and Lo 
mama1 operat ion.  

o ther  bui ld ing  components Llzat Thiere t e s t e d  ai; rela.i;:i.vely low d. i f ferent , ia i  
pressure3 f o ~  leakage ra-;..e. These datr, provide a b a s i s  f o r  sel.ectior1 
oi” the type a& niiin’oer of doors t o  fit t h e  design all.owable k a k a  
f o r  1 ow-pressure containment and conf ine-rent s i r a c t u r e o  . 

These doors a r e  shown i n  Fig.  9. 8. 

Koontz has repor ted  d a t a  on Tour types of access  doors and var ious  

9.2.5 Tcsti-no of Access Penet ra i ions  ..... .. ._ --...----.v 2 . -  - - . .- 

9.2.5.1 Shop Test ing 
----..-..il 

Because of t h e  to le rances  and. complexj t y  ol’ f ab r i ca t ion ,  most com- 
merc ia l ly  av2ilabl.e a i r  I.ocks m d  s p e c i a l  doors arc: fabr ica ted ,  poskweld 
hea t  t r e a t e d ,  and pressure -Lested w i t h  the i - r  matins surl”aces or door 
frames i n  the shop. They a r e  -then de l ivered  rin .worki.Tig order,  complete 
with hSM%-, Code s y I : h O l ,  un less  disi:nai?tliilg i s  requi-red %OF shippri-ng pur- 
poses. 

3.2.5.2 F i d d  Test ing 

Both f i e l d - f a b r i c a t e d  doors  and shop-.fa’bricated doors a.nd locks a re  
l e a k  t e s t e d  al”i;er lns-i;al..I.atioii by one OY more of t h e  1-oca1 lesk-tesL5ng 
methods descr ibed i n  Chaptw 10. The a i r  llocks and doors a r e  usua1l.y 
i n s t a l l e d  i n  t h e  v e s s e l  before the pressixt-c t e s t  and -the i.nit5.al inLe- 
gra ted  I-eakage r a t e  t e s t  of t h e  e1xti.rce vessel. a r e  conducLed, end thi is  
they are f u l l y  t e s t e d  ( s e e  Chap. 10) .  

9 .2 .5 .3  g e k s t i r g  

Access penetrati-ons, which by t h e i r  natu-re preclude permanelit c l o -  
sure by pos i t i ve  methods such as welding: a re  more subjec t  t o  fail.iire 
than  s t a t i . c  por t ions  of t h e  containment system. Therefore they r equ i r e  
r e t e s t i n g  -Lo provide continued assurance of contai.nment iiitegri.~t;y. It 
is common p r a c t t c e  t o  rout inel-y inspec t  t h e  s e a l s  of‘ a l l  access penetra-  
t i o n s  and re tes t  Ynem frequen-Lly. Large doors used for access on ly  
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Fig. 9.8. Doub1.e-Leaf R.zi1.road Door at Hmboldt Bay Refuel-ing 
Building. 
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durjng p lan t  shutdown are  i;s-iially leak  tesbed each bjme t hey  have been 
used and reccalkd. 

9.3.1. General ... 

Penetration of the  containment wal.1 by pipi-ng of vsr ious  ty-pes pre-  
s en t s  -LWO re!ated bu’i qu i t e  di.f-fel-ciit p~ob lems :  (1) t h a t  of making a 
leak t ig i i i  s e a l  be<;wecn the pipe .and t h c  coritainmen‘i wall, with provi- 
s l o n  for rei-ativc movement between the pipe an6 t h e  wa7.l- i f  necessary,  
and (2) t h a t  of scali-nz t h e  in” ie r ior  of t h e  pipe by valves  o r  o ther  
meaas to prevent leakage oi” radioact i -ve material. through the pi-pe t o  the 
rnviror?rrrent in .  the event, of aii accid-ent .  ‘Tine f i r s t ;  o f  t h e s e  probl-ems i s  
re lk t ive ly  straie‘c orward and can be solved by proper nechanical- desig-in 
o f  Liie penetrati on G G cm’a 3.y. ‘The t e c hn i c a.1. i-e qu ir eiiie n t  s z r  e q u i t  e c. 1-e ar , 
and the b a s i c  problelrn <.s one of  findi-ng t h e  desi-gn ihat can best -meet 
t l iese reqiiiT-cmznts a i  :he leas’: expense. k l . thou~h some des’-gns m,y be- 
come qixi-te cmg:  ex, many s a t i s f a c t o r y  desri-gns have bcen developed and 
used wi til suceess j.n several  dii”ferent appl.j.cations. 

The second prob1,eiii i s  that  of d e t x m i n i n g  the  requirements t h a t  must 
be charac te r i s t ic  of the valve fa- sealing, such as t h e  degi-ee of s e s l i n g  
recpired, t h e  rne’ihod of seal-tng, tile t i m e s  a t  which t h e  seal..s should be 
i n  effect,, the yrovisio:ns f o r  leak tes‘iiilg, and ihe l eng th  of t ime p e r -  
mS.tted ti: makc .the s e a l s  i f  they , not  i n  effect a t  t h e  t i m e  of an 
sc cidknt  . Pipes ccrmmica t  ing direc ’Cly between t h e  c on’iahment i n t e r  i.or 
and t h e  outs ide  atmosphere dui-ing r e a c t o r  operat ion,  as i n  t he  case 
an open ve:i~Li.lation sy i n  a conventional conLainmen-i vesse l ,  c l e a r l y  
need a t  l e a s t  one i .sol  valve tinat can el-ose yuick.ly i n  the event of 
an acc idcnt .  However, pipes  pene t r a t ing  t h e  contai.nment wa.1.1. t e r m i -  
nate st either or bo ih ends a l  cl osed, l e a k t i g h t  equi.pmenl o r  systems. 
If t h e  systems and connecting piping a r e  designed f o r  t h e  c o n t a i n m a t  
desi-grr prcscu.re o r  ater, they  can be considered extellSi.oils of  the con- 
taiillnent sys-tern, and, conceivably, s ea l ing  of t he  pipTng might no’c be 
Yequired. Between Ynesa extremes a r e  many o ther  condt t ions,  each o f  which 
must be considered separa te ly .  I n  pract:ice, i s o l a t i o n  valves  arc u.sually 
used i o  minimize t h e  extensrim of the con-tai.nment boimdary beyond the  con- 
taihment ves se l  w a l l ,  and a l l  pj-pcs pene t r a t ing  t h e  wall.. are grouped i n t o  
j u s t  a f e w  ca tegor ies ,  each wi-L’n d i f f e r e n t  general. requirements f o r  i.so- 
I a t  ion valves .  

This scct ioi i  d i scusses  Lhe requirements TOY var ious  types of pi-ping 
penet ra t ions  and presPnCs i l l u s t r a t i o n s  of some speci-f5.c pene t r a t ion  cie- 

lso o u t l i n e s  some o f  Lhe cons idera t ions  involved and the pi-ac-- 
l y  fol.i.owed i n  spec i fy ing  :requirernerits for isolation val.vco. 

9 . 3 . 2  F’iFing _.I Designs 

The basic requirements f o r  piping penet ra t ions ,  i n  add i t ion  t o  t h e  
normal. pi-piiig c r i t e r i a ,  may be I i s t e d  as fol-lows : 



1. Maintain con-tainmen-t integriby, 
2. Prevent excess3.ve pipe loads from being t ransfer red  t o  contain- 

ment system, 
3. Prevent pipe from res-training the  contaiiinient system du.ring 

thermal oi" pressiire expansions, 
4. Minimize heat t r ans fe r  into sliel.1 ... 
Maint nining c oint a iiuiient i n t  egr i t y  a t  pliping pene brat ri. ons re q i i i r e  s 

that  t h e  piping i t se l f  be of high integri-ty and t h a t  an effec-tive se8.l 
be formed b e t w  n t h e  pipe and the containment envelope. 'This i s  nearly 
al.wa.ys accomplished. by weldhg steel- piping t o  -the conLalnment vessel  
wall  or  t o  the  lifier i n  the  case of 8 s tee l - l ined  concrete vessel .  The 
welded attachment may be made  e i t h e r  d i r e c t l y  t o  a penetxa-tion nozzle o r  
-Lo an exps.nsi.on j o i n t  that, i s  welded t o  the nozzle. Pene.trat,ion nozzles 
equipped w i t h  t es t  caps a re  ixmally in s t a l l ed  riri t h e  vessel  by the  vessel 
fabr ica tor .  ReLnforcement of openings formed by nozz1.e~ is reqiiired i n  
accordance with MME Code Case 12'72M-5 and. Section I11 of the ASME : B o i l s ~  
and Pressure Vessel. Code. Both the  Code Case and Sec-Lion X I 1  reqixi.re a l l  
doors, nozzles, and opening frames t o  be preassexlbled i n t o  t h e  s h e l l  
pl.ates and postweld heat treated- as complete subas:;ernbl.J.es f o r  welding 
i n t o  the shell. 

This siiiiplest .type of piging penetz*a.t;ion i s  shown in Fig,  9.9, i n  
which -the pipe i s  bu t t  welded d i r e c t l y  t o  boYn ends of t h e  penetration 
nozzle. Hos?rever, -this d.esi_gn requires very close tolerances on pipe 
:spools, so  a.n oversized nozzle and cap, as shown i n  Fig. 9.10 i s  of ten 

CONTAINMENT 

,---- TEST CAP 

STANDARD PIPE 

WITH CONTAINMENT 

F U L L  STRENGTH 
FIELD WELD rqo z z LE F IJR NIS HED 

INSIDE OUTSIDE 

Fig. 9.9. Simple Piping Penetration. 
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L MIS-ALIGNMEN I’ 

STAh-DAKI) P I P E  
N O Z Z L L  b’UKNISHED 
W I T H  CON TAiNh4EN1 

INSIDE OUTSIDE 

F ig .  9.10. O?i-ei;sizc:a Nozzle a n d  Cap f o r  Si.i-npl..e Pipinz Penetrat ion.  

used ins tead .  Tiis ari-a e n t  subs-‘iant i a l l ~ y  Eases the l a t e r a l  tolerance 
requirements and e s s e n t i  reliioves a x i a l  ’iolkrance requirements, s ince  
the cap may be bored or -Flame cui; ’io s-uit t h e  f i e l d  condi t ions.  

t he  pipi.ng systeiiis . Therefore ihe reac t ions  imposed on t h e  containment 
ves se l  by -the t,hcriiial expansion or cont rac t ion  of t h e  pipe should be 
c a r e f u l l y  evaluated. Similarl.y, t h e  c f f ec t  of containment expansion o r  
cont rac t ion  on t h e  pipi-ng system should be analyzed-. When the react,ions 
on the  coil’czi. en t  wal l  a r e  too high or die:o t h e  piping system canno-L be 
anchored a t  t h c  penel;i*ati.on, an armngerneiit per.tiiii,ting rela-Live motlon 
between t h e  pi.pi.ng and t h e  containment wall must be used. One commoii 
s o l u t i o n  is  the  use of a ineta1.lri.c bellows expansion joint, such a s  that, 
shown in Fig. 9.11, which is  r\ield.erl t o  t h e  coni;ai.nment nozzle on one end 
and t o  a reduce-r and t h e  pene t ra t ing  pipe on t h e  o ther .  This design w a s  
used. at t h e  i3resrl.ei-1 and Big Rock Point p l an t s  and for t he  1.0-in. main 
steam 3.in.es of the NS Savannah. T‘hese expansion j o i n t s  a r e  usual.ly of a 
st,andard type t h a t  i s  avail.ah1-e through nunierous suppl ie rs ,  and they  a r e  
f ab r i ca t ed  i n  accordance with appl icable  codes A s  a protec-i;ioil aga ins t  
physical  damage, an ex’iernal guard or slimud i s  reconluie:nd.ed. Since 
metal.1.i.c bellows joints w i l l  noi; t o l e r a t e  torstonal.  s t r a i n ,  the  penetrat - 
ing pipe must be r~s-t~aiiied j.n such a maimer t h a t  it cam-mt r o t a t e  ab0u.t 
i t s  centar?.i,ne. 

Forr high-temperature appl ica t lons ,  t h e  expansi.0-i and insulakion 
requirements may be severe enough t o  recpire an e l a b o m t e  so lu t ion  Lbat, 
provides i.nsu.lation R R  wel l  a s  mechani-cal f l e x i b i l i t y .  An exattiple of 
t h e  so lu t ion  used for t h e  ERR-11 i s  i l l u s t r a t e d  i n  Fig. 9.12. 

If a ma3.n steam pipe f a i l e d  where it passed through a bel.l.ows type 
of penctratioli ,  -LIE r e s u l t i n g  high. instantaneous pressure could cause 
t h e  bellows t o  f a i l .  Lhch a f a i - lu re  co1i.l.d. be particular1.y se r ious  i n  a 

Both of t h e  foregoing types of penetrati.ons a c t  a s  anchor poinbs for 
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INSULA TION METALLIC BELLOWS 
EXPANSION JOINT 

Fig. 9.11. m i c a ] -  Pipe Penetration with Metal. l i e  BCUOWS. (E'rorn 
Chicago Bridge (3.. Iron Compsny) 

d i r e c t  -cycle wa-ter-cool-ed. reactor  pia-nt, s ince rad ioac t iv i ty  would be 
released from t he  primary system at the same t i i n e  t h a t  the cont;ai.nment 
i n t e g r i t y  was breached. Moreover, siibsequent closure of the steam isola- 
t i o n  valTre, i f  if; were oiit;sLd.e the  containment boundary, wm1-d not a top  
the flow of prima-ry steam out of t h e  f a i l e d  bellows. 
of low-pressure design on t??e I-i!mboldt Bay plant,, a guard pipe (designed 
f o r  1250 psig)  enclosing t he  steam pipe was velded -to the i s o l a t i o n  valve 
body. 'Die space within t h e  guard pipe is vented t o  the couLainment sys- 
tem ( t h e  drywell i n  t h i s  case) .  'Tlius, t h e  bellows would be prcitec-Led 
from higb.-pressure steani u n t i l  a . f t e r  it had been vented t o  the  dryvell. 
Figure 9.13 shows the  d e t a i l  of t h i s  type of penetration. 

boiling-water reactors  or o-t'ner direct-cycle  types i s  the  effectiveness 
and i - e l i sb i l i t y  of s ingly containment-connec-ted s t em i so la t ion  .valves 
i n  re tent ion of radioae-tivi.ty i n  the  event of an accident. It; i s  t o  be 
noted t h a t  t h e  s ingly  containment-connected steam i so la t ion  valves having 
one b a r r i e r  at; the point of connection (e .g . ,  t he  valve boay) correspond 
to t h e  two bar r ie rs ,  the primary coolant system and %lie containment f o r  
indirect-cycle reactor:;. Hence a scheme such as t h a t  depicted l i j r  Fig. 
9.13 f o r  boiling-water reactors  should be shown -to have comparable effec- 
tiveness t o  the conventional arrangement. It may be t h a t  consequences 

To use a bellows 

An addi t ional  consideration tha t  rmst be examiiied w i t h  regard t o  
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Ffg. 9.12. E R R - T I  Sodium Pipin2 Penetyation. (Erom ref. 7 )  

of f a i l u r e  of sj-ng1.y con~~~ain7nent-connected i so lak ion  valves are of such 
magnitude f 01% some d-irect;-cycl..e r eac to r s  t h a t  a design incorporat ing 
contaimment. of th:: inner  of t h z  two steam ri.sol.ati.oj? val..ves may be re- 
quired. 

t o  accommodate t h e  f i t - u p  of the pipe.  
p l a t e  from the containment vessel nozzle, the nozz1.e i s  beveled, as 
reqii.i.:red fox- welding, anti t h e  pipe and bellows a r e  ins-La.l.led, fi.?;ted, 
and welded. Csreful. at.tent,ion must be given t o  t h e  weldabi l i ty  r equ t r e -  
ments of t h e  transi-Lion welds be-Lweei1 %he d.i.Yferen3; ma te r i a l s  used i n  
the peiietratfon, bel-lo-~rs, and pipe. Tne f i e l d  welds a t  both eac1.s of -the 
bel-lows a r e  usua l ly  mad2 under t h e  requirements of the Code o r  Code Case 
appl icable  t o  t h e  containment vesse l ,  even though the  Code jurisdic-l ; ion 
terminates a.5 -the .?irst ci.rcu~[nrferentiaaJ. j o i n t  outs ide t h e  vesse l .  Tile 
weld between t h e  presaurc pipe and reducer ms-t, meet; t h e  wel.d.ing s tandards 
of t h e  A S A  piping c0d.e. 

c r e t e  structiii-es, provis ions must be made for r e l a t i v e  motion bei;ween 
the  pipine; and the concrete .  Res t r a in t  of t h e  nozzles or piping should 
be prevented by "rappins t h e  embedded por-l;rion w-.L-ti? a compressible mate- 
r i a l ,  si-ich as E'i.heql.as or a s i m i l a r  mater ia l .  

Most com-po-nen-ts o f  piping penet ra t ions  are Liis'ialled i n  t h e  fie3.d. 
After removal of t h c  pipe cap oj- 

When t h e  piping penet ra t ions  also ex"iend through adjacent  . j igid con- 
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--LIMIT RODS 

GUARD P I P E  0 U 'r SI DE INSU L A T  1 0  

(4 REQUIRED) 

\DRY WELL VESSEL \ CONCRETE W A L L  

Fig.  9.1.3. Hunbol d t  Ray Prinmry Steam Piping Penetration. 

9.3.3.1 

9 . 3 . 3  I so la t ion  Valves 

C r i t e r i a  

The openings i n  containinent; s t ruc tures  caused by pri.pi.:clg penetrations 
rmst be controlled,  j u s t  as access penetrations a re  conkrolled, i n  order 
t o  avoid v io la t ion  03 containment in t eg r i ty .  Al-G'nough s9me of these 
openings are normally closed., many rmst remain open o r  be opes.ed occasion- 
a l l y  i.f t he  reactor  is to operate. However, s ince they are usual ly  sub- 
s t a n t i a l l y  smaller than access penetrations and. transmit only f lu ids  
ra ther  than sol ids ,  they can be closed rnuch more e a s i l y  and rapidly when 
required. 
ant system and the  containmmt a-tmosphere by a t  l e a s t  one s o l i d  meta1l.i~ 
bar r ie r ,  such as a heat  exchanger s h e l l  or  tube wal-I-, which a l so  r m s t  
f a l l  if radioactive mater ia l  i s  t o  be released through khe piping penetra- 
t i on .  Because of -t;hese fac-tors, nomall-y open o r  occas tonal ly  opened 
'piping penetrations a.re allo-wed- provided they a re  equipped. with appropri- 
xte i so l a t ion  valves. The number and types of i so l a t ion  valves used and 
t he  closure speeds required depend upon the  amount a.nd type o f  radioactive 
mater ia l  potenti.ally avai lable  t o  the f l u i d  being transni-i.t;.t;ed, t he  Li l l i e  

d.epeiidency of t h i s  source enter?-ng the f l~. l .d ,  t h e  t ransport  character is  - 
t i e s  of -the f lu id ,  the  degree of continement of t he  f l u i d  and. its con- 
ta ined radioactive nmterial  i n  my secondary confinerflerit systems, zfld 
the  consequences of f a i l u r e  of o r  leakage through an i s o h t i o n  valve 
under accident conditions. 

Because of t he  diffeT-ent radioact lve mater ia l  source and f l u i d  trans - 
f e r  charac te r i s t ics  assoc Fated wi-tin each type of' reactor  and plant design, 

These openings are often separated from both the  primary cool- 
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-the i s o l a t i o n  valve Yequirements must be evaluated. f o r  each s p e c i f i c  
appl.i.cation. However, although exceptions may exis- i ,  ;;he followi-ng c r i -  
t e r i a  represent  t h e  p rac t i ces  usual1.y followed. wi.th respect t o  t h e  number 
and locakion of i so l -a t ion  valves t o  be used i n  piping t h a t  penetratzr,  the 
c ontainmen’c boundary. 

Lines tha- t  are normally c1.osed need onl..y 
a sj-ngle i s o l a t i o n  valve.  A l ock  o r  seal or in te r lock ,  i f  remotely ac tu-  
a ted,  should be pyovided -Lo prevent t h i s  type  of val.ve from belng opened 
durri.ng reRc-i;or opera-ii.on or during otherwise potentia1l.y hazardous s i t u a -  
t i o n s .  Even tlioug’n normJ.l.y closed, 1i.nes routine1.y containing very 
h igh ly  r ad ioac t ive  f l u i d s  a r e  o-ften equipped. with mu1tipl.e valves  to 
guard aga ins t  acc iden ta l  opening and. t o  provide gi-eater assii-rance of 
l e a k t  igh-tness . 

I.. Nortnal.1.y ........- Closed Lines.  -.-.-- 

2. Nowial.l.y ................ Open or Occasbna l ly  .......... ......... Gp .- - 
Lines -that connect t o  .......... r i l e  .... primary .......... coolant  -. system ........ a r e  normally 

Foi- incorning 1 i nes  (makeup, feed- 
I_ .-.---. -. 

provid.ed with two i s o l a t i o n  valves .  
water, energency cool.ing, conti-ol. rod cool.i.ng), one or both of these may 
be check valves .  The valves should be !..ocated so  Lhat one ris i n s ide  a d  
one outs ide  t h e  contaiiiment,. Ai; l e a s t  one shou1.d close airtomaLical..ly t o  
pyeven’i fl.ow r e v e ~ s z l  ... 
cyc~.e  p l ac t c ,  purii”icat,ion system, emergc-ncy cool ing) ,  one valve i.s a l s o  
normally placed on each s i d e  of t h e  containiilent wall.. *4t l e a s t  one 01 
these  valvec should el ose automak:i cal l_y iipcx r e c e i p t  o r  a s i g n a l  ?’.ndi.-- 
ca t ing  a system f‘a.i.l.iire. 
valves  a r e  loca ted  on -ihe main s-Leam 1.ine ,jus6 ou.iside t h e  d-:yqe11, bu.i;, 
as  shown i n  Fig. 9.13, a ard pip? extends t h e  drywell  b a r r i  
first valve and there’oy, i n  effect , ,  makes one valvc b0d.y p a r t  of  t h e  wal l  
and one valve e x t e r n a l  t o  t h e  wal l .  

piin-ging sys  terns, contai.nment spray 1 a r e  normal.1.y provided w i t h  two va1:res 
i n  serries t h a t  should be placed on each s i d e  of %he contaiiuiient wal l ,  a s  
shown i n  Fig. 9.14. A t  l e a s t  one should c lose  automaii.cal.ly upon indriea- 
t i o n  of a sys1;em f a i l u r e .  Ventila-ti.on system valves ,  which may be some- 
whaL less positlive i .1~ c los ing  because of t h e i r  g r c a - k c ~  dTimensions, o f t e n  
a r e  bo-Lli au tomat ica l ly  cJ.osed a t  the same t i m e .  

For l i n e s  ................ tha-i coiinect t o  closed. 1 . 0 0 ~  sys‘cei-nc; with in  tiie contain-  
ment sy-stern; no generalCzations are poss ib le .  Si.nce, by defl.nri.t,ion, Lhese 
penet ra t ions  awe separa ted  Irom t h e  coniaimment atmosphere and. t h e  primary 
system by a continuous bamj.er ,  such A S  a pipe wal-l . ,  h e s t  exchanger ’cu’ut.~ig 
o r  casing,  pump wal-I., e t c . ,  Lhe need for t he  furrther pro tec t ion  provided 
by an i so l -a t ion  val-ve i.s dependeni upon t h e  vuljzei-ability of t he  i1iLerio:r 
’mr-ri.er t o  faIJ.ure, t h e  di-rect ion of fl.ow l i k e l y  with f a i l u r e ,  and t he  
r ad ioac t lve  ma-LerTal transpo.yt, 1-ikely i f  8 f a i lu - r e  occurs .  For example, 
the Ysokee PWR and t h e  ITS Savarinab have autoina1;ri.c isolal;i.on valves  on a l l  
containment piping p n e i r a t i o n s  used dui-ing operatj-on. I n  con t r a s t ,  the 
Peach Bottom hel~i.izn-cooled. iveactor, vhei.e t’ne containment pressure (only  
8 ps ig  under t h e  wors1; acc ident  condi t ions)  i s  less than  the pressure  i n  
most secondary systems, does ilo’i employ automatic i . solat ion va1vi.il.g On 
c c r t a i a  s e rv i ce  an.d. cooli-ng wa-t,er systcms t h a t  do not involve s ig r i - f i can t  
radioacti-ve t r a n s p o r t  and which a r e  not  1ikel.y t o  fail.. ~ i i ~ d t a i 1 e o u s l - y  
with the  maximum c red ib le  accidenl;. Howevey, auton1ati.c isola1;ion valves  

For outgoing li.ri.es (main steam l i n e s  i n  direct- 

On t h e  Humboldt Bay p lan t ,  two tandem i -so la t ion  

Lines -ilia 1; a r e  operi t o  t h e  coni;ain.ment ............. sys-Len: (vent  ilaj; i.on and .-..._I .................. 

---. -. .............. - 
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THIS P I P E  M P C O ' E O  ONLY TO W R G E  BUILDINS ATMOSPHERE 111 WENT OF SMALL SODIUM FIRES OR OTHER WINOR AIR-CORTAMINATION ACCIDENTS NOT 
I N V O L V I N G  SIGN I Fl CART RADlOACTl  VIYY. 

METAL SEATED VALVE NOT OASftGMT; ITS W R P O S E  I S  XI PREVEWT SIGNIFICMT COW4UWICATlON OF B U I L D I N G  
i SOLATI  OM YALVE WHICH I S GASTI GHT. 

ATMOSPHERE WITH RUBBER SEATED 

Fig. '3.14. EBK-11 Ventilation System Isolation Valves. (Frorr, ref. 1) 
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a r e  provided on the  Peach Bottom main steam secondary coolant system, 
s ince  a subs tan l ia l  f a i l u r e  i n  t h e  main heat  exchanger i s  considered 
cred i b l c .  

9 . 3 . 3 . 2  Types of Valves 

‘ B e  typcs of isolation valves  se l ec t ed  depend upon t h e  sei-vice 
funct ion to be performed. General.l.y, Lhe bas i c  cha ra -c t e r i s t i c s  w i l l  be 
tile same as f o r  standard- valving used i n  o t h e ~  commercial. app1icat;lons. 
However, snec i f  ica’iions f o r  i so la t ior i  valves used i n  nuclear  systems m.?y 
v3i-y considerably,  depending upon bhetr  specifi-c appl ica t ion .  For con- 
ventional. p lan ts ,  -the designer may need ’io spec i fy  only t h e  fl.ui.d, pres-  
sure ,  temp!e-;.ai;izre, f low r a t e ,  appl ica’de code, liype of d r i v e r  and coil- 
t l -o l l e r ,  and t h e  type of connection t o  the piping system. Til  ad-dition, 
nuclear ri.so7.ation vai ve spec i f i ca t ions  may al.so include t.he permissible  
leakage across  t h e  valve s e a t  anti ’iliroug’n the  c-i;ern s e a l ,  Lbe expecLed. 
pX, conduct ivi ty ,  rad.i.oactivil;y ].eve1 and type of t he  . f luid,  f u i x r e  maiil- 
i;enai?ce and h s p e c t i o n  procedures that. t h e  valve design must permi-t, 
c leaning pi-?cautions; a l loys  o r  a l loy ing  elements t o  be avoided-, and t h e  
opening anii cl.os ing t imes . Much g-r:ea-!;er relhbi-1.j  t y  i s  reqiitred f o r  
isolat i -oj?  valves -that, affeci;  nuclear  hayards than  l is required Tor i nDSt  

conventional valves .  Hence, i so la t i -on  valves requ-ire, in addi t i~on  -to 
s t r  ing e 1-1 t s -pe c i f  i c ai; i-ons 
and. ins ta l lx’ i i  on phases. The types of valves commonly used as isolat,i.on 
valves and the types of sysLems f o r  which they  a re  most of t en  used. a r e  
Indicated -;-ti  Tablc 9. 1 . 

Requirements for survei.l.?.ance and maihtenance should noi; be over-. 
looked in L?ie se lec i ion .  and insta?. i  at,j-on of val-\res. For examplc, t h e  
desien should permit detcrlriination t h a i  b u t t e r f l y  and check Val-ves sea t  
properly,  khat the  coiidition of t h e  dri-aphragili of a dialpl~ragm valve i.s 
sa t i s f ac io ry ,  and t h a t  blockage by ii.irt and crud i.s not l i k e l y .  

ca r  e f -,A 1 s c ru i iny  of t h e  f ~ ’ n r  i.c. a t  ion, i iirs pe c t i 011, 

Tab].? ?.l Types of Isola-Lion Valves 

Service 

Mater Steam Vcnt i l a t ion  

Vs7.ve Type - --_-^ l _ _  

Globe X X 
Ga’,e X X 
B u t t e r f ]  y (metal  s e a t  ) 
But,tzrf 1 y ( rubber  seat ) 
Rotating pl.ug X X 
Bal  1 X X 
Diaphrosrn X 
Check valve x X X 

X 
X 
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Tae performance parameters of' primary importan.ce rim selec Ling con- 
tainment system i so la t ion  valves a72 leakage r a t e  and ri3-t;e of closure. 
Leakage i n  valves includes both the  leakage scross t he  seat wtthin the  
valve body and across the s e a l  around. t h e  valve stern. Complete e1.jmina- 
t i o n  of all leak.age across the  valve seat i s  v i r t u a l l y  impossI.ble, 
especial ly  u.nder c oi-tc1i.t ions o f  f re qu-ent ope rat ton and high -%emper a ture  
service.  For -this reason, isol-atlon valves are n o t  noma.LLy iised. for  
f l u i d  ?low control  and. are not normally ca l led  upon f o r  frequen'i opera- 
t ion .  In. discu.ssing the  applicxtion of valves for water -eool..ed reactor 
service 
ti-ghtness" have 8 seat; leakage r a t e  of no more -!;ban 10 cubic centimeter:; 
per hour per inch of pipe diameter, whi1.e  valves designed :POT nuclear 
servlce are avai lable  t h a t  leak no more than 2 cubic centime-ters per ho11.r 
per inch of pipe diameter. 

Stein leakage can be reduced. t o  zero by using bellows around the  skm 
or by using diaphragm valves, but these a re  expensive and unre1iahl.e In  
large va.lv2 s i zes  axd for high-pressure systems Consequently, l imited 
stern leakage i s  usiJ.sJ.ly accepted, and neam are p r o v i d d  for ml.lect,i.ng 
t h i s  Leakage i f  it could be hazardous. 

dr ivers  required t o  overcome t h e  i n e r t i a  of t h e  moving valve parks and 
tihe h y d r a d i c  forces of the moving fluid.. However, d.etem-i.ning appro- 
pri.ate closure speed.s requires evaluation of .the system's capabl.l.i.-ty t o  
cope w i t h  valve closu.re, a s  well as eva.lua-Lion of t he  closure rzite neces- 
sary for the maintena,rice of con-ta-inment i n t eg r i ty .  Sudcl..e:r! closure 0-T a 
valve might ci-eak a water harmer o r  even cai_ise feedback effects  to kbe 
nuclear system. Closure times on main steam l i o e s  may he as long as  
40 sec ( B i g  Rock Point) ,  vh i le  vent i la t ion  system closures may be niade 
i n  as l i t t l e  as 6 sec (Peach Bottom). Check valve operation i s  possible 
i n  substantial.l.y less than 1 :3ec i f  there  i s  a strong azid. imiediatx ten- 
dency fo r  f l o % ~  reversal .  The cost  of an i:;oLztl.on valve increases con- 
s iderably as the specif ied closure time i s  reduced. Therefore, a shorter  
c losing t i m e  than is actual1.y reqiiired shou.ld not be specrified. The 
10-in. steam stop valves jus - t  outside the contaimient 011 the NS Savannah 
were, f o r  example, orriginally capa'ule o:r closing i n  less than 1/3 of a 
second. This closure time was later determined .to he not, only unneces- 
sally but a l so  detrimental  t o  seal; rnainteriaizce. 

G1-uenwa.ld'l st a t  es ti?at s-La.ndai-d water valve E of "e orninere i a l  

The valve closure rate obtainable i s  prl.marily a fine-Lion of t h e  

9.3.4 Penetrations and Isolabicn Valving i n  Conventional Skructures 

When conventional metal p:lnel and concrete s t ruc tures  are used -for 
containnent o r  confinement systems, it i s  necessary t o  use  special. pro- 
visions f o r  piping enter ing and leaving -the build-ing. 
through a concrete wall i s  shown i n  Fig. 9.15, and  a penetration i n  a 
metal panel i s  show1 i n  Fig. 9.16. 
piping penetrations through two types OS roofs .  In addl t ion  t o  sea.ll.ng 
the  obvious pipes, it i s  a l s o  necessary to i so l a t e  f loo r  drains 'uy run- 
ning traps of suff ic ie l l t  depth or  by i n s t a l l i n g  i so l a t ion  valves .  

A penetration 

Figures 9.17 and 9.18 i l l u s t r a t e  



I .  . ' ./ 
DRY P A C K  A L L  AROUND 
W:TH N O N - S H R I N I <  Gi70UY 12 i 3 l N .  MINIMUM) 

YPLCAL A L L  A R Q i J N n  
.... 

..I. ---- ..... --Y .<.--_/ 

QUARE C/4 IN. 
T E E L  PL9TE Y ! T H  

G A 5- Ti 0 H T 
S E A L  WELD 1 IN. DE"TH 

WITi-i POLY- O L E  FQ.3 P E N E T R A T I S d  
SlJ 1L.P Y 1 i) E 

r* 0 T i pi T I AL 
L C A K  P A . T r i  

DETAI!_ 1 D E T A I L  2 

Fig. 9.13. Piping Penet ra t ions  Cast in Concrcie iiJall. (i'rom r e f .  2 )  
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M E T A L  F L A S H I N G  
BUTTERFLY VALVE 

B U I L T - U P  ROOFING 
CARRY LIP SIDES OF PIPE 

C A N T  Y L O C K  

G A S - T I G H T  
SEAL WELO STEEL P L A T E  THICKNESS TO 

SUIT DESIGN R E Q U I R E M E N T S .  
CUT H O L E  T O  SUIT PIPE 51 ZE 

Fi.8. 9.17. Piping Penetration Ymough Metal Deck Xoof. (From re?. 2 )  

2 IN. 

*--COPPER CAP FLASHlNG 

1 PLY F a r  - MOPPED TO VENT P I P E  B U ~ ~ E R F L Y  
VALVE 2 PLY F a r  MOPPED TOGETHER 

S U l L i - U P  ROOFING 

ROOF UECK VENT PIPE 

V A L V L  2 PLY F a r  MOPPED TOGETHER 

S U l L i - U P  ROOFING 

ROOF UECK VENT PIPE 

Fig. 9.18. Vent, Pipe Penetration Through Builtup Roofing . (EYom 
ref. 2 )  

9.3.5 Testing 

The prey-iousl-y l i s t e d  piping c r i t e r i a  require t h a t  t he  penetrat ion 
:oat leak. and not t ransfer  excessive pressure ox* thermal loads t o  -Lhe 
containment system. Leak t e s t i n g  of the  penetration assembly should be 
performed i n  -the manufacturing shop whenever possible but shou1.d always 
a l so  be done a f t e r  t he  assemb1.y has been i n s t a l l ed  i n  the  conta.inmer1-L 
system i n  order to t e s t  t he  f i e l d  welds. The penekrati-on nozzles a re  
noma.lly provided. by the  vessel  fabr ica tor  and are bo-th pressure t e s t ed  
and leak  tes ted along w i t h  the  vesse l  as part, of the  vessel  proof' 1;ests. 
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A second i.nt,cgraited leakage- ra te  t e s t  of the e n t i r e  coiitaimncnt vesse l  
should be perfo:rmed af'ie- a l l  pene Lration assembl-ies have been i n s t a l l e d ,  
and cach penetratLon may b:: l e e k  t e s t e d  ind.i.vi.du.ally duri-n.g o r  j u s t  p r i o r  
t o  t h i s  l-,est. Local leak t e s t i n g  i s  usua l ly  sccomplished~ by pressur iz ing  
t h e  containment systeli:l to sorne nominal pressure,  gene ra l ly  around 5 ps?.g, 
and. app:,nl.ying a soap solu~tion over all external-  joini;s of t h e  pene t ra t ion  
msembly. Leaks w l i U  be indj-cated by the formaLi-on of soap b-ubb1.e~. 
Loca? r e t e s t s  should be performed occasi.oiidl.y of a reas  subjec t  t o  dete- 
i-i orat ion;  however, t h e  we!.d.ed join~Ls of most pi-ping penet ra t ions  would 
not  be expecl;ed t o  deveJ.op 1 e a . k ~  af te r  once found -LO be l e a k t i g h t .  Teak- 
agc tecking  i s  di.scussed in mol-e detai.1 i n  Chapter 10. 

Tests  demonstrating t h a t  exciessivc pressure o r  t,'nerumal loads a x  not 
t ransmi t ted  to t h e  contsinment system a.rc normally iiot possible because of 
t h e  l a c k  of abil.;l;y t o  s im.l .a te  a l l  -the thei-mzJ..; hydraul ic ,  and pncurnztic 
condi t ions that, might u1timatel.y e x i s t .  Inspect ions should be perfor-md. 
t o  assure t h a ~ t  -the speci-f ied to l e rances  have been provj.d-ed and ihai; appro- 
p r i a t e  insul-ation has been properly i n s  La3.l~ed. 

because of -the diYf icul..ty involved 7.n obtaining subsequent absolu te  
1-eakage-rate mea.surements . However, whei2 posslble ,  adu1tcrs.il.i gas; pres  - 
su-re decay, o r  pressure ku.ildu.p 1eakap;e tesLs a r e  conducted upoii comple- 
t i o n  of construe LIo-n t o  reverify t h e  o p e r a b i l i t y  aiid degree of I-eaktigh-i- 
ness of t h e  valve i n  i t s  in s t a l l e r i  condi t ion.  Soap bubb1.e tes-Ls are of 
val1j.e i n  de-kermining val.ve stem lezkage but  a r e  of l i t t l e  va3.w i n  valve 
s e a t k g  tes ts ,  even i.P the oez~t; i.s reasonabl-y accessi.ible by breaking 
adjacent  i'lanees. 

Isolat i -on valves  a r e  f r equen t ly  t e s t e d  p r i o r  Lo % h e i r  i n s t a l l a t i o n  

9 . 4 . 1  General 

Some zonLairrment sy-si;ern d-esigns include provisrions f o r  t r a -ns fe r r ing  
spent  Yuel. removed frun t h e  rea:: tor during r?Yu.eling ope7:ations tiiroii.gh 
t h e  containment wall t o  a spent  f u . e l  storage pool. ou ts ide   he containrneiit. 
I11 some cases, t h e  s t o r a s e  pool  i s  connec~ted by t h e  fuel. t r a n s f e r  tube 
t o  a refiieliiig pool a t  a higher  eleva-Lion wi th in  Lhe containmen.t, vesse l ,  
2nd a lock arrangement i s  necensa?:.y t o  prevent water from f1o:cLntl; out o f  
t h e  hi.gher pool. i n t o  t h e  l.ower one. Even when the re  i s  no e leva ted  poo?~ 
and no need f o r  R water lock,  an a i r  l o c k  still may be required. t o  main- 
Lain con ta imen t  i n - t eg r i ty  i.f t h e  fuel. i s  t r ans fe r r ed  during r e a c t o r  
operatioi? of if a f u ~ l  neltdowii accideni  during refuel-ing operai ions 
could rei-ease s u b s t a n t i a l  quant it,ies OL' rad-ioactive mater ia l s .  AdMitional 
mechanisms may be required t o  change t h e  direct,i-on of the fu . e l  element 
a s  7 . t  i s  t r a n s f e r r e d  o r  -LO provide cool.i.ng of t h e  element dur-ing t r a n s f e r .  
Heavy sh ie ld ing  of t h e  e n t i r e  transfer tube i s  a l s o  reqiii-red. Fbel ti-ans- 
fer mechanisrns may the re fo re  be q u t t e  complex devri-ces w i ' i i i  some f e a t u r e s  
i n  common with bo'ch access pene t ra t ions  and piping penet ra t ions .  
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9.4 .2  Fuel Transf  er Mechanism Designs 

Fuel t r ans fe r  meclianisms are provided a t  the  Dresden, Yankee, and 
EGCR plants.  The Dresden design. i s  shown i n  Fig. 9.19. The 42-in. -diam 
v e r t i c a l  fue l  t r ans fe r  tube i s  closed 'uy means of a la rge  gate valve 
located inside the  containment vesse l  and above the  w a t e r  l e v e l  normally 
majntained i n  the  spent f u e l  storage p i t  during reactor  operation. f i e1  
i s  lowered ve r t i ca l ly  through the  t r ans fe r  tube in to  the  basket c a r r i e r  
and i s  t ransfer red  horizontal ly  by the  c a r r i e r  i n to  -Line storage p i t .  
The c a r r i e r  makes a s e a l  with the  bottom of t he  t r ans fe r  tube and thus 
forms the  second valve of a water-lock arrangement t o  maintain the  proper 
w a k r  l eve l s  i n  t h e  two pools. 

The Yankee f i e1  t r ans fe r  chute, shown i n  Fig. 9.20, has a gate valve 
a t  t h e  lower end of t he  12-in.-diam pFpe, below the  l e v e l  of t he  water 
i n  -the spent fbel storage p i t ,  and approximately 50 f t  outside the  con- 
tainment wall. A f lapper  valve, t he  second valve of - h e  lock  arrangement, 
i s  locaked a t  .Ae t o p  of the chute where it leaves t h e  pool- above %he 
reactor .  During reactor  operarl;ion t h e  chute i s  sealed by a s o l i d  p la te  
inser ted be-tween gasketed flanges j u s t  outside t h , e  containment vessel 
wall. 

mechanism can t r ans fe r  spent f u e l  eikher from the  service machine ahove 
the reactor  or from the charge machhe below the reactor  i n t o  the  d i s -  
charge chute and then i n t o  the  spent f u e l  storage bash .  The t r ans fe r  
operation i.s norma1.l.y car r ied  out in air, but, provision i s  made f o r  a 
water spray dining emergencies. The disehayge chute contains double 
doors and serves as an a i r  lock to provide continuous maintenance of 
eon-tainmen-t -integrity. 

should always be provid.ed t o  prevent v io la t ion  o f  t he  containment i n  the  
e-vent d i r t  or  debris  prevents sIngl-e valve closure. 

The EGCR spent f u e l  t r ans fe r  iiiechanism is  shown i n  Fig. 9.21. This 

As i l l u s t r a t e d  by each of these examples, a double valve arrangement 

9 .5 .1  General- 

Hundreds of e lectr ical .  conductors of various ty-pes must pass through 
the  containment w a l l  i n  a typ ica l  nuclear power plan.1; and. each OIie  ms% 
be sealed. t o  prevent l . e a l ~ ~ g e .  Although these are s t a t i c  seals  and indi-  
vidual ly  may riot present espec ia l ly  d.iff'j-cu.lt seal ing problems, the large 
:number o f  possible leakage paths and the  care t h a t  must be taken t o  
erisu.re t h a t  each one is a.d.eqimtely sealed. make the  el-ectrj.ca.l. pmetra- 
t ions  an area of major concerii i n  a l l  containnent systems. I n  addi t ion 
t r_, me e t  ing noma1 el e c t r i c a.1- re quir  emen-t s , e l e  c-t; r l.e nl. pe net r a t  i one must 
be able t o  maintain containnent, iii%egrity over loi?e; periods of time under 
normal operating conditions and. over shor te r  periods under %he much more 
severe condI.tions t h a t  wou1.d result; i f  an accidknt occurred. 



Fig. 9.1.9. Dresd~en Fuel Transfey & a e t r a t i G l l .  
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Leakage through an elec-br ical  penetration could occur i n  any one or 

1. Ee-tween strands of' a iul t iple-~tra .nd conduc-tors, 
2. Between tile conductor and i t s  insulat,I.on, 
3. 'T'liroiigh the  insiz.l.ation or" Jacketing ma-teria1.s or between the 

insula-Lion and any jacketing materia.1, 
4 .  Between t'ne insu la t ion  or ,jacket and any potting, packing, o r  

f i l l e r  material., 
5.  Through the  potting, packing, o r  f i l l e r  mater ia l  
6. Between t h e  fi.1.ler mater ia l  arid the  pene.l;rts.tion mounting plate,  

a combination of t'ne following locatI.ons ." 

pipe, o r  other s ~ r f a c e .  
The electrical cable used and t he  design of the  penetration assembly 
nnist provide for seal ing each o f  these possible lenksge paths. 

9 .5 .2  E lec t r i ca l  Cables 

The f j - v s t  three of .the possible leakage paths l t s t ed  2bove are 
through the  eke- t - r ica l  cable i t se l f .  Therefore, even if an e l -ec t r ica l  
penetration design provid.es for adequate sea l ing  around the  outside of 
t he  cable, leakage may s t i l l  be possi-ble unless a suitah1.e type of cable 
i s  sel.ecter1. o r  addition.al provisions are taken t o  miniwize these 6oi.rces 
of leakage. 

of leakage tllrough t he  strands of multiple-strand conductors. Where 
stranded conductors or tliuItri.ple conductol- cables a:re u.sed, leaka.ge some- 
times can be minimized by- u.sI.ng cable i n  which the ir i- terstices :lave been 
filled with seal ing compounds during manufactu:re. Cable o f  t h t s  type i s  
a;vail.able on spec ia l  order f o r  cer ta i .n  appl ica t iom and f o r  cert;a.iri 
ranges of design temperature m d  pressure. 

using insulat ion ma.terials tha-t t i g h t l y  bond wlth t he  metal!-i.c conductox.. 
TPiermose-Lting materials a r e  prefer-i-ed., s ince they oYfer grea te r  yesis- 
-Lance t o  flow und.er t he  elev3.ted temperature and pressure conditions 
t h a t  could occur during an accid.ent. 
mater ia l  may a l so  reduce leakage between the conductor and the rin.sul.ation. 

nonporous s o l i d  elastomeric insulat ion material .  If cables are  used 
t h a t  have woven fabrics or oYner porous insulat ion materials,  such as 
magnesium oxide, special- precautions slnou.ld be taken t o  minimize leaks-ge 
by impregn8.ting the  porous irisiilating materials with nonporous f i l . ler  
mater ia l  or by replacing t he  porou-s mater ia l  a t  the  poirit of co:cit;ainment 
penetra-Lion. In order t o  assure t h a t  t h e  provisions used t o  minimize 
leakage a re  adequate, it may be desirable  t o  condizct leakage-rate tests 
on the  cable p r io r  t o  in.stal.1.ation. 

If conventional insulated cables are  used i n  the  penetration assem- 
bly, leakage between the  strands o f  a multiple-strand conductor, between 
the conductor and in.sul.ation of stranded or s o l i d  conductors,  id through 
t he  insulat ion may be nilinimized by applying a potted seal external  t o  
the penetration assembly. A sea l  of t h i s  type, which was used on -C?e 

Solid. conductoi*s a re  freqlx?ntly used t o  elimlnate the  possYoil.j.ty 

Leakage betweexi the conductor and i t s  insulat ion i s  minimized by 

U s e  of cable containing a seal ing 

Leakage -f;krough -the insu la t ion  i s  minimized by using cable with a 
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Peach Bot-tom pl..ant, i s  shown i n  Fig.  9.22. A pene t ra t ion  assembly used. 
on the  EBK-XI, i n  which epoxy was used t o  seal- t h e  ends of t he  J!QO i-nsu- 
l a t i o n  and the cabl-e sheath on a solid conductor, ri.s shown i n  Fig. 9.23 .  

" S C O T C H  C A S T " E P  0 XY r C N L A Y  C O N D U C T O R  S T R I N D S  T O  

F I L L E D  S P L I C E -  1 P E R M I T  E P O X Y  P E V E T q 4 T I O N  I 
I 

' - - - S O L D E R  O R  
C O M P R E S S I O N  L U C  

Fig.  9.22. Cable Spl ice  and. Gas Stop Used a t  Peach Bottom. ("Scotch- 
cask" i s  mnufactu.-red by the ltinnesota Mining and Idan-ufacturing Co. ) 
(F'rorn r e f .  6) 

9 . 5 . 3  E l e c i x i c a l  Penetrat ion Assemblies . . . . . . . . . --1__1___ 

Various e l e c t r i c a l  penetl-ation desi.gns have been used- t o  meet  a 
wide range of requirements i n  t h e  containment ves se l s  b u i l t  t o  da t e .  
Se lec t ion  of a p a r t i c u l a r  type of pene t ra t ion  for a s p e c i f i c  app l i ca t ion  
depends on many fac- tors ,  including the  by-pe and s i z e  of t h e  conductor, 
t he  cur ren t  and vol tage -to be ca r r i ed ,  t h e  number of pene t ra t ions  
required,  t he  design temperatwe and pressure,  and t h e  cos t  of bo'iki 
maberials and i n s t a l l a t i o n .  Exceptj-onal care  i n  design and Pabr ica t ion  
of high-pressure pene t ra t ions  (above 5 p s i )  i s  necessary.  For these  
appl ica t ions ,  conventional cable  pene t ra t ions  should not be used. 

The e l e c t r i c a l .  p ~ o p e r t y  requirements of e l e c t r i c a l  penetral;i.ons 
vary subs t an t i a l ly ,  depending ]upon t h e  appl ica t ion .  The types of cables  
and wires pene t ra t ing  'die containment w a l l  include very low-power and 
noise-sens i.tive coaxia l  ins-tru-ment lea&, con t ro l  wiring, cable  su.pply- 
ing power fo:r operat ion of equipment wi th in  t h e  con tahnen t ,  and i n  some 
cases,  r e l a t i v e l y  high-voltage power cables  f o r  transrtiTtting l a r g e  quan- 
t i t i e s  of power generated wi th in  t h e  con1;ainment. Transmit,ting power 
through t h e  containment wa1.l sometimes imposes an add i t iona l  reqiii.rement;, 
'iliat of mri.ni.mizing induct ion cur ren ts  i n  -the s t e e l  p l a t e  or t h e  r e in fo rc -  
ing  s t e e l  of tlne containment s t r u c t u r e .  

must pene t ra te  t h e  containment wall, t hey  are f requent ly  grouped s o  t h a t  
one pene-1;rati.on assemb1.y may conta in  many individual. conductors. The 
penet ra t ion  assemblies o f t en  a r e  mounted on p l a t e s  o r  cy l inders  t h a t  a r e  
then  at tached t o  the nozzles i n  t h e  containment vessel. 'Phis minlrnizes 
the  number of separa te  peneti'a-tioils i n  t h e  containment wall. 

Because of t h e  large number of e l - e c t r i c a l  conductors t h a t  normally 
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Penetrat ion assemblies f requent ly  a r e  prerabr ica ted  i.n a shop and 
i n s t a l l e d  di i -ect ly  i i l to nozzles i n  t h e  con-tari.nment ves se l  wall.. The 
cables  a r e  then  connectcd t o  both sfdes of t h e  pene t ra t ion .  To pennri.t 
continuous cable  mn.s  and thus  minimize the time required to make cable  
connections, peae t r a t ion  designs have been used i n  some cases  i n  which 
the  s e a l s  a r e  made i n  t h e  fie1.d a f t e r  all. the cables  have been puJ.1.ed 
thi-ough t h e  pene t ra t ion  opening. Penetrat ions o f  t h i s  type must use 
cable  e i t h e r  sea led  i n t e r n a l l y  during f a b r i c a t i o n  or provided. with c 
potted s e a l ,  as  discussed i n  Sect ion 9 . 5 . 2 ,  above. 

one o r  more of t h e  sppl_i.cations disciissed aLove, Each of t hese  -types i s  
discussed. b r i e f l y  and i l l u s t r a t e d  below. None of t hese  types can be 
gi-ven specifri.c r a t i n g s  of voltage,  c u r r e n t .  temperature, e t c .  or rrel-ated 
t o  a s p e c i f i c  app l i ca t ion  because a vari-el;y of mater ia l s  o r  compounds 
can be used with each of them to s u . i t  a wide range of requircmeats.  

There a re  f i v e  general  Lypes of e l e c t r i - c a l  pene t ra t ion  i n  use i n  

9 .5 .3 .  I Packed 

Penetrat ion assemblies of t h e  packed type are adkptat ions of t h e  
s tuf f ing-g land  p r inc ip l e .  A r e s i l i e n t  packing ma te r i a l  i s  compressed. 
aga ins t  t h e  outsi.de of t he  cabl..e t o  be seal-ed and aga lns t  t h e  rinside of 
t h e  surrounding tube.  Continuous rims of cable  can be used with t h i s  
type o f  seal. I n t e r n a l  sealj.ng or other  means of preventiiig h a k a g e  
through the  cable  rr~us-t be used. A pene t ra t ion  assenbly of t h i s  type,  i n  
which t w o  packing glands a re  used, i s  shown i n  Fig.  9.24. This pa r t i cu -  
l a r  design was used on Lhe Fermi p l an t .  

C O N T A I N M E N T  
STF:EL T E R M I N A L  VESSEL W A L L  
T U B E  T Y P E  

N E O P R E N E  COUP L I N G  IN 
P A C K I N G  R I N G S  O N T A  I N M E N T  .-- B K A  S S  WA SHE K 

B U I L D I N G  W-A T.J,-- 
STEEL T E R M I N A L  
TUBE T Y P E  

SEAL W E L D  

B R A S S  G L A N D  R I N G  

F ig*  9.24. Fermi Cable Penetrat ion.  (From r e f .  1) 
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9.5.3.2 Potted 

Potted penetrations u t i l i z e  one or more layers  of various types of 
seal ing materials poured around the  cables.  This tyye of penetration 
m a y  be shop fabyj-cated or  the potting materials may be poured i n  place 
i n  the  f i e l d  t o  permit t h e  use of continuous cable. A prefabricated 
potted penetration sssemb1.y such as used a-t the  Dresden and Big Rock 
Point plants  i s  shown i n  FTg. 9.25 (ref. 8). Con-tinuous-wire potted 
penetrations are i l l u s t r a t e d  i n  Figs. 9.20 ( ref .  9) and. 9.27. The first 
i s  -typical of t'nose used a t  t he  EBWX, while t he  second i s  used a t  t h e  
Peach Bottom plant.  

type of penetration. A nonshrinking cement grout i s  used t o  supply the  
necessary s t rength t o  enable the penetration t o  r e s i s t  t he  design. pres- 
sure. The "Chico" arid "Chico A" materials" indicated on Figs. 9.25 and. 
9.2'7 are nonshrijzking grouts t n a t  help t o  reduce cracking, voids, and 
separation from the  penetration walls. Bowever, slime t h i s  material  i s  
r e l a t i v e l y  porous, nonporous epoxy i s  applied over t he  grout t o  form a 
l eak t ight  seal .  Glass beads or other f i l l e r s  may be added t o  the epoxy 

Several d i f f e ren t  materials a r e  of ten used t o  make the  seal i n  t h i s  

*F'roducks of the  Crouse Hinds Co. 

Fig. 9.25. Czble Sea l  Assembly Used at, Dresden and B3fg Rock Point 
Pjants. CZlico "A" i s  a product of the Crouse Hinds Co.; Novoid ' 'Ati i s  
a product of the G & W  Electronic Specialty Co. (Fron ref .  8 )  
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------CONCH ETE SHIELD 

Ffg - 9.26 - bT-u-tiple Penetrat ion Box and. Continuous-Wire bliilt5.ple 
Conductor h l e c t r i c a l  Penet ra i ion .  (From refs. 9 and 10)  

t o  reduce shrinkage. A t h i r d  mater ia l ,  a pothead cOmpoui1d, i s  appllikci 
t o  seal. any leakage paths t h a t  migh-L formi due t o  shrinkage o f  the epoxy 
This ma te r i a l  becomes more f1u.i.d. when hot  and thus would he lp  t o  s e a l  
any leakage paths during high-temperature and high-pressure acciden'i 
condT-tions. 1-t; i s  also f h x i b l e  and. w t l l  not crack due t o  teinperature 
and pressure cyc l in s ,  
Figs - 9.25 and 9.27 a re  po-iiiead. compou11d.s of t h i s  type.  Since t h i s  
ma te r i a l  wi.l.1 flow very s lowly even a t  room tenipx-a-Lure, j-t e i t h e r  imst 
be ixsed on a horizontal .  surface, as i.n t h e  U-tube of Fig;. 9.27, or  
barr iers  m u s t  be provided a s  i n  Fig,  9.25, 

ma-'ieri.aIl.s a r e  b e h g  poured. Several.. perforated rli-sks are used for tlni-s 

The "Novoi.rl!' and Nuvoid A" rnai;erial.s* s"ro7irn cn 

The conductors or cable:; izllnst be kepi separated. while t h e  seal ing 
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C O N T A I N M E N T  V E S S E L  W A L L L  

*---.--.- I N ? E Q  I O R  

C H  I C O - - - -  

GROU?-- - 

Fig, 9.2'7. U-Tube Potted Pene'LraLion Used at Peach Bottom. (From 
r e f .  6) 

purpose in -the shop-fabrrcated penetration of Fig. 5.25. In the f i e l d -  
fabricated type, spec ia l  care rmst be taken t o  keep the cables separated 
and t o  completely surround all cables with t h e  sea, l ing materials. 

internal.1.y during ma.riufacture o r  with an additioiia.1 potted seal .mu.st be 
used in the poktcd penetrations shown in Figs 9.26 and. 9.27. Ano-t'ner 
penetration tha t  uses a seal-fng compou.nd is shown i.n Fig. 9.28 (ref. 10). 

As with all. continuous -wire pene.tra.tioii designs, cable sealed e i t h e r  

Fig. 5.28. F:BJE{ Naj.n Power Cab1.e Penetration. (From r e f .  10) 
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This i s  t h e  &sign used f o r  the t h r e e  main generator  cable  pene t ra t ions  
ai; t h e  EBW,. ‘i’he cables  w e ~ e  led  through pipe sleeves welded. t o  Lhe 
containment .vessel. The cables  and t h e  s leeves  were then  f i l l z d  wi.th a 
transform3r compound, and the  outer ends were blocked by f i l l i . n g  a box 
b u i l t  around Lhe sleeves with epoxy resin. The ends of t he  cables  7qei-e 

sea7.ed t o  prevent i n t e r n a l  leakage by dipping them i n t o  a rubber seal-ing 
cement. 
s e a l  several. penetrat,ions r,i; one time i s  shown i n  Fig.  9 .26.  

A minl.-l;j.ple pene t ra t  ion box f i l l ed .  with a s ea l ing  compound t o  

9 .5 .3 .3  Gasketed 

GaskPted s e a l s  a r e  sometimes u i i l j  zed i n  s tandard e l e c t r i c a l  devices,  
such as potheads, which may be used t o  seal  some iypes of cables. The 
gaskets  s ea l  t h e  var ious p a r i s  of t h e  pothead assembly. A peneLration 
oE t h i s  type ,  used f o r  3--kv cables  on t h e  Peach Botioln p l an l ,  i s  shown 
i o  Fig. 9 .23 .  

, - E L E C T R I C A L  P E h E T R A ’ I ’ V  

I 

, C O N D U I T  C O U P L I N G  

S E A L  S C R E W E D  J O I N T  
W I T H  T E F L O N  T A P E  

C C N T A I h U E N T  V E S S E L  WALL,’ 

N O Z Z L E  

Fig. 9.29. Gasketed Cab1 e Penetrat ion Used a t  Peach Bot i i i in .  (From 
ref. 6) 

3 . 5 . 3 . 4  Nonscnarable iiel-metic Connectors 

One o f  t he  inOSL s i g n i f i c a n t  sources of leakage on t h e  NS Savannah 
has been gaske-Led-type el-ectrical .  penetra-Lion assemblies. A rep lace  - 
ment progmm is cirrrent ly  under way using a new design developed j o i n t l y  
by bile ScintiJ-3-a Division of tlne Hendjx Corporation and the  Savannah 
t echn tca l  s t a f f .  The iiew design incorporates  a nonseparahlr hermetic 
s e a l  by fusring solrid electr-i.cal conductors inLo a s t e e l  membrane, us:-ng 
glass a s  Lhe fus ing  mater ia l ;  j-t i s  s i m i l a r  t o  t h e  separable  hermetic 



s e a l  hereaf te r  discussed.. The 1new design w a s  based on service conditions 
OS a 200-psi d i f f e r e n t i a l  pressure and. a 400°F tempera~tu.re. 
i n s t a l l a t ion ,  each f i t t i n g  was proved t o  leak l e s s  than I O m 6  c c / s e c  a t  
a 100-psi d i f f e r e n t i a l  pressure. E ' i p re  9.30 shows the  o r i g i n a l  and new 
designs . 

A high-voltage bushing connec-tor (Fig. 9. 31) was u t i l i z e d  t o  pass 
each of t h e  high -vol.tage c i r c u i t s  .l;hrcugb LTie BOWS cont,ainmen'c s h e l l .  
The connector employed was a standard, single-phase, 15-hv, gastight,  
fixed-stud insu la tor  bushing mounted on a nonrnagnet ic pl.atc. Attachmenl; 
of the plate t o  t'ne con-Lainmen-t s h e l l  was accomplished. by seal. xeld.iiig. 

Pr ior  t o  

12 

9.5.3.5 Separable Connectors 

Ihxlkhead-ty-pe separable conaecbors are lfrequently used for l o w -  
leakage penetrations > particul-arly for coaxia l  ca.ble and f o r  o-Llaer coa- 
ductom of r e l a t i v e l y  low poiqer. Separable connectors ra ted  for  r e l a -  
t i v e l y  high currents  81"e al-so avai lable .  Assemblies a re  usv.all.y m8.d.e 
up of several  of these connectors mounted or! plates,  bl.i.nd flanges, o r  
pipe spools t ha t  a re  'oolted to t he  nozzles through -the con-Li3i:tlrment wa1.1. 

Separable c om.ect or s are avai lable  as the  so-called. "envir onmenLa.1. " 
type, which limits Leakage t o  values on -t'ne order of one eii.bri.c inch of 
air per hour per connector a t  30 ps-i-g, o r  for very low-lenknge applica-. 
Lions, the  hermetic type may be used. The herme:tic type Li rn l i t s  leakage 
t o  Less t,han one micron cubic foot  per hour a t  one atmosphere. Examples 
of separable com.ecl;ors used f o r  contui-ment penetrations are shown i n  
Figs. 9.32 and 9.33. 

9.5.4 Penetrations i n  Conventional Walls 

Leakage around. the  outside of a penetration assembl-y i s  prevented. 
i n  s t e e l  containment vessels because pene-tration nozzles  are welded in to  
the vessel. wall and are pressure t e s t ed  and leak  tes ted  as par t  oi" the 
vessel .  I n  concrete containment s t ruc tures  with steel  Liners, Lhe pene- 
t m t i o n  nozzles are embedded i n  the  concrete and can be sea.1 wel-ded t o  
t he  l i n e r .  However, i n  other types of contaiament s t ructures ,  such as 
low-leakage buildings of r e l a t ive ly  conventional constmiction, other 
means of minimizing leakage around -the penetrations may be reqv..i.:red I 
Figures 9.33 and 9.34 i l l u s t r a t e  possible penetrations f o r  use i n  a steel. 
panel w a l l  and i n  an unlined concrete wall, respectively.  

9.5.5 Testing 

All e l e c t r i c a l  penetrations must be leak tes ted  t o  demonstrate t h a t  
they meet the speeif  ied leakt igh tiiess requirements. Penetration assem- 
bl ies  fabricated i n  the  shop are shop tes ted with a i r ,  water, or steam 
before they are  delivered t o  the  f i e l d .  Accident, conditions can be 
b e t t e r  simulated and control  can 'ne maintained more e a s i l y  i n  a shop 
tes t  thhn i n  a €ield t e s t .  Bowcver, even with shop-tested penetration 
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SEE ENL4RGED VILW BELOW 't- ~ -, 
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POT.IING 

P I P E  W.ALI.-- 

ED 
ILVER SOL-DE 

SILVER-SOLDERED JOINT REWED CONNECTOR 
SOLID CONDUCTOR 

COMPOUND (BOTH E - -  INSULATING MATERIAL  

LOW- PRESSUR E END 

ORIGINAI.. DESIGN 

HIG1-I-F'RESSURFI END 

SINGLE-PIECE PIPE 
FUSED GLASS A N D  CENTER SECTION 

....... ....... 
\S=- 

POTTING COMPOUND ( B O - r H  ENDS) 

SOLID CONDUCTOR 

N E W  DESIGN 

Fig. 9.30. TJS Savannah Elec t r ica l .  Penetrations. (From ref. 11-) 

SPLASH P L A T C  
N C O P R E N E  C A S K E T  

T Y P l C A L _ G F h K U A T O R  PM%SF..CEhO E N T R Y  

STATION S E R V I C E  S l U l L . l R  

Fig. 9.31. BONUS High-Voltage Bushing Connector. (From ref. 12) 
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INSIDE Q f  
CABIMET "" NOTE: GAWWOW "TBf9 CONNECTORS AND HEOPRMf 

QASCFbS USED CAN WITNSTAND SO PSI 4C 
AT 250OF WITXOUT LEAKAGE 

CONNECTORS (7) 

Fig ,  9.32. EBR-11 E l e c t r i c a l  Penetration. (From r e f .  1) 

INNER W A L L  P A N E L  

/"Or' RING SEA I, 

ELECTRICAL 

lr 

CONNECTOR 

PWSlDE O f  
W 1 LDI WO 

CAIIIWET 
DDQP (C.S.) 

Fig. 9.33.  Elec lx ica l  Penetration Through Stee l  Wall Building Ma- 
terial Panel. (From re f .  2 )  
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D R Y P A C K A L L A R O U N D  
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SEAL TO DEPTH OF 
1 IN. WITH POLYSULPIIXDE 

Fi g . 9.34. El-ec t r ica l  Penet ra t ion  'L'hi-ough Concrete Wall. (From 
ref. 2 )  

assemblies, f i e l d  tesl;in.g i s  required t o  demonstrate t h e  leakt, ightness 
of t h e  j -ns ta l led  penetrat ion.  Fi-eld-fabricated pene.Lra. ti.ons, such as t h e  
continuous-wire shown i n  'Figs. 9.26 and. 9.27 can, of course, only be 
t e s t e d  i n  t h e  f i e l d .  

completed containmen-'; vesse l ,  a l l  penetrat ions a r e  checked for leakage 
by a soap bubble t e s t  or other  l o c a l  l e a k  de tec t ion  t e s t  ( s ee  Chap. 1 0 ) .  
Before the  cables  a re  connected t o  both sCdes of -the penetrat ion,  i n -  
s t a l l e d  pene t ra t ion  assemblies can also be l eak  tested. ind iv idua l ly ,  
without pressur iz ing  t h e  e n t i r e  vesse l ,  by ineans of a vacuum box. I n  
t h i s  method a box w i t h  s ea l ing  edges i s  placed over t he  penetrat,i.on and 
pumped down t o  e s t a b l i s h  a d i f f e r e n t i a l  pressure across  the  pene t ra t ion .  
Leakage i s  de tec ted  by m1;ing a r i s e  of pressure wi th in  t h ?  box, by 
observing bubbles i.f t he re  i s  a window i n  t h e  box and. t h e  a rea  has been 
covered. wi.th a soap so lu t ion ,  or by de tec t ion  of a s p e c i f i c  gas, such as  
a halogen o r  helium, which has been re leased  on t h e  o ther  s i d e  of t h e  
pe ne t rat, ion. 

ind iv idua l  t e s t i n g .  The cable  pene t ra t ion  shown i n  Fig. 9.24 i s  su.cli 
a design, By pressurizing the  space between the two pene.tratlons,  any 
1-eakage through e i t h e r  sesl. ri.s detec.ted by a decrease i n  pressii.:re. This 
type of pene t ra t ion  i s  par t icu. lar ly  a t t r a c t i v e  i n  t h a t  it elimina-tes 
t h e  need. for repressur iz ing  t h e  e n t i r e  containment ves se l  each time t h e  
pene t ra t ion  i s  t e s t ed  and wou1.d be des i r ab le  i f  f requent  tes-ti.ng of t hese  
penetra-I, ions were necessary. 

acceptable,  'out i n  pract j -ce  m y  leaks  de tec ted  i n  a l o c a l  t e s t  usual-ly 

During o r  j u s t  before  the  in t eg ra t ed  leakage-rate  -test, of t h e  e n t i r e  

Some penet ra t ions  have been s p e c i f i c a l l y  designed t o  faci l - i ta te  

A small  amount of leakage through an e l -ec t r ica l  pene t ra t ion  may be 
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are  repaired, s ince a la rge  number of even very s m a l l  leaks could prevent 
the containment vessel  rrom meeting j.ts integrated leakage-rate require- 
ments. 

9.6.1 General 

The containment at-raosphere must, be conkrrol-led. within appropriate 
temperature and pressure ranges durTng both normal and accident condi- 
t ions .  It may also need purging t o  remove radioactive materials o r  t o  
res tore  or maintain normal atmospheric chemical composition pr ior  t o  or  
during iivxian occ?ipancy. 
required to l i m i t  or  elimina.te possible chemical reactions wjth react ive 
ma-teria1.s used within the  containment system. 

This sect ion d.iscusses various containment aiixl.liai-y systems and 
components used t o  con-trol t he  atmosphere i n  couventional con-taLnmeRt 
systems. Ent i re  containment concep-ts based on a. par t icu lar  method of 
pressure control  are  a l s o  di.scussed b r i e f ly ,  but reference is made t o  
Chapter 7 where these concept3 are  d.iscussed more completely. 

I n  some cases, a spec ia l  i n e r t  atmosphere i s  

9.6.2 Ventilation ~Ys-tems 

The high - temperature component o with i n  the  c ont a. irimcnt system are  
sources of heat t h a t  must be diss ipated t o  the  external  environment i n .  
order t o  prevent the temperature of t h e  containment atmosphere from 
exceeding t h a t  to le rab le  e i t h e r  by humans, i f  the Containrfl.ent stnictime 
i s  nonnally occupied, or by many components located wlithin the contain- 
ment system. Many insulat ion matterials a.re not guaranteed a t  tempesa- 
tu re s  over 1.35 t o  150"F, and. t he  operation of many components i s  not 
guaranteed above some m1b.ien-t; temperature. Consequently, standard prac- 
t i c e  is t o  l i m i t  t h e  operatixig temperature within a containmen-t system 
t o  1.20 t o  135°F if  PO-'- ro le .  

which may be rapidly closed during hazardous conditions, o r  by closed- 
loop heat  exchange systelns. in some cases, par t i cu la r ly  where the ven1;i- 
l a t i o n  system i s  a l so  used t o  :eein.ove decay heat following an accident, a 
closed heating and eooling sys-tern may be used toge-ther w i t h  811 open venti-  
lakion system. Open ventil.ation systems a re  the  simplest and are used 
most frequently. 
beeom contaminated, with radioacl-i-ve matter, means must be employed. .to 
maintain the  a c t i v i t y  i n  Lhe e f f luent  vent i la t ion  a i r  a t  accepta'sle ].eve]-s e 

T h i s  i s  usually accomplished by means of fi l-Lers instal-led i n  the  venti- 
l a A t i o n  exhaust system. Closed. heat exchange systems mzy be reqv..i.red i.f 
acceptable l eve l s  of rad.ioactivity cannot be guaranteed using an open. 
system. A closed system i s  used on the N S  Ehvannah. 

A closed heat exchange system may use forced c i rcu la t ion  of the  
contai.nment a i r  past  water-cooled. heat; exchangers located wi-thin the  
containment system. It i s  a l so  possible t o  c:i.reul.ate t he  conto.inment 

Remosraf. of heat i o  accomplished ei-ther by open vent i la t ion  systems, 

Because of -i;he pcssibil i . ty t h a t  the  vent i la t ion  a i r  may 
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a t 7  outs ide  the  con'bainment boundary Lo water o r  a i r  cool.ers. However, 
using 3.nternal. water coolers  resu.1.t~ i n  smal.l.er pene t ra t ions  and i s o l a -  
I; i.on valves  . 

components of t h e  p lan t ,  such as  radi.ation sh ie lds  and pimp mo-tors. 
lzihile not normally considered a p a r t  of t h e  ventil.at,ion systein, t hese  
cooling systems do remove a s i g n i f i c a n t  por t ion  of -the hea t  load t h a t  
o-therwise would have t o  be removed by the  v e n t i l a t t o n  sys-Lem. 

cooled sysLems f o r  t r a n s f e r r i n g  hea t  out ol" t h e  confinement volume may 
not be permitted. because of thc  possi.bi..lity of a sodium-water reacti-on 
i f  a cooling l i n e  should ruptu:t-e. This  requi res  ei . ther ihat an open 
ven- t i la t ion  system wi-Lh a s u i t a b l e  f i l t e r  system be used o r  that t he  
confinement atmosphere be ci-rculated .t;kii-ough i s o l h t i o n  val-ves t o  coolers  
loca-Led outs ide  t h e  confj-nement envelope. 

Coiitrolled contain-iierk v e n t i l a i i o n  may serve any o r  a l l  of the f o l -  
lowing funct tons,  i n  addi t ion  t o  t h a t  of hea t  removal: 

I., Supplyihg f r e s h  a i r  t o  occupied m e a s ,  
2. ControlJ.i_ag the  fl-ow p a t t e r n  from cl-ean areas  Lo rad ioac t ive  

or potential.1-y radioacti-ve areas ,  
3 .  MainLainhg d i f f e r e n t i a l  pressure f o r  t he  conti-ol of leakage, 
'+. Remcving rad ioac t ive  gases .  
Fi-esh a i 7  supply f a c i - l i t i e o  a1-e required. i n  a l l  contained areas  

Closed -loop hcat  exchange systems are a l s o  used f o r  cooling certai.i? 

I n  sodium-cool.ed r eac to r  sysierns, t h e  use of closed-loop water - 

t h a t  can be occupied, including both those t h a t  3re  occupi-ed during 
operat ion a d  tlnosc - that  are unoccupied during operatj.on but whi-c'n r e -  
qii5.rc purging p r i o r  t o  entrance a f t e r  shintdown. 'These faci . l i t , ies  u sua l ly  
cons i s t  of normal hea-Li.ng and venti-l .at ing equtpmerrt; an6. control  systems. 
The c l e a n  a i r  i s  d is t r ibu ted .  internal.1.y by shee-t-metal d.i?cts o r  1i.ght- 
gage pipe ducts under s l i g h t l y  pos i t i ve  p-ressure. The exhaiist a i r ,  be- 
cause of i t s  possible  co-ritamination, i s  nomially drawn of f  under reduced 
pressure 'io prevent outward leakage Yrom t he  ven-tlillat ion system. The 
exhaust fans  31-e usua l ly  1-ocated downstrenm Crom t h e  containment a i r  
-treatment f a c i l i t i e s  and jus-'i, ahead of t h e  discharge t o  -ihe s t ack .  

it i s  preferab le  t o  keep a s l i . gh t ly  negative pressure i n  the  containment, 
system t o  prevent outleakage througli normal opei-ation of t h e  access locks,  
which would. othei*wise bypass t h e  mon i to rhg  sys tern. 

'i%e types of rnatcri-al and duct cons t ruc t ion  normally used a r e  of 
t h ree  ca tegor ies :  

1. Standard shee-t metal coilsti-uc-tion. i s  used- for a i r  supply systems 
up t o  Lhe containment penetrat ion,  f o r  t he  d i s t r i b u t i o n  system ins ide  t h e  
containment, and f o r  the exhausl; system up t o  t h e  i s o l a t i o n  valve o r  d i s -  
charge penetrat ion,  where co l lapse  of t he  duct during an accident would 
not v i o l a t e  containment inLegri-ty. Sheei; metal  ducts  may be w e d  fo r  
d l f fe re i i t i a l .  pressures  i n  the  range of 2 'LO 3 i n .  H a 0  above o r  below am- 
bieil t  . 

2. Light-gage spj:ral.ly welded pipe i s  used f o r  pressures  beyond 
those 1-isted above i n  a l l  types of supply, discharrge, and. exhaust systems. 
It is  a l s o  used for l e a k t i g b t  I.ow-pressure ( less  -than 2 t o  3 i n .  HzO) 
systems t h a t  may coilvey contam:i.:nated a i r  through occupied a reas .  

I n  addi t ion t o  maintaining a reduced pressure i n  t h e  exhaust system, 
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3 .  M A  standard l i n e  pipe i s  w e d  where the  vent i la t ion  system is 
par t  of t'ne containment boundary and i s  subjected t o  f u l l  design pressure 
durlng an accident. 

The portion of t he  piping welded t o  the  contatnmeslt vessel  and those 
sect ions t h a t  corist i tute a par t  of the containment system must conform t o  
t h e  applicable code governing t h e  containment vessel .  S-tamlard c0nstru.c- 
tion techniques compatible with the  materials used a re  acceptable in most 
cases.  Where severe radioact ive contamination could occur, e i t h e r  spe- 
c i a l  coatings o r  s t a i n l e s s  steel may be required t o  f a c i l i t a t e  decontami- 
nation. 

Removal of radioact ive contamination from t h e  vent i la t ion  system a i r  
prior t o  exhausting it t o  t h e  atmosphere, i.f reqyired, i s  acconiplished by 
f i l t e r s  ox gas sc-rubbers incorporated i n t o  the  ven t i l a t ion  system. 'These 
fission-product-removal systems are  discussed. i n  Section 9.7. 

Ef for t s  a re  normally made .Lo control  t he  moisture conterit of the 
containment atniosphere t o  prevent condensation on the  inside of t he  con- 
tainment vessel. wall and on equipment Loca-Lect inside the  vessel.. This 
requires monitoring the dew point and keeping It below t h e  equipment, or- 
containrrlent surface temperature, e i t h e r  by usi:n;s dehumidifiers i n  closed 
s-yste111.s o r  by merely having su f f i c i en t  vent i la t ton  f l -ow i n  open systems. 
This i s  a r e l a t i v e l y  easy t a s k  unless a subs tan t ia l  steam leak ex i s t s .  
Conversely, an unusually high dew point may be an indicator  of such a 
steam leak, and correct ive ac-tion may be required. 

9 .6 .3  Vent i la t ion Stacks 

The ven t i l a t jon  system exhaust, i n  most nuclear plants i s  discharged 
to t he  atmosphere through a s tack  t o  provide dispersion of any radio- 
a c t i v i t y  t h a t  might; be contained i.n t he  exhaus-t a i r .  
s tack  i s  determined by the  l o c a l  meteorological. conditions and. by the  
degree of atmospheric d i lu t ion  recpired.  Bowever, in most nuclear power 
plants,  rad.ioactive gaseous wastes from the  radioactive waste d-isposal 
system are  discharged t o  the  sane s tack  and -the dispel-sal of these wastes 
d.etermines the  s tack  character is- t ics  . The vent i la t ion  then serves t o  
prov5.de a high fl-ow r a t e  i n  the s tack  and a high s tack  e x i t  velocity,  
which increases t h e  effeckive s tack  height and thus irnproves dispersion 
i n  the atmosphere. Methods of d.etermining the degree of xbmospheric 
dispersion under varlous meteorologicaZ conditions and with v.a.rinus d i s  - 
charge heights are outlined b r i e f l y  in Chaptier A .  

Conventional s t e e l  or concre-Le stacks a re  used i n  most nuclear 
plants, t h e  shor te r  stacks freqpently being iiiade of s t e e l  and. th.ose above 
about 1-50 ft i n  height usually- lxjmg concrete. Because the a i r  discharged 
is a t  a relati .vely lor? temperature and is  noncorrosive, spec ia l  l in ings  
o r  conti-ngs are  ri(3-t usual ly  required. Stack charac te r i s t ics  a t  some 
repsesentative m e l e a r  power pl-ants are l i s t e d .  in Table 3.2.  

The height of t he  
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Table 9 . 2  Ven t i l a t ion  Stack Charac t e r i s t i c s  a t  
Several. Nuclear Power Plants 

___ --1__1 

Siack YL ow E X f i  
Plant  He igh L Raie Vekoc i t y  

( c fm)  ( fpm) 
-.-- ___L .............- . .......... 

i f t )  

Tkesden 300 45, 000-50,000 3000 

Big Rock Point, 250 30,000 3000 
iiumbol d t Ray 250 12,000 GOO0 

Peach Bottom 150 20,000 ~,000 

9 .6 .4  Vacuum-Relief &vices  

The containment pressure i s  not u sua l ly  subjec t  t o  s i g n i f i c a n t  varia- 
%ion during normal operat ion and may be cont ro l led ,  ri.n an ‘open v e n t i l a t i o n  
system, by con t ro l l i ng  ventl.l.ation a i r  flow etther a t  -ihe i n l e t  or a t  tile 
oui;l.et, of t he  ventj.l.at,ion system. Vessels not desi.g;ned t o  wil;‘nsband t h e  
negat ive pressure t h a t  migh-t occur with f aul-ty vent, i l a t  ion valve operat ion 
a r e  normally equi-pped with vacir.ir!cl-relief valves .  The P e x h  Zottom con- 
tairmient ves se l  i s  protected from such negative pressures  by a vaciwfl- 
relief valve wi.th a weigh-Led, nonmetall ic pall-et, seat  set t o  open a t  a 
negat ive gage pressure of  3 . 5  in. H20 ( r e f .  6 ) .  T h l s  device j-s i.111~~- 
tra-Led in Fig. 9 .  35. The E33WR contai.-l~ment ves se l  was designed Lo wi.t;h- 
s tand a maximu-m negat ive pressure of 0 . 5  psig and w a s  provided wi.th two 
vacuum-breaker valves t o  prevent negative pressums exceeding Lhis 
amount. Each valve i s  a 6- in .  spring-load-ed single-pork :regulator wiLh 
R s o f t  composition d i s k  for tighi; shutoff. Each valve has a capscit,y of 

PA LLE T 
WEIGHT - 

NON- MEYRLLIC, 
INSERTS 

.................... 

C O N T A I N M E N T  
I N T  EKIBR 

B h  .................... 

C O N T A I N M E N T  
I N T  EKIBR 

P’ig. 9.35. Peach Bottom Va,cum-Relief Valve. (Varec, Inc . )  
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100 cfm, and each i s  set t o  open a t  0.10 ps lg  and t o  hasre f u l l  r e l i e f  a t  
0.25 psig. Dual vacuum-relief valves a re  used i n  BOXUS foi. bach-xp pro- 
tee-Lion i n  case one valve s h o u l d  fa t1  t o  operate. Bot'? valves a re  s e t  
t o  open a t  a inegativ-e pressure of 5 in .  1120. Al; t h e  conl;a.J.nment d.esi.gn 
vaci.Lum of 0.25 psig each valve w i l l  develop a minimum of 400O-c~cn r e l i e f  
capaci-Ly. E i t h e r  valve can accommodate the -maximu.m expected barometric 
pressure change of /+ in .  1% per hour. l3 Vac-umi  r e l i e f  dr::vices a re  a.lso 
used in -Lhe pres~;u~e-si .~ppressi . l~n type of containment t o  elimiaate t,he 
vaciiixfl t h a t  m a y  cxl.st i n  the  drywell a f t e r  an accident occi~rs.  

Tne in t e rna l  pressure i n  the  TJPR pressure-reliel '  contairment system 
(see  see. 9.6.7) could be -red.u.cea iselow a negative pressure OP 2 p i g  i f  
tlie s t ruc ture  were i n i t i a l l y  f i l l e d  with steam a t  5 psig and. -the press1.u-e- 
reducing fog spr3:y system was tu rned  on hut faI.l.ed t o  shut, off  a t  the 
proper tine. Therefore,  the stru-cture i s  eqiiipped with three 42-in. 
vacuum-relief valves t h a t  a re  s e t  t o  open at a negative presslxe of I 
psig. l .4 

than -2 ps ig  with the Iraxipmwr fog spray flow sf 6700 gpm condensing 
5-psig steam i n  the  building. 
kept closed by a lever-and-weight arrangement. Negative pressure inside 
the  building ac ts  on the valve disk, which lif-ts the  weight and ac'rmits 
a i r .  

~ars:i valve has suff ic ier i t  capacity to prevent pressures of less 

These valves have iwbber scabs and are  

9.6.5 Inert, AtmosphFre Systems 

Cont a imnent s ys t e m s  for r e  ac t  o m  c on i; a ini:ng c ombus-1; ils le inat e r i a l s  I 

such as  graphi te  moderator, sodiurri coolant, or combu.stible hydrau.1i.c 
f'111.i.d~~ may be required t o  maintain a reduced. oxygen atmosphere t o  mini- 
mize the  possi'oi!. i t y  of a f !.re. The reac-ti.on of such com'ousf;i.blc ron.teri- 
als w i t h  oxygen a.f; the  normal atmospheric concentration could. add s ig r i i f i -  
cn:n-L amounts of energy t o  the  contarimient system during an accident m d  
thus increase the  required design pressure 0% t he  containment vessel .  
Reduction of tine oxygen content of a i r  t o  less than 5$ xmuJ..d el iminate 
the  explosion hazard with most organic riiaterials and would reduce, by a 
fac tor  of 4 ,  t he  maxLmu.rfl oxidakioa reactions t'nat coiil.d. occur. T h i s  can 
be acconiplished by purging the  exi.st ing a i r  w i t h  an i n e r t  gas, such as 
nitrogen, helium, or argon, or by blaming -the oxygen with :I f'uel t o  pro- 
vide an i n e r t  atmosphere of nitrogen and. carbon dioxide. Thts  l a t t e r  
process also produces subs tan t ia l  quant i t ies  of m t e r  vapor, which should 
be removed, and carbon monoxide, which must be regarded as toxic  and 
handled accordingly . 
tems have i n e r t  atmospheres. In t he  NS Savannah a nitrogen atmosphere 
i s  maintained within t h e  contairiment volume t o  prevent a f i r e  i f  a f a i l -  
ure  occurred i n  the  control  rod dr ive hydi*aulic system and combustible 
hydraulic o i l  leaked out. Vie sodium-cooled. Hallam plant 'uses a hel.i.inm 
akmosphere a t  a pressure of 0.25 psig i n  the  reactor  cavi ty  arid a n i t ro -  
gen atmosphere i n  the outer pipe tunnels.  

graphi te  moderator would reac t  with any oxygen present following a main 
piping f a i l u r e .  Therefore, t he  plant is equipped with a propane burning 
nitrogen gas generator t h a t  produces nitrogen containing approximately 
0.5% oxygen by volume within the  coritainment vessel .  l5 

The ITS Savannah, Hallam, and Peach Bottom reactor  contairiment sys- 

In  the  high-temperature gas-cooled Peach Bottom reactor,  t h e  bo-t 

Makeup nitrogen 
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is  supplied by t he  gas generator,  as  required,  to  maintain the des i red  
containment atmosphere. 

9.  6. 6 Ne~at ive-PreRsure Svs-terns 

Negative-pressure coiitainmeni; s y s t e m  a r e  used. i n  conjuncti-on wi'ih 
low-leakage coiiventi.ona1 bui ldings i n  those cases whcye only a sma1.l. 
amount of gas can be re leased  from t h e  r eac to r  system i n  the  event of an 
accident .  The v e n t i l a t i o n  system i s  designed t o  mainbain a reduced pres-  
sure  within t h e  'uu:i.ld.i.ng a t  81.1- times s o  t h a t  a l l  leakage w i l l  be inward. 
This system d i f f e r s  from other  -types of contai.nment sys-tems in t h a t  'die 
v e n t t l a t i o n  system i s  iioL shut  down i n  t h e  event of an acciden-t 'but con- 
t i nues  t o  operate ,  or i s  s t a r t e d  up i f  not previously opera-Li-ng, and 
depends on fj_?.l.;ers and o ther  f iss ion-prod.iict removal devices t o  yemove 
r a d i o a c t i v i t y  from t h e  exhaust a i r .  The a i r  i.s exhausted u p  a s t a c k  t o  
d i sperse  any r a d i o a c t i v i t y  not removed. 

fue l ing  'ouildings to con t ro l  the rad ioac t iv i ty-  t h a t  could be y e k a s e d  i f  
a fu.el element were dropped and it melted during fuel-handling opei-at ions . 
A t  Hal-lam, t h e  system provided a l s o  minimizes t'ne poss ib i l i t ,y  of sodium 
oxide being re leased  i f  the rad ioac t tve  sodium cool-ant; i s  exposed t o  a i r  
and burns during r e fue l ing  or maintenance operat ions.  

t o  ensisre t h a t  all-  I..eakage i s  inTwa1-d requi res  t h a t  t h e  veni;ilat,i.on sys-  
tem blowers have suf ' f ic ien t  capacity- and. t h a t  t h e  leakage paths and. ven- 
t i l a t i o n  inlet  are properly con:l;rol l e d  and d i s t r i b u t e d .  This contain-  
ment coiicept i s  discussed. i n  more d e t a i l  i n  Chapter 7. Design d e t a i l s  
of low-leakage build-ings a re  discussed. b r i e f l y  i n  Chapter 8. Exhaust 
f i l t e r  systems are discussed I n  Sect ion 9.7 of t h i s  chapter.  

Systems of t h i s  type a r e  used f o r  the  Hallam and IIumboldt Bay r e -  

Maintaining a negative pressure throughout t h e  containment system 

9 . 6 . 7  Pressure-Relief Svs terns 

The pressure- re l ie f  type of containment was devised t o  permit t h e  
use of s t r u c  tilres designed for rela-Lively low pressures  even when appre- 
c i ab le  amounts of energy could be yeleased during an acc ident .  In .this 
system, t'ile i n i t i a l  r e l e a s e  of high-vapor-pressure r eac to r  coolant due 
t o  a primary system rupture  i s  vented t o  t h e  atmosphere, and then  t'ne 
vent i s  cl-osed p r i o r  t o  t h e  r e l ease  of t h e  f i s s i o n  products from t h e  Suel. 
by core meltdown. 

This system is  used a t  the  Hanford NP3 and a t  t h e  Canadlan NPI) pl-ant 
a t  Chalk River. Under normal operati-ng condi t ions the  1igh.i;- or heavy- 
water coolant contains  only a s l i g h t  amount of r ad ioac t iv i ty ,  t h e  r e l ease  
of which does not c o n s t i t u t e  a seri-ous hazard t o  t h e  environment. The 
r e l ease  of only t h e  coolant and not t h e  f i s s i o n  products i s  accomplished 
by t h e  use of low-pressure valves  o r  diaphragms i n  the  r e l i e f  vents  t ha t  
open o r  rupture  t o  allow rellease of t he  f lashed  water vapor and. by the  
us? of one or more devices t h a t  s e a l  t h e  ven-Ls aild prevent, t h e  r e l ease  
of fission products a f t e r  t h e  pres:;use has been rei-ieved. Th t h e  NPD 
system a l a rge  g l a s s  diaphragm is  broken t o  r e l i e v e  t h e  pressure,  and a 
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gravity-a-ctunted. f l a p  gate  c1o:;es the  relief duct, a f t e r  a l0-sec inter- 
val-. '' 
i n  Fig. 9.36. It corisists of a steam vent cap, a b u t t e r f l y  valve, and 
a. balloon-type backup closure. The cap is  normally retained by a pre- 
loaded shear pln, which f a i l s  at 2 psig. After venting, -the b u t t e r f l y  
valve closes or ,  should it f a i l  -bo operate, t he  balloon closure i s  i n -  
f l a t e d  t o  provide a seal in t h e  vent. l 4  

t o  iiii.nimize the i n i t i a l  pressure buildup i n  ~ ~ i l e r  t o  prevent operation 
of t he  pressure r e l i e f  system, i f  pcssLble, t o  reduce the  par.ticul.nt,e 
ma.tter contained i n  t;he ven.ted. gases, and t o  reduce the ac tua l  amount of 
water vapor di-scharge by condensing a portion of the steam. 'The s p r ~ y  
system can also lie used. t o  red-uce Lhe pressure increase due t o  decay heat 
a f t e r  t he  vents have closed. 

a re  diseinsscd i n  more d e t a i l  i n  Chapter 7. 

The s t e a m  vent; and cl-osure d-evice ixsed i n  t he  DE% system is shown 

A wa-ter or  fog spray system i s  used i.n both the  NPR and NPD systxiiis 

The pressure-rel ief  ty-pe of containment and the IWD and NPR systems 

NORMAL POSITION STEAM VENTING 
POSITION 

CLOSED POSITION 

Fig. 9.36. NPR Steam Vent; and Vent Closure. (From r e f .  1-4) 

3.6.8 Pressi-~re-Suy73ression Systems 

%be peak pressure reached. i n  a containment s t ruc ture  during an acci-  
dent; (i. e . ,  the  design pressure of t h e  s t ruc tu re )  can be reduced. without 
venting the  s t ruc ture  t o  the atmosphere i f  a rapid and r e l i a b l e  means of 
absorbing some of t he  energy released from Vine primary system i s  provided. 
Two different; methods of using w a b e r  t o  absorb energy from the  reactor 
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coolant have been applied. t o  r eac to r  containment f o r  water-cooled reac-  
t o r s  : pool p r e s m r e  suppression and spray systems. A complete contain-  
ment concept has been based on pool. pressure suppression, and. spray 
systems have been provided i n  many conventional s t e e l  s h e l l  containment 
s t r u c t u r e s  as a u x i l i a r y  systems. 

9 . 6 . 8 . 1  Pool Pressure SuDlsression 

I n  pool pressure suppression, u sua l ly  r e fe r r ed  to as t h e  pressure-  
suppression type of cortainment * the steam-watw mixture r e s u l t i n g  froni 
a major primary system ruytui-e would be venlied direc’ily t o  a l a r g e  pool. 
of water, which wou1.d condense t h e  steam and keep t h e  pressure fj:orfl 
reaching i t s  f u l l  imsuppressed value.  Also, i f  any f i s s i o n  products were 
vented t o  t h e  pool., t he  water woi1l.d probably t m p  a s ignif i .cant  f r a c t i o n .  
Because -the pool of water i s  always present  and the re  are no .valves or 
other  devices t h a t  must operate,  full r e l i ance  can be pl-sced on t h e  sys- 
tem funct ioning properly i f  i.t is  needed. 

Thts method. of containment 3.s discussed ?.n Chapter 7. 

3. 6. 8.2 Wakr Spray Sy-stems 

Water s p a y s  can be used a s  a means of in t imate ly  mixing cold water 
wi-th t h e  steam-water mixture re leased  from a pi-imary system rupture  i n  
order  t o  condense .the steam and reduce t h e  pressine.  This  can be dom 
e i t h e r  a t  t h e  t,ime of the  accident  t o  rriiniinize t h e  peak pressure 02: l a t e r  
t o  reduce t h e  pressure wi th in  the  containment s t r u c t u r e  and. thus  reduce 
leakage. ‘The water spray- shou.ld. also be e f f e c t i v e  i n  removing f i s s i o n  
products from t h e  con-Lainment atmosphere a f t e r  an accident  and- thereby 
rediiclng both the  leakage of  radioact ivi-by out of t h e  ves se l  and -tile 
direc-t; r a d i a t i o n  from the  ves se l  ( s ee  See. 9 . 7 . 4 ) .  

water spray and fog spray systems, respec t ive ly ,  t o  minimize t h e  p r e s s i r e  
peak tha-L; w i l l  occur fol-l-owing a major primary system piping fai lui-e .  In 
add.i.tion, t he  NPT) system a l s o  incorporates  a I.i.mited spray system t o  douse 
small  steam l eaks .  

Several ,  more conventional, containment systems a l s o  include post-  
inciden-t cooling systems t o  accel.erate t h e  redixti.on i n  the  containment 
pressure a.nd t o  wash down contaminants. Dresden and Big Rock Point; both 
have sev-era]. circumYerentia1 headers of spray nozzl.es mounted in s ide  -Lhe 
vesse l  near  t h e  t o p  and suppl ied by the  filae system pumps. 0ul;sid.e e l e -  
vated water tanks provide BONUS wi-th both in s ide  and outs ide water spray 
systems and f i r e  pro tec t ion ,  thereby aver t ing  dependency u.pon a source 
of power for pumpi.ng. A t  Big Rock Point,  t he  feed  l i n e ,  which i s  a branch 
l i n e  from t h e  core-spray pos t inc ident  cooling system, i s  normally dry, 
but  i t s  supply valve i.s automa-tical 1.y opened on hi.& containitlent ves se l  
pressure a f t e r  a 15-min time delay.  This delay, which. may be ov-erridden 
t o  provide e a r l i e r  manual operat ion,  i s  prov?.ded t o  allow t h e  opera-toT 
time t o  0verrid.e a poss ib le  spuri.ous s igna l .  Each s e t  of  splrays has a 
t o t a l  capac i ty  of 400 gpm and, i f  operated f o r  approxiriiately 24 hr ,  would 
raise t h e  water l e v e l  i n  t’ne containment ves se l  t o  near grade.  Further  

As incli.cated i n  t h e  preceding sect ion,  t h e  NPD and NPi< sysCems have 
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addition of water would have t o  be stopped, s ince 8 water l eve l  higher 
than 3 f t  above grade w u l d  overstress  t he  vessel  s h e l l .  Therefore, 
intermit tent  operation is  proposed a f t e r  the  vessel  pressure has been 
reduced t o  approximately atmospheric i n  order t o  conserve the  vessel 
capa.eity f o r  prolonged accimulation of spray water. Extended. operation 
could be accomplished by withdrawing water from the spray system drains 
and ree i r cu la t ing  it t h o u g h  an ex terna l  heat exchanger suppl-ied t o  cool 
t he  core spray amd. containment spray water. 

The water supply for t he  spray system may come from an elevated tank 
located inside t h e  containment bounilary, as i n  the  EBWn containment ves- 
sel, or  from an outside puaped supply such as the f i r e  system. An in t e r -  
na l  supply may be considered more reli8bl_e, sin.ce it would not require 
a power source foi- pimping and would not require penetrating the  contain- 
ment boundary. However, i-t is s t i l l  necessary f o r  the proper signals  t o  
be actuated and for  valves t o  operate t o  start the spray flow. It i s  
usual ly  not p rac t i ca l  .to supply su f f i c i en t  water froin an in te rna l  tank 
t o  adeqiiately cool  a la rge  plant .  

requires e lec t r ica l .  and mechanical components t o  function during accident; 
conditions, and containment systems based upon f u l l  relia.nce on suxh a 
system have riot yet  been used. All convent ionnl containment sys-tems 
b u i l t  t o  date for which spray coollng has been provlided lia7re bee2 designed 
f o r  .the maxirium presswe resu l t ing  from a prima-q systeni rupture wFtlioirt 
spray cooling. 
quences of 8.n accident below those for which t h e  plant was designed.. 
ifowever, -the effectiveness of a r e l i a b l e  spray system i n  red-ucing con- 
tainment pressure should approach t h a t  of a. pool pressure-suppyess ion 
system, Where re l iance  is  placed on sprays t o  prevent contatrment nip-  
ture, an assured power supply f o r  t he  required pumps i s  a necessity.  

Opemtion of a spray system, unlike pool. pressure suppression, 

Tle  sprays have been provided only t o  reduce the  come- 

9.7 FISSION-PRODUCT REMOVAL ANT) 'iliAPPlIrJC SYSTFTJJS 

9.7.1 C; ene I' a.l 

Most; con-tainment, systems have f i l t e r s  and other means of contaminant 
reiiioval t o  t r a p  radioactive ma-Leria.1.s sild t o  remove them Prom the  con- 
tainment vent i la t ion  exhaust. Some types o f  contaimient, negative- 
pressure systems i n  par t icu lar  (see See. 9.6.6), re ly  on such &vices to 
remove radioac-Live m a t e r i d s  from the  ven t i l a t ion  exhaust during ace ?.dent 
conditions . Comre-n-LrionaL containment systems, which are  designed t o  be 
i so la ted  (n0.t v e n t i h t e d )  during an accident, may employ fission-product, 
Yernoval systems t o  reiiiove small amouuts of rad ioac t iv i ty  from the  vent i- 
l a t i o n  a i r  durilng normal operat,ion and may depend. on these or otber 
accident-adapted systems (with recircuJ.ai;ion i n  some cases) -Lo clean up 
the  a i r  discha,rged from the  containment system a f t e r  a fissior*-produc.t 
release has occurred. Many conventional. cl.osed containmen.L syst,ems al.so 
incl-ude provisions for removing Large quan-ti-ties of f i s s i o n  products from 
the  containnient a'mosphere after an accident i n  order to reduce both the 
d i r e c t  rad ia t ion  from the  containment vessel. and the inventory of fission 
products avai lable  for leakage out  of -the vessel. This is accomplished 
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by inems of a closed-loop f f . I t r a t i o n  system t o t a l l y  containzd withita t h e  
c oiita iimen"; ve s s e l .  

The s e l e c t t o n  of t h e  types of f i s s ion-product  removal. devices  t o  be 
used and. t h e i r  design for spcci-f ie  applica-Lions depend on many f a c t o r s ,  
inc ludine  t h e  physical. m d .  chemical forms of t h e  materi.al.s t o  be removed, 
'iiieri.r concentra%;.ons and total. quan t i t i e s ,  the removal e X i c i e n c y  
:required., and t h e  envi-:rol?rnent i n  which the  dcviczs  lii-~~sl; opera'ie. Removal 
of a contm-knant, from ai? a7.r stream o r  a voJ.u:me of a i r  i.s based on one o r  
more of t h e  physiczl- or chemical pi-operties of Yne containmeii-t. Pnr t ieu-  
.?.ate maizria1.s a r e  usua l ly  removed from an a7.r stream by passing t h e  a i r  
throuzh p lea ted  f i l t e rs .  The type of  f i l t e r  t o  be used depends upon t h e  
s i z e  o f  t h e  p a r t i c l e s  -to 5e f i l t e r e d  and t h e  cor ros ive  na-Liire of the a i r .  
Iiowever, h igh-ef f ic iency  f i lLerc  wi.th a r a t e d  eYficiency of 99. W$, based 
on 0.3-}-r.-diam p a r t i c l e s ,  ay? usua l ly  spec5.f j.ed when i-adioactive par-bkii-  
l a t e  material i s  t o  be removed. Reactive gases may be removed. by passing 
t h e  air stream a t  t h e  proper* temperature O v e r  s u f f i c i e n t  suxface z rca  of 
R ? , a t e r i a l  with which t h e  gas wi-1-1. chemically react. L e s s  r e a c t i v e  or  
i n e r t  gmes may be &.sorbed onto ac t tva t ed  charcoal  o r  o the r  adsorbent, 
ma te r i a l .  L i q u i d s  i n  the fonn of d rop le t s  OF m i s t s  may be removed i n  
iuuch t h e  same way 8s are part icul .a tes ,  us ing  I"i1tel.s t h a t  a r e  e s p e c i a l l y  
r e s i s t a n t  t o  moi.stu.re and other cor ros ive  cond.i-+,ions, o r  -they may be 
d isso lved  i.n a l a r g e r  vol..ume of water. Because the f i ss ion-product  re-  
moval. systems freqi ient ly  used in ,  containment systeiiis must be ab le  t o  cope 
with a wide range o f  poss ib le  contaminants and opei,ating condi t ions,  t h e i r  
des ign  may uti.?-i.ze any o r  a3.1 of t hese  m% o'Lherr removal me'chods. 

Most of the experience with removal of f i s s i o n  products from a i r  
streams has been accumu.lated. a t  nuclear  process l a b o r a t o r i e s  and repro-  
cessing f a c i l i t i e s  where l a r g e  vol.umes of h igh ly  conta.mi.nated a i r  a r e  
handled. rou t ine ly .  F i l t e r  systems have a1.so been used ext;eiisj.vel.y t o  
remove small  amouniks of par-Liculate contamination from l a r g e  vol.v.rnes of 
veni;ila-l;ion a i r  i n  alU nuclear  p2.a-n.L~ and l a b o r a t o r i e s  . However, f i1.tex-s 
and other fiss j-on-product removal devices  have been oper.ai;ed much less, 
or ilot at a l l ,  under t h e  high-pressure,  high-temperature, and high - 
humidiby condi t ions Lhat, woi1l.d e x i s t  wlit1ii.n a containment system as  a 
r e s u l t  of a ser,:i.oiis acciden-L. '1S?us, t h e  e f f ec t iveness  of systems desi-gned 
for these accident  condi t ions ca i :  i t ?  many cases, only be est imated m n . t i l  
f u r t h e r  t e s  k:i.ng i s  c a r r i e d  out under properly simulated condi t ions.  

'ihe designs of' many f i ss ion-product  removal devices a r e  based upon 
d-esigns of sj:m?.l..ar gas-c leaning  equipment 1.1scd. i n  nonradioactj.ve app l i -  
ca-ti-o-os. Where the  phys ica l  and chemi.ca1- forms or the  contaminanis ai-e 
similar, s i m i l a r  operat ing condi t ions should r e s u l t  i n  e s s e n t i a l l y  t h e  
same removal e f f i c i e n c i e s  i n  both the  r ad ioac t ive  and nonradioact ive cases .  
However, removal. of f i s s i o n  products o f t e n  r equ i r e s  a e r e a t e r  rzmoval. 
cff'riciertcy with a smaller i n l e t  concentrat ion than i s  cori~liion 3-n normal. 
gas-cleaning operat ions,  so suitabl-e iiidus t r ia l .  gas-c leanins  experiencc 
on which to  base t h e  design of 2 f i ss ion-product  removal system imy not  
be ava i l ab le .  %'urtheimore, f i ss ion-product  removal may present  some 
s p e c i a l  problems not  present  i n  most gas-cleaning appl ica t ions ,  such a s  
assu-irig that  t h e  deczy heat, generated by t h e  f i s s i o n  prod.ucts i s  ad-equately 
removed., e i t h e r  by s u f f i c i e n t  air f low o r  s p e c i a l  coolers ,  and providing 
sufPi-ci.ent capac i ty  f9r l a r g e  q u a n t i t i e s  oi" nonradioact ive o r  s l - i gh t ly  
r ad ioac t ive  mater ia l s ,  i.n add i t ion  i o  t he  smaller  q u a n t i t i e s  of f i s s i o n  
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prodinc-ts of principal concern, which may load the  removal d-eviees. Minor 
cl-uct leaks may o f f se t  high f i l t e r  e f f ic ienc ies ,  and therefore  f i s s ion -  
prroduct removal du.cts, housings, e tc .  , may require improved designs com- 
pared .with those of most conventional gas -clean,ing i n s t a l l a t  ions 

The types of fissl.on-product removal devices i n  general use i n  con- 
tainment systems are discussed b r i e f l y  i n  the foll.owing secti.ons " 'These 
a re  p r i m  iga1.l-y gar%iculate f il-ters and iod-ine-removal devi-ces f o r  use i n  
exhaust a i r  streams. R e m o v - a 1  of radioactive noble gsses, such a s  xenon, 
krypton, and. a.rgon, i s  possi-ble bu-t i s  not insually attempted. because t he  
h ighe r  allowable concentration of these materials r e s u l t s  i n  fewer itis - 
posa l  problems and because the removal systems t h a t  ~nroi~ld be reqyixwli awe 
complex and costly; therefore,  such systems are  not dlscu.ssed. Methods 
proposed f o r  removing fission prodiacts from tbe  contaiiiment atmosphere 
a f tP r  an accident are  outlined. 

9.7.2 Par t icu la te  F i l t e r s  

Several types of pa-rt iculate f r i l ters  a r e  eomnercislly avai1.abl.e f o r  
a wide va r i e ty  of appl.i.c:3-tions . A typ ica l  f ' i l k e r  system f o r  removal 03 
mdioact ive pa.rt iculate mater ia l  from an air stream includ.es p r e f i l t e r s  
t n  s e r i e s  with high-efficiency filters. 
Lure eontent, may also require a moisture separator Lo pro-Lcet t h e  f i - l t e r s  
from damage o r  clogging by wa.ter droplets  os by moistened. dust .  If the  
filbers are sub*jected t o  high operating Lemperatu.res or t o  incendiary 
materials,  fil-ter's and f i l t e r  frames must be noncombustible and. heat; 
resis- tant .  A more complete discussion of .various types oi' f i l t e r s  and 
other equipment for removing par t icu la te  materials from a i r  i s  presented. 
in r e f .  17. 

An a i r  stream w i t h  a high mois- 

9 . '7 .2*l  F r e f i l t e r s  

? r e f i l t e r s  are used as roughing f i l t e r s  upstream of high-effi-cieney 
filters t o  capture l a rge  dust; par t i c l e s  and prolong the  useful  l i f e  of  
t he  more expensive high-er'f iciency f i l t e rs .  

The most eommon1.y used type of pref i l te r .  consis ts  o f  a glass f i b e r  
medium i n  a heavy paper-fiber frame. The f i l t e r i n g  medium usual-ly i s  a 
2-in. - thick pad of inter]-aced glass f i b e r s  having good dust-holding prop- 
er- t ies .  Several other p r e f i l t e r  designs a re  shown in Fig. 9.3'7 ( r e f .  18).  

Prefilters 24 x 24 x 1 2  i n .  a r e  considered standard fo r  use i n  f i l -  
t r a t i o n  systems with a capa.city of 1000 cfm o r  grea te r .  
have an i n i t i a l  pressure drop of about 0.15 t o  0.35 i n .  H z O  s t a t i c  pres- 
sure, depending upon the  type of p r e f f l t e r  selected.  

Such f i l t e r s  

9 .7 .2 .2  High-Efficiency F i l t e r s  

High-efficiency f i l t e r s ,  when required, are in s t a l l ed  downstream of 
t he  p r e f i l t e r s .  Filter ef f ic ienc ies  vary from a 99.50% minimum t o r  high- 
temperature ceramic media t o  a 99.9'/% minim.m f o r  the  standard glass- 
asbestos media. The eff ic iencies  are  based on t e s t s  u t i l i z i n g  an aerosol 
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Fig. 9.37. Various Types of Pref i l te rs .  (From r e f .  18) 
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of  d ioc ty l  phthalate (DOP)  of 0.3-y-diam p a r t i c l e  s i z e .  The DOP t es t  
methods a re  discussed i n  Section 9.7.5.  The standard high-efficiency 
f i l t e r s  used f o r  t h e  removal of micron and submicron par t icu la tes  from 
an a i r  stream have pleated g lass  or glass-asbestos media with aluminum, 
asbestos, or heavy k ra f t  paper separators.  The pleated f i l t e r  medium 
i s  contained i n  a 3/4-in. plywood frame measuring 24 x 24 x 11 1/2 i n .  
Figures 9.38 and 9.39 i l l u s t r a t e  t yp ica l  high-efficiency f i l t e r  un i t s .  
Cellulose-asbestos f i l t e r  paper cons t i tu tes  a f i r e  hazard, and i t s  use 
i s  not generally recommended.lg 
f i l t e r  i s  ra ted  a t  approximately 1100 cfm, w i t h  an i n i t i a l  pressure drop 
of about 1 .0  in .  H20 s t a t i c  pressure. Since various types of f i l ters ,  
f i l t e r  media, separators,  and frames a re  avai lable  i n  various s i zes  and 
ef f ic ienc ies ,  reference should be made t o  t h e  technical  l i t e r a t u r e  f o r  
addi t ional  information before attempting t o  specify f i l t e r s  for a par t icu-  
l a r  i n s t a l l a t i o n .  

The 24 x 24 x 11 1/2-in. high-efficiency 

3 

t r  

I 

Fig. 9.38. Asbestos-Cellulose High-Efficiency F i l t e r .  (From ref. 17) 

9.7.2.3 Moisture Separators 

If a f i l t e r  system i s  tjo be used t o  f i l t e r  t he  steam-air mixture 
t h a t  could be released during a major accident i n  a water-cooled reactor  
plant,  a moisture separator may be required instead of or i n  addi t ion t o  
a p r e f i l t e r .  
f i l t e r  system t o  reduce the  clogging e f f e c t  t h a t  would otherwise occur 
with the  sudden flow of w e t  steam or fog through normally dusty f i l t e rs .  
Excessive moisture could a l so  weaken and cause rupture of absolute f i l -  
t e r s .  Moisture separators m y  a l so  be used i n  conjunction with charcoal 
beds i n  an e f f o r t  t o  prevent l o s s  of e f f ic iency  caused by excess moisture. 

A moisture separator i s  used upstream of the  the  normal 
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Favorable r e s u l t s  have been obtained from experimental work on one 
type of moisture separator f o r  t h i s  application. 2 o  
t o r s  t e s t e d  consisted of 2- in . - thick mats of  Teflon yarn wrapped over 
s t a in l e s s  s t e e l  reinforcing w i r e .  
9.40 t h a t  i s  ra ted  a t  400 scf/min. f t 2  a t  a 0.95-in. H 2 0  d i f f e r e n t i a l  
a i r  pressure. 
t o  a flow of wet steam and fog without upstream moisture separators 
quickly became almost completely plugged with l i qu id  water, and some 
rupturing occurred. 
ters was sa t i s fac tory .  

The moisture separa- 

A u n i t  of t h i s  type i s  shown i n  Fig. 

During the  t e s t s ,  glass-asbestos f i b e r  f i l t e r s  subjected 

With moisture separators, performance of t he  f i l -  

DPSP F-8699-8 

DPSP F-8699- 2 

DPSP F-8699-7 

DPSPF-8699-1 

Fig. 9.40. Moisture Separators. (From ref. 20) 
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9.7.3 Iodine-Removal Devices 

Radioactive iodine i s  of par t icu lar  importance because of the  ex- 
tremely low concentration i n  a i r  t h a t  i s  to le rab le  and may be discharged 
from a nuclear plant both during normal operation and i n  the  event of an 
accident. Considerable a t t en t ion  has therefore  been given t o  methods f o r  
removing iodine from a i r  streams, 21) 22  par t i cu la r ly  a t  reprocessing 
f a c i l i t i e s  where radioact ive iodine is  released rout inely when spent f u e l  
i s  dissolved. These methods include l i qu id  absorption i n  scrubbing columns, 
adsorption on ce r t a in  so l id  materials,  cryogenic applications,  or chemical 
reaction. Since the form of  released iodine is  determined by environ- 
mental conditions a t  the  time of  release,  the appl icat ion of these methods 
might d i f f e r  from the  appl icat ion used i n  a chemical processing plant .  
The same methods also remove other radioactive gases of  l e s s  biological  
significance.  

and desired removal eff ic iency by using multiple u n i t s  and combinations 
of methods, i f  necessary. A d i f f i c u l t y  with some methods i s  t h a t  of 
assuring t h a t  t he  effectiveness of the  system w i l l  be maintained a f t e r  
long periods of idleness,  as i n  the  case of systems ins t a l l ed  i n  contain- 
ment vessels .  Periodic t e s t i n g  and replacement i s  desirable  and may be 
required. Testing of these systems i s  discussed i n  Section 9.7.5. The 
pr inc ipa l  methods used f o r  radioact ive iodine removal a r e  discussed 
below. 2 3 ~  2 4  

Iodine-removal systems can be designed f o r  near ly  any appl icat ion 

9.7. 3.1 Caustic Scrubbers 

In  a caust ic  scrubber, an aqueous so lu t ion  of NaOH i s  pumped over 
the  packing of a scrubbing column through which the  contaminated a i r  i s  
passed. Iodine, as well  as any acid contamination, i s  removed from t h e  
a i r  stream. 
A caust ic  scrubber used i n  t h e  containment building of t h e  Oak Ridge 
Research Reactor, see Fig. 9.41 (ref.  25), was t e s t ed  a t  an a i r  flow r a t e  
of 5000 t o  6000 cfm and an iodine concentration of 15 pg/ft3;  it achieved 
an iodine-removal eff ic iency of 99%. 
independent of a i r  flow r a t e  over qui te  a wide range but increases with 
inlet  iodine concentration. In  general, caust ic  scrubbers are useful  f o r  
reducing the molecular iodine concentration by one t o  two orders of mag- 
nitude; however, iodine adsorbed on pa r t i cu la t e s  may a l so  be removed by 
act ion of the  f lu id .  

Iodine-removal e f f i c i enc ie s  of 95 t o  99% can be obtained. 

The removal e f f ic iency  i s  r e l a t i v e l y  

9.7.3.2 Heated S i lver  Nitrate  Beds 

A method developed and used pr inc ipa l ly  a t  Hanford f o r  removing radio- 
act ive iodine from the  gaseous e f f luent  of a &rex f a c i l i t y  uses s i l v e r  
n i t r a t e  supported on packing i n  a column. The beds a re  maintained a t  375 
t o  400°F. 
99.99% were obtained i n  development tests,  and the  fu l l - sca l e  un i t s  oper- 
a t e  wi-th e f f ic ienc ies  of 99 t o  99.9%. 

9.7.3.3 Silver-Plated Wire Beds 

on a wire mesh. A kn i t ted  mesh of s i lver -p la ted  copper ribbons and s i l v e r -  
plated s t a in l e s s  steel  wire mesh have both been used with success i n  tests.  

With a gas ve loc i ty  of 1 ft /sec,  removal e f f ic ienc ies  of 99.9 t o  

In  another method, the  gas stream i s  passed over s i l v e r  metal plated 
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ScXueem (FILLLED WITH /- CEHAMIC BERYIL SADDLES) 

Fig.  9.41. Oak Ridge ' l i e ~ e a ~ c i i  Xeac-Lor Cau.st5.c Scrubber. (From 
ref. 25)  

Iodine-removal e f f i c i e n c i e s  of 30 to 93.9$ have been obtained for. concen- 
t r a t i o n s  o f  0.05 t o  700 ing of iodine per cubic meter o f   ai^, respectively.  
Efficiencies increase sometshr-lt w l i t h  temperature and with iiiois Lv.re conteub 
of the air. 'The pressure drop through t h e  beds I.s :relatively ~~11al. l  com- 
pared w i L h  that  of other  methods, There i s  indicat ion . that  the removal 
eff ic iency would. decrease with use m i x h  mure writh t h F s  rnetbod -tha.n it 
woi~ld  wiYn act ivated charcoal beds. 

9.7.3.4 Activated Charcoal 

Activa-bed. charcoal has been used widely for  radioact ive iodine re- 
moval, Removal ei 'ficiencies of 99.99% and grea te r  have been achieved i n  
act ivated charcoal beds,  and large amounts of i nd ine  can be remov-ed wtth 
little l o s s  of eff ic iency.  Efficiency d.ecrea:;es somevhat w i t h  -inereas irig 
temperatwe, as well. as with water vapo:r in the air stream, 2 6  Tlowever, 
.this mater ia l  prese:nts a greater conibu.st-ion hazard than the  other iodine- 
Ternoval ma. te r la l s .  The pressure drop is greater than f o r  s?:.lver-pl.a.ted 
wire ~ e s h  but is less than for o1;h.m materials wri.t,h removal efPiciencies 
above 99%. 
ac t iva ted  cha.rcoal beds, %'ne latt,er being the  nose efficient;  for iodine 
8.b:;orptf.m. The honeyccmb imit s?iow in Fig. 9.42 was designed -Lo hold 
par t  i c l e  s of ac t iva ted  cha-rc oal OY o 1;he:r i.odi ne .-removal_ mat el-ials , as 
wel l  as t o  yemove p a r t i c u l a t e  mater ia l .  Resul.S,s of tests 9x1 .!;be iodine- 
removal. efficiency of act ivated carboa in various fo-ms a r e  present,ed i n  
ref. 27. 

Either  petro~.ewn of cocoanut-shell chareoa.l. ~iiay be usei~. in 
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9.  7.4 Containment Rcrtlosphere Cl-ean-up Svsteins ....................... I______c_ ..Y ._...._ L-- 

Various s y s t e m  have 'men pi-oposed t o  remove f i s s i o n  produc-ts from 
t he  contairrmect atmosphere following a major accidenl;. T h i s  woul..d. reduce 
the d-irect  r a d i a t i o n  dose f rom 'ihe conta nent ves se l  and thus reduce t h e  
exclusiori r a d  i.us o r  amount of containmeilk sh i e ld ing  required.  It al.so 
would reduce the amount of rad . loac t iv i ty  t h a t  could leak our; ol" the coli.- 
tai.nliieill; ves se l  and further l i m i t  Lhe en.viron.menta.1. consequences of an 
accident .  L iLt le  infonnatioii  7.s avail-able concerning the  e f fec t iveness  
of such systemsi s o  t h e  credii; Lhai; can cu r ren t ly  be taken f o r  them i n  

ac-l;uaL value.  

as irGing ,-1 'ihe c~ilseqii.ences of an accident may be much l e s s  t'lai? their 

9.7.  1 Recri .rciil-at,ing Filter Sys iotns - -___ ~ __._..... __ .... 
A filter system e s s e n t i a l l y  the same as  t h a t  used i n  the exhaust 

systeiii of  a conventional containment vessel and i n  t h e  exhaust from a 
negative -pressure, I.ow-!_eakage conventional ty-pe of buiJ.d.ri.ng may be used 
i n  a ~ Iosed . ;  3-ecirculat ing v e n t t l a t i o n  sys tcx  loca ted  enk i r e ly  wi th in  
the containmelit vessel., The f i l t e r  u n i t s  may be encl.osed. writhin a radi-, 
a t i o n  sh7.eld s o  t h a t  t he  coll.ec-i;ed. f i s s i o n  pyoducts are not rad.i.ati.on 
sources .  The system m i s t  be designed .i;o operate  f,n t h e  accident environ- 
ment, and the  elecj;ri.cal power supply t o  operate  the b.l.owers rnust bz re-  
l i a b l e  under accident, condit,ions . Supplemental.. cooling of t h e  f i l t e r  
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bed.8 may be reqiiii-ed i f  the a i r  flow .through them cou1.d become insu f f i -  
c ien t  t o  cool  them. Since the  a i r  i s  recirculated., f i l . l ;ers with an e f f i -  
ciency of less than 9'3.9774 ( a  high-efficiency f i l t e r )  may be su i tab le  f o r  
removing t h e  radioact ive par t icu la te  material ,  depending upon the time 
and decontamination l e v e l  requirements. 

9.7.4.2 Spray Sy stems 

Spray o r  deluge systems are  provided i n  many conta.inment systems, 
While t h e i r  primary purpose i s  t o  reduce the pressure resultling Prom an 
accident, as discussed i n  Sectton 9.6.8, they should a l so  be effecti.ve 
i n  removing particu-late and water-soluble f i s s i o n  products from the con- 
tatnment atmosphere and. t he  containment; i n t e r i o r  surf  aces. The rad-lo- 
a c t i v i t y  washed. out of the  a i r  and o f f  t he  surfaces may be simply col-  
lec-ted i n  the  bottom of the containment vessel  where it would not present, 
a d i r e c t  rad ia t ion  source, or  t he  water may be passed through filtxxs 
t h a t  would remove t h e  bulk of t'ne rad ioac t iv i ty .  "ne water for t he  spray 
system may be stored i n  an elevated tank TyTithin Yne containment .Jessel or  
it may come from an outside s m r c e .  

The effect iveness  of a water spray i n  washing f i s s i o n  products out 
of a i r  may be approximated from an anal-ogy with the  "rain-out" of radio- 
a c t i v i t y  released t o  the  atmosphere. Methods of estimating t h i s  e f f ec t  
are presented i n  r e f .  28, and data  on the  effectiveness of sprays i n  re -  
moving iodine are presented i n  re fs .  29 and 30. However, even with good. 
experimental data on washdown, uncer ta in t ies  arise because of lack  o f  
information on the types and physical forms of t he  radioisotopes t h a t  
w i l l  be encouritered i n  the  containment atmosphere. 'This subject, i s  d i s -  
cussed further i n  Chapter 4. 

9.7.4.3 Fog Systems 

Fog systems have been proposed. t o  wash rad ioac t iv i ty  out of a i r  more 
e f f ec t ive ly  than water sprays. Because t h e  fog pa r t i c l e s  are  rmch smaller 
than the  drops i n  a water spray, they can in t e rac t  b e t t e r  with f i n e  par- 
t i c u l a t e  matter and can provide grea te r  washhg effectiveness with l e s s  
water. A fog system may not be as ef fec t ive  as a spray i n  condensing 
steam and reducing containment pressure, however. As with the  spray sys- 
tem, good quant i ta t ive data  on the  effectiveness of' such a system are not 
available.  

9.7.4.4 Foam 

It has been suggested t h a t  i n  the event of an accident, a contain- 
ment vessel  could be f i l l e d  with a s t ab le  foam t h a t  would t r a p  the  f is-  
s ion  products and prevent them from leaking out of t he  vessel .  This i s  
probably a more posi t ive means of trapping f i s s i o n  products and reducing 
leakage than those mentioned above, but it does not subs tan t ia l ly  reduce 
the  d i r ec t  rad ia t ion  from t he  containment vessel .  It also could present 
more d i f f i c u l t i e s  i n  cleaning up a f t e r  an accident. 
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9 .7 .5  Testing 

Fission-product removal systems shoiild be per iodical lg  t e s t ed  i n  
place t o  be ce r t a in  t h a t  t h e i r  design eff ic iency i s  ac tua l ly  being 
achi-eved. The eff ic iency of an in s t a l l a t ion  tha t  contains high-eff i c k n c y  
f i l t e r s  depends not only on the in t eg r i ty  of t he  indivi-dual f i l t e r s  but 
a l s o  oil the  in t eg r i ty  oi" the  entj-re i n s t a l l a t i o n  and, i n  par t icular ,  on 
the  proper i n s t a l l a t i o n  of t he  f i l t e r s  i n  the  mounting frames. The 
eff ic jency of such systems should be measured by in-place t e s t s  a f t e r  
each fil.Ler chznge; however: routine in-place t e s t i n g  i s  a l so  necessary 
f o r  rnafntaining .t;?le i n t eg r i ty  of operational i n s t a l l a t ions .  Some f i ss ion-  
product removal schemes, such as sprays, can only be t e s t ed  f o r  oprra- 
bili-by; t h e i r  effectiveness is  usually estimated from the  r e s u l t s  of 
labora'iory t e s t s .  Testing requirements and - tes t  methods employed on the  
usual type of fission-product removal systems are  discussed in the  f o l -  
lowing paragraphs aild i n  Chapter 2. 

9 .7 .5 .1  ParLiculate F i l t e r s  

A'i an air-cleaning seminar31 a t  Harvard University 3.n June 1957, 
one manufacturer of high-efficiency f i l t e r s  alleged tha t  a t  l e a s t  one 
manufacturer was using an e f f  iciency-measuring iiist,rumen-t tha'i needed 
cal ibrat ion.  On the  bas i s  of t h a t  remark and evidence t h a t  seemed t o  
bear out t he  al legat ion,  t he  AEC, i n  cooperation with the Army Chemkal 
Center a t  Edgewood, Maryland, tes-Led random samples from f i l t e r  stocks 
of atomic energy plants .  The survey disclosed a s ign i f icant  percentage 
of unsat isfactory f i l t e r s .  A s  a consequence of these findings,  t he  AFX 
established two qualiky-assurance s ta t ions  t o  inspect; and test new high- 
efficiency par t icu la te  f i l t e r s  f o r  the  at0ml.c energy program. The Gen- 
e r a l  E lec t r i c  Company a t  Hichland, Washington (HAPO), was designated as 
the  s t a t ion  f o r  i n s t a l l a t ions  wes - t  of 'die Mississippi River, and the  
Chemical. Corps Arsenal, Edgewood., Maryland, provided service f o r  loca- 
t ions  i n  the  eas t . 32  Effective January l, 1963, t he  Oak Ridge Gaseous 
Diffusion Plant of the  Nuel-ear Division of Union Carbide Corporation 
was designated an AEC! qual.i.ty-assurance s t a t ion  t o  replace the  Chemical 
Corps Arsenal, Edgewood, Maryland. 3 3  

new f i l t e r s  are  inspected and t e s t ed  f o r  eff ic iency according t o  MZTJ-STD- 
2€!2.34 
pants i n  the  atomic energy program, i t s  use is urged by t h e  AN!. 

the  receipt  of sound, e f f i c i e n t  f i l t e r s ,  but t he  e f f ic iency  of a f i l t e r  
system can be determined only by a su i tab le  in-place t e s t .  The Oak Ridge 
National Laboratory has modified the  DOP t e s t i n g  technique used by the  
quality-assurance s ta t ions  fo r  suxh in-place t e s t i n g  of f i l t e r  instal.l..a- 
t ions .  3 5 )  36 

atomization with compressed a i r ,  i s  discharged in to  any convenient a i r  
intake ahead of .t;he f i l t e r  bank. 

2. The concentration of the unf i l te red  aerosol i s  iiieasured by drraw- 
ing a sample from a point ahead of t he  fj.l.ter bank and passing i.t, through 
a forward l i g h t  -scat ter ing photometer. 

A t  tlnese f i l t e r  tesking centers,  

While t h i s  service was placed on a voluntary basis  f o r  pai-tici- 

U s e  of t he  service offered by the  quality-assurance s t a t ions  asures 

The procedure is as follows : 
1. A polydisperse aerosol of d ioc ty l  phthalate (DOP), produced by 
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3 .  The concentration o f  t he  aerosol  i.n t he  f i l t e r e d  a i r  j.s measured 
downstream of the f i l t e r  bank ( f recpent ly  a f t e r  t he  exIm.~s-l; blower t o  
asslire t he  withdrawal of a thoroughly mixed sample ). 

t e red  and f i l t e r e d  concentration measurements. 

duct between the point where t h e  aerosol is  ini,roduced and the f i l t e r .  
ba,nk t o  a l low thorough mhing  of t he  aerosol.-air mk tu re .  
of duct i s  too  short  t o  provide adequate mixing, altternx-te procedwes are 
available;  these a re  discussed i n  ref,  36. 

If the in-place test intlica.te:s an unsat isfactory efficiency, it i s  
usual1.y possi'ule t o  f ind  the  soince of the  ti-ouble by probing the  down- 
stream s ide  of the  fiI.i;er bamk with the pho-Lo-rieter probe. It i s  not 
unusual t o  f ind  leakage paths i n  t h e  f i l t e r  housing or" i n  the  gasket 
areas,  as well as through holes in t he  fil..-f;er medium. Experience a t  the  
Oak Ridge N a t i o n a l  Laboratory has indicated t h a t  it i s  reln-l;i-vely easy 
t o  axhieve a system eff ic iency of 99.97% or bet;ter f o r  s-raall s ing le  arid 
doub1.e f i l t e r  systems, but r e l a t i v e l y  few exis t ing  large m u . l t L f i l t e s  
installati ions were found with e f f i c i e n c i e s  t h i s  high when i . a l t i a l ly  t e s t ed .  
However, it was found t h a t  new systems of all- types have a good chance of 
passing an in-place test  i f  close a t t en t ion  i s  given t o  d e t a i l s  of design 
and. fabr ica t ion  and i f  t he  fil.ters a re  in s t a l l ed  under competent super- 
v i s  ion. 

of Yne reactor  compartment vent;ila-tion systeui f i1t;ers.  37 

4. Tlie eff ic iency of t he  fil.l;er bank i s  calculated from t h e  11.nti.1.- 

I n  order t o  corzduct t h i s  t e s t ,  there  rmxt  be a sufficient;  length o f  

Wkicn the  length 

The RS Savannah uxed a sirflil.ar procedure f o r  rout ine in-place t e s t ing  

9.7.5.2 Iodine-Removal ,Systems 

One method of t e s t i n g  an iodine-removal system requires  that; a s m d . 1  
sample of radioactive iodine be incjected i n t o  the  i n l e t  air stream of the  
installed.  system and t h a t  samples of t he  i n l e t  and ou t l e t  streams be taken 
and measured f o r  iodine concentrations. 23 
several  potent la1 errors ,  h.owever, and care  must be taken when determining 
iodine-removal eff ic iency.  In  one eommonly used method, the  i n l e t  and 
out le t  gas s a q l e s  a r e  passed through small sample col lectors ,  such as 
acti.va-Led charcoal o r  caust ic  scrubbers, and it i s  assumed t h z t  the  
e f f i c i enc ie s  of -the two smpl.s c(YL1ecl;ors are the  same. '?he col lec t ion  
e f f i c i enc ie s  o f  rmter ia ls ,  including the  materials i n  the  devlce being 
tested, vary wFth the iodine c(mcentration, as  w e l l  as the  chemical and 
physi.cal form, which may change during t ransport  between sampling s ta t ions .  
In the  case of reduced sample co l lec tor  efficiency, an overestimate of the  
iodine-removal e f f ic iency  would be made due t o  the  lower concentration 
i n  the  ou t l e t  gas. Another possible error r e s u l t s  when the  radioactive 
iodine appears as a t r u e  gas or is chemical-ly adsorbed on par t i c l e s  of 
dust small enough t o  penetrate t he  co l lec tors .  

The N S  Savanndi procedure f o r  the  routine in-place t e s t i n g  of t h e  
iodine-removal e f f ic iency  of' the  reactor  compartment ventil-ation system 
filters33 i s  outlined below: 

capacity . 

This method i s  cubJee-t t o  

1. The ven t i l a t ion  system i s  set t o  operate smoothly a t  ra ted  tes t  
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2. Personnel observtng and conducting t h e  tes-L wear ac t iva t ed  char- 
coa l  r e s p i r a t o r s  and protec1;ive c lo th ing .  A l l  o the r  personnel evacuate 
the compartment t h a t  surrounds t h e  containment vesse l .  

3 .  The iodine- in jec t ion  system i s  connected t o  -Uie in take  of t h e  
emergency v e n t i l a t i o n  system. 
system a r e  connected t o  t h e  iod ine - in j ec t ion  system. 

4 .  Activated charcoal  iodine -sampling u n i t s  are i n s t a l l e d  i n  por t s  
upstream and downstream of the  iod.ine-absorption system undergoing t e s t .  

5.  1od.ine a i r  monitors a r e  s e t  f o r  opera t ton  i n  t h e  compwtment 
and o ther  appropriate  l oca t ions  during the  iodine tes-L. 

6. The ac t iva t ed  charcoal  sampling i i n i t s  a r e  s e t  i n t o  operat ion.  
7. T'ne iodine-Tnjec-Lion device i s  ac-tiva'ied by f i r s t  s t a r t i n g  an 

Tne compressed a i r  supply and atr-meter ing 

a i r  flow over t h e  gas ampoule con-Lari.ning t h e  iodine and by then  crushing 
t h e  outer w a l l s  of' t h e  s t a i n l e s s  s t e e l  tub ing  t o  break t h e  ampoule. 
Health physics monitoring i s  required during t h i s  operat ion.  

j e c t  t o  change depending upon r e s u l t s  of i n i t i a l .  iodine pene t ra t ion  t e s t ) .  
The a i r  f l -ow through t h e  i n j e c t i o n  device and sampling u n i t s  i s  -then 
stopped, t h e  sampling u n i t s  a r e  removed f o r  radioassay, and t h e  i n j e c t i o n  
d.evice i s  removed t o  a rad ioac t ive  s torage  a rea .  

8. 0pe:ration of the t e s t  i s  continued f o r  a period of 2 h r  (sub-  

9.7.5.3 -. Requirement; .... f o r  F i l t e r  T e s t i n t  

%nose pl.ants t h a t  requi re  h ighly  e f f i c i e n t  f i l t r a t i o n  and iodiiie- 
removal systerns t o  reduce the  r e l e a s e  of radioac Livi-Ly t o  t o l e r a b l e  l i m -  
i t s  should r equ i r e  i-outine in-place -besting of these  systems t o  demon- 
sLra te  t h e i r  e f f ec t iveness .  While no sxandards e x i s t  for conducting 
in-place Lests, t a e t t  approval has been given t o  the method of t e s t i n g  
high-eff ic iency f i l t e r s  t h a t  employs air-operated aerosol  generators .  
The resul-Ls of  numerous tesLs have been used and accepted. as  t ne  b a s i s  
of review by the  Commission f o r  l i c e n s i n g  purposes ( s e e  refs. 35 and 36 
and Chap. 2 ) .  

p lace t e s t s  of h igh-ef f ic iency  f i l t e r s  and iodine f i l t e r s .  Care i n  t h e  
design and f a b r i c a t i o n  of an i n s t a l l a t i o n ,  ph is  care  i n  t h e  i n s t a l l a t i o n  
o f  f i l t e r s ,  do not necessa r i ly  assure  having a system of adequate e f f i -  
ciency; however, they  increase  t h e  pTobabili ty s i g n i f i c a n t l y .  

Tnere a r e  no e n t i r e l y  s a t i s f a c t o r y  a l t e r n a t i v e s  t o  performing in -  

9.8 OPERATIOB OF CONTAIWEI\JT SYST'EMS 

C .  S. Walker* 

As ind ica ted  i n  previous sec t ions  ol" t h i s  repoi-t, t h e  purpose of 
containment, is t o  l i m i t  t h e  r e l ease  of r a d i o a c t i v i t y  t o  acceptable  values 
following any c red ib l e  accident .  The methods of achieving this objec i ive  
r e l y  not only on t h e  containment enclosure i t s e l f ,  but a l s o  on t h e  opera- 
t i o n  of equipment, such as i s o l a t i o n  valves that must be closed, a i r  

*Oak Ridge NatiormJ. Laboratory. 
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locks t h a t  must not have both doors open simultaneously, spray systems 
where need.ed t o  prevent ufisafe rises i n  pressure o r  tem-prature or both, 
f i l t e r s  t o  reduce t h e  rad ioac t iv i ty  of any ef f luent  being released v i a  
a stack, and blo?.rers t o  d i r e c t  t h e  e f f luent  through the  f i l t e r s  and stack. 
This equipmerit, together with the  necessary sensors, arnplif i e rs ,  i n t e r -  
connections, relays,  control  v a l ~ ~ ~ ,  c t c .  I must operate successfulPf as 
an integrated system i f  -the contai.nment enclosure is  t o  f u l f i l l  its func- 
t ion .  

reactor  and the  public a re  ca l led  safe ty  systems.38 
been given t o  the  s y s t e m  that decreases the r e a c t i v i t y  i f  the  reactor  
power exceeds a safe value. Generally, a, substant la1 number of saTety 
rods are provided so  t h a t  a complete faA1m-e of my one device w i l l  no t  
s ign i f i can t ly  decrease 'the safe ty  po,tential  of -the shutd.owii syskm. 
Similarly, several  redunda,nt cliamels of' instrumentation are provided so  
t h a t  an instrument breakdown wi.l.1 no t  render the system. inoperative. In 
addition, the outputs of the  instrumenis are of ten combined, usi.ng eoin- 
cideiice techniques, .to mi-nimize {;he eiYects of a single danger signal,  
presumably f a l se ,  which otherwise would. i n i t i a t e  an unnecessary shutdown. 
The instrwnexts used i n  .Elis servi.ce have been highly refj.ned. and a re  
b u i l t  t o  more rigid, precise specif icat ions than are analogous devices 
in, f o r  example, cheinical plants. The safe ty  actuators  (rod drives)  a re  
a l so  designed with grea t  care because of the  exacting requirementis of 
this safety-system service. A l l  of t h i s  care and e f f o r t  i s  f o r  the pur- 
pose of securing the r e l i a b i l i t y  required of a protect ive sys~tcm. In 
.the general sense, a protective system i s  any system having the  design 
objective of 1 i m i t i . n . g  Vie r e s u l t s  of a credtb1.e accident t o  acceptable 
values I 
t o  achi-eve contaiiulitmi; i s  i n  real-i t y  a protect ive system. 

I n  nuclear processes, systems tha-t are  d.esigned for protec-Ling the  
Much a t t en t ion  has 

Thus the  system composed of th.e equipment and instrwflents needed 

9.l3.1 System Re l i ab i l i t y  

It might be argued t h a t  s ince the  containme:o:t; system w i l l .  probably 
not be needed during the  l i f e  of the plant, t he  containment closure sys- 
t e m  may be designed with l e s s  relia'oi.lity than i s  :required for nuclear 
systeins. 'I'his reasoning is f a l se .  High r e l i a b i l i t y  i s  requ-ired wherever 
the  f a i l u r e  of a system of protection has  been determined t o  be unaccept- 
able. 3 9  The containment enclosure is  provided, of ten a t  g rea t  expense, 
t o  protect  t he  general public from the  conseqLiences of an uncontained, 
but credible,  reactor  accident. Correc-f; act ion by k h e  co~itain~nent c lo-  
sure system is essentj.a.1. t o  achievi.ng contaiiment, and it-, is -Lherefore 
e s sen t i a l  t h a t  t he  sys-Lem operate re l iab ly .  

nent fail-xire experience will r e s u l t  in a quant i ta t ive expression f o r  s-ys - 
t e m  r e l i a b i l i t y .  If a l l  system fa3..3_.ures resulted. From co-mponent failu.res, 
and i f  31.1 component f a i lu re s  w e r e  random even.ts, siich n quant i ta t ive 
expression would become a possibil-i ty.  40j 41 
possible a,t this time, however, as a t t e s t ed  by the subs tan t ia l  number o f  

Tlie hope i s  of ten expressed t h a t  a s t a t i s t i c a l  treatment of eompo- 

A numerical. r a t ing  i s  not; 
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nuclear  safe Ly sys t,em f a i l u r e s  t h a t  have resulLed. i n  react<or core dainage 
o r  decl;rucl;i.o-il where compoi1enL f a i l u r e s  had not  occurred. 42-44 

The correct, opera'ii.on of t h e  r eac to r  contairtriicnt sysLem w i l l .  be 
determined l .argely by the s k i l l  of -the designer  i n  meeking the frequent1.y 
conf 1-ic 'i ing ob Sect ive  s of sei-viceab il i t y  and s zTety. Containment c: 7-osure 
systems canno-L be absolu te ly  per fec t ,  and f a i l u r e s  w i l l  occur. Fai lures  
which c m s c  s a f e t y  ac-Lions t h a t  i n t e r f e r e  with t h e  normal operat ion oi" 
t h e  p lan t  w i l l  reduce t h e  servi .ces .bi l i ty  of t h e  ea t i r e  f ac i l - i t y ,  and by 
de f in i t i on ,  f a i l u r e s  t h a t  preven'L co r rec t ive  ac t ions  t o  be Laken ri.n an 
emergency w i l l  i.mpaj.r s a fe ty .  4 5  The f?'.rst type of f a i l u r e  may be c a l l e d  
a s a f e  f a i l u r e ,  OT fai.l.ux-e t o  safe-by; and the secoiid. type of f a i l u r e  may- 
be c a l l e d  an un-safe f a i l u r e ,  o r  fai..l.ure t o  danger. The fa i l - sa - fe  pr-inci-  
ple, which can never be completel-y real-ized i n  practj-ce, is an attempt 
Lo improve safeiy by arranging for 'the inore commoii types of f a i l u r e s  t o  
bc f a i l u r e s  t o  safety.'" 
are not se1.f-detectri.ng and can 'ue r e v e a k d  only by a ~ a i l u r e - d e t e c t i n a  
monitor o r  a per iodic  t e s t .  
becoming a r e a l i t y .  

ServiceahLli ty  may now be defimd. as t'ne propensity to be f r e e  
from sa fe  f a i l u r e s ,  2nd s a f e t y  as the  propensi ty  to  be f r e e  frrom unsafe 
Z'xilures. 4 6  
and safe ty ,  r e l i a b i l i t y  woul.d bc some func t ion  of t hese  values .  ?deli-- 
a b i l i t y ,  then, is 2 confuiiiation of s e r v i c e a b i l i t y  and safeby. 

terns, each employing a separa~tz  order  of r c l i a b i l i t y ,  wi.t,'n separate 
degrees of' s e r v i c e a b i l i t y  and snfety.  Control systems are f o r  t h e  pur- 
pose of opel-af;lng Lhe p?.ant i n  t h e  manner intended by i t s  design,, and 
t;l?e consequence of a f a i l u r e  of a control sysLem i s  at most a shuLdowii 
of the pl-ant, e i t h e r  di.rectiy because of t he  fal.7.iire o r  i n d i r e c t l y  be- 
cause of t h e  subsequ.ent acti.on of a s a f e t y  system. The re1iabiJ.iLy- of 
a con t ro l  sys-iem wil.1 -tiherefore be based on economi.c considerat ions,  wri-th 
s e r v i c e a b i l i t y  an objec t ive .  Pro tec t ive  systems, oil t h e  o ther  hand, a r e  
f o r  t h e  purpose of providing protee-Lion where a f a i l u r e  'io proi;ect would. 
r ~ ~ i ~ . l t  i n  damage Lo t h e  r e a c t o r  plant,  publ ic  jeopardy, o r  damage t o  Yhe 
progra-m. Tms the r e . l i a b i l i t y  of pro tec t ive  systems must be of an order  
higher  than  t h a t  of control.. s y - s t e m s ,  wi-Lh s a f e t y  being t h e  overriding 
cons ideyat ion.  

of t he  f a i l i xe  of any sI.ngle pov-tlon of the system -that has a c red ib l e  
probabi.l.i'cy of f a i l i n g .  Examples of such p a r t s  of a system are relays, 
amplif iers :  sensors,  switches, connectors, interconnect ions,  contact; 
matrices,  and ac tua tors  and t h e i r  associ-ated devi-ces. Thei-e have been 
ins tances  i n  which desi.gn e r r o r s  have allowed p r o - k c t i v e  syskems t o  be 
incapable of performing as required,  and t h e  moni tor r iq  o r  tes-Lri.ng pro- 
cedures as appl ied have f a i l e d  t o  d i sc losc  the  d.ef'tciency. 'L23 4 5 9  47 It 
should be recognized tha-L f a i l u r e s  can occur i n  por t ions  of t he  system 
t h a t  h.ave not been id.enti.fied. as v i t a l  and which, t he re fo re ,  l i e  ou-Lsidr 
t h e  a rea  of su rve i l l ance  and t e s t .  It should be a design objec t ive  t o  
search out  t h e  p o s s i b i l i t i e s  f o r  and -then mi-nimi.7,e t h e  occurrence of such 
Fa i lures .  

The mini-rma r e l i a b i l i t y  of a coiitainrflent system should be oi" t h e  
h ighes t  order,  s ince  t h e  need fo:!? containment may be t h e  r e s u l t  of  t h e  

Fa.i lures t o  d a n g s ,  unl-ike f a i l u r e s  t o  sa fe ty ,  

Unsafe f a<- lu re s  pi-evzni; "fai .~_ s a f e "  fkom 

Were i t  possible  -to ass ign  numerical values t o  servicea 'oi l i ty  

Therre a r e  two general  @I.asses of rins Lrumen-Lation and equj.-pen-t sys - 

Pro-T;ec-l;ri.ve systems shou.ld be capable of  pi-ovidihg pro tec t ion  i n  s p i t e  
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f a i l u r e  of o-ther systems tlnat were des igned t o  have high rel ta 'oi l i ty .  
Also, t he  contairiment system may be the  only protect ive system capable of 
functioning, as f o r  example, fol1owk-g a f u e l  loading or  unloading acci-  
deu1; when the  reac tor  i s  shutdown. It i s  mandato-ry t h a t  pliysical and 
functional independence be maintained between the  containment system and 
other  plant  protect ive systems, as well. as  between the  containment system 
arid all control  systems. 

9 .8 .1 .1  Protective Ch.annels 

A s ing le  channel fo r  containmen.1; system actuation consis ts  of t he  
sensor, amplifiers,  Connections, and the a.ctuator and i t s  associated 
devices arranged s o  t h a t  a given process variable,  having exceeded preset 
limits, can cause the  equipment comprising the  cha-me1 t o  take the  cor- 
r e c t  act ion required t o  achieve or maintain containment. In such ili s i m -  
p le  protect ive channel, not interconnected. with other channels, the  in-  
strument cha.nnel includes the  sensor, amplifiers,  and conriections but 
does not include tize actuator  a.nd the  associated devices controlled by 
the  actuator;  howevel-, a l l  the  consi.derations of channel t e s t i n g  and 
i so l a t ion  rnust apply t o  the  actuator  sn.d i t s  associated devices, as well 
as t o  the  hstrument  channel, s ince such equipriient i s  a v i t a l  pari; of the  
containment channel. 

i so la ted  channels, elther a l ike  or unlike, t o  accmplish the  same given 
objective.  The designer then has the  optj-on. of intercomx?cting Llie ehan- 
nels  so as t o  cause each input t o  a f f e c t  any o r  all of the actuators of 
the  complete contaimrLent closure system. It shou-ld be a desi.gn objective 
t'nat these interconnections intro&uce a miniimxfl impairment of channel 
i so l a t  ion. When t h i s  type of intei-connecting network I s  employed, each 
instrument chanriel i s  considered t o  terminate a t  %he interconneetion. 
As i n  t he  case of a sFmple s ing le  channel, a l l  t he  considerations of 
testi-w and isola-Lion miist apply t o  the  ac.tuators arid controlled eqinip- 
ment lying beyond t h e  interconnection. 

There should- be a mini-mum of two fu.nc-t ioning rins-truaent c2.iannel.s 
associated with each given process var iable  used i n  -the sys-Lem. Tlnese 
ins-trumerzt channels mmt Be i so la ted  physically and be indeperident .in 
operation. When coincidence is  used and system t e s t i n g  depends on coin- 
cidence, t he  fai l i i re  of one of th ree  instrument channels should requrire 
a shutdown of t h e  plant by .manual procedures i f  t h e  f a i l u r e  prevents 
fu r the r  t e s t i u g  and i f  repair. of t he  fs.il.ed channel cannot be completed 
i n  a time comparable with t%le mmirflum allowable in t e rva l  between t e s t s ,  

The employment of d ive r s i ty  will decrease t h e  likelihood. of a 
sirigle event disabl ing both o r  a l l  sa fe ty  channels. The inputs associ-  
a ted with a gi-ven process var iable  may consis t  of two unlike measuri.ng 
techniques; f o r  example, f l u 5 3  flow may be deteruiimd by iiie3n.s of a 
ventur i  o r  by -the d i f f e r e n t i a l  pressure across a pump Also, a contain- 
ment closure system may use two unlike protect ive channels t o  achieve 
the  same end r e s u l t .  As an example, a valve closure channel and a se r i e s  
charcoal bed. may be paired where the f a i l u r e  of e i t h e r  has a reasonable 
probabi l i ty  and Tission-product rel.ea.se as a consequence of f a i l u r e  i s  
unacceptable. Die independence of the  valve closure channel and the  

Redundancy may be achieved. by employing two or more independent and 
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charcoal  bed ~riust be ma.intai-ned, Rj ld  t'ne o p e r a b i l i t y  of both m i s t  be 
e s t ab i i shed  by a icst,i.ng o r  monitoring procedure. 

9.8.1.2 TesLi,i1g and Moni.toring .. . . . 

E i t h e r  of two me-tho& may be iised t o  determine t h e  operabi l i ty -  of 
t h e  conta-j.nment systen. i n  i;he first method, Lhe system 7-s provided with 
b u i l t - i n  rnonitori-ng o r  tes t i -ng  equipment Lo aUow the  operabi.l.i.ty of sub- 
s - i a n t i a l l y  a l l  of each channel. t o  be \ierci.fied during p lan t  o p e r a t b n .  
Remaining por-i;i..ons of' the safe-by channels aye t h e n  t e s t ed  d.i.ring plank 
shutdown. The second method employs su rve i l l ance  during operati-on and 
complete channel t e s t i n g  diiri.ng shutdown. The fii-si; trlet'nod i s  appl icable  
t o  p l an t s  having long operat ing cycles ,  whereas the second method i s  
appl-j-cable only t o  p l an t s  havi.ng s h o r t  opera t ing  cyc les .  Nei ther  method 
alone produces a protecti .ve sy-s tern t h a t  i s  inhe ren t ly  more re.l.i-a'ole t h a n  
the o the r .  

Monitoring u t i l i z e s  measurements made during normal opes-ation of 
t h e  p lan t  to determine whether a pro- iect ive channel i s  capable o f  car ry-  
ri.ng out its desi.gn func-ti.on. 1'0 disturbances a r e  introduced Fnto t h e  
channel a t  any poin t .  The process i s  c a r r i e d  out by a conti.nuous sensing 
of c c r t a l n  importaj?t inLernal  vari-ables i n  a protec1;ri.w channel., with 
alarm ind ica t ions  if any of -these p a r m e t e r s  should val-y beyorid a pre- 
estztdished l i m i - t , .  %'or example, t h e  moti.ri.toring of a vacuum tube i n  an 
au),plif i e r  mj.ght cons i s t  of indica-tions and zlanns showing whe ther  t h e  
plai;e currrent and cai2iod.e voltage wcre each withj-n t h e i r  noimal operat<-ng 
I_j.inits, and cables  and connections t o  ion chambers c a n  be moni:t;ored t o  
dete-mine whether tile ci.rcuiLs a re  compl e t e d .  Mo:ni.toriiig cannot be 
appl ied to all devices;  f o r  exanipil.e, no measurements can bc mad.? on a 
r e l a y  durii is  normal opera t ion  t o  deteim.ae tha-t  it w i l l  func t ion  properly 
on deman.d. 

there b u i l t - i n  monitorlng i s  employed, i t  should be a design o'ojec- 
Live t h a t  unsafe  fai-hi-res be de tec ted ,  s ince  s a f e  fa i l -ures  a r e  s e l f -  
deiect i i ig .  Where a choice e x i s t s  in .  arranging a givcn component -to f a i l  
i.n the safe d.irecti.on Oi" t o  faS.1 i n  t h e  unsake d i r ec t ion ,  i t  i.s accept-  
ab le  i n  t he  i -ntej-es- i  of serviceabi l - i ty  t o  adopt t h e  unsafe f a i l u r e  pro- 
vided t h e  unsafe f a i l u r e  is detec ted  Lhrough monitoring. When coinci-- 
dence is  empl.oyed, unsafe f a i l u r e s  thaL al-e de tec ted  should caiise the 
f a i l e d  channel - to t r i p .  When coincidence i s  not; employed, an unsafe 
f a i l u r e  de tec ted  in one of t h r e e  or more channels shou1.d cause s n  alarm; 
an unsafe f a i l u r e  detected. i n  one of two channels ( o r  detected i n  one 
of two l-ertiaini.ag channels i n  a inul-tichannel system) shou1.d cause the  con- 
tainment sys-bezi t o  be ac l iva ted .  

By d e f i n i t i o n ,  t e s t i n g  requi res  -ihat one of t h e  parameters of a pro- 
Lective channel be va r i ed  s u f f i c i e n t l y  t o  d-etei-mine whether t h e  channel 
Tesponds c o r r e c t l y .  Unlike monitoring, t e s t i n g  can allow an examination 
of t h e  v a r i a t i o n s  i n  t h e  p ro tec t ive  channel parameters. On-line t e s t i n g  
may r equ i r e  t h a t  the ac tua to r s  and assoc ia ted  devices cannot be aS.l.owed 
'Go complete t h e i r  normal response t o  a signal-  r equ i r ing  containment. 
Ifowever, t h e  t e s t  shou3.d include as  much of t h e  system a s  possible ,  t h a t  
is ,  it i s  des i r ab le  t h a t  i;he flow o r  temperature be perturbed s o  a s  t o  
include t h e  sensor  and, T,There poss ib le ,  the f i n a l  protec-Live device, such 
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as a valve, should 'ue actuated.45 In cases where the -test i s  l e s s  cxten- 
sive,  provision should be -made for surveil lance of t he  untested portions. 
Tkre  should. be no interference with -i;%ie correct ive opemtion of the  pro- 
t ec t ive  chaime1. during the test; ' that is, t he  test, signal. sl1oul.d s.upple- 
ment 01- be superimposed. on the  normal s5.gn.a.l. 
should SiMul.i3-t;e as f a i t h f u l l y  a.s possible the ac tua l  behavior af the  pro- 
cess  variable .  The Trcqcency wil;h which t h e  t e s t s  are  performed. should 
be re la ted  t o  the  p r e d k t e d  or expertenced. f a i l u r e  r a t e .  

The system employed f o r  tes-Ling should be armnged s o  a s  t o  const:'.- 
t x t e  a minimal breach of i - so l a t ion  of tlle separate pro1;ective chanriels 
If the  system for t e s t i n g  is  common t o  otherwise separate chann.el..s, t h e  
layout mis t  be such t h a t  there is  no iricrrase i n  the probabi l i ty  GI" R 

fail-ure i n  one portion of a chaniiel causifig a l l  channels to fai.1." Fa i l -  
ures or iginat ing i n  the  t es t  equipment s1ioul.d. not  affect t he  safe  ilperra- 
t i o n  of more t han  a singl.e protect ive clinnnel. 

to system pertii:r'nati.ons or the observat ion  of recorder char ts  during nor- 
mal operation L o  de tec t  ab-normalities . Surveillance should be employed 
wherever 'nu.ill;-i.i? tes t ing or monitoring f a c i l i t i e s  are no% -provi.ded. o r  
are  inc omple t,e . 
on-stream tes t ing ,  o r  b$ survel l lance should be detected by tes ts  per- 
formed during shutdown periods m Periods of operation between such sht- 
dovn tes-ts should be re la ted  t o  the ped-icted o r  experienced f a i l u r e  
r a t e s .  Wliei-e it i s  necessary t o  disassemble a channel. or  portions of a 
channel t o  conduc-t these t e s t s ,  the  p m p e r  reassembly of the chaimel must 
be ver i f ied .  

In  Rdditimi, the tes t  

Surveillance may take the  form of observ8.t Lons of inst:nrmen1; response 

Protective system f a u l t s  t h a t  are  not; detec-tab1.e by monitoring, by 

3.8. i . 3  Independence of Channel-s 

The predicted r e l i a b i l i t y  based. on t h e  assilmpbion of the randorn 
occiirrence of fauL-Ls cannot; be achieved Ln prac-Lice became of the f a i l -  
ure  t o  obtain and. maintain channel independence ~ 4."'' 
taneous f a i l u r e s  can be the  resu.l t  of e i t h e r  of two ca.u.ses. Firs-t a 
design or maintena.nce e r ro r  may r e s u l t  i n  a l l  cbanne1.s being incap.ljl.2 
of' performing as requ-ired. Faulty t e s t  rce-thods may allow t h i s  condition 
t o  remain undisclosed. Second, there  may be insuf f ic ien t  channel. isola-  
t ion,  with the  r e s u l t  t h a t  all  channel..^ are subject Lo siniiiltaneous f a i l -  
ure as t'ne r e s u l t  of a si.ng1.e e-fent . It is acknowledged- t h a t  s ince the  
same environmei1-L must t o  some degree be shared by the  individual- channels, 
they may 'ne sub,jected simu_l_taneously t o  wetting, h e a t i q : ,  o r  other fac-  
tors leading t o  far lure .  
obtaining channel i so l a t ion  by the  use of red.u.ndan-t channels of d i f f e ren t  
construction or .type. 

The maximum i so la t ion  between plant control. systems and the con-tain- 
m e s t  system L s  required. Any f a i h r e  of a con t ro l  system tha.t may induce 
an accident reqgiring containment must not be allowed. t o  cause a f a i l u r e  
of the  containment system also.  Similarly, i so l a t ion  between the con- 
tainment system and other plant protect ive systems is  required, "he 
sharing of serisors, or any portion of protective channels, by the  con- 
tainment system and any other system should be prohib7.-ted. Specia.1 sur- 
vei l lance should be given t o  si-Luations where sensors and other v i t a l  

E@.ilt j-pl.3 or  s i-ml- 

D i v e r s i t y  may be employed t o  good adwantage J.n 
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componeiits of sep &tz systerns might be ve t t ed ,  o r  overheated, o r  o t h e r -  
wise caused t o  f a i l  by a sing]-e event .  

t e m  for the  f ollowi-ng pi].-rposes : 
I t  i s  acceptable  Tor s i g n a l s  t o  be ex”Lracled from a containment sys -  

1 .  AJ-am i n  order that the operato-r may t ake  appropr ia te  act:-on, 
2. Autoiiiatic c o r r e c t i v e  acti .on employed w i t h  the objective o f  f o r e -  

s t a l l i n g  a p lan t  shutilox,i.j:i pii-ovided t h e  res:ilts o f  such an a c t i o n  
are i n  iAie d i r e c t i o n  of safe~ky. 

In Oi-der t G  prevent a single e-rror i n  maiLntenance o r  a s i n g l e  phySi:- 
ea1  f a i l u r e  frooi impairing containment actuation: c a r e f u l  a t t e n t l o n  
should. be Given i o  %he roI;’Lii?g of t h e  el.ectrj. .cal conductors of d i f f e r e n t  
channels.  Where both c o n i r o l  and p o t e c i i o n  are c E e c t e d  by t b z  saiiic 

i e c t i v e  cliacnels should no’c occupy- t h e  same condiuit  OT raceway. Evcn j-2 

those  cases wilei-ein the pi-ocess va r i ab le s  are difi‘e-IrcnL,, bu t  ihe a c t i o n  
of 2 pJvcri protecti.i:e channel will be needed es ‘;he i-esuli of a f a i l u r e  
of a coi i t roi  chsnnc1 . the condiictoi-s t o  'dit sensors  of such cont,roll and 
p r o t e e t i v r  channel~s should i i G t  occupy- t h e  sai;.e coridui.i; o r  raceway. ‘File 
con.d-mtoi-s t o  sensors  o r  a given process v a r i a b l e  comuri sing ;i rediindarit 
Y  roup of p r o t e c t i v e  cliannel~s shoi;!~d iiot occupy t,hc Saiiie el-ctr-.-i.cal con- 
dui-t or raceway. Conductors for sensors  of u n l i k e  process  v a r i a b l e s  may 
occupy t h e  same condui t or i-aceTpiay ~ x c e p t ;  where these pr.ocess variabl-es 
a r e  grouped to form a si  ngle  redimdani group. Physical sepa ra t ion  should 
bc ijiaj.nLzj ned between t h e  Chaili-Lels of a pi-OteCtlVC: sys ten  > d i e ~ ?  prnnirnity- 
might i-easmably be exFecLed t o  J.ead t o  siiriultarieous f a i l u r e .  

bc  such as tu p r O Y d . i d e  rcady i d e i i l i f j  cation oT these systems wj.th r e s p z c t  
t o  1-ess v i t a l  coc’ci-01 sys~i s .  Where t,hz correct opera t ion  of ;i proiee- 
ti.ve systeii; i s  depenrieni on t h e  c o r r e c t  ope ra i ion  oE swi’iches, relay 
contac ts ,  o r  shil a- devices usual l y  ,?sscci.at,ed wTth pl.ani coni;iml; these 
devices  sliould bc iii .entified a s  p a r t  of the g r c t e c t i v c  sysLeii1 and should 
be subjeci i o  a1 1. ol” i;he i7eqJiremenis of a pi-obective sysk.em. 

Where rou_iirLe a:ILte:rz%ion of set  points of rou’iine disarming of a 
piwtcct lve s y s t e n  i s  necessary and  where prateci ; ion would be 1 o s t  because 
of f a i l u r e  t o  ss.iiich t o  the cor rec t  sei; poin t  o r  to resrrn -ih? p r o t e c i i v e  

, t he  re! ianre on admini s traLive control. over t ’ r , z ~ - : ~  operations COLI- 

s t i t u t e s  a hresch of chanilel independence. Pf’ inst rament  ranges musk be 
switched i n  order  t o  p -wide  pro’iectioii over t h e  fill1 range of opera i ion ,  
one of ths foll .  owing ne-tiiods should be uti.lizec?. : 

able ,  t h e  condirctors t o  the sensors  of -these control. and pro- 

The 1-ayoui of i nstrumeilts arid cables  for p-oiect i \ re  systei*lE sllould 

1. Manaal svit,chi.ng of ranges with k1-i.p poi.nts e s t a b l i s h e d  a t  both 
high and ]..ow l e v e l s  m c h  Lhat L€ ranges are incorrcci; ly switched 
-the channel i s  -tri ppied, 

2. AJIOi11a.i ic reset of the trip poinb of  each of the  redundant than.- 
nels ,  c i the i -  cont inuously o r  i n  s t e p  Tashion, with the r e s e t  
being accomplished i n  each charme!. by i ndependcni; ii1S.Lmmen.t 
channel s ?ach eapa’nle of coinpiting and c o n t r o l l i n g  the i?es@t, 

3. blani ial r e s e t  of t h e  t r i p  poin t  of each o.f t h c  redundant chan- 
ne3.s: ty~picall . .y i n  eithey of  two s e t t r n g s ,  wiLI-I t h e  reset  bci:ig 
pel.iriti;tcd in ezch ch ne l  by independent ins tmment  c%aililc1.s, 
esch capable of monitoi*ii?g t h e  correctness 0 . T  t h e  s e t  ling. 
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Idhen it is  required t h a t  a protect ive channel be 'oy-passed. routinely,  
fo r  example, during each reactor  startup, it should be a minj_rriu?n require- 
ment t h a t  t h e  bypassing of each of such channel be annunciated. A b e t t e r  
method is  .to arrange also for t he  bypassing of each channel. t o  be permi.t- 
ked by a separa-ts instrument channel on1.y when conditions a re  such that 
it i s  safe  t o  bypass. 

erroneous s e t t i n g  of its t r i p  level.. As a minimum, tine required t r i p  
l eve l  established for each channel should. be displayed clt=.ai-ly, and. the  
actual s e t t i n g  of the  - t r i p  point should be displayed c l ea r ly  or should 
be readi ly  ascertainable.  The required t r i p  level. arid the ac tua l  s e t t i n g  
could he  displayed by slgns affjxed t o  the  f ront  pane1.s of t h e  equipmen-t;. 
Whenever ad.justments, not necessar i ly  accessible t o  the operator, are 
capable of pwtting an instrument on the  wrong range 01- otherwise d b -  
abling an instrurflent channel, su.ch ad jus.Lments should be appropriately 
l imited or guarded. 

A protect ive channel can be disabled i n  a r a the r  s imple way by an 

9 .8 .2  Operational Requii-ements of System Components 

9.6.2.1 Valves 

Whenever containment i s  con-ti.ngent upon a sealed enclosure, some 
means rmst be provided t o  r e l i8b ly  sea l  each penetrak ion. Eleetri .cal  
conriections may be sealed pemmnently, but the  seals on pipes and ducts 
must; take t h e  form of i so l a t ion  valves t h a t  remain open. during normal 
plant operation 'out which must be closed t o  make the  containment effec-  
-t 3-ve . 3 8  
whenever containnient is  needed, and. inter locks should prevent their being 
reopened u n t i l  conditions m&e i% safe to do so. 

"lie requirements of t h e  containment system are, i n  a t  least, one 
sense, mom? s t r ingent  than those of t he  nuel-ear s a fe ty  system. %he m- 
clear process and i-ts conlxol. may usually be taken as  a s ingle  problem, 
and therefcjre the  provision of a mul t ip l i c i ty  of sa fe ty  rods gives safe ty  
i n  numbers. 
f a i l u r e  of any one of them t o  release,  and the  effect  of such single 
. fa i lures  can be rendered unimportant i n  t h i s  way. The con-tainment, sys- 
t e m  may, however, be required t o  block a mltipl . ici i ;y of pipes arid. ducts. 
Here, there  i s  danger in nunbers, s ince the  f a i l u r e  t o  close 8.ny e x i t  
can v io l a t e  -the containment. The analogy t o  multiple safeby rods l i e s  
i n  iTIUltiple valves to block each l i ne .  Provision of valves per l ine i n  
niimbers comparable t o  sa fe ty  rods c o d 4  be very expensive, e s p x i a l l y  
for t he  case of la rge  vent i la t ing  due-ts where the extrs safety i s  most 
needed. Since increasing rel . ia.bil i ty by buying safe-Ly i n  numbers i s  mi- 
economic, i-1; i s  c l ea r  that the  r e l a t i v e l y  small number of valves ac tua l ly  
provided i n  each l i n e  must be as  reliable and t rouble-free as possible. 

The operating system fo r  containment closure should. be designed s o  
t h a t  the f a i l u r e  of any s i n g l e  portion of t h i s  system cannot prevent the  
achievement of containment. 3 g 3  5 2  

'These i so l a t ion  valves should be controlled. t o  c lose automatica.1.l.y 

Increasj-ng the  number of rods decreases the  e f f ec t  0% -the 

I n  general, two i so l a t ion  valves i n  
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series i n  each l i n e  will- he i-equircd; however, a si.n.gl.e valve ~iay be s u f -  
f i c k n t  in case an a l t e r i i a t e  arrangement 'has been pro-vid.ed.; as  f o r  exam- 

, t h e  valve and charcoal  bed cii.scussed i n  Sec4;i.on ?. 2 .1 .  I.. Indcpeii- 
dencc o f  {;he valve a-ni3 a l t e r n a t e  dev-i.ce i s  requii.edj as  discussed i.n 
Sectri-on 9. 8. i. 3; and t h e  3perabi.l.ity of both t h e  valve aj1d a1.Lterna.k 
device ri-ust 'ne e s t ab l i shed  by t e s t i n g  or monitoring, as  discussed. i n  
Sect ioi i  9.8.1.2. 

It; I s  Clcai" t h a t  containmen:; valves  a r e  i-eqQi.red t o  close when they  
a r e  need-ed-. Typical. cont,ainment encl osii.re leakage - r a t e  spec i f i ca t ions  
~ a r i g e  frail 0. 1. -LO 2% per day, and evcn a relati .vely si11al.l. valve,  which 
by f a i l i n g  t o  close may pi*ovj.de 3 path directly bekween t h e  znclosirre 
ini;eu.ior and t h e  et;inosphere, w.3.1- l e ak  a t  2 m'ie very much 1-arger than  
spec i fkd .  f o r  t h e  Tdio1.e system. '1%~ case f o r  valves  i n  water and. steam 
li.nes is  not so  c l e a r .  l n  some cases i;hesc l i n c s  l e a d  t o  c losed systems 
uhose i.nt,egri ty  may excccd Lliai:; of t h e  containixent enclosiire. Under nor-- 
mal coni?i.i;i.ons, transpol-t o f  r a d i o a e i t v i t y  i n t o  these closcd sjrst,ens does 
n0-t c o n s t i t u t e  8 hazard t o  -ilie senera1 pub1.i.c. FTowever, Lhe a u x i l i a r y  
system m i & t  not be In i.t,s normal coil<li.tioilsJ and i n  any case i t  i.s d e s i r -  
abl..e for f l i r i - d s  t h a t  mi&-1; be h ighly  contaminated t o  be confined io  Lhe 
c ontai.:nment VOlulilFj. 

through a stack; on the  occurrence 3-i" a n  accideni;, valves 3re required 
-io close i n  the intake and exh.aiist ducts  of ilie system. IT the valve 
i n  'die i.ni;ake duck  fa i . l .ed~ to c lose ,  any- excess pressure i n  kiie conta in . -  
m a l t  eni.1.-osure could be veirt,ed d i r e c  tly- to the atmosphere throuzh the  
open in take  pori;. Thc con-tai. e!?t would ihus be v io l a t ed ,  wj.th acLiv- 
release perhaps takj .~nS pl.ace or near ground l e v e l  i:ather thai-i i ; h i - O 1 g  

fll..tei-s and up -ihe s t ack .  I'i is worth noi;iiig t h a t  it mig?i.L be ii-npossI.hl.e 
to c lose  such a valve by d i r e c t  rnaliml operatiori  becniise o f  t h e  hiel? 
i-adiation lcve!. x s i l l t i n g  from the :release. 

conta-i.:ment may a!.so have unil.esSrable coaseqyences . A s  an cxzimple; an 
accideiit,al c losure  o f  t,he i.rita,ke 0-r exha valves discussed i-n t,he above 
pai-agrqh woiil d i n t e r r u p t  v e n t i l a  Lion. Th-is might ies1i.l.t i n  overhea:i,ing 
of  some plan-L components o r  i n  exposing personnel wiih in  the ves se l  t o  

oil from a i rborne  a c t i v i t y  that  would noriiia1U.y be exhauskc1 1j.p t h e  
s t ack .  Acci.d.enta1 blocking of stcax l i n e s ,  feedwaLer 3i.iii.s, o r  coolin@- 
water l i n e s  cou1.d compromise :rtaj<)r items of pl-aiit equipmen-i. .%y appro- 
p r i a t e  design it has 'o~3e1-1 poss ib le  Lo make some pl..ar?ts operair: w-l'cboirt 
oiit,side venii?.af,ion. For t hese  plants, of course, t h e  p~~:ibleii? of ::.cc:i- 
den-tal closure o:C v-ent i la t ine duc i  vaJ-ves does not occur.  Til m a n y  re.- 
a c t o r  power? pla.i?ts, energy- i s  t r a n s f e r r e d  from t h e  r e a c t o r  t o  an extiirna.l 
u n b  ine -genera r by a hot, f l u i d  i n  a p ipe  that pene t r a t c s  t h e  ccntain-  
iileil'b enclosur  Therdoi-e, t he  cl.0sjng of t h e  containment VR~. ves would:  
a t  'chi: least ,  in-Lerrupi ~ O I E T  genersiion. Despite ihe poss ib lc  md.e ... 
si - rable  results of an acciden-tal. closure of 321y oil@ o r  a l l  OC the 
t i .m  valves,  t h z  p lan t  shovld be desi-gned t o  a l low such safe I"a?.l.~u 
be toi-erated.  O'c'rier-itse, thie c o n f l i c  I; het,ween s e r v j c e a h i l i t y  and s a Y e t y -  

having no practical solu'iioii, 
Lo c lose  isola,-i;ion valves  i n  an emergency must ;  be capa- 

i n  a onie  -through ai  u -ven t i l a t ion  system thali :ioritlal.ly exhausts 

Accidental  c los ixe  of RJI < . so la t ion  valve when i'~ I s  not  needed f o r  

.L 

b l z  of  imetiiig s-LI-ingent requirements i.n an adverse cnrii.ronment. For 
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example, t h e  reactor  accident t h a t  requires  containment may produce mis - 
s i l e s  or re lease  steam or hiater o r  other f lu ids  i n  such quamtities t h a t  
t he  i n t e g r i t y  of e l e c t r i c a l  c i r c u i t s  and a i r  l i n e s  and the  operabi l i ty  
of e l e c t r i c a l  equipment may be i n  jeopardy. Also, a f a i l u r e  of pneum&tic 
or  e l e c t r i c  power could have necessitated t h e  containment closure. There- 
fore,  t he  probabi l i ty  of e l e c t r i c  ox pneumatic power being avail-able i s  
a t  a minimum a t  t he  ins tan t  t he  i so l a t ion  valves must be cl.osed i n  an 
emergency. Thus, the  closure of i so l a t ion  valves by means of‘ stored 
energy should be a. design requirement. 

Another example of a valve v i t a l  t o  achieving containment i s  the  
va.cuum-relief valve. Most containment vessels  a re  b u i l t  ko withstand a 
pos-itive in t e rna l  pressure a.nd a re  not braced f o r  a negative ix t e rna l  
pressure. Relief valves a re  therefore  prclvid.ed so  t h a t  ou-Lside a i r  can 
en ter  rif needed t o  avoid a condition of excessive vacuum. Such valves 
must meet a l l  the  r i g i d  operating requirements of i so l a t ion  valves, and 
i n  addition it should be noted t h a t  a f a i l u r e  t o  re l ieve  a n  imternal 
va.cuum may be as catastrophic as a failuwe to close the  coritainment. In  
any case, a leaking r e l i e f  valve may be as great  a hazard a.s a leaking 
i so l a t ion  valve. The requirements of r e l i a b i l i t y  discussed i n  sect ion 
9.8.1, i.ncluding independence, tes t ing ,  znd e f f ec t s  of single f a i lu re s ,  
must be s a t i s f i e d .  

Check valves of fe r  certa.3.n advantages, a s  well  as disadvantages, 
compared with va.lves t h a t  require  energy t o  close them. No external  
actua.tors or instrumentation a re  required. However, posi.tive seat ing 
with very low leakage may be more d i f f i c u l t  to assure than with valves 
having exLema.1 actuating mechanisms. 
i t e d  application, probably on.l_y i n  l i n e s  carrying l i cp ids  -where a.ctuat,ion 
and leakage a re  1-ess of a problem than i n  1.I.nes carrying gaseous f lu ids .  
If th .e  valve is held open by the  noimal flow of the  f lu id ,  a,n addi-tional 
presswe drop i s  present. If the  valve I’.s closed by psessure i n  the  
conLai.nment vessel ,  only a ra ther  low force  i s  avai lable  for closure. 
In any case, a design using check valves should meet th.e r c l i a b t l i t y  r e -  
qLiirenieaLs of t e s t i n g  and e f f ec t s  of s ingle  fai.l.ures. 

reactors  i n  the  Uni.ted Skates a re  described i n  Table 9.3 ( r e f .  38). This 
t ab le  begins with a I . ist ing of the containment valves. 
plants -these valves are grouped. i n  d i f f e ren t  ways; t h e  mos-t obvious d i -  
chotomy would have been t o  l i s t  those valves whose f a i l i r e  t o  close 
could lead t o  external  contamin.ation separately from -those whose fa.j.lure 
could. not lead t o  ex-ternal contamination, but t h i s  i s  no-L allways followed.. 
IE t he  tab le ,  manual and automati.c both r e f e r  t o  a remotely operable 
valve; I.ocal refers t o  a valve tha-t can be closed by a. handwheel of other  
manual opera.tor a t  the valve i-LselP. The ericl.osure vent i la t ion  i s  con- 
sid-ered separately,  s ince it i s  such a, d-irect path f o r  po ten t ia l  conta.riij.- 
nation leakage. It should be noted t h a t  t h e  Yankee, Indian Point, and 
MS Savannah planks normally operate with t h e i r  ventila’cj.on systerlis sea.led. 

Table 9.3 a3.so describes the  act ion of‘ t h e  cont.ainment valves upon 
l o s s  of e l e c t r i c  power and instrument a i r .  These descriptions arc  f o l -  
].owed by a l i s t h g  of t he  s ignals ,  or para.meters, t h a t  mus-L be sensed i n  
order t o  ini t ia . te  closure. The rnmber of sensors per paximeter and the  

A t  best ,  such valves have a l i m -  

Certain features  of t h e  containment sa fe ty  systems f o r  e ight  power 

I n  the  d i f f e ren t  
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system logic,  taken together, permit eval.iiation of t he  e f f ec t s  of compo- 
nent f a i h i r e  on system operation i n  ternis of sa fe ty  act ion when iieeded 
a.rd o f  unnecessary shutdowns, 

valve act ion i n  Table 9.3 per ta in  t o  the  possible s i tua t ions  i n  which a. 
human operator might be i n  a. posi t ion t o  take action. In  o r d e r  Tor him 
t o  act ,  he must have Yne knowledge tha-t; act ion i s  needed and the  means 
t o  e f f ec t  t he  act ion.  

tems ai-e not designed t o  have the  same r e l i 8 b i l i t y  a.s neutron s a f e t y  
systems. .Although three  hdependent iristrument channels are coris idered 
standard f o r  neutron flux, or reac tor  power, many contafnment sys t em 
r e l y  on fewer than three.  The techniques of redundancy and corincideaee 
a r e  used i.n only one-half of t he  systems listed-,  In almost a l l  cases a 
s ing le  e l e c t r i c a l  or pneumatic signal. is sent  t o  a l l  valves; f a t l u r e  oT 
- b e  signaling device or of j e t s  energy sou.rce resul.ts e i t h e r  i n  zixt;orriatic 
closing of 8.1.1. valves or i n  I n a b i l i t y  of any of the  valves t o  close.  
Such a s i tua t ion  i n  a neutron safe ty  sy:;t@m i s  now wldely r.ecoglzized t o  
be poor pract ice .  A la rge  body of experience with false strains has t es t i -  
f i e d  t o  the  need Tor more sophis t icated techniques t o  ensure that; sixh a 
system w i l l  ac t  when it  j*s required and t h a t  it wi.1.3- not ac t  spuriously. 
Since correc-t act ion by the  containrneiit s.ystem i s  e s sen t i a l  t o  pro-beet 
o f f - s i t e  personilel ( t he  general public) i n  the  event of a mrcl-esr inc i -  
dent, it i s  incumbent upon the  nuclear power industry t o  examin.? c r i t i -  
c a l l y  th.e c r i t e r i a  on which the  design oi" siwh systems i s  baaed. It 
would be in to le rab le  for the  eontalament t o  be iner fec t ive  because of 
instrument or cont ro l  f a i lu re .  

Pie tabu1al;ions of s igna l  and valve monit or5 and possible emergency 

From a study of the table ,  it i s  cv.i.dent that some containment sys-  

9.8.2.2 Air Locks 

"he  a i r - lock  doors and the associated in te r lock  t o  prevent bo-bh doors 
All being open simul-tanemsly a re  i n  t h e  category of a protective system. 

t h e  considerations of r e l i a b i l i t y  should. apply, includiiig testing, inde- 
pendence of channels, and effect of a s ingle  f a i lu re ,  whether t h e  i n t e r -  
lock is a siiii-ple meclianical device or a complex electromechanical system. 

tl-la-t one door i s  closed and locked before t a e  other door i s  opened. The 
human operator', exercising administrative control,  shoiild not be consid- 
ered as one of these chnmel.s, s ince be may become accustomed t o  the  
in te r lock  preventing h i s  making errom and s o  become dependent on the 
inter lock.  Diversity may he employed t o  good advantage. If the opera- 
t i o n  or t he  in te r lock  depends upon d.evices t h a t  detect  posit ion of a. 
door, these devices should indicate  t h a t  t he  door i s  securely locked as  
w e l l  as closed, espec ia l ly  i f  there  ma.y be any pressure dTfferential. 
tending t o  open the  door. The loss of e l e c t r i c  power o r  pneurnati.c o r  
hyd~aul- ic  pressure should not allow the  in te r lock  system t o  fail. -to dart- 
ger  and thus allow both doors t o  be open simultaneously. 

A minimum of two l.nd.ependent channels should be provided t o  ensure 
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9.8 .2 .3  Spray Systeim 

S-i,ray systems Lhat a r e  necessary i-n order  for contaiimieiit t o  be 
achieved. o r  maintained mus L be c lassed  as pro-Lecti.ve systems. A water 
spray- inay be needed i o  prevent  t h e  con.tai.mnent vcssel from reaching a 
temperature above i t s  d e s i g  l i m i t ,  or 'io prevent t h e  i n t e r n a l  pressure  
from :??.sing above i ts  des ign  l i rni- i .  

n e l s  Lo ob ta in  'die cool~i.ng spray  is  reqii tred,  and -the system mus-i provide 
p r o t e c t i o n  d e s p i t e  t h e  fai.l.ure of a s5nCS.e po r t ion  of t h e  systei;?. A 
channel of t h i s  system inc ludes  t h e  sensor, ampl.i..fiers, r e l a y s ,  connec- 
t i o n s ,  cont,-rol. valve,  End a s soc ia i ed  sp ray  nozzle,  piplng,  water  va lves ,  
and water suppi-y. If power-dri-ven pu-mps al'e requi red ,  Lhrn s u c h  pumps, 
t h e i r  pi-ii;ie movers, ~ n d  any elzci ; i*ic  power suppl ied  t o  run t h e  puinp mo- 
Lors a r e  also pari; of t h ?  spray  channel.  Iil those  systems r equ~ i r ing  a 
cool ing  spray  immdi%!;ely a f t e r  t h e  imci-dent needi.ng containmecit, water 
suppl-icd fmm e leva ted  tanks  s+oul.d e l imina te  t h e  abso lu ie  n e c e s s i t y  of a 
corkiiiuoi?s assura.rice $ h a t  a pump was operable  and that, power was avai3.- 
ab le  ;OX* s Larti-ng and runi?lng i.t . Two indepeiid-ent, water suppl i.es, each 
sepai.at,el y ?having sufr"i.ci.ent, capac i ty  for t h e  cool ing  r equ i r ed  of the 
sy-st,em, should be provided. Wherever it is  necessary t o  secure  water 
directly from a singl-e l a r g e  body, such as a l a k e  o r  r i v e r ,  f o r  both 
channels,  then an independent sild sepa ra t e  method of obta in ing  t h e  wal;e~ 
from t h e  source sho11Id be employed f o r  each channe2~. 

4 s  i-n o the r  pro tec  Live s y s t e m ,  t h e  ye l . iab i . l i ty  requirements should 
be satr ikf ied.  I n  p a r t i c u l a r ,  opersbi.l.ity of t h e  spray  system sliou1.d be 
assured  through adequate inoni.tordng and t e s t i n g .  

As  i n  other p r o t e c t i v e  systems, a minimum of two independ.ent clian- 

9. 8.2.4 Giher Systzins arid Re1 a t e d  Componeiks ..._.. ..............I_.___ 

I n  sd~fi:L~~on t o  va.l.ves; a i r  locks ,  artd spray  sysl  ns other 5x5 i;ei:us 
and t h e i r  assori a-i;ed components may be v i t a l  -to achieving containment. 
For exarnpl-e, systems using blowers, fi.l-ters, and a s t a c k  may be eripl.oyed. 
t o  l i m i t  'die spread of r ad ioac t ive  gases ,  or systems for t h e  remov-a1 of 
af-Leriieai; from Llie r e a c t o r  may b e  necessary i f  containment i s  t o  be main- 
t a ined .  All si;.ch systems m s t  have t h e  high r e l i a b i l i t y  requi red  o:T pro- 
.Lectj.-ve systems f o r  containment. The sources  of energy and t h e  h e a t  
s inks  reqii-i-red by t h e s e  systems consi;i.tute impoitant  components whose 
r e l i a b i l i t y  m-us t be assured.  The requirements for r e l i a b i l i t y  given i.n 
Sec t ion  9 . 8 . 1  sh0ul.d~ be s a t i s y i e d .  The important cons idera t ions  are 
redundancy, us i .ng  scpara-Le and independent channels,  and. adequate t e s t i n g  
or monitoring t o  determine t h a t  t h e  system i s  operable .  

9.9 ELECTHlC POWER SYSTEMS 

The economic incen t ive  rioia un in te r rup ted  pi-oduction of power i n  a 
l a r g e  nuc lear  p l an t  and the need for p lan t  s a f e t y  demand. a carefu.1- a r -  
rangement of the e l e c t r i c a l  system in te rconnec t ions  and d i s t r i b u t i o n .  5 3  

The powe-r system i s  important bokh f o r  t h e  d is -Lr ibut ion  of the  pO'/Ter 
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produced sad. f o r  t he  continued supply of power -Lo essential .  equipment 
within t h e  f a c i l i t y .  It should be capable of furnishing these services  
despi te  a f a i l u r e  of the  power sys-tem i n  locat ions in t e rna l  o r  external  
t o  the  plant.  The requiremerlts of these fiimctions es tab l i sh  a demand. 
f o r  r e l i a .b i l i t y  of t he  e l e c t r i c a l  connections to, and the  d i s t r ibu t ion  
sys~tem within, a nuclear power plant t h a t  i s  sel.dom matched i n  indus-tr-y.54 
The cork inu i ty  of power service t o  the  cons-ume:r cannot always be ensured., 
but t h e  power system d-esign must ensure a. sa fe  shu-Ldown of the  plamt. 
Power must be a,vail.able a t  a l l  times -to v i t a l  systems and equipment, such 
as t h e  shu.tdown and- emergency cool-j-ng system, vent i l a t  ion equipnent, and 
f i l t e r i n g  systems, wh.i.ch a re  provided e i t h e r  t o  prevent the  occurrence 
of serious a.ccidents or  t o  minimize the  consequences thereof .  The need 
f o r  dependable sources of power f o r  con t ro l  systems and protect ive sys- 
tems i s  obvious, s ince the  lo s s  of t h i s  power wov.ld necessi ta te  cos-Ll.y 
skiutd.owns, i f  not result i n  serious acciden-Ls. Thus, i n  addition t o  one 
or  more external  power l i nes ,  most nuclear -@ants mu-st inclu.de one or  
more in t e rna l  sou.:rces of emergency e l e c t r i c a l  power, such as d iese l -  
driven generators and b a t k  'r-1 I es .  

t o  a l l  types of nuclear power pl.ants, t h e  type and complexi-Ly of the  
elec-Lric power systems may vary t o  a grea t  extent from one f a c i l i t y  t o  
another. I n  par t icu lar ,  th6 urgency of t he  need- for  emergehey cooli.ng 
influerices the  e l e c t r i c  system designs of the  v.a.rious plants.  The pr in-  
c i p a l  features  of t he  e l e c t r i c  systems of 20 power reactors  are  presented 
i n  Table 9.4 as i l l u - s t r a t ive  examples. '' A s  indicated by the  headings 
i n  t h i s  tab le ,  e l e c t r i c  power f o r  nuclear plants may be placed i n  t h e  
major categories of primary, a m i l i a r y ,  and emergency power. An add?.- 
t iona l ,  but v i t a l ,  applica.tFon is  i n  t h e  area. of e l e c t r i c  power f o r  t he  
instruments of protect ive systems and control systems l i s t e d  under reac- 
t o r  control  power arid reactor  control  emergency power i n  the  tab le .  

Al.thmgh dependabili.ty of t he  power s o u x e s  i s  a x-equiremerit common 

9.9.1 Primary Power System 

The primarvy power system includes t.he ex-Lernal power l i nes ,  the  
primary bus arrangement withLn the  plant,  associated transformers, and 
the  plant generators. This system provides the  source of' power f o r  t he  
auxil.iary power system, as w e l l  a s  t he  means by which power i s  transmi-L- 
t ed  from the  plant.  The a v a i l a b i l i t y  of prima.ry power, then, i s  pr inc i -  
pa l ly  of economic concern, a.lthough the  requ.irements f o r  auxi l ia ry  power 
w i l l .  a f f ec t  t h e  design of 'che primary power system. 

In many instances,  t h e  s i t e  of t he  plan-L w i l l .  have a considerable 
influence on the  extent t o  wklich the  designer can go i n  ob-taining mu.1.- 
t i p l e  external  power sources. I n  t.he case of' l a rge  central. s t a t ions ,  
there  is  an economic incenti-ve f o r  del iver ing uninterrupted power t o  the  
consumer, and therefore  a t  l e a s t  two cnnnec-Lions t o  t h e  e l e c t r i c a l  power 
gr id  are  desirable  i n  order t h a t  t he  loss of one connection w i l l  not 
require  a shutdown or a decrease i n  the  l e v e l  of power output. 
power l i n e s  t o  the  g r id  should mm a.long divergent rights-of-way t o  
m i n i m i z e  t h e  frequency of sinid-taneous interrupt ions during severe 
storms. 

These 
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T3,ble 9.L. Elecsr ic  Power System of V a r l o u s  rJuc1ear Power Plants” 

Plalnt Power Bu--De r Plant Auxiliary 
Ex‘iernai PriFary Line Rights-of-Way P r i m r y  Bus ArrangeKen-; Gene rat ion O f  F’ower Cis t r ibu t ion  Reactor 

Fee der s (MW) Generators Powe r 

m 

Indian Poict  

Yarke e 

N S  Savann& 

Saxton 

SPWR 
mTm. 
Dresden 

E l k  River 
Pat’flinder 

Hmboldt Ba,y 

EONUS 

Two 138-kv l i n e s  Separate, closed loop Sol id  1 68 gross - 
[ 180 gross 3 
60 net  

1 275 gross Three 13%-kv l i n e s  Cornor,, radia.1 Sectj.crallzed, ~ . o n ; a l l y  
closed ai~ht ; tn~,’~ic  7;ie Sresker 255 ?.et 

136 ne% 
7 3 0  1-15-kv l i n e s  Separate, closed loops Sol id  l45  gross 1 

Yone ; plai-t p r iyay j  power s~@-ied  by 1500-kv Sectionalized, n o r m l l y  

[Four 115-kv l i n e s  1 [Th-ee separate 1 [5.75 gross]  i ~ x i s t i n g l  
zurb ine -gen.e rat or 9 closed alit omat i c t i e  breaker 

15.C n e t ]  
16.5 3.et 1 
5 1 

1 Five 1.36-kv l i g e s  Separate, closed loops SecticnaLized,, n o r m l i y  192 gross A 

;-. ,1 o:lr 69-kv Lines 1 [Separate 1 Sol id  22 - 

E,ut,ernal 1 i n . e ~  not indica.ted; two ex is t ing  60 grcss  1 

Two 38-kv l i n e s  Solid 17.3 1 

c1oseC t i e  breaker 2-89 net  

- Separate, closed loop Solid 66 gross Two 115-kv lines 
62 net 

conve2tionaL 7Jn3.t s on cornon b~1.s 

3 i g  Rock Point 
Eal lam 
enrico F e d  Two 1-2Gkv l i n e s  7 

EGCR One 13.8-kv Lice 
FWCNP Two 65-kv l i n e s  

Peach Bottom @ne 223-kv l i n e  

P iqm Tvo 4 - 1 - k ~  l i n e s  
C T R  Povr i l4-kv l i n e s  ; 

[Reserve 33-:xv Lire 1 

one 66-kv l i n e  

Radial  

Secticnalized 

Solid 
Sol id  

Separate , r a d i a l  Sol-id 

S omon 
Separate, closed loop Two so l id  

GeneIcator AC3 

75 gross 
75 grass  
104 gross 
94 nei; 
25 
50 

40 

l l . 4 ,  
30 

1- 

1 
7 + 

1 - 
1 

1 _- 

ExisCing 
Existing 

Four 2400 volts; f0.n 482. 
vo l t s  f o r  reactor ;  Pour 
480 volts f o r  turbine-  
generator;  two 480 volts 
fo r  screen h.ouse 

POIX 13 .8  kv and mi2tiple 
440 vo l t s  

Three 2&G vol ts ,  t3ree 
4 0  vo l t s  

Two 4.1 kv, Cow &Q vo!.+;s 

TWC 440 volts (0n.e stan6.by) 
Two 2.4 kv 

Two 2.4 kv (one standhy) 

One 4%0 vo l t s  
Two 2.4 kv (ozle standby) 
Two 2.4 kv (one sta,rAd3y) 
Three 4.8 kv (one standby) 

Two 2.4 kv, ?ow L4C. vo l t s  
Two 2.4 kv (one standby), 

Two 2.4 kv; two A80 V O l l S  

two 600 v0l;s 

Two feeders  f r o m  ex is t ing  
s tean  p l m t  

“Entries i n  brackets represent changes made by the reactor  designer 
since the pxblication of the  h a z a r d s  repor t s  used fsr t h i s  compa.rS-son. 
These changes a re  onl-y 3-isted f o r  a.dditj.on%L informtion. .  
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Table 9.4 (continued) 

Reactor Auxiliary Bus Arrangement Plant  Emergency Source Reactor Control Power Reactor eont ro l  
Emergency Power 

F o u  sect ions f o r  reactor,  nor- 
mally open t i e  breaker; four  
sect ions f o r  steam generzsors, 
normally open t i e  breaker 

Four sections,  no ra l ! ly  open 
t i e  breaker 

Three sections,  normally open 
t i e  'breaker 

TjJo sections,  nomal ly  closed 
t i e  breaker 

One 500-kw diese l ,  manual; one 120-volt a -c  
23-kv l i n e  125-volt d-c ( sz fe ty  systezr;,) 

125-volt ba t te ry ,  manual 
t r ans  f e r  

Indiaa f o i n t  

Yankee 

NS Savannah 

None except as derived f r o 2  120-voi% a-c a l t e r c a t o r s  

One d iese l ,  mafius.1 120-volt a-c a l t e rna to r s  
external  primary power l i n e s  

One d i e s e l  

Two 750-kw diese ls ,  automatic; Two 120-volt a-c a l t e rna to r s  
( one stmldsy )- 

t-ransf omer  

one 300-kw diese l ,  automatic 
start, manual switching One 120-volt7 a-c from aux i l i a ry  

[Existirg; steam plant  with two 
tur-Dine -generators ] 

120-volt a-c from aux i l i a ry  
trmsf ormer 

[12@-volt a-c fros., s t a t i o n  
emergency source I 

Sax%on 

S M  
v m  
Dresden 

E l k  River 

Pathfinder 

One 50G-'kw d iese l ,  automatic; 

One 35-kg d iese l ,  a u t o m t i c  
one 34.4-kv l i n e  

Two sections,  normally open t i e  

Solid 
breaker 

125-volt d-c ba t te ry ;  two 120-volt 
a-c d t e r n a t o r s  {safety sjrstem) 

120-volt a-c a i - ternator ;  d-2 f o r  
safety system 

[One a-c a l t e rna to r  driven by 
bat%ery-p3wer motor 1 

120-volt a-c from s t a t ion  
source 

[Two sections,  each wi t ' n  one 
~ o m l  and one emergency 2.4- 
kv feeder ]  

Sol id  

[One 125-kv d iese l !  

[Bus from exis t ing  uni ts ;  one 

One 100-kw d i e s e l  
d i e  sel l  

Hmboldt Bay Two 120-volt a-c a l t e rna to r s  

BOWS 
Big Rock Point 

Sol id  
Sol id  

120-volt a-c 
Two 120-volt a-c a l t e rna to r s  w i t h  

gasoline engine as ernergency 
drive 

Two 120-volt a-c a l t e rna to r s  
12O-vol'; a-c a l t e r r a t o r ;  125-volt 

Two 120-volt a-c a l t e rna to r s ;  two 
d-C 

b a t t e r i e s  

120-volt a-c standby feeder 

s o l i d  
Solid 

One 400-kw diese l ,  a u t o m t i c  
One 80-kva d i e s e l  

123-volt a-c s t a t ion  feeder  H a l l a m  
Enrico Fermi 

M;CR Two sections,  normally closed 
t i e  'breaker f o r  2.4-kv feeders;  
two 2-section buses, normally 
open t i e  breaker f o r  4.40-volt 
f eeders  
Two sect ions f o r  2.4-kv feeders;  

two sections,  n o m i i y  open t i e  
breakers f o r  6Xl-volt feeders  

. w i t h  one noma1 and one emer- 
gency feeder 

Two sect ions for 2.4 kv, each 

TWO looo-h%7 diese ls ,  automatic 

One 20O-k~ d ie se l  TYJO 250-volt b z t t e r i e s  

Peach Botzom Reserve 33-Sir :%ne; one ICOO-kx  
d iese l ,  automatlc; coastdown 
power on .main twbine-genera- 
t o r  s e t  iner - t ia  

One 2.50-kw diese l ,  automatic 

120-vol5 a-c Two 3 -mi t mot o r  -gene rat o r  
s e t s ;  one transformer 
from s t a t ion  emergency 
source 

120-.rolt a-c s t a t ion  feeder  P i  qua 

CVTR 

One 120-volt a-c a l t e rna to r ;  t w o  
b a t t e r i e s  on szme bus 

Two sections,  normally open t i e  
breaker 

One feeder from hjdro piant  



9.9.2 Auxtliary Power System 

One of t he  functions o f  an aini.1iary power system i s  t o  d i s t r ibu te  
pover t o  equipment such as the  p~xmps and blowers necessary t o  operate 
t h e  plan-% normally. Auxiliary power systems a l so  d i s t r ibu te  power -Lo 
e l e c t r i c a l l y  powered components of pro-tective systems i n  the  plant .  
Examples of  -the components necessary for protection a.re blowers associ-  
ated w i t h  f i l t e r s  f o r  achTeviiig containment and. pumps i n  emergency a f t e r -  
hea.t remo.va.l. systems necessary t o  maintain contairiiiient . 

from the  primary power system t o  t h e  auxi l ia ry  system should be provided. 
In. the auxi l ia ry  power d.i.stribin-tion system, the  connectioiz of -these feed.- 
e m  t o  eii;her a so l id  bus or  t o  sect ional ized buses operattng as a so l id  
bus (with the t i e  brreak.er normally c1.osed) w i l l  allow for the  loss of one 
source witl-roui; recourse l;o automatic t r ans fe r s  or reduction i n  power 
l eve l .  The presence of  a t i e  breaker permits 1.solatiosz of a bvs fau1.k; 
however, the re1iabi.l.i.ty of a properly designed solid. bus i.s prrobably as 
high as or higher than .  the  r e l i a b i l i t y  of automatic switching equipment. 
h io ther ,  and. po ten t ia l ly  be t te r ,  art-rangement u t i l i -zes  two o r  more bus 
sec-Lions with normally open t i e  breakers. In  this case, load di.versif?'.- 
ca-tion can assure a t  l e a s t  R parth3.  load operating i n  the event of f a i l -  
ure of one of the mu1t-i.pl.e sources u n t i l  full-source supply c a n  be re- 
s tored by ma:nual or automabic t r ans fe r s  t o  the  operab1.e sources. With 
large reactors,  a s a t i s f x t o r y  auxi l ia ry  system u.ti.lizes multiple centers 
w i t h  broad load. d ive r s i f i ca t ion  and in.tei-coniiect,ing f a c i l i - t i e s  for t he  
rriariy bus sect ions.  fl -temporary p a r t i a l  loss  of load is  unavoidable .with 
such arrangements i n  Lhe event OS l o s s  of an aiixLIfary feeder. Direc-tly 
coupled ro ta ry  sets 'of the  synchronou.s m o t o r - f l ~ ~ ~ ~ e e l - a l t e r - ~ a t o r  type 
may sometimes be used to cover the  . transient period between l i n e  tl-ans- 
fer  o r  even: d u r h g  the  s ' iart ing o:? a diesel-d.rive:i emergency generator. 
I n  addition, %his di-awback can be avoided through the  instal1a;tion of 
dual- ful l -capacj ty  components, such as c i rcu la t ing  pumps, Lhat operate 
i.n para]-].el, wiLh each pump connected -to a d i f f e ren t  source of power. 
This arran ement has great  merit,  even though the  capital i.jzvestment i s  
incremed. 

d i s t r ibu te  power t o  plant, protect ive systems WIS t meet t he  relia.bil i . ty 
requirements of proteeti-ve systems. The power d i s t r ibu t ion  c i r c u i t s  i n -  
volved 1.11 t h e  protect ive system should have multi.ple and separate chan- 
nels over which the  power may be transmit.ted.. Each  c i r c u i t  should de- 
l i v e r  power to  a sepa:cate piece of equi.pment, such as separate motors, 
i n  order t o  maintain independence of t he  channels I Dual, ful.l-capacity 
pumps o r  blowers shou1.d be provided. 

For normal operation of the  plant,  a minriiiium of Lwo feeder c i r c u i t s  

9 1; 
These portions of an auxi l ia ry  power system t h a t  a r e  required -to 

9 .9 .3  EmergencyPower Sources -..-.- 

The r e l i a b i l i t y  of the  auxi l ia ry  power system can be no grea te r  than 
t he  re1 i a b i l i t y  OS thc  sources of power provided. As previoiisly discussed, 
power i s  required t o  operate protect ive systems i n  ce r t a in  instances.  
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Since t h e  r e l i a b i l i t y  required of protect ive systems suppl.J.ed from the 
auxil?-ary d i s t r ibu t ion  system must be much higher than the  r e l i a b i l i t y  
of most primary power systems, an emergency power supply i s  necessary. 

a b i l i t y  requ-ired f o r  pro”iective system service.  There can be no posi- 
t i v e  assurance t h a t  t h e  generator w i l l  con.ti.nue t o  operate a f t e r  a coin- 
ple-Le severance from Lhe outside system. Furthe.rmore, after a reactor  
shutdown, the  s t a t i o n  generator is not availabl-e a t  a l l  as a source. 
The problem G f  emergency power i s  simplified. t n  cases where t h e  nuclear 
plant; i s  integrated with e i z i s thg  steam and hydroelectr-ic plan-ts a t  t he  
same s i t e .  
accommodate two o s  more reactors .  Some reac-Lors allow a. comiderable 
lapse of t i m e  upon complete power l o s s  before damage t o  ce r t a in  compo- 
neixts can be expected-, Even so, an independent emergency s ~ u r c e  i n  the  
plan-t i s  {;he best  safeguard agains-t; t he  most extreme eventua l i t i es .  5 4  

Xn the majori-ty of the plants,  a. compkte f a i l u r e  of the  primary 
supply i s  o f f se t  by providing one or more diesel-driven g:enerators t h a t  
aye automatical.ly s t a r t e d  and. t i e d  t o  -the e s sen t i a l  postscram 1oad.s. 
Other plants  r e l y  on the a v a i l a b i l i t y  of a n  emergency l i n e  from a d i f -  
fe ren t  system before r e s o ~ t t ~ i g  t o  t h e  use of the diesel-driven generator. 
Fai lure  of a d iese l  engine t o  s t a r t  o r  a d d a y  i n  i t s  opem-t;ion could be 
serious. 55 Cha~~ger-battery-iiiverter sets are sometimes employed when 
the load i s  rela-Lively sma.11, but such sets a re  less desirable  than 
diesel-d.riven generators i n  the  case of la rge  motor loads. .mick hss 
proposed t o  make use of t he  la rge  coastdown i n e r t i a  of t h e  main turbine 
g:emera.tor. by u t i l i z i n g  an auxiliawy generator on the  sane shaf t  with the  
m i . n  u.ni.t. 5 6  

needed d u r i n g  t he  coasi;down u n t i l  Lhe d i e se l  or sonit? other emergency 
power source could take over the  duty. 

The s t a t ion  generator should. not be considered t o  have Lhe r e l i -  

A s imi la r  advsntage w i l l  be obtzined when nucl.ear plants  

%e auxi l ia ry  generator would. suppl-y the  emergency power 

9.9.4 Power :Cor Instrumentation 

Much of the  iiistri.~mentatiori used i n  control  systems and protect ive 
sys t em has been desiglled t o  operate on 120-v a-c power. %ne failure o r  
such power i s  usunll-y considered to be unacceptable from the  standpoint 
of e i t h e r  s e rv i ceab i l i t y  or  safety;  therefore,  r e l i a b l e  soiirces must he 
providxd. Direct current t o  a l te rna t ing  current conversion Prom ba t  - 
t e r i e s  i s  qui te  common. 

benef-i-ts o f  coincidence can be f u l l y  a t ta ined  oriLy by the  appl icat ion of 
coincidence throughout these systems. ‘’ Independent mid. separate powe:e 
supplies should be provided. Por each instrument channel of a coincident 
and redunda.nt group. 

Rattei-ies are  i.nheyently more r e l i a b l e  than ro ta ry  equipment, arid the  
use of so l id-s ta te  devices operatirig on d i r e c t  -current sources would 
allow al ternat ing-current  sources t o  be abandoned i n  favor of b a t t e r i e s ,  
T h i s  s implif icat ion of source requirements should resul-t  i n  greater  
r e l i a b i l i t y  of the  safe ty  systems.54 

Coincidence i s  of ten employed i n  protect ive systems; however, t he  

Protective channels sometimes employ d i r ec t  current fo r  instruments. 
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penetyant, or magnetic particle tests, are not discussed, since these are 
considered part of construeti-on details and are discussed in Chapters 8 
and 9. 

tainment vessels, refleeti-ng the great predominance of this type of con- 
tai-nment in current use for U.S. power reactors. The much greater experi- 
ence in testing containment structui-es of this type is reflected in the 
avail-ability of standards for this purpose. However, this chapter also 
deals briefly- with otlier types of containment, such as conventional build- 
ings, concrete structun-es , pres sure -suppress ion sys t,ems , and rmlt iple- 
barrier sys-Lerns, for whj-ch new testing techniques or special adaptation of 
the present techniques may be required. Zndustri.al_ practice directly 
appli.cablc to the testing of -the uniqiie features of these containment 
concepts is not yet well. defined, so the information contained in this 
chapter is necessarily somewha-t specula-Live as to Lhe methods that may be 
needed to test these sys'cerns adequately. 

merit structures. They are 

Prirmry empha,sis is placed on the testing of welded steel-she1.1. con- 

'I!T,To s-iandards outline present industrial practice for tes'cing con"iain- 

1. Safety Standard for Design, Fa'orfcation and Main'cenance of Steel 
Containment Struc.tures for Stationary Nucleap Power Reactors (see 
Apperidix E; specifj.cally, Section 3.5 - Pressure 'Testing for 
Strength, Section 16 - Txakage Testing, and Section 1'7 - Periodic 
InspectLon and Testing) , prepared by Subcornflittee N6.2 of See- 
tional Committee N6 of the American Standards Associatj.on 
(approved by ASA, April 1965), 
Proposed Standard for Leakage Rate Testing of Containment Struc- 
tures for Nuel-ear Reactors, prepared by Subcommittee ANS-7 of the 
American Nuclear Socie-Ly Standards Committee. 

'l'he criteria presented in these s-tandards are considered to be representa- 
tive of current prac-tice and are referred to throughout this chapter. As 
is typical. of standards, they do not  represent the best practice but rather 
the mhirnwfl acceptable requirements. Reference should be made to Chapter 
2 for a fuller discussion of existing and proposed standards and codes. 
Since containment technology is, metaphorically speaking, in its minority, 
it is to be anticipated that these standards will und-ergo considerable 
revision as the art is advanced. 

2. 

1 

10.2 STRENGTH 'Y'ESTING 

10.2.1 General 

Because of the possibly disastrous consequences of their failure 
during an accident and because of the relative ea2se wri.th which they ca,n 
be structurally tested, pressure vessels are customarily tested to greater 
than design pressure before being placed into normal operation. Although 
differing i.n many respects from t y p i c a l  pressare vessels, most reactor 
containment structui-es built to date have been rrad.e of steel and designed 
and tested in accordance with accepted pressure vessel. codes. The require- 
ments and procedures for testing these "conventional" contai.nment vessels 
are quite well defjned and are discussed in Section 1-0.2.2 o f  this chapter. 
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The s-treng-Lli- testing procedures f o r  other by-pes of contalimelit s t ~ u c  Lures 
are not defined by code requirements and. usually are established f o r  each 
structmre on R case bas is .  Special considerations for testing souic of 
-these other types of  struetuxes are discussed b r i e f l y  i n  Secti.on 1.0.2.3. 
The present scope of  prac t ice  f o r  both conventional and noneoinvc?ni;ional 
contaj.nmei-tt has limriketl s t rmgth  t e s  Ling t,o the StruCLure' s eaps.bri.l.ity 
t o  r e s i s t  i n t e rna l  pressure loading, Other Loading conc-lj-ttons, for  ex- 
arqle, pipe reactions,  air-lock loads, acc5.dent j e t  reacbions, and acci-  
dent miss i1 .e~  rmy provide suf f ic ien t  atre.r;siag in some linsta,nces t o  re -  
quire ve r i f i ca t ion  other Ynan that s f fo rdkd  by a,nal.ysis. 

10 e 2.2  S tee l  Conta.inmerit Vessels 

10.2-2.1 Code Requiremenix 

Moa.t steel. eontaimnent vessels  have been designed and tested fn ac- 
zsrdance witti the ASME code for ~ n ~ i r e d  fiessure Vessels (WV code) 
a, number of l!Tuclear Case Interpretat ions have been issued by the A S K E  
Boiler and Press;u~'e Vessel Cornnittee t o  c l a r i f y  1;he appl icat ion of -i;hia 
code t o  nniclear. vessel.:;. Case 1.272N-5, which was Yne pr inc ipa l  interpreta- 
tion defi.ni.ng the  reqainments  l o? *  contairm-ent vessels, heas now 'been incor- 
pora.ted i n to  Section 111, vh-ich i s  nppl-icab1.e t o  EL design pi?eessinre greater  
?ban 5 psig. (Refer t o  Chapter 2 .for w d i s ~ ~ u s s i o n  o f  t h e  legal  aspects of 
codes. ) TIR. ASA standard for s t c e ~ -  containment s t r l a c - ~ ~ ~ e s  (~ppenciix E) is 
aLso a-ppl.3.cable to contairunent vessels wi-Liz design pressures above 5 ps ig  
and, with sc)me modification, even to ve~sels with des ign  pressures 'oelow 
5 psl:.g. A t  l e a s t  one I.ow.-pressure conl;ai.nment vessel. h a s  also been de- 
signed i n  accordance with MJ1 Standard 620, 
design presa7.r.res up to 15 psig and operating .tempera.bures up to 200°F. 

The riew section, Section 111, of - h e  ASME Boi l e r  a ~ d  FYessure Vessel 
Code was pu%lri.shec'l. specifi.cally t o  co' i~er vessels used in. nucleaz insta1l.a- 
t i o n s  (see Appendixes C and D). '+ Seetion I11 classtfies containment ves- 
sels as Cl.ass E vessels,  and 2 . t  applies to such vessels  having a &si@ 
presstire grea te r  than 5 psig. SubsectFon B covers C h s s  3 vessels and i n -  
corporates the  provisions of t he  uT2T Code amd the l.atest, Code Case Intev- 
prceta:tions for  contai.maen.t vessels. 

'ke TPV Code requires t h a t  vessels  designed i n  accordance wTth i t s  
provisions be pressure t e s t ed  ei-ther hydrostat ical ly  .bo 1.5 -Limes the  
vessel. design pressm-e 01 pneumatical.l.y .to 1.25 .times the vessel design 
pressvxe. API 620 also requires a pnewmt5.c pressure t e s t  of  t he  corn- 
pletcdi. vessel. to 1.25 times the vessel  design pressvxe. Consequeat1.yY 
many containment, vessels hzve been pneurriatically t e s t e d  'io 1.25 t r i m s  d.e- 
sign presswe. Howe~er, Section IT1 spec i f ies  t ha t  pressure tesi;o for  
con-i;ainment vesse1.s be conducted ai; not -i.ess than 1.35 times design pres- 
sure when 'hydrostatic L e s t s  a r e  made and a t  1.15 times design pressure 
wheiz pneumatic t e s t s  a r e  n ~ d e .  T h i s  reduced requirement comes about be- 
caxse Section IIS allows design membn-ane stresses fo:r containrfient .vessels 
Lo be 1.1 times those allowed f o r  other Code-designed pressure vessels i n  

arid. 

which applies t o  7ressel.s with 
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l i e u  of  t h e  10% increase i n  pressure permi-tted for vesse ls  f i t t e d  wi.L?i 
pressure pro tec t ive  devices. The pressure t e s t  requiremen-ts of  t h e  varri- 
ous codes a r e  swnnial-ized i.n Table 10.1. 

t o  pneumatic t e s t s  because t h e  high energy content of compressed a i r  within 
a vesse l  makes pneumatic t e s t s  more hazardous. A hydrosta-tic pressure 
tcst i s  genera l ly  used when t h e  t e s t  pressure i s  l a rge  compared w i - t h  t he  
hydros ta t ic  head of the  water required t o  pressur ize  the  vesse l .  Conse- 
quent]-y, for re1ativel.y small higher pressure vesse ls  than a r e  uoua,l.ly 
used f o r  containment vessels,  hydros ta t ic  t e s t s  a r e  employed. Since con- 
taj.nrment vzssels a r e  not usua l ly  designed -to hold l i qu td ,  Lhe  pneum-atic 
pressure t e s t  lis almost always used. The vesse l  and i t s  supports norma1.l.y 
a r e  not capabl~e of  supporting t h e  mass of water required. f o r  t he  hydro- 
s t a t i c  t e s t .  Also ,  it i s  often convenient t o  use the  pneurmtic pressure 
t e s t  f o r  containment vesse ls  because th i s  t e s t  i s  usua l ly  followed irmedi- 
ate1.y by the  i n i t i a l .  ves se l  leakage-rate tes-L, f o r  which a i r  i s  used.. 

vessel. been h-ydrcrstatical.ly pressure t e s t e d .  For example, khe NS Savannah 
containment vessel ,  which has a gross vel-me of  0nl.y about 40,000 f t3 ,  
was hydrostatri.cally pressure t e s t e d  a t  173 ps ig .  A l s o ,  t h e  containment 
vessel. now being used for .the Molten S a l t  Reactor Ekperiment (MSRE) a t  the  
Oak Ridge National Laboratory w a s  origj.nal1.y t e s t e d  hydros t a t i ca l ly  to a, 
prressure of 200 ps3.g. However, most containment vesse ls  have been pneu- 
mat ica l ly  t e s t e d  i n  accordance with the  UPV and APZ 620 Codes. Accorrd- 
ingly, only the  pneumatic pressure t e s t  wi.1-I- be considered fu r the r  i n  - th i s  
chapter. 

For most pressure vessels,  hyd.rostatic pressure t e s t s  a r e  prefer red  

I n  only a few special. cases, f o r  srflall.er vessels,  has a containment 

Table 10.1. Pressure Vessel Test, 
3-r e s sur e R e  qu i r  ement s 

Ratio of  Test Pressure 
t o  Desi-gn Pressure 

Code 
Hydrostatic €'fiema t j. c 

Test Test 
- 

UPV Code, Section VI11 1. . 5 1.25 
Code Case 1272N-5 1.35 1.15 
UPV Code, Section 1x1 1.35 1.. 15 
API Code 620 1.25 1.25a 
11_1 

a 
Actually, a comb i n a t  ion hydro s t a t  i c - 

pneurmtic t e s t .  

10.2.2.2 Test Procedure 

The pneumatic pressure Lest of a containment vesse l  i s  usua l ly  con- 
ducted before any concrete or  equipment has been i n s t a l l e d  within the  
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struc-ture, m-less, of cc)iu*se, a multi.si;age ( s e e  See. 8.h- 2) eonstructi.on 
scheme i s  used. Ai.r locks and doors t h d k  a r e  pa r t  o f  t he  pressure- 
containing s t ruc ture  normally are instal_l.ed and sub jected t o  the pressure 
t e s t .  Both air-l.ock doors shou1.d be pressure tes ted;  t h l s  m y  be done by 
press.urizing the  air lock a f t e r  the containment vessel test pressure has 
been reached with the inner door closed. Small-er penetr'a-Lions that  are t o  
be used. f o r  piping and wiring nay be made i n  the  vessel p r i o r  t o  the t e s t ,  
'out -they are blanked- cxPf during the  pressure test. Since t,he f m c t i o n  o f  
t h e  test a t  this point  i s  the confirmation of s t rength f u t e g r i t y ,  subse- 
quent l o c a l  .and Lntegratad leak-detection and leakage-rate -tests are pey- 
formed oil these smaller penei;mt,i.ons a f t e r  i n s t a l l a t i o n  of the equipment, 
as discussed i n  Stxti-ons 10.3 und LO. 4. 1nd.ividual s t rength -test;s of the 
completed penetrations for piping, wiring, valves, and bellows !nay be done 
inditrid.u.ally f o r  each uni t  o r  later as a I.ocal -Lest. 

Idhen the pressure in the  vessel  x a c h e s  some nominal press-~we, a smnall 
f rac t ior i  of t he  design pressure, pressurizat ion i s  stopped t o  permit 
inspeetiovl of t h e  vesse.1 f o r  vi.si'ole signs o f  d i s t o r t i o n  o r  grass leak- 
age. A soap bubble t e s t  of all weld seams and closures on the e n t i r e  
external sur face  i s  usuczll.y conducted a t  thi.s time t o  de tec t  a!iy leaks 
t b t  m i g h t  affect t he  in1;egrj:ty of the  vessel. o r  prevent i - L  from. atta,ri.n- 
ing -the t e s t  pressure. If l.eak:; i n  the vessel proper, :not the  terqmrary 
t e s t  equipment, a x e  discovered, the ' vesse l  i s  depressurized. and tlhe leaks 
a r e  repaj-red. before proceeding with the presswe t e s t ,  
temporary t e s t  equipment rnay be sealed wi.thout depressurization.. Repairs 
r equ i r ing  re lease  of  the  low pressure a r e  norrmlXLy impected again a t  the 
same pressure .  'Pressurization i s  1;hen resumed, and -the vessel- pressure 
i s  ii?crea,seci i n  fncrenients imti. 1. the tes-t pressure is reached. _Paragraph 
UG-100 ( e )  of' the  ASME UPV Code, SectLon VTfI, specif-ies steps of approxi- 
mately one-tenth of the t e s t  pressure a 

p:ractice, consideration sl.rou_ld be given to irif;ermedj.a.te I.eak -tests at each 
pressure plateau. Such t e s t s  could. pr0trid.e a ra-tional b a s i s  for interpi-e- 
ta,ti.on o f  subseqgent t e n t s .  \Then Yne t e s t  pressurs has been rcaciied., -i.t 
i s  held f o r  approximtelg 1. hr t o  corqlete  the  p~oof-of-strength test; 
Followi.ng the  proof t e s t ,  Paragraph IJG-100 ( c )  o f  Section VI11 speej.fies 
i.rtspeetion a t  fou r - f i f th s  o f  the  t e s t  pr essiire; under Section JII t h i s  
inspectiori could conveniently be accomplished at; design pressure a Since 
the rull envelope of -the contaimmit system i s  incomplete a t  this poin-t, 
wif;h(;i.t  el.eci;rica,l penetr.atioris, i.sol-ati.on valves, e t c  I ,  the strengtli. 
  est i s  not necessarily corrri,l.ete in i t s  fXLl.est sense. Cpration.al. ex- 
perience, pyeviov.:; t e s t  data, j.ndiri.dilal- t e s t s  , or other data. sliou1.d be 
r.equisi.tes f o r  e::tak.'].ishi.ng the s trength. integrli-ty of those parks t h a t  
could a lso  be subjected. to accident cond.iti.ons. If no new kaks  o r  o-ther 
d . i f f icu l t ies  have been encountered, it i s  then of ten convenient t o  pro- 
ceed with lea-k-detectlon and 1-eakage-rate tes-f;s. 
seei::nd soap hzxbble test is sometimes conducted, and I A e  ri.ntegrated leak- 
age-rate t e s t  of  {;he vessel. i s  pexTormec1, as described. i n  Sec-Lion 1.0.4. 
Section 10.5 presents  a step-by-s Ley proced.ure of a ty-pica:l. ini.Lia1 
integri ty- tes t t r ig  sequence, incl..udi.ng both pressure tes t ing  and leak3,g:e 
t e s t ing  

should be visually inspected for any sigm o f  damage due to t he  test. 

Portable compressors a r e  used to pump outside a i r  in to  the  vessel-. 

Leaks lis?_ the 

Although  lot a cixrent geneioal 

L 

For t h i s  purpose a. 

A f t e r  the pressure test has been cornpl.eted, a l l  seams of the vessel. 
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This my be accomplished during the  soap bubble t e s t  irmedi.ate1.y fo l1 .0~-  
ing  khe s t r eng th  t e s t .  This procedure r equ i r e s  t h a t  a l l  seams of t h e  
vessel. be  access ib l e  a t  t h e  time of t h e  t e s t  and precl.ud.es pl..aci:ng any 
concrete  e i t h e r  i n s ide  o r  imnediate1.y outs ide  of t he  ves se l  walls p r j  o r  
t o  t h e  tes’c. I-Iowever, UPV Code Case 1272N-5 and Sect ion I11 al low aa 
exception t o  this proced-ix-e f o r  mu1:Liple- s t age  construct ion,  i n  which 
concrete  i.s placed over some of t h e  welded j o i n t s  before  the  v e s s e l  i s  
completed, provided t h a t  aJ. 1. j o i n t s  a r e  completely radiographed and that 
-there are no penet ra t ions  i n  t h e  a rea  covered by the concrete .  When t h e  
v e s s e l  i s  conipleted, a pneumatic pressure  t e s t  i.s conducted, as descrribed 
above, except t h a t  fol.l-owing t h e  t es t  i-i; i s  no longer  possibl-e t o  inspect; 
a l l  we7.d.s. 

1.0.2.2 .3 Equipment 

The equipment requi red  t o  conduc-t a pneumatic pressure  t e s  L includes 
3. compressor o r  bank of compressors capable of p re s s ix i z ing  t h e  ves se l  to 
full tesL preszilj-e 3.n a reasonable period. O S  time and a reliabl..e pressure  
gage wtth  a range covering t h e  full. range of test pres su res .  A pressure-  
r e l i e f  device m3.y be 5ns t a l l ed  f o r  t h e  pressure  .Lest t o  prevent  overpres- 
surizi-ng t h e  ves se l  i n  t h e  event of equipmelit o r  instrumentat ion malfwmc- 
t i o n  o r  a r ap id  atmospheric temperature increase .  I n  many instantew 
pres  sure  monitoring w i t h  two i-ndependent accura,tel y caJ.ibra-ted gages has 
been an adeqmte  procedure. 
matic pressure  tests, t h e  cornpressor coi l t rols  an3 pressure  ind ica t ion  
must be pl.aced a t  a location remote from t h e  vesse l .  I n  some cases,  
s t r a i n  gager; are placed on t h e  vesse?. t o  determT.ne a c t u a l  strains where 
’c’iie s t r e s s  p a t t e r n s  a r e  comp?.ex and design ca l cu la t ions  cannot e s t a b l i s h  
t h e  stresses conc1.usiveJ.y. A genera l  p r a c t i c e  has been t o  employ t h e  
test equipment on1.y f o r  Lhe dinrati.on o f  t he  i n i k i a l  t e s t .  I n  some in-  
s tances  i’c limy prove economical -to i ncoqmra te  the  devices i n  t h e  conts.in- 
ment eomplkx trt order ’io reduce down time requi red  for subsequent leak 
tests. For such instances,  p rovis ion  must obvriousl.y be made to i so l -a te  
-the equipment, f o r  example, ’che r e l i e f  device, i n  order  no t  t o  v i o l a t e  
t h e  containmen‘i during normal.. opera-Lion. 

Because o f  t h e  hazards associated.  wi.th pneu- 

10.2.2.4 Precau-lions 

The hazards a s soc ia t ed  w i t h  a pneumatic pressure  tes t ,  a r e  g r e a t e r  
than  those of  a hydros t a t i c  pressure  t e s t  because of -the consid.erab1.e 
amomt of  s to red  enerzy contained by a gas und~er pressure .  Accordingly, 
s p e c i a l  s a f e t y  precaut ions  a r e  requ.ired during a pneumatic pressure  t e s t .  
The p r i n c i p a l  requirement i s  t h a t  a1.J. personnel maintain s a f e  dis’calices 
from the  vessel .  while it i s  being pressuri.zed. Such sa fe  d.istances w i l l  
depend upon t h c  f a c t o r s  jnvolved thaL determine t h e  m i s s i l e  c h a m s t e r i s -  
t i c s  poss ib l e  and upon t h e  a v a i l a b i l i t y  of m i s s i ~ l e  pro tec t ion ,  e i t h e r  
n a t u r a l  o r  s p e c i a l l y  provided. Nornla.1.l.y grea-ter dis’cances a r e  spec i f i ed  
for personnel not requt red  t o  assis’i. with t h e  t e s t  than f o r  t e s t  person- 
nel.. Access t o  t h e  e x t e r t o r  sur face  of  t h e  v e s s e l  t o  read ins t r iments  
and to check f o r  leakage or s igns  of dis-kress  i s  pei-mitked only when t h e  
p re s su re  i s  being held a t  a constant  value and Lhen only by q u a l i f i e d  
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personnel s p e c i f i c a l l y  assigned. t o  thcse tasks. At, design presswe,  ac- 
c e s s  t s  permitted on ly  afi;er the vesse l  h i 3 S  successfKL1.y. passed tile pres- 
sure t e s t  at .fil-.l .test p r e s s u x ,  sri.lzee a Tat lure  st; design :pressure is then 
high.l.,y u d i k e l y .  A person primarily i.espoiisible Tor safety considerations 
during a t e s t  should be present whenever t h e  vessel  i:; presr;ili”:j.~ed t o  
ensure t h a t  a l l  s a f e t y  precautions a r e  properly enforced. 

t u re  below which br i - tk le  :fr-acture of t h e  vessel. s t e e l  is possible.  A 
discussiolz of t h e  propert ies  of  s teel .  is presented i n  C h q t e r  3. 

Extra precaubions s11ou.l.d he taker1 t o  tzssure t h a t  doors and other 
mechanical c l o s i i ~ e s  a r e  adequately f a s t m e d .  These elos.mxes shoi.ald be 
double checked before the vessel i s  pressurized, 

‘The vesse l  niust not be pressurized if i-t i s  at, o r  near t h e  tempera- 

LO. 2.2.5 Sehedzr‘l.l.ng 

The pneumtic  pressiire t e s t  of ’che contaimnexit vessel. must be cl.osely 
in.tegrated i n t o  the construction schedule, sLnee the te.s-t; requires a. sig- 
n-iftcant length of time and I - i t - t l e  or no other W O Y ~  can proceed j.:n t he  
v i c i n i t y  whi-le the  t e s t  i s  i n  progress. ‘The test i s  iisu.a,l.l.y performed as 
soon as po,sst’ol.e af‘i;er the vessel  has been ccjmpleterl and all operi4ngs 
4iav-e been sealed.. Pressurization of  the  vessel. n ~ y  tt3.k.e several days 
because o f  tile great qi1ani;rity o f  air reqxired.. If sr>iici) hbbl-e leak tests 
aye conctucted after t h e  fj.rst pressure increment and. again aftel: the  pres- 
sure t e s t  has been comple-Led., the to - ta l  t e s t  period co1.Ll.d. be i.iicr.eu,sed by 
a t  l eas t  another half d:ay. As z-tated- previously, j.t 3. s normal praetiee 
Lo follo:.r tine pressure t e s t  with t h e  initial. in?;egra-t;ed leakage-rate t e s t  
t o  avoid ’na,v.j.ng t o  pressiwize a sccon.d. time, 

t i r ina l  pressine t e s t i n g  i s  not norrr!all.y required i.m.l_ess nlajor m o d . i f i c a -  
t ior is  a r e  rnade -Lo t h e  vessel. 
i s  1.ef.l; t o  the discre-Lion. of t h e  respo~~s!:.bie inspector b ~ t  i s  usna.l. 1-y 
considered. t o  be a mod.ifica-tio:n that resul ts  in- a significant, cIia,nge rin 

t i o n  opening in t h e  s ide  of  the vessel a.nd then re-wel(:?ing usual ly  is not 
considered. t o  be a, mxjor rriod:ification. T h i s  d.i.ffers somevfnat f r o m  the 
requj-rements for leakage t e s t i n g ;  new openings i n l i s t  be leak tested. e i t h e r  
l o c a l l y  OT wi-t’n an i.ntegr‘a’t;ed I.eaks.ge-rate test arid periodic leakage-rate 
t e 3 - t ; ~  as required t o  provide evidence of corn~l.iance with the acceptab1.e 
leakage r a t e .  Adequate mi-rosion protecl;lion o r  corrosion al.lowmce ~ ~ . u s t  
be provided for  t h e  vessel ,  as requ-ir.cicl by pa.:ragr.tzpb 1330 of“ the ne<,? Sec- 
t i o n  111, and once i t s  i . n i t i a l  s t ru-ctural  st:rength has !>..en :proved, lit i s  
considered aclequate for the  design Lifetime of t;he st:ructixe. Pcj-dence 
of continued structural i n t e g r i t y  w i l l  necessar i ly  dermnd continuous sur- 
veil lance,  maintenance, a.nd, in some ca,ses, re-t;esls . 

Once the  .vessel. h a s  successful.1.y coinipI.ei,ed. the p:ressure test, addi- 

What consi;ri’cu-tes a. ”rriajor r~~dlifi.c&i;li~~r1” 

A-7  ne stress pa1;terris of th.e vessel .  Catting a, Large, ten1p;rar.y constr-uc- 

The requl.rernents f o r  s t rength testing contai:mrient s kzuctul-es otl.ier 
than the  convent i onal. steel. pres s m e -  contai.nj.ng type are not ;-t;a.nd.ardiz eci 
and xust be esta’ulished in each case. T y p i c a l  exarnples of 1ikel.y t es t  
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requirements a r e  given i n  t h e  fol.l_owing d iscuss ions  of var ious  ty-pes of 
containment s t r u c t u r e s  . 
10.2.3.1. Conventional Bu.il.dings ~- ..___.. 

Conventional- type buil.ding s t r u c t u r e s  have been used to supplement, 
or t o  a c t  as pri-nmry conl;a.?’..l?ment b a r r i e r s  i.n cases  where no s i g n i f t c a n t  
pressure  bui-ldup wi-Lhin t h e  bui.l.diiig can be hypothesized. 
normal. bui ld ing  cod-es a r e  used f o r  t h e  st~ixctixrsl .  d.es-i.gn, and the  s t r u c -  
t u r e  i s  not  subjected -to a pressure  t e s t .  T,eakage--rate t e s t s  t h a t  may 
be conducted a t  smal.1- pressure  d i f f e ren t i a l - s  may impose a subs t an t i a l  
s t n c t u r a l .  1-oad on t l i?  bui lding,  bu t  they  a r e  not intended. as st i -uctural  
t e s t s .  O f  course, the  design of t’ne buil.d.ing must take  into consi.deration 
t h e  load imposed by the  l..eakage .Lest pressure .  Leakage-rate t e s t i n g  of  
conventional. l.o~-leakag;e huildi.r?gs i s  discussed i n  Sect ion 1 O . i k . l - 3 .  

I n  t hese  cases,  

1.0.2.3.2 Concrete Containmer,t Stmetux-es ~ . . _ . _  

Reinforced-concrete sti-lictures are normally b u S t  i.n accordance wi th  
s tandard ACI-31.8 ( o r  AL4 A-89.1), Buil.dli.ng Code Requirements for Hein- 
foxed. Concrete. Pressure t e s t s  f o r  demonstyating sti.uctu.ra1 i n t e g r i t y  
are not  requi red  under t h i s  code, 1arg;cly beca,use re inforced  concrete  i s  
not  o r t en  used f o r  pressure  v e s s e l s ,  However, i f  the  design pressure  of  
t h e  concrete s-truc’iure i s  s u f f i c i e n t l y  high t h a t  good. engineering p r a c t i c e  
dic-iaLec 8, pressure  tcs’i, the  t e s t  requirements of a.  standard^ pressure  
vessel. code, such as the UPV Code, can be adapted on a case b a s i s .  This 
was done f o r  t h e  s t e e l - l i n e d  concrete  suppression chamber of t h e  Humboldt 
Bay pl.ant ( s ee  See. 10.2.3.3). 
concrete  si;xeuc-tureS will. probably become EL standard requi?-ement o f  l i cens -  
ing  acceptance. Un t i l  such tii-fle, t h e  s p i r i t  o r  t h e  ASME ‘UIV Code w i l l  be  
appl ied;  concrete  ves se l s  a r e  p re sen t ly  bei-og tes ted accordingly.  

cause cracking of Lhe con.crete at a pressure  well  below t h a t  a t  which t h e  
design stress of t h e  re inforc ing  baz was i-eached.. Th3.s problem w a s  avoided 
tin a recent  experimental. s t ruc tura l .  t es ’ i  of a rectangi~.l.arl~.y shaped -rein- 
forced-concrete containment s t r u c t u r e  by maintai-ning the  t e n s i l e  s t r e s s e s  
well within ’ihe t e n s i l e  s t r e n g t h  of t h e  concrete  d.uring t h e  tes i ; .6  This 
t e s t  demonstrated. t’ne d i f f i c u l t i e s  of  accu ra t e ly  p red ic t ing  s t r e s s e s  i n  
s1;ructures o f  this -type, particu.lar1.y a-t; 1.ocations near  reentrant corners 
and w-all. openings. 

A metal.. o r  o the r  l i n e r ,  such as a brid.gi.ng epoxy, i s  used t o  assure  
low I-eakage from a reinforced-concrete  con’iarimnent s t r u c t i x e  . The 1-iner 
does not  add to the st ruc’ iural  s‘crengti’n, b u t  it maintains leakt ightr less ,  
even ii” t h e  concrete  cracks when Lhc s’iruc-ti~re i s  pressur ized  beyond Lhe 
tensi7.e s t r eng th  of t he  concrete .  IPrestressed concrete  s t r u c t u r e s  a re  
designed ’LO mri.nta3.n t h e  concrete  i n  compression and thus prevent i t s  
cracking. Nevei-thel.ess, s ince  concrete  i s  r e l a t i v e l y  porous? a metal. 
l i n e 7  probably would be need.ed~ i.n p re s t r e s sed  s t r u c t u r e s  i f  a high degree 
of  l eak t igh tness  were requi red .  

A provis ion  for s t r u c t u r a l  best ing o f  

Applying iiitei-nal pressure  t o  a. re inforced-concrete  s t r u c t u r e  would 
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10.2.3.3 Pressure-Suppression Containment 

The pressu_r.e-suppressicirt system used i n  the IIm7ooldt 3ay pla.nt  i s  a 

I f iere  possible,  the  
spec ia l  case of' a s t e e l  system ( the  iJ.rydell. and vent; piping)  and. a s t e c l -  
l i n e d  concre-Le s t ruc ture  ( the  si~ppr'esxion cha,n'oei-) # 

load-bearing s-keel portions of struetuxex of t h i s  type are pressure t e s t e d  
according to t h e  U-PV Code and the Code Cases prior to powring o r  grouting 
c m c r e t e  around them BO t ha t  al.1 seams are 8ccessi.bl.e f o r  inspection fol- 
lrjwing the presswe t e s - t .  Al.thouglz t h e  design o f  .t;h.e d.rywel.l and. vent 
piping is based. on dynamic loading condi-Lions, these sti"ilc:tl;LT*es are tes ted  
s t a t i c a l l y  to greatel- than kkie r m i n i i m  expected dynamic pressime by pro- 
vid-ing su i tab le  tcmrpora,ry el-oswes ori the  vent pipi.ng * The  5wfi~i:)l&t Bay 
drywell  and vent piping were designed. a,s a code vessel and we3-e tested. 
t o  1.. 25 t i m e s  t h e  d-esign pressure. Altlmugl? t h e  liu:cn7-,ol.dt Ray s.upp:tression 
chardoer i s  a concrete s tructixre wi.th the s-tee1 l i n e r  providing only leak- 
t ightness ,  a spec i f ica t ion  of the  li s ring agreement wax t h a , t  i.t :~rouI.d 
be pressure t e s t e d  .Lo 1.25 tines t h e  deslgn pressure t o  meet the i n f x n t  
of  the UPIT Code, even though t h e  Code does not aypLy -bo s t ruc ixres  of 
A.7 
Lnis type.  

The prinary structural .  member of  a multiple banien .  contairment sys- 
ten may be any one, o r  al.1, of the i :dtvidual b a r r i e r s .  A s  such, a l l  
ba,rrriers .intersrial t o  the oirteriost  s-tr.uc-tiual b a r r i e r  n?ust transmit any 
reraining i n t e r n a l  p r e s s u ~ e  Load t o  t h i s  ou-ter s-t;ruc ture, snd. any struc- 
t u r a l  test must demonstrate the abi l i - ty  of all i n t e r n a l  'oarriers t o  trans- 
m i t  this load, as 1~7el.l. as t h e  a,bil i ty of 4.1. struc.tixa1 menbers t o  with- 
stand t h e i r  respective shares of  t h e  imposed load. 

In tine NS Savannah and Lndia,n Point conl;ainn?ent systems, the pvoee- 
d.ui"es f o r  -t;esth.$ s t e e l  vessels applied t o  the inner skiell on1.y becalxe 
l;he primary pressure load i s  borne by i;he i.nternal. steel s h e l l  ami the 
benef i t  of %el-ease attermation fi-orn using the surround.ing sti-uctures as 
addi t iona l  con.taimnent b a r r i e r s  was achieved without slgnifieq%it modif5.- 
cat ions t o  the i n i t i a l  design. In potenf;ia,l futuiie types of  rriul-tiple- 
b a r r i e r  containment struc-tures, such as {;he type t h a t  w z s  proposed f o r  
the Ravens-wood p lan t  in New York7 or such as may be proposed i.n eonjuxc- 
t i o n  with pressure-si;epression~ underground, o r  otkiev combination systems, 
it i s  possible  t h a t  a standard requtr ing a static structw-*sl proof t e s t  
wi l l  evolve. However, no such standard ex is t s  t o  date.  If such. a star?- 
dard i s  prepared, it i s  likely to include provisicns fo:r demonstrati-sg the 
v a l i a i t y  of both load-transmission characteri .st ics and s t r u c t u r a l  charac- 
t e r i s t i c s ,  as -well as f o r  su,bsequent examination. of the system for damage. 

10.3.1 General 

Local. leak t e s t s  a re  performed to detec t  a n d  locate lea.lis in the 
containment vessel  s h e l l  o r  containment components so  tlia'i they umy be 



r epa i r ed  p r i o r  t o  the  in t eg ra t ed  leakage-rate  t e s t  of t h e  e n t i r e  contain-  
men-t vessel.. These l o c a l  t e s t s ,  although, f o r  t h e  most p a r t ,  very sens i -  
t i v e ,  have i n  t h e  p a s t  been p r i n c i p a l l y  q u a l i t a t i v e .  U s i A a J l y ,  no attempt 
has been made t o  measure t h e  r a t e  of  leakage out of  t h e  leaks  debected, 
and s ince  t h e  t e s t s  a r e  usual-ly performed over a l imi t ed  area,  t he re  i s  
not  p o s i t i v e  assurance t h a t  a l l  l eaks  have been de tec ted .  Since i.t is 
g e m r a l l y  presumed that  pene t ra t ions  a r e  Lhe most fl..agrant lcak producers, 
a t t e n t i o n  has recent1.y been devoted. t o  t h e  p o s s i b i l i t y  of i i t i l i z i n g  I-ocal 
l e a k  'cests or grouped l o c a l  leak. t e s t s  as means f o r  coiiti.nuous monitoring 
of t h e  1-eaktightness of t he  containment. If the  c h a r a c t e r i s t i c s  of t h e  
l o c a l  leakage ra,tee were e s t ab l i shed  as a func t ion  of pressure  i n  con,junc- 
ti-on wi.th the in t eg ra t ed  7.eak Lest ,  a usefu.J. c o r r e l a t i o n  migiit be developed 
t o  p e m i t  such continuous monitoring. 

before  they- a r e  instal-l.ed in-'io the vessel. or on individu.al componen-ts 
a f t e r  t h e  ves se l  has been completed. 111 t h e  l a t t e r  case, local- t e s t s  
m y  be condmted i n  conjunctrim r w i t h  t he  contairmient ves se l  p ressure  t e s t .  
Local l e a k  t e s t s  al-so m y  be required. a t  containment a l - t e r a t ions ,  such as  
new penet ra t ions ,  a d  t o  d.etec-i and l o c a t e  leaks  t h a t  develop a f t e r  t he  
ves se l  has successfu l ly  compl-eted. an  integraiei i  l e a h g e - r a t e  t e s t .  The 
i i se  of vacuum boxes or l o c a l l y  pressur izable  bulkheads obvri.ously implies  
t h a t  t h e  eeometry of t he  1eak.s i s  not  sens i~ t i -ve  t o  t b e  stress condi.t,i_on 
of  'ihe contaimneni shell, s ince  t h i s  me2;hod cannot approach t h e  pressure 
d i f f e r e n t i a l s  t h a t  would he f e l t  by t h e  contai .ment  ves se l  i n  the  event of  
an accident .  
assuraiice t h a t  such an e f f e c t  does noi; exri.st. Tn some cascs it may be pos- 
s i b l c  t o  use  me of t h e  l o c a l  leak  t e s t i n g  techniques descr ibzd i n  t,jlis 
secti .on t o  perform in tegra ted  leakage- ra te  tes ts .  i n  these cases,  a mea,.., 
surernent of 1-eakage r a t e  w0u.l.d be included i n  the  leak tes t .  Section 
10.4.10 d iscusses  how some OY -these methods normally used for local- k a k  
t e s t i n g  may be r e f ined  t o  give an accura te  ind ica t ion  of  t h e  in t eg ra t ed  
leaksge r a t e  of t h e  e n t i r e  containment ves se l .  

The a,bil . i ty t o  use any p a r t i c u l a r  1.e~ak t e s t i n g  technique i n  a q u a i t i -  
tatrive fashion depends t o  a l a r g e  ex ten t  on t h e  a b i l i - t y  OS the fte1-d. 
a c t i v i t y  t o  ca re fu l ly  conti-01 the  condi t ions under whi.ch t h e  t e s t  i s  being 
run. 
i s  specj_fi.ed ( see  'T'abJ-e 10 .2)  for a i r  bubhl-es r i s i n g  -tln.ough a water 
blallket, it shoul.d be r e a l i z e d  t h a t  t h i s  s e n s i t i v i t y  i.s dependent upon 
observing 1/16-in.-diam bubbles being released. a t  a ra-Lc OS one pe r  second. 
Observation of such bubbles i n  a r e l a t i v e l y  small., well.-lighted 'ies t a rea  
should be reasonab1.y poss ib le ,  bu t  t h i s  sor-i; of t e s t  phenomenon migii:i; 
easlly be overlook-ed under o Lher coniliti.ons. 

Table 1.0.2 i nd ica t e s  t h e  approximate sens i - t i v i ty  of var ious poss ib le  
t e s t i n g  '~echniques, assuming :rather r igorous t e s  i; condi t ions a r e  appl ied .  
These techniques a r e  discussed ind iv idua l ly  in t h e  following subsect ions.  
Tes-i; s e n s i t i v i t y  i s  indi.ca,ted i n  tcrins of t h e  minrimwn leakage r a t e  de t ec t -  
abl-e from a sing1.e 1-eak, s ince  pe-rcentage leakage r a t e s  would have no 
mearC.ng wtthou'i. re la t i -ng  t h e  s p e c i f i c  containment ves se l  s i z e  and pressure-  
temperature condi t ions.  'The imTts indicated,  cubic f e e t  per  day, were 
chosen to shipl.i-fy subsequent ca lcu la t ions  of  percent  leakage r a t e  per  
da,y, i f  desired.  Since vai-jations i n  t h e s e  s e n s i t i v i t i e s  by one t o  two 
orders  of inagnitude c m  easi1.y be caused by varying the  t e n t  conditions,  
Table 10.2 should. be used prjrnar i ly  as an  ind ica t ion  of the r e l a t i v e  sen- 
s i t i v i t i e s  of  t he  var ious techniques l i s  Led r a t h e r  than  a s  an i:ndi.cation 

Local. l eak  t e s t s  can be performed on various containment components 

I n  t h e  ern-ployxien-i; of such devices,  there must, be reasonable 

Thus, when a minimum de tec t ion  1.isnit of leas 'i;iian 0.01 f t 3  per  day 



Table 10.2. Order of M&i,gnil;ude Sensi. t ivity of Various 
Local Leak Testl.ng Techniques 

~ 

'l'ypical. Flow 
Detectable Basis 

Te chni  que 
TJ%ldcr 

S p w i f l  ed 
Conditions 

( f t '  pel. day) 

B-ubbl. e ob 6 erv& 1; lion t e  s t s 

Soap bubl~le t e s t  

Water submersion t e s t  

Vacuum Lest 

Sonic t e s t s  

Adulterant gas tests 

Air-ammonia test w i t h  
H C 1  so1utLon or plie- 
nolpthal. e in  indica- 
t o r  

Xal.ogen sniff  e s  t e s t  

1ieli.lm ITELSS spectrome- 
Lei- t e s t  

Had-ioactive gas t e s t  

OlTactory t e s  L 

10 

0.01. 

0.1 

1.5 

1. 

10- 

10- 

10 

1. 

Observation o f  %-in. -diarn hub- 

Observation of 1/16- i n .  -diam 
b l e s  forming in 4 sec 

bubbles at cine per sec0n.d 

constant temperature ; pres- 
sure readable t o  0.1 rrtrfi rig 

1-0." f-1- t, 3 chardoer; 1./2-k t e s t ;  

3 f m m r m i a  concentration of 10- 
p a r t s  by voluae 

Instrument s e n s i t i v i t y  of 
1 x 10-6 cc / sec ;  tialogen con- 
centrat ion on p:ressuri.zed 
side of 1 . 0 ~ ~  p a r t s  by vo~-ume; 
all leakage d-ucted t o  ins t ru-  
ment with no external  d i l u -  
t i o n  

M a  s s spec t r  orne t er s ens i 1; i.vi t y  
of" 5 x 10-8 cc/sec; pure iie- 
I . i m  on pressurized side; a l l  
Leakage ducted t o  t h i n  spec- 
fxorneter with no external  d i -  

(I m/hr a t  1. ft, uns'niclded) 

mercaptan = 4 X 10-' p a r t s  by 
volume; 1oca.l t e s t  mercaptan 
concentration of p a r t s  
by volume 

Average hwmn s e n s i t i v i t y  t o  

a See discussion of each of these t e s t s  f o r  addibional d e t a i l s  on 
the assumed t e s t  conditions. 
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o f  t he  absolu te  sensi.tj.vj.ties obtainable  i n  every case.  Obviousl.y, t h e  
s e n s i t i v i t y  o f  adulterant;  gas t e s t s  can be increased by increas ing  the  
concentrat ion of t h e  gas .  

c a t i o n  w i l l  depend upon inany f a c t o r s  o'cher than  t h e  minimum sen.sj.ti.vity 
achievabl.e, such a s  t h e  equipment required,  t h e  time required,  any- hazards 
t h a t  may be invol-ved, t h e  worker skil.1.s required,  and t h e  t e s t  s e n s i t i v i t y  
requi red .  
per. day from an ind iv idua l  leak,  a s e n s i t i v i t y  e a s i l y  a t t a i n a b l e  by nea r ly  
all. 1-oca]. t e s t i n g  techniques,  would gli.ve a f rac t iona l .  leakage r a t e  of  
0.0001$ per  day per  l e a k  on a l.,000,000-ft3 containment system. Allowing 
over 1000 l eaks  a t  r a t e s  lower Lhan t h i s  s e n s i t i v i t y  would not  exceed t h e  
of ten  spec i f i ed  0.1% per  d.ay maximum in i i i a l - accep tance  leakage rate, 
ever, i t  must; be r e a l i z e d  t h a t  'die orlgi .nal  t e s t  requirements include a 
s a f e t y  f a c t o r  f o r  errors and. long-term de-teri .oration. 

t h e  feasi.biJ.ity of  using l o c a l  Leak t e s t i n g  as a means of continilxous l eak  
monitoring. Cal.i.bration of t h e  l e a k  technique, use of s tandard leaks  as 
checks on ca l ib ra t ion ,  grouping o f  pene-Lrations i n t o  a s ing le  c o l l e c t i o n  
o r  t e s t i n g  system, and o ther  techniques coul..d be used 'LO impl.erneat t h e  
method so t h a t  t he  leakage rake roni. tored could be expected -bo r e f l e c t  
the  in t eg ra t ed  leakage r a t e  with reason.ab?..e conf idence. 

descr ibes  t h e  bas i c  p r inc ip l e ,  discusses  the  accuyacy- and complexity, and 
i-ndi-cates t h e  equipment and worker s k i l l s  requi red  f o r  each technique. 
Most of these  'iechniqilxes a r e  a l s o  discussed in Appendix A of t h e  proposed 
ANS leakage- ra te  t e s t i n g  sliandard . 

Selec t ion  of a suitable t e s t i n g  technique f o r  any p a r t i c u l a r  app l i -  

It should be noted t h a t  de t ec t ion  o f  a 1-eakage r a t e  of l . 0  f t 3  

How- 

Although hypothet ical ,  ' h i s  i l l u . s t r a t i o n  provides an i n s i g h t  i n t o  

The foJ.J..owing d iscuss  ion of each of t he  local.  1.eak t e s t i n g  techniques 

1 

1.0.3.2 Bubble Observation Tests  

10.3.2.1 Soax, Bubb1.e 'Ye st 

The soap bubbl-e t e s t  i s  the most, corimon local. l e a k  de tec t ion  method.. 
I n  t h i s  tes - t ,  as outl-ined j.n t he  proposed ANS Standard, t h e  s-l;ructure i s  
pressuri-zed t o  a t  l e a s t  5 p s ig  ( o r  ha1.f t h e  design pressure,  i f  l e s s  khan 
1.0 ps ig ) ,  and a soap so lu t ion  i s  appl ied  t o  t h e  outer  sur face  so tha,t any 
l eaks  a r e  de tec ted  by 'Ghe presence of soap bubbles on t h e  sur face .  This 
method i s  commonly used t o  make a complete survey of a l l  welded joi-nts ,  
gaskets ,  threaded connecti ons, and mechanical cIosu:ces, such as a i r  locks,  
valves ,  a m i  p r e s s w e - r c l e a s e  devices,  while  t h e  containment v e s s e l  i s  
being pneumatically pressur ized  f o r  i t s  i .nit ial_ pressure  t e s t .  It i s  not  
useful. i n  t e s t s  of components, such a s  Val-ve sea t s ,  havi-ng complex georne- 
t r i e s  not readi.ly exposed t o  soapri-ng and v i s u a l  observat ion operat ions.  

I n  a typica l .  soap bubble Lest;, pressmrizat ion of t h e  vesseJ. i s  
stopped. a f t e r  a pressure of approximatc2l.y- 5 ps ig  i.s reached, and the  soap 
so lu t ion  j.s appl ied  -Lo a l l  welds and j o i n t s  on t h e  entj-re ex te rna l  sur-  
f ace .  Partical-ar a t t e n t i o n  i s  given t o  1.ocations where lea,ks.ge might be 
expected t o  occur.  If any lkaks a r e  de'cec'ced. a t  thris pressure,  they  are 
repaired,  with t h e  vessel depressllr ized i f  necessary-. Gasketed-type 
c losures  can be sea led  o f f  for l a te i -  r e p a i r  without dep rcs swiza t ion  pro- 
vided t h e  repa i red  p a r t  can be l o c a l l y  t e s t e d .  When no f iwther  J-eaks a r e  
found, p re s su r i za t ion  of  t h e  ves se l  i s  continued i.n increments u n t i l  t h e  



tes-i; pressure i s  reached. After  a l-hr hol-ding period a t  the  t e s t  pves- 
sure, the  pressure i s  reduced t o  design pressure, a t  which tinie a second 
soap bubble test i s  conducted. T h i s  t es - t  not only confirms reai.iLts of 
the i n i t i a l  soap bubble t e s t ,  but indicates  whether addi t ional  leaks were 
opened. iin duri.ng t h e  high-pressure s t rength  test. If any eignifican-t  
Leaks a r e  detected duri.ng the t e s t ,  they must be repaired pr ior  t o  pro- 
ceeding with the  integrated leakage-rate Les t .  If the soap bubble Lest 
is conducted carefu l ly  and a1.l. welds, jo in ts ,  access openings, penetra- 
biens, e t c .  of the contaj.nment vessel are covered, the  -vessel w i l l  l i k e l y  
pass t h e  integrated leakage-ra,te t e s t  because the  s e n s i t i v i t y  of the  soap 
bu11bl.e t e s t  for small. 1-eaks can be greater  l;hm t h a t  of .the in tegmted  
leakage-rate tesl;. 'Piere i.s t2lerefor.e a strong economic incenti-ve 'XI  use 
Y l e  soap bubble 1;e::t and theyeby avoid. an expensive aid. prolonged s e r i e s  
of integrated te:;t:;. A poss%'ole di..fficul.ty with the soap Bubble t e s t  i s  
that 1.axge leaks m i g h L  no t  be detected, since the a i r  could b r e a k  .i;%lr.ough 
t h e  soap solutlion without forming biubbles. However, a leak t h a t  i s  large 
enough t o  break through the  eolutton without causing bubbles should. be 
detectable by a conipetent inspector e i t h e r  audibly o r  by sense of k o u ~ h .  

i s  used i.n conjunction with a v-acuum box. In  this case, a meum1 box 
coi1l;stining a window i s  pl.aced over -the a rea  Lo be t e s t e d  arid i s  evacuated. 
t o  produce a t  lensl ;  a 5-psi pressure d i f f e r e n t i a l .  
a.ppl.i.ed t o  the tcts-1; area before it lis covered wi.th the  vacuum box, a n c l  any 
leaks w i l l  be indicated by bubbles observed through the window i n  the box. 
mlis method i s  p a r t i c u l a r l y  usci!fliL -when the en-tire conta-inment vessel. 
camot  be pressurized, e i t h e r  p r i o r  t o  completion or a f t e r  equipment which 
i s  pressure s e n s i t i v e  has been installed.  w i . t h i n  the  vessel.. 
used for retest , ing I.ocalized. areas .to avoid having t o  repressurize the  
ve s s el- . 

'The equipment meded for -the soap bubble t e s t  i.s si.:rriyJle, consi.stj.ng 
of t h a t  nced.ed t o  provide a pressure differen.tia,l acxmss the  t e s t  surface, 
a soap solution, paint-brush appl icators ,  access equipmen-t, such as lad.-  
d.ers, bosun's chairs,  e t c . ,  a c'nn?onom?ter, and observant workers. The 
use of a control.1.ed leak t o  demonstrate the pr inc ip le  and. s e n s i t i v i t y  of 
t h i s  Leo{; t o  unski l led workers is suggesterl. 

A su i tab le  soap so1uti.m for air  leakage indication, as suggested i n  
the proposed ANX s'c;anclx.rd f o r  leakage-rat,e tes t i .ng j l  i s  one consh'cing of  
equal p a t s  of corn syrup, 1.i.quj.d detergent, and glycer in  a 'Ike solu-i;ion 
sl1oul.d be prepared not more than 2 4  hr  pi-ecetling the test, and i t s  bubble 
formixtion pr0pertri.e~ shou1.d be checked with a sample leak every half hour 
dvzing t h e  t e s t .  
a s s u ~ i i i  t h e  10-ft,3 per day sens i t iv i . ty  indica-Led.. 
cou1.d be used as well, the  princj.pa1. requirement being tha.1; s u f f i c i e n t l y  
s t a b l e  bubbles be formed -that -they can be detec.ted visuxtlly f o r  some 
period. of time after they initriaA.1.y emerge. 

The soap bubble .Lest has been used t o  cI.el;ect, leaks 5.n rmny types of  
pressu:re-c0ntaj.nin.g systems and ccj~n~onents  arid i s  an accepted. and senst- 
t i v e  method of ].ea& detect ion w h e n  properly applied.  
seem ra ther  tedious and time-consuming t o  cover the  weld se,xms, penetra- 
t ions,  e t c .  of the e n t i r e  vessel., r i t  i s  probably more e f f i c i e n t  tha.n p o ~ -  
sTb1.e al-Lernative procedures. 121 t h e  repor t  of %he l eak  t e s t s  performed 

* .  

In  another appl icat ion of l o c a l  leak  tes t ing ,  the soxp 1 ~ ~ b b l . e  t e s t  

The soap solut ion i s  

It i s  also 

0bservatj.on of a 2-in.-diam bubble formtng i n  4 see w i l l  
Other soap solu.Lior~.s 

Although i.t m ~ ~ y  



on t h e  Belgian r eac to r s  BR 2 and RH 3,8  ii was indicated t h a t  ten th ree-  
man idams perforined a complete soap bubble t e s i  i n  l e s s  than  6 h r .  
conclusion of  t h e  r epor t  was t h a t  " the q u a l i t a t i v e  soapy water t e s t  is 
ve.ry s e n s i t i v e  and rap j  d .  I' 

A 

10.3 .2 .2  Water Submersion Yes t 

The water submersion t e s t  i s  a common and simp1.e a l t e r n a t i v e  -Lo t h e  
soap 'udnb1.e t e s t  t h a t  can be used f o r  sma1.1. components. 
performed by e s t ab l i sh ing  a d i f f e r e n t i a l  p ressure  across  t h e  surfa.ce t o  
be t e s t e d  and covering the low-pressure s i d e  o f  the sur face  wi th  wa'cer. 
A s u f f i c i e n t  volume o f  water should be provided Lo permit f u l l  submer- 
gence o f  -tile s iu face  snd~ convenient, observat ion of bubble formatioil. 
Adequake l i g h t i n g  must be avai la ,ble  and s u f f i c i e n t  time and. varying po- 
s i t i o n s  taken t o  assure  -that bubbles a r e  not  c o l l e c t i n g  unseen i n  pockets 
of  t he  t e s t i n g  device.  Trapping t h e  bubbles by covering t h e  wa-tcr wi th  
a c l e a r  p l -as t ic  shee t  w i l l  r e t a i n  the bubbles and enable the  inspec tor  
t o  see them more r ead i ly .  
a t  a r a t e  of one per  second will j nd ica t c  a l e a k  of  0.01 f t 3  per  day. 

This t e s t  i s  

Observation of 1./16-in.-diarn. bubbles appearing 

10.3.3 Vacuum 'Test . . .--- ... 

In  t h e  vacuum t e s t  method, a. vacuum box i s  placed over t h e  area, t o  
be t e s t ed  and evacuated t o  a t  l e a s t  a 5-psi  p ressure  d i f f e r e n t i a l .  
manometer a t tached  t o  t h e  vacuum box w i l l  i nd ica t e  1eak.s i n  t h e  a rea  
tested by an increase  i n  t h e  vacuum box pr-essure. A q u a n t i t a t i v e  ind i -  
ca t ion  of leakage r a t e  can be o'otained by measuring t h e  m'Le of  change 
i n  the  l.evel o f  t h e  manometer. A 0.1-mm-i-lg decay of vacuu.m pressure  i n  
a per iod of l./z 'hr for a 10-f t3  box a t  constant  temperature w i l l -  i nd ica t e  
a l e a k  of 0 . 1  f t 3  per  day. Cons-j.d.erab1.e worker experience i s  l i k e l y  t o  
be necessary, especial . ly i n  assur ing  l eak t igh tness  of  t h e  mating j o i n t s  
belxeen the vacuum box and t h e  t e s t  specimen, s ince  leaks  at t h e  joi-nts 
would total.1.y inval i .date  any experimental  r e s u l t s .  
les,k t o  v e r i 3  t h e  experimental  -techniques bei.ilg used i s  suggested. 

p l e t e l y  p re s su r i ze  the  containment v e s s e l .  It may be most useful. as a 
permanent i n s t a l h t i o n  a t  a reas ,  such as pene-trations,  rdnere leakage 
might be expected to  deve1.o-p. Concern about lea.lrage of the ''OX iLse l f  
could be reduced i n  t h e  permanent i n s t a l l a t i o n .  This technique i s  d i s -  
cussed i n  See-Lion 10.4.10 a s  a possib1.e method o f  d.e'i,ermining t h e  to t a l .  
containment ves se l  leakage r a t e .  The equations appl icable  a r e  t h e  same 
as  those use& i n  t h e  absolu-tc method f o r  i n t eg ra t ed  l~eakage- ra te  tes. t i i ig 
ou t l ined  i n  Sect ion l O . L b . 8 .  

A 

The use of 8. controll-ed 

This method i s  p a r t i c u l a r l y  u s e f u l  when it is not  poss ib le  t o  com- 

10.3.4 Sonic Tests  

During the t e s t  of  t h e  Plum Brook r e a c t o r  conta-j_nmen'i vessel, i t  was 
demonstrated t h a t  f a i r ly  minute leaks  could be heard, and irrmcdia,tel.y 
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mpaired,  by operators who entered .the vessel  through t h e  a i r  l.ocks w1iil-e 
t h e  vessel was at, a low testing pressure.  

Several types o f  devices u t i l i z i n g  sonic o r  u l t rasonic  waves YELR 
been de-rrel.oped and used f o r  detect lng Leaks i n  various pressixre and 
vacimm systems, al.though -they have not been used t o  sriy degree i n  con- 
tainrrient vessels. One such device uses  a probe t h a t  de tec ts  the  ultra- 
sonic waves generated. by a i r  mshing  th??ough a ].e& and produces a pro- 
portional. s igna l  i n  the audj-ble fr.equency range t h a t  i s  transmit; bed t o  
a set of  earphones. lo Because t h e  noises a re  detected i n  the ul t rasonic  
range, t h i s  method i s  qui te  insenslt i tre to ba ,ckgro~id  audtble noise.  
Si.nce the  i n t e n s i t y  of the sound i s  i-n-fcrse3-y proportiorial t o  ’che square 
of  -LIE d.i.stan.ce from the source, t h e  ?.ea,k can be I.oca.ted. accurately by 
moving i n  tine d i rec t ion  of increasing sozmd h t e n s i t y .  T h i s  d.evice i s  
srm1.1. and can be carried easily. Leakage r a t e s  a.s !.ow as 0.01 cfm can 
’oe d.et,ected up to di-stances of’ 10 I‘t, so  t h i s  method could be quite  va.1.u- 
able as an in.i..t;ial check f o r  contaainment vessel  1.eslrs. Q?nantj.ta,-Live 
in te rpre ta t ion  of r e s u l t s  i s  not  3-3.keIl.y t o  be partici.i.lar.1.y accur~ , te .  

Another sonic device t h a t  tias been used. t o  loca-Le lea,lis i n  pipel.i.nes 
uses an ultr.a.sonic generator t o  produce a signal. with5.n the pipel ine.  A t  
a, leakage path, t h e  ulhrasoriic signal- i s  t,ransrrli-tted -Lln~ough the pipe wall 
and can be detec-bed by tramsdiicers. Location of the leak pa.th i s  det,e:r- 
1-dned by t r a v e r s k g  the transdu.cers al-ong t h e  outsjde of  the  pipes. 

Either  of these methods Imcy be su- i table  f o r  coaba:i.i-uii.ent vessel. leak 
detection, particiAl-arly if the  vessel. s i r f ace  i s  no longer accessjble 
and the soap bubble riethocl cannot be used. ‘l?~.e sensi.tivi-Ly of these 
s0nj.c nebhods is comparable with that of the soap biib’ole t e s t ,  and. in 
addi t ion they caii be used t o  3.oca-be I_eaks t h a t  a r e  too l a rge  t o  be de- 
tec ted  by -the soap bi-h’ole ~iittliocl.. IIowevcr., t o  be detect;ed., the  1.eak 
meclianism m u s t  involve gas vel.ccit ies sufficient t o  generate ul t rasonfc 
waves, arid- t h e  system geometry inust be such t h , L  the d t r a s o n i c  waves 
so generated are not cia.mped ou-t by interferences f-t-orn interposed. mate- 
rb,ls, such a s  sb.i-el.ding, insvlatlon, oi- st ruc- tural  supports . 
useful leak detect ion infornat ion,  should not be relTed upon as absohnte 
detect  ion me ch.a.nism.s 

9 

Because of .t;’iiese qualificaliions, such tesLs, although they pravide 

10.3.5 

10.3.5.1 A i r  -Armnonia Tes-b 

AdulLersnt Gas ‘Tests 

The air-aimunia best i s  
t h e  air -pressurized system. 
vessel  i s  tinen. probed with a. 

performed by nddi.ng anhydrous amnonia ?;o 
 he outer (low-pressure) sixrfa,ce of the  
swab wetted w i t h  0.1 N hysbochl.oric aci.d. 

‘The presence of a leak i s  ini3ic:ztec-l. by a white chemical. fog that appcxrs 
when t h e  ammonia reac ts  with thr liydroclCKn5c acid e 

in ec1m.l p a r t s  of watei- and. e thyl  alcohol.. 
ened wiLh t h i s  soliition and placed. over the -{;est area w i l l  indicate  a 
leak by it pink d.ri.scoloration. 

Another ind ica tor  f o y  use  with armm1ri.a I s  a p’rienolp’,rt;h.aleri.n solut i o r i  
‘1 s m a l l  clo-th IIghtly d.amp- 
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Both  of these  t e s t s  r equ i r e  r a t h e r  high a.mmnia concen-ira.tions, and. 
it i s  suggested. t h a t  t h e i r  use be Limited to  r a t h e r  small t e s t  specimens. 
Both a r e  only q u a l i t a t i v e  i n  nature ,  provi.di.ng no s i g n i f i c a n t  quan t i t a t ive  
information. 

10.3.5.2 :lalogen Sni f f  e r  ‘Test 

The kra,l_ogeii s n i f f e r  t e s t  i s  somewha-t sj.m.iJ.ar t o  the a,i.ji.-a,rmonia test 
i n  t h a t  an e a s i l y  de t ec t ab le  halogen gas, such as fi-eon, i s  added t o  t he  
pi2essurlzed s ide  of the sur face  t o  be tested and l eaks  a r e  de tec ied  by 
scanning t h e  1.ow-prcssure s i d e  of the su.rface. Leakage i s  de tec ted  by 
t r ave r s ing  t h e  t e s t  area. with a de tec to r  t h a t  senses t h e  e f f e c t  o f  t h e  
iia.l.ogen compound on ton emission from a heated metal- sur face .  Aimther 
method o f  de t ec t i~ng  the  halogen gas i s  by use of t h e  flame col.oration 
techni-que. Ins-truments a b l e  t o  d e t e c t  l ppm a r e  comxon1.y ava i l ab le .  
Assuming a halogen concentrat ion of lo-* parts by volume and complete 
duct ing o f  all. leakagz t o  t h e  instrument without substant ia l .  ex t e rna l  
diluti.oii g ives  a sensitivity equivalent  t o  l e s s  than 0.001 f t 3  per  d a y .  

One d.ifficult;JI- with t h e  use of  h~a,l.ogens iis khat hml-ogen de tec to r s  
a r e  a l s o  sensiti-ve t o  c i g a r e t t e  smoke o r  dry-cl-eaning-fluid vapors.  Also ,  
t h e  p o s s i b i l i t y  of ch lor ide  s t r e s s  corrosion of  s t r e s s  cor ros ion-sens i t ive  
mberialh i-nside the  contaimienl; vessel .  shou3.d be considered. If halogens 
a r e  used. wi.t’n these  mater ia l s ,  t h e i r  sur faces  should be pro tec ted  or 
tlioroughly cleaned~ foll.owing {;he t e s t .  If f reon  i s  used. i n  continuous 
moni-boring systems, precautions should be taken t o  avoid r a d i o l y t i c  decom- 
posli.tlon i.n-Lo hydrochl.oric and hyd.rofl.uoric a c i d .  

‘The requi-rement ol” having r a t h e r  hi.gli i n t e r n a l  halogen concentrat ions 
suggests l i m i t i n g  t h i s  technique t o  r a t h e r  smal..l tes ts  ‘io avoid t h e  
hazar-ds of handling 1a:rger quant J.’iles of  t ox ic  materia1.s by workers who 
rmy he re l .a t ive ly  imfamil iar  wi.th toxicity pro’derns. AddiLional.1-y, con- 
s ide rab le  skill and p r a c t i c e  wi th  a control-l.ed leak sho1.il.d. be obtained. 
before  attempting t o  a sc r ibe  q u a n t i t a t i v e  s ign i f icance  t o  experlmental  
results. 

10.3.5.3 Xclium bhss Smectromctzr Y’est 

Another l e a k  detectrion technique, si.nzil.ar t o  the  iial-ogen method, 
uses  helium a s  t h e  detecta,’nl..e gas introdu-ced i n t o  the pressur ized  air. 
Rcls t ive ly  hj.gh helium concentrat ions,  say parts by volii~me, can be 
used wi’ihout f e a r  of -toxi-city problem,  and thus  t h e  test may be user? 
foi. l a r g e  as we l l  as small appl.i-cations. The prri.ce of  the hel-ium, nor- 
mally l e s s  than $50 per  1000 f t 3  (plus de l ive ry ) ,  s h o d d  be r e l a t i v e l y  
ins ign . i f ican t .  Mass spectrometers that can d e t e c t  helium w i - t i l  R sens i -  
t i v i t y  of  5 X IO-‘ cc / sec  a r e  availab1.e. 
used with pure heliwn oil t h e  pressurj-zed s ide,  and t h e  duct ing of a l l  
1-eakage to t h e  instrument without ad.dil;ional. dil.ut-ion gives  a s e n s i t i v i t y  
eqilri.val.ent Lo l o n G  ft3 per  day. 

Although t h i s  degree o f  sensi.t:ivri.ty i s  usuaJ1.y not  required. f o r  
t e s t i n g  I.arge containment vesse ls ,  a. helium test j.s o f t e n  used. t o  de t c r -  
mine t h e  leak t ightness  of individlut1. components t h a t  cannot be conveni- 
ent,l.y soap bubble tested’’ and. of t h e  re fcrence  system before  conducting 

This instrumentation, when 
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a leakage-rate t e s t  insing Lhe reference vessel method, RS described i n  
Sectiofi 1.0.4.9, A r e l a t i v e l y  high ciegree of worker skil.1. i s  r e p i r e d ,  
and considerable experience w.i.l;h con-?.t;rol.ll.ed. leaks should be a-va,ilable 
be for e quailt i t ,at ive i.nt erpr e ta  t ion of exper h-ieri-t r e  suli; s i. s a;1; t ernpt ed . 

A heliimi Leak test of a1.l welded joints w a s  performed on [;he SM-1. 
containment ve s s e l .  12 

10 I 3 5 .  r+ Additional Adulterant G a s  Methods 

Rdditj.ona,l. t e s t ing  methods include the d.etec'tion o f  ad.7il.terants such 
as e5Kr,  whLch can be d.etectcil by i t s  rad.ioactivity, o r  of ga:;eous adc3.i- 
t i v e s  t ha t  have p a r t i c i l - a r l j  strong od.or charac te r i s t ics ,  such as SO2 o r  
mercaptan-based compounds Care must be exe~cised i n  the  use  of  these 
nethods - The sa:t'e .use of rad.ioi.sotopes requi res  a Imowledge of rad.iati.on 
pmtect i .on standards and. tecbn.iques, and. t h e  safe  use o f  od.rjrous gaseous 
add-itives requires  a .knowledge o f  ' the i r  toxic characteri .st ics.  B 

are I.ikely to be more useRi.1. i n  bench-seal.e t e s t i n g  of  accessory- compo- 
rients .i;han -they wil.3- be f o r  integrated. system leak  testing. With experi- 
ence, t h e  radioisotoye a,dKl.tera.nt gas method shou1.d. yi.el.d good q u n ' i i t a -  
hive i n f o m a t i o n .  However, t he  s e n s i t i v i t y  of hwrana to odors i s  szlffi- 
cient1.y variable, especially aftex- repeated exposures, t ,hat  q1mitiJCi3,tiV~ 
interpretation. of  odorant t e s t s  :;I.ioul.d not be .attempted, except p0ss:ibl.y 

these problems tend .  t o  increase with t e s t  s ize ,  both of t,hese tec1xLiques 

L 

011 a 'Sgcmo go" ba-.' L L S .  

10.4.1 General. 

Leakage-rate test,ing i s  perfovmed to detejrmine the integrated 1-eakrtge 
rate of a i r  out of a, contzimrtenJG vessel a t  deslign pressure in order t o  
demonstrate t h a t  the measured r a t e  does n.ot exceed. the  i n i t i a l  acceptance 
leakage rate specif ied f o r  the vessel. In specifying '&e acceptance value 
and the maximum all.owable leakage rate, +,he contsequences of an ass~~iiei3 
iiiax.imm credible  accident are analyzed, taking into account -ihc amount and 
type of radioactive material-s i;ha,t could be released t o  the contaiulment, 
de te r iora t ion  of the containment, -the possible mechanisms Tor thbelr d.isper- 
sal., and the  p o t e n t i a l  harm t o  %he surrounding populat,i.on. Because of the 
many uncert;aintj.es a s s o c i a k d  w i - t h  the  re lease  arid t ranspor t  of i-ad.i.oac-.t;ive 
materia1.s during -the ass?rrtlcd accident, several asswpti.ons must 'oe nia.de i r n  
t,he safe ty  analysis  to juat,.i.fy leak t e s t i n g  as now performed. For ex.ampl.e, 
it i s  general ly  assumed t h a t  the I"issi.cm p7:oduc-La released from the  reactor  
wt1.1. leak out of the contain. vessel  a t  the same r a t e  as l.n aTr, whereas 
clwing an accident, consideralile condensation, deposition, and fi1.trra.ti.m 
of the fissioxl products probably wnuld occur in  Lhe vessel and. in the rnli- 
nu-i;e leakage paths. 
an accident and the  asswnpt,ions normally made I.n sa fe ty  analyses are dis- 
cussed i n  d e t a i l  in Chapter 4.) 
humidity, w i l l  also be different,  during a lealra.ge-rate t e s t  than i n  the 

(Toe generation and tmnspor% of rai2ioactPrity during 

Other enndi t lons,  such as temperatare and 
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acc ident  s i t u a t i o n ,  s ince  si-mula-t-iilg them during -the tes t  may no t  be prac-  
t i c a l  or j u s t i f i a b l e  ri.n view of the o the r  assump-Lions involved. Pressure 
i s  t h e  most s ign i f ican- t  va r i ab le  i n  de t e rminbg  t h e  leakage r a t e ,  bu t  i n  
many cases  it i.s necessary t o  conduct a reduced pressure  test  and extrapo- 
l a t e  t h e  measured. leakage r a t e  t o  an equivalent  ra te  a t  t h e  design pressure,  
neglec t ing  oi" es t imat ing  any changes i n  leakage pa th  s i z e  wi th  changes i n  
pressure.  The leakage rate determined ri.n a co:ntainment ves se l  leakage-rate  
t e s t  is, therefore ,  only i*ri approximation of t h e  r a t e  at, which f i ss i -on  prod- 
u c t s  would leak out  or? t h e  ves se l  i n  the  evenL of t h e  assumed acc ident .  
The i n t e n t  i s  t h a t  t h e  leakage- ra te  - t e s t  be conservative,  a long with a l l  
o ther  Yac-Lors t h a t  demons i r a t e  containmmt capabil. i t y .  Consideration rust ,  
t he re fo re  be given t o  t h e  condi t ions e x i s t i n g  a t  t h e  t i m e  of t h e  pos tu la ted  
m e a  i n  orc'.er t o  have assui-ance t h a t  conservatism does i n  f a c t  e x i s t .  

S t  has been 'ihe p r a c t i c e  wi-Lli rmoy containment ves se l s  t o  conduct 
bo th  an i n i t i a l  and a f i n a l  integra-ked 1.eakage-rate t e s t  before  the p?.ant 
i s  operated.  T'he in i - t iaL tes i ;  i s  performed as soon as t h e  bare  con-Lain- 
men-t shell h a s  been completed and wi th  t h e  pene'mation openings blanked 
off. I'i i.s conveniently performed a t  Su.ll. design pressure  irnmed.ial;ely 
a f t e r  t he  pressure t e s t  and j.s intended t o  demonstrate t he  leak t ightness  
of  t h e  ohe1.1 i t se l - f ,  pr.i.niarily t o  show tinat t h e  v e s s e l  f a b r i c a t o r  has 
fulf i l  I.ed hi.s con t r ac tua l  obl.igatioi1s. ?ke f i n a l  t e s t  i s  perfori-ned~ af'ier 
a l l  peiietra-Lions and eq'uu.ipmenAc; have been instal-1-ed; it demonstrates t he  
leak t ightness  of t h e  e n t i r e  coritainmrnt system. I n  some ins tances  t h i s  
f i n a l  t e s t  has been conducted a t  reduced pressure  because of poss ib le  
d m g e  t o  some of t h e  i n s t a l l e d  equipment. I n  such cases,  it may be t h a t  
n e i t h e r  tlic i n i t i a l  nor - h e  f i .nal  t e s t  Iias been considered a comp3.etely 
adequate t e s t  by i t s e l f  and bo th  may be c i t c d  3,s evidence of  l eak t igh tness .  
This p r8c t i ce  i s  controversial  and may not  be  one tha t  cajl be j u s t i f i c d  
for most circumstances. 
e f f e c t  of acci.d.ent condi t ions on f i ss ion-product  bransport  and leakage 
and a l s o  i n  view of  t h e  g r a v i t y  of  excessive r e l e a s e  from 'die l a r g e  r e -  
ac- tors  now bei-ng proposed, a present  conservat ive viewpoint i s  t o  employ 
f i n a l  and r e t e s t  procedures t h a t  determine the  leakage ra te  as a . f luxtion 
of  pressure up t o  design pressurre o r  t o  employ continirous monritoring sys-  
tems o r  both. Thz techniques f o r  performing t h e  i - n i t i a l  and f.ina1. leakage- 
r a t e  - t e s t s  aye essenti.al.ly the same, and no d i s t i n c t l o n  between t'ne two 
t e s t s  i s  made i n  the  remind-er  of t h i s  s ec t ion .  Notwithstanding t h e  
similarity of technique, t h e  employmeni of tes.Ling equipment may be S r e a t l y  
d i f f e r e n t  a,s a resul t ;  o f  an in te rna l .  v0i.d f o r  t h e  i n i - t i a l  t e s t  and  t h e  
inc lus ion  of process eqiijpment, conel-ete, compartments, z t c .  f o r  t he  f inal .  
t e s t  and r e t e s t s .  

conventional s t e e l - s h e l l  containment v-esse1.s. Because of g r e a t e r  experi-  
ence with thris type of containment s t ruc tu re ,  t h e r e  i s  considerable  agree- 
rnen.i, as i-ef1.ectt.d~ ri.n t h e  proposed s tandards,  on t h c  procedures to be used 
f o r  leakage-rate  t e s t i n g .  
cab le  f o r  other  types of  containment s t r u c t u r e s  a s  w e l l ,  bu t  more consid- 
e m t i o n  of t h e  specia,]. condi t ions involved nay be requi red  t o  ensure t h a t  
t h e  r e s u l t s  a r e  val-id. 
some of t h e  considerat ions t h a t  :my apply t o  the  leakage-rate  t e s t i n g  of 
varioins types of containment s t ructui-es .  

I n  view of  - the present  uncertai-nty of t he  p rec i se  

'Tiis sec-Lion d iscusses  leakage- ra te  t e s t i n g  p r r i m r i l y  as r e l a t e d  t o  

Many o r  al.1 of t hese  proceduj-es rnay be app l i -  

Sect ion J-0.4.13 presents  a b r i e f  d i scuss ion  of 
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10.4.2 Leakage-Rate Crii;eria 

Since reactor  contair~men'c, i s  provided t o  prevea-t t he  release of 
a,ppreciabl.e amounts of rad ioac t iv i ty  il? the  event of a nuel.ear accident, 
t he  allowable leakage rate must be based on w h a t  i s  acceptabl-e f o r  nu- 
c lear  sa fe ty  consid.erations . Reactor type and size, s i t e  I-ocation and 
meteorology, as w e l . 1  as the possib1.e mechanism f o r  radioactivity geneyra- 
t i o n  a id  t ransport  within the containment vessel, a r e  a l l  considered i n  
specif'ying t'ne n?axi.rum allowabl..e leakage r a t e  fo r  a g i m n  containnent 
system. Hence, leakage-rate c r i t e r i a   ann not be stand-ardized but m u s t  be 
established. individually fo r  each plant;. Because of the  gcnerral des i re  
to red.uce nuclear hazards t o  the p rac t i ca l  minirfia~, t he  I.owes-L leakage 
r a t e  t h a t  5s  readi ly  oistainable aria nieasurabl.? i s  of ten specified,  ever] 
-Lhough i-t ray be much lower than is required. by hazards coaoiderations I 

used f o r  most of the  power reactom b u i l t  thus far, leakage r a t e s  w e l l  
below i n i t i a l  EXCeptanCe va1ucs for nwrrlear safety consj.deyations 11aTfe bee11 
demmstm.ted.. 4 inaxi-num leakage ra'ce al; desj.g_n pressure oi" 0.1% by weight 
of contained ais per day has heen specif ied f o r  several vessels  of this 
tne, and, when the vessel has been designed and b u i l t  with careful. atten- 
tion t o  penetrations, welds, Rad other de t a i l s ,  the  specified r a t e  has been 
achieved without; grea t  d i f f i c u l t y  OS expense. Consequen-f;I.y, a 1-eakage rate 
of 0.1% per day i s  .almost considered a standard i n i t i a l  leakage rate Tor 
t h i s  type of conta-i.nmen-t. Attaining t h i s  low i n i t i a l  leakage r a t e  results 
i n  part f r o m  experience with bare s h e l l s  and may not be p rac t i ca l  f o r  
grea t ly  cor~partm.ented or  otherwise eneunibered containment s t ructures .  Al- 
'chilugb leakage ra-tes as low as 0.05% per d a y  appear t o  have been demon- 
strated, leakage r a t e s  much less than t h i s  (say 0.01s per day o r  less) may 
be very diff icult t o  dernonstrztx fo r  singl.e-barrTer cont.ainment systems be- 
cause o f  the  limi-Led sensitivity of normal. leakage-rate . tes t ing methods, 
even .though it might be p0sslbl.e t o  actually achieve such a leakage r i z t e  by 
carefu l  design ad. construction. 

vide leak-Lightness, leakage ~ a L e s  corriparable with those of :;tee1 vessels 
should be achievable i f  the ] .her  i s  designed and fabricated with the  
s ~ i m  care and a t t en t ion  to d e t a i l  as are s.Leel vessels .  Th l ixed .  concrete 
s t ruc tures  eannot xpproach welded s t e e l  vessels in leakt ightness  and a r e  
seldom used where there  is a requirement for  a l o w  Leakage r a t e .  Con- 
crete  i s  inhez-ent1.y porous znd. subject t o  cracking and i . ~  d i f f i c u l t  t o  
seal. arouad penetrations.  Even with T f l a l - l  thri.clmesses as grea t  as 4 t o  
5 %L and with ext ra  care taken t o  obtain high densi ty  and high strength, 
a .concrete contari.mnent struc-Lure constructed by conventional means w r i l l  
1ea.k several percen.t per how. ' 
t o  the inner surfaces, leakage may be reduced by a fac to r  of 2 t o  3, 'out 
i f  the  coating i s  subjec-t; t o  cracking, it my have l i t t l e  e f f e c t m 6  
speciaJ. jo in ts ,  penetrations, and coatings are used, it m y  be possib1.e 

wi.th l e a h g e  r a t e s  as low as l$ of t h e i r  contained volunie per day. 
Since the aging of a concrete structure can considerably reduce i t s  leak- 
tighbness, freqiient periodic r e t e s t s  my be a l icensing requiremwt. 

For t he  conven1;ional.. s ingle-barr ier  s t ee l - she l l  ty-pe of containment 

F'or concrete eontaimienl; s t ruc tures  w i t h  welded steel .  1-iners t o  pro- 

Wnen a nonme-l;allic costing i s  appl.ied 

If 

t o  cons-truct la rge  concrete buildings f o r  deslgn pressures up t o  5 p - g  
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For composite concrete  and s t e e l  containment s t r u c t u r e s ,  cons i s t ing  
o f  a s t e e l  dome a t tached  t o  a concrete base, leakagc! i s  l i k e l y  t o  occur' 
through the concrete,  t;hroug?i pene-Lra'iions i n  t h e  concrcte,  and through 
t h e  joi-nt  between t h e  concrete  and steel.. The HWCTR composite c0ntai.n- 
ment vesse l ,  containing a thermosett-jing p l . a s t i c  r e s i n  on a l l  i n t e r i o r  
concrete  si lrfaces and a s p e c i a l  j o i n t  between t h e  concrete  and t h e  steel. 
s h e l l ,  had a leakage rate of a'oouh 0.5$ pe-r day a t  24 psig. l 4  

Crete po r t ion  of t he  ves se l  was p re s t r e s sed  t o  red-uce t h e  number and 
s i z e  of cracks t h a t  might develop. 

Mul t ip le -bar r ie r  containment designs may be yequirzd i f  hazayds con- 
sid.era.ti-ons d.icta,te lower raxi.mxn al lowable leakage rates o r  more p o s i t l v e  
coritrol  of leak-age than can be aciiieved even by s t e e l  s i n g l e - s h e l l  con- 
tainment ves se l s  . I n  a two-barr ier  corkainmeii?; system, leakage frsom the 
prirmry vessel. may be col.1 ected wi th in  t h e  secondary containment boundary 
and discharged t o  a stack o r  retu.rned t o  the prixmqi contaisiment a f tey  
be<.ng passed through a cleanup system. This not  only removes a l a r g c  
pari; of tile r a d i o a c t i v i t y  f m r a  t h e  leakage b u t  aLso assu~es t h s t  it w i l l  
be r e l eased  a t  t h e  t o p  oi" a s t ack  r a t h e r  than  a t  ground l e v e l  so t h a t  
a'tniospiieric d i l u t i o n  w i l l  have a gl-eater e f fec t .  
tainsnent space does not contai.:n a cleanup system o r  i f  t h e  system i s  
inope rat ivz  , c on-tainment e f f e  c t ivene s s i s  pr oba'oljr s t .i 11 cons i.d erab l y  
improved. because of t h e  addi.t,rional. hol.dup t h i s  space provides f o r  an. 
lcakage from t h e  p r i m r y  v e s s e l .  Anderson15 and Rushton and Edwards 
have developed. equati-ons and. curves t o  eval.uate t h e  e f f ec t iveness  of 
systems of t h i s  type.  Discusston of some of  t h i s  work i s  covered i n  
Sect ion 4.4.4.5-  

normally a welded s-kcel s h e l l  wi th  t h e  maxi.mun? 1-eaktightness a t t a i n a b l e  
w.j.th. exis t i .ng contari.-fire-tit cons t ruc t ion  and inspec t ion  techniqucs . TIe 
secondary- b a r r i e r  may have any degree o f  leaktig:iit:ness, depending up011 
t h e  o ther  func t ions  of t he  structure that. provides this b a r r i e r  and t h e  
degree o f  overa1.l. coatainment e f f ec t iveness  requi red .  'The NS Savannah 
utLlizes a ship's compartment as a secondary- containrnent b a r r i e r .  The 
concrete  containment s h i e l d  o f  t h c  Indian Point plant, cart be used. t o  
provide seconda.ry containment. In. t h e  containment sys teiti that was pro- 
posed €or the  Ravcnswood p lan t  i n  New Yo:ck, wel-ded. s teel .  s h e l l s  were 
u.sed f o r  t h e  primary and secondary bowidaries arid am$- leakage through 
e i t h e r  s h e l l  w a s  puriped back i n t o  t h e  pri.mary containment ves se l  t o  pro- 
vide  p o s i t i v e  con t ro l  of leakage t o  t h e  negat ive pressu.re zone between 
ha.rri.e-rs i.:~ t h e  event of an acc ident .7  In s y s t e m  o f  t h i s  type, separa te  
m a x i m u m  allowable leakage r a t e s  must be spec i f i ed  f o r  cach b a r r i e r  such 
t h a t  t h e  o v e r a l l  Leakage r a t e  mee-ts the leakage-rate  c r i t e r i a  e s t ab l i shed  
f o r  t h e  p l an t .  Double contai.xment systems are s u i t a b l e  f o r  l.eakagi:-ra-Le 
testi-ng using adu l t e ran t  gas nieLhods ( see See. 10. A. 10.2). 

Pres s u r e  - suppre s s ion  con-t ainment systems a r e  e s s e n t i a l l y  l i k e  o the r  
types o f  containment i n  tha-t tiley have a s t a t i c  env-elope completely sur- 
rowidins t h e  nuclear  system. A d i f f e rence  i s  tha-i; the  dry-well. envel-ope 
usually wi l .1  have a higher design pressure  a n d  smaller volume -Lhan o ther  
types of containment. The suppressi  011 ciiaciflber wil..l- have a I-ower design 
p r e s s w e  o r  smal.l.er volume o r  both.  The water i n  t h e  suppression chamber 

The con- 

IT the secondary cur- 

316 

The primary containment v e s s e l  i n  a double containment system i s  
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may be considered t o  be a second containment ba r r i e r ,  s ince it may t r a p  
some of the  f i s s ion  products, except the  noncondensable gases. In some 
pres sw-e - suppre ss ion containment des i.gns, the  suppress ion chamber i s  con- 
tained i n  a concrete vault ,  which serves as another containtnien.1; bar r ie r .  
A lover  a l lomble  leakage r a t e  may be specif ied for the  dry wel l  than f o r  
tlne suppression &amber, since the  dry well would contain considerably more 
airborne radioact ivi ty .  If it i s  assumed tha t  t h e  fission-product release 
i s  coincidect wi-Lh the i n i t i a l  pressure peak i n  t he  dry w e l l ,  an even more 
s t r ingent  allowable leakage rate for the  dry -dell i s  required. However, 
t e s t i n g  the  two vessels  separately after the  plant  has been ccsirrpleted i s  
d i f f i c u l t  because they are interconnected. A t  I-Iwnboldt Bay, the  dry w e l l  
and the  suppression chamber were leakage-rate tested separately during con- 
strue-tion of the  pl-ant. A continuous leakage-rate monitoring system i s  
proposed f o r  checking containment i-ntegrity during operation ( see See. 

An und.erground concrete containment system has been proposedl7 i n  
10" 4.10.1) . 
wh.ich Yne ground.-water presswe exceeds the  rmximwn pressure produced i n  
an axxident. Leakage-rate tes-Ling of  such a system would be more sensl-  
tive than f o r  rmy conventional types of containment as a resu1.t of a 
lack  of diurnal  tempera,ture swings. In  addition, t he  alwqm present ex- 
t e rna l  presswe would provide a high degree o f  assurance of leakt ightness  
without dependence on a mechanical syslxm. Reliance upon the exterml- 
pressure would require continuous monitoring t o  be assured of pos i t ive  
control.  

For containment systems other Ynan the  conventional types, there  
a re  no sl;and.a,rds o r  established. prac t ices  f o r  leakage-rate t e s t ing .  
Testing methods for these systems riust be established on a case basis 
t o  meet, t o  t he  extent possibleJ the  in t en t  of the est&li.sherl standards. 
It may take considerable ingenuity t o  demonstx-ate very low leah-tge raks,  
even f o r  s.tru.ctures t ha t  a r e  inherently qui te  leak t ight .  i n  specifying 
a ma.xi.inum al1.ombl.e leakage r a t e  ri.t i s  important t o  consider how t'ne 
leakage-rate t es t  % r i l l  be conducted and what the  significance of the re- 
su1.t;~ will- be. 

The effectiveness of near ly  all .  types of contairment depends on the 
proper operation of certahn mechxnical. devices and. system. For example, 
the ventila-Lion system i n  many contairment system discharges up the 
s tack during normal operation and depend.s on the operation of i .solation 
valves -Lo close the  system i n  .the event of an accident.  In p lan ts  Tin 
which the  main stearn Line penetrates t h e  containment bozmdary, s tean  
Line isol.ation val-ves and turi,i.ne stop valves must c lose reli.ab1.y t o  
isolake the  p lan t .  In some mul.tiple-barrier designs, i n  addi t ion t o  t'ne 
need for closing the  norm1 ven t i l a t ion  sys-I;emn, blowers i~rust, eorrf;inue t o  
mai.ntain 3, reduced pressixe i n  the annular space i f  the f u l l  beriefit of 
t h i s  systcm i s  t o  be real-ized. Pressure-relief '  containment systems, which 
vent t he  ir1it-ia.l pressure surge durirrg an accident and then close before 
f i s s i o n  products are released. Prom the cor-e, a r e  d-ependent on the  propel- 
timing an3 opera,tion of a mechanical device, as wel l  as on an adequate 
1mowl.edge of t he  r a t e  of  re lease  OP f i s s i o n  products. It i s  evident that 
the  carefu.l specif icat ion,  design, and. t e s t i n g  of t'ne mechanical. sys tem 
t h a t  form an in t eg ra l  part  of t he  containment system a re  as important as 
specifying the -rllaxirmm allowable leakage r a t e  and denonstrating that it 
can be achieved. Without proper operation of these systems, contai.miient 
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v e s s e l  leakage-raic  c r i t e r i a  a r e  ineaningl-ess. These ri s o l a t i o n  systems 
a r e  discussed i n  Chapter 9 .  

10.4.3 -1___1 Terminology 

The terminol.ogy applied- t o  t h e  f i e l d  of l e &  de tec t ion  and leakage- 
r a t e  measuremen-L i s  not  always cons i s t en t .  I n  t h i s  chapter,  t h e  termi- 
nology general..l.y follows t h a t  used i n  t h e  proposed ANS l eakage- ra te  t e s t -  
i ng  s tandard .l The fol lowing d e f i n i t i o n s  are used: 

I.. Leak. A l e a k  i s  an opening t h a t  al-l.ows t h e  passage of a f!.v.id. 
2 .  Leakage, Leakage i.s t h e  fluid t h a t  escapes f r o m  a l eak .  For 

3. Leakage Rate. The leakage r a t e  i s  t h e  leakage experienced during 
coiitainmeiit vessels ,  t h e  re ference  f l u i d  i s  a i r .  

a spec i f i ed  perri.od of t ime. In t h i s  chapter,  leakage rate i s  t h e  percent  
by weight of t h e  t o t a l  arnount of a i r  contained i n  the  v e s s e l  a t  i n i t i a l  
'cest condi.tions t h a t  l eaks  ou-t i n  24 h r .  

Lv. 1.laXimim Al.l-owable Leakage Hate. The maximum allowable leakage 
r a t e  i s  the maximum leakage r a t e  specif-ied i n  t h e  Operating License and 
Technical Spec i f i ca t ions  for a p a r t i c u l a r  containment s tru-cture . 
based on air ,  must, have an establ-ished basis for extra,polation t o  t h e  
acc ident  fll-uid composition and s t a t e  i n  ordei- t o  confirm coinpl.iance. For 
example, i f  the 1.eakagr: r a t e  is de l;ermlined. f r o m  pneimat<.c p re s su r i za t ion  
o f  t h e  containment ves se l  during a t e s t ,  t h e  leakage s p e c i f i c a t i o n  repor ted  
i n  t h e  followrihg manner w<.J-1 c l e a r l y  d.efine i t s  rneanj-ng: 

From the  context of these defiaitri.ons, t h e  t e s t  1.eakage r a t e ,  s ince  

1. Design Leskage .-.-.._._I Rate 
-1..1_. 

w t  $ l o s s  of containment aimosphere i n  24 hr f o r  the  
pos tu1 ated acc ident  condi Lions 

2 .  Measured Leakage RaLe 
_ _ _ _ l l l _ ~  .-__..... -.- 

T I L ,  $ l o s s  (+ ) of a i r  i n  2 r L  hr, a t  an average tempera- 
OF and a pressure  of p s i a  a s  ca l cu la t ed  from 

- ... I 
t u r e  of 
l-eakagp t e s t  d a t a  

- EktraFolated Leakage ..- Kate ( f o r  t e s i s  conducted a t  o the r  than 
coniainment design p res su re )  

3 .  

w t  $ loss ( +  ) of a i r  i n  2 4  hr a i  a temperature of -- 
psis I--..-- "F and a pressure  of 

4.  Corrected Leakage Xate 

T . r t  $ l o s s  ( *  ) of steam-air  mixture i n  24 hr at  a 
temperature of  F and a pressure  of 
ra , t io  of steam t o  aj.r of , corresponding t o  t h e  cal.cu- 
la ted condi t ions of  t h e  pos tu l a t ed  I.oss of  coolant  acc ident  

p s i a  wi th  a ----e--- 

Some ambiguity and confusion has rresul_Led when t h e  leakage ra'ie has 
As Brittan" has pointed out, been spec i f i ed  onl-y as "percent  pe r  day." 

t h i s  could imply percen-i; ol" vesse l  volume, percent  of t o t a l  contained 
a,ri.r, percent  of a i r  added during p res su r i za t ion  ("stoi?ed air"),  o r  per-  
ceilt o f  design pressure .  If leakage r a t e  i s  spec i f i ed  on a voluui~ bas i s ,  
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t h e  tem9eraLure and pressure must be c1earl.y specif ied al.so. 
c lear  whether w i n g  t o t a l  contained air or stored. air as a basis i s  more 
representat ive of  the  accident condition. Rowever, the  dlfference i s  
usual ly  not signif icant ,  i n  view of t he  other appmxima,ti.ons mtmde in 
safe ty  analyses, provlideil. the  basi.s 5s understood and c lea r ly  s t a t ed  
when specifying the  al2ow.bl.e percentage leakage r a t e  and provided the 
measured. ??ate i s  determhed. on the same basis. 

F u r  the  EBWR the leakage r a t e  w a s  :=pec.i.l"ied as 500 f L 3  a t  standard 
temperature and pressme per 24 h:r for t;he i n i t i - a l  -Lest of the  errtpty 
containment s h e l l  (approxirnatelg 0 (. 176 o f  the "s1;ored" 8ir) and 1000 f t 3  
( STP) per 24 br a f t e r  i n s t a l l a t i o n  of i n t e rna l  coiicirete and equipment 
(approxinately 0.25% of the  "s tored" a i r  i n  t h e  f r e e  volmie). I f3  
Iflost other pI..ants t h e  'oasis has not been c1.early stated and no d.ist inc- 
t i o n  has bees] tilade between allowable rates for the  empty she l l  and the  
completed plant. It has usually been the  case, however, t h a t  t h e  leakage 
ra te  i s  detennr.fined as a percent by weig'nt of t o t a l  contained air, arid the  
same allowable r a t e  has been s e t  .Cor both i n i t i a l .  and. f i n a l  leakage-rate 
t e s t s .  The mount (weight o r  ?solme) of a i r  Lea,k?.ng oil-t per Ziou~', which 
w i l l  be d i f f e ren t  for. the  bare shel.1. an11 for- t h e  corLpleted plant, a t  a 
gi.ven percentage r a t e ,  Iias not usual_l.y been detemnined, s ince it is the  
fsrtcti.on o f  conta,ined radioactivity Iea,king ou-t that i o  most s igni f icant  
i n  the safeLjr ana lp is .  'The previous a,mikjiguiti.cs and d . i f f i c u l t i e s  i n  com- 
paring r a t e s  f o r  d.ifferen.1; plants should. be lar, 
adoption of t h e  proposed .ANS Icakage-rate -testj.ng standax9d.. 

It i s  not 

For 

I g  elirriinated. by  the  
I 

10.4.4- Standard.s 

AJ..tlio-d& leakage-rate kesting of Lhe con-taimnent vessels built t o  
date has not been performed i n  accordance with any accepted standard, 
.Lhe methods w e d  have usualky been qiiite simila,:r and are re f lec ted  i n  
t h e  two proposed stanr1ard.s tEla,'c deal with t h i s  s~Lojecl;. 

10.4.~t.l AITS Proposed Standard 

The proposed. Sta;xid.ared for Leakage-Rate Testing of  Con!;aiment Strue-  
tzcres f o r  Nuclear Reactors, which was p r e p r e d  by the ANS-7 Subcommittee 
of the ms Staldards C G n m L i t t e e ,  reflec%s .f;lze prac t ice  which has generally 
been used in t he  pas t  and which r~Lg;Zlit 'br- expec-Le(1. to be followed 5x1 the  
future .  
structuxes for. nuclear power, --test, research, and t ra in ing  reti,t:tIors, 
wherever a, gast ight  contaimnent struci;u~i-. I.s specif ied as a cond:i.t.ion 
for  operation. " 
of current industrial .  pmctice,  fAis stttridard will be referred. t o  though-  
out th2.s section. The fo l lox ing  provisions are quoted from. Yne :;-tmdard: 

T'ne provisions of the proposed- stcnd.%-rd apply "-io contaimriexat 

Br.ca,i,?~se of" i t s  general appI.icabi1. .i.ty sad- i t s  ref1.ect:i.m 

"4.1 Sequence of  Tes t s .  Zeakqy?-rate test,ri.ng should. be 
conducted a f t e r  the i n q e c t i o n  and tes.t;ing of 'welded joints, 
penetrations, axid mechanical closures; comi)l.etiori of repair. 
measw'es for t he  mj.:n.imizing of leakage; and completion of  con- 
ts immnt structure pressure t e s t s  for stren.gt'ri.. Where the 



containment s t r u c t u r e  is t o  bt. siibsequel?kly covered with con- 
c r e t e  or  will otherwise be  inaccess ib l e  to d i r e c t  examination, 
particul..ar care should be given to inspec t ion  o f  t h e s e  a reas  
p r i o r  t o  such coverage. I n t e g r a l  o r  l..ocal. l e a k  rletection 
should. pre fe rab ly  preced-e lea,kage-rate t e s t s .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

"5.1 Appl-icable Tes'i Methods. TJeskage-rate t e s t  pro- 
cedures app l i cab le  to- t 'h is  stanza& may be eri.ti?.er the abso- 
lute method or t h e  refference vesse l  method. The choice of 
e i t h e r  method sha1.l. he a, r a t t e r  of a,greement be'ween partj-es 
who are charged with responsible  acceptance of t h e  vessel. 
and those 3.n charge of t h e  l.eakage-:mte t e s t  proced.u:~es. 

"5.2 Descr ipt ion of Met'nods. 'The absolu te  method of 
leakage r a t e  t e s t i n g  s h a l l  cons-ti'cu-Le t h e  determination and 
cal.ciL.atj.on of a i r  1.osses by contai.nment structime lea.k8ge 
over a skated per iod of !;he by ' L ~ C  mea,ns of d i r e c t  p ressure  
ajnd temperature observat ions during t h e  per iod  of t e s t  wi th  
temperature de t ec to r s  proper ly  I.ocated t o  provide an average 
a i r  temperaturc.  The -refercncc v e s s e l  method s h a l l  c o n s t i t u k  
t h e  determlnation and. ca1.culati.on of air l o s s e s  by ohse rm-  
Lions of t he  pressure  d l f f e r e n t i a l s  between t h e  con'iainment 
s t;ructure and a gastight re ference  system, with t he  re ferenee  
vesse ls  loca ted  s o  as -Lo represent ,  wi th  reasonable  accuracy, 
tile average tef&perat?i.Ye o f  t h e  aggrega,te containment a i r .  

Lions shall b e  conducted at, t h e ' p r e s s u r e  at which t h e  1.eaka.ge 
ra-Le was spec i f i ed  and a,f'ier all pressure  teo'i;ing reqil irzd i n  
t h e  spec i.f i c a t  :.on. 

"5.3 Leakage-Rate ..___y.. Pressures. Leakage-rate de t emrha -  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
"7.1 The Absolu-Le Method. The a'Dsolu'ic method of 

l eakage- ra te  determination depends on t h e  mea,su.rement of t h e  
temperature and presswe oi" a constant volume of con-tainmcnt 
s t r u c t i i ~ e  air with s1x.tabl.e co r rec t ion  for ch.a,nges 5-12 tem- 
pera ture  a n d  1i-mh.Iit)- con t ro l  under a nca r ly  constan't p re s -  
sure  d i f fe rence  wi th  respec t  t o  the atmosphere ou-tside the 
s t r u c t u r e .  It is assumed t h a t  t h e  temperature v a r i a t i o n s  
during the  t e s t  wi1.I. be i n s u f f i c l e n t  t o  e f f e c t  s i g n i f i c a n t  
changes i n  t h e  i n t e r n a l  volume o f  the s t r u c t u r e  o r  t h e  partial 
pressure  of water vapor i n  t h e  contained a i r .  

me-thod of  leakage T a t ?  d.eterminatioa depend-s on t h e  changes i.n 
pressure  of a constant  volume of contained a i r  compared wi th  
that o f  8. hermet ica l ly  c losed re ference  vessel. which wmy be a t  
the  s a m  pressure  as the  coiiLaLned a j r  at t h e  start of t h e  test 
o r  may have a small d i f f e r e n t i a l .  The re ference  vessels shal.1. 
be so placed and of such a geometry that  they  w i l l  assume t h c  
temperatures of t h e  contained ai.r w:i.l;'nin a :reasonabl.e ti.me Sag. 
The re ference  vesse l s  s h a l l  be sub jec t  t o  leakage ra-Le de te r -  
irfinati.on i n  accordance with t he  absolu.te method p r i o r  t o  t h e i r  
use for conLainmen-t struc1;ure t e s t i n g  accordin.g t o  the app1.i- 
cable procedures of t h i s  standard o r  may be checked by t h e  
halogen s n i f f e r  kcst o r  by r e t e n t i o n  of vacumn. 

"7.2 The Reference Vessel. Nethod.. The re ference  vesse l  
-I ..I........._I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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"'I .7 Period of  Tes't. I-" 'The leakage : ra te  t e s t  period shal.1.. 
extend t o  not l e s s  than. 24 hy of re ta ined i n t e r n a l  prcessi.ire. 
Conpl.etion of the  t e s t  sh.ou1.d be scl?edu.l.ed t o  coincide w i t h  
atmospheri.c te rqera t iues  nnd pressinres close to those a t  the 
stay-L of the t e s t ,  as far as i s  possible .  Check tes-Ls or repc- 
ti.ti.on of tests shall- be a mattex- of agreement between those 
responsYoZ.e f o r  t h e  acceptance of tine con-t;ainment s.l;r.uctiire 
and those i n  charge of -th.e leakage-rate t e s  Ling. " 

The leakage-ra-te t e s t i n g  prov3.sion.s of  t h e  proposed ASA N6.2 Safe-ty 
Standard for Design, Fabrication and Ikintenance of Steel Contaim.ent 
S t n i c t u e s  f o r  S-La-Lionai-y ~ u . c l e a r  ~ o w e r  Reactors (~ippend.rix E ) ,  a l - ~ ~ i o - u g h  
iii less  d e t a i l  amd. sornewhat more l imited i n  application, are genzra.1.l.y 
c o m i s t e n t  wit11 the provisions of the AXS Stamlard. The A-SA S-ta.ndard i s  
l i s t ed  as one of the conjunctive s-Landards i n  the ANS Stanc:l.ard. 'The fcj1.- 
lowing provisions are qu-oted. from Section 16, Leakage Test ing,  of t'ne 
ASA Staridard : 

"1. 13o'Lh l o c a l  leak {jests and integrated lea&age-rate 
bes ts  sha1.1. be performed. 'The l o c a l  1;ests are t o  loca te  
leaks of detectable  s i z e .  'I'he integrated leakage-rate test 
i s  t o  make sure that the overal.1 leakage-rate does not exceed 
the  al1owabl.e value. 

o f  pneumatically press!irr-j.zin.g the  she1.1. to be Lween dS$ and- 
100% of i t s  design pressure arid observling changes in pressure 
with time a Pressure sh.al.1. be measured with s u f f i c i e n t  ixc- 
curacy over 8, long enough  period^ of t i m e  Lo insulae 'cha-i; -the 
leakage i.s J..ess i;ha,n t h e  a,l.lowabl.e leakage r a t e .  Al.lowances 
mtis.L be mde forr the  e f f e c t s  of terfipelaatwe and humidity 
varri.ations on the pressline readings I 

"2, The i n i t i a l  in1;egrated. Icskage-rate tcsi; consis ts  

"3. 
-f; e s f; ling ; 

Ei.t ' ler  of' two rnel1hod-s rmy be used for leakage ra-te 

Pressure, i;emnperal;ure, and hun.j-ccl.i ty  measurenients at; a 
nmher  of points  inside the  containment; s h e l l  sh.al1. 
be taken over a, long enough peri.oc'l of time t o  insure 
relia,b:i.l.ity. 
Pressure cIia,nges i n  th .e  coiitainrfient s h e l l  may be mea- 
sured with respect  to a reference system of one o r  
several  containers distribu-Led within M e  s h e l l .  At 
the beginning and end of the  t e s t  pertod, the  average 
ten1pernt;uxe of the air i n  the reference system. and i n  
the  containment skiell s h a l l  be a.pproxir@itely equal. e 

"4 .  PeneLrations and seais shall be subg'ected to local. 
leak tests and s h a l l  normally be exposed t o  the integrated 
leakage-rate t e s t .  
penetration, then one seal- shall- be open dixring the lea.k-i.ate 
test and the  other must be cl.osed. The integrated leak-rate  

When there  a r e  t w o  s e a l s ,  i n  sei-i.es on a 
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t e s t  need no t  be repeated with t h e  open-and-closed sitinatj.on 
reversed i f  both  t h e  s e a l s  i n  t h e  s e r i e s  have successfu l ly  
wit'nstood t h e  pressure  t e s t  and revealed no imperfections i n  
t h e  l o c a l  leak t e s t s .  Minor pene t ra t ions  added as a r e s u l t  
of new work sha l l  be subjected t o  l o c a l  l e a k  t e s t s  bu t  need 
not  be subjected t o  in t eg ra t ed  leakage- ra te  t e s t s . "  

10.4.5 Nature of  Leakage 

10.4.5. I Theoret ical  

The na ture  of t h e  leakage, i.ncl.uding t h e  equations t h a t  def ine  i t s  
r a t e  as a k i c t i - o n  of i t s  d r iv ing  foi"ces, i s  dependent upon a number of  
f a c t o r s .  The major f a c t o r s  of impor-Lance a r e  r&i:ther o r  no'i t h e  c r i t i c a l  
p ressure  i s  exceeded, t h e  diameter, length,  and roughness or  t o r t u o s i t y  
of  t h e  leakage path, and the mean f r e e  pa th  and vi-scosi ty  of t h e  escaping 
g a s .  Various authors  have c l a s s i f i e d  d i f f e r e n t  f o r m  o f  leakage accord- 
ing  t o  t h e  s p e c i f i c  physical- phenomena involvzd, some of  whi.ch may e x i s t  
only over a cer ' iain range o f  condi t ions.  The following l i s t ,  which i s  
not  mean-t t o  be a l l  inchis ive ,  represents  -the major ca t egor i e s  normally 
considered: 

1. Mol.ecular Diffusion. ~_.-..--- Molecular d i f f u s i o n  i s  fl.ow caused only 
by a varying concentrat ion gradLent. This type of flow i s  independent 
of pressixre drop o the r  kllail as it a f f e c t s  t he  resu.l.ting concentrat ion 
gradien t .  

i s  sniall r e l a t i v e  t o  t h e  mean free pa th  of t h e  gas molecule so  t h a t  t he  
gas mo1ecul.e~ c o l l i d e  wi th  t h e  wa1l.s more o f t e n  than wi th  each o the r .  

s ec t ion  i s  l a rge  r e l a t i v e  t o  t h e  mean f r e e  pa th  of t h e  gas molecules so 
t h a t  t h e  gas molecules col..l.ide with each o ther  more o f t e n  than  wi th  t h e  
wal-ls, thereby supporting viscous s t r e s s e s ,  and t h e  fl..ow veloci. ty i s  suf- 
f i c i e n t l y  l o w  t o  provide I-aminar fl.ow condi t ions .  

flow, but  'che flow veloci-ty i s  su.j?fi.ci.ently high tha-t LurbuJ-ence i s  
caused. Both subsonic and supersonic condi t ions a1-e i.ncluded. 

The basj.c sylihol-s and nomenclature used f o r  t h e  d~iscuss ion  OF flow 
modes a r e  l i s t e d  below. For conslstency, t'ne u n i t s  f o r  each symbol are 
given i n  terms of mass ( M ) ,  l eng th  (L) ,  temperature ( T ) ,  and. time ( L ) .  

2 .  Mol-ecular Flow. I n  rIiolecul.ar fl.ow, t h e  f l o w  pa th  c ross  sec t ion  

3. Viscous, Laminar. I n  viscous, laminar flow, the  flow pa th  c ross  

4 .  Txrbulent F1.m. Turbulent flow is t h e  same as viscous,  laminar 

SJrrnb o 1 D e  fini t ion Uni t s  
-- _...I-- 

a Radius o f  a l e a k  of c i r c u l a r  s ec t ion  o r  I, 
one-'half of t h e  short dimension of a 
rectangular-sect i .on l e a k  

A Cross-sect ional  a r ea  of l e a k  pa th  

'd 

2 

C Sonic v e l o c i t y  of gas $t 
Coeff ic ien t  of discharge (nozzles  and Dimensionless 
orifices), subsc r ip t s  de and d t  r e f e r  
t o  c o e f f i c i e n t s  a t  extrapola.ked and -Lest 
condi t ions , respec t  live J.y ) 



Specific heat of gas at connl;a,nt p-r..essuc 
Specific heat of gas a t  constan% volwJiie 
Diameter of  circinlar cross-section leak 
E':elcti on fttc:tor 
Gravi-tat ional zc e e l  era t ion 
~ r i . d t h  o f  rectangxdaz. passage ( l e a k  s1.j.t) 

Peripbeqj- of flow channel-, periiiieter of  

Ratio of specific 'neats o f  gas cp/cv 
Constanix i.n m , s ~ - r a t e  or leakage-rate 
equati-ons; subscripts 1 t;kirough. 5 and- 
m, I ,  tr, ts, and 0, refer, :eespec.t;ively, 
t o  molecix~.ar., lamina.r, tw'oulent (rough), 

Length of  I.eaB path (between pressure zones 

Leakage of a contai-nrriei-1-t; systerrt (ccntain- 
nent atmosphere PELS'S basis) 
Leakage m t e  of conl;;s:i.rtment system at  con- 

d i t i o n s  a, which my  correspond t o  a test; 
c0nd.i t ion 
Leakage r a t e  of containment sys-tern a t  con- 

d i t i o n s  b, which correspond t o  the 
post ulal;ed. ace i d k n t  condi ti on s 

Leakage ra te  of  containment system at  ea- 
trapola-Led conditions (based on a i r  i n  
vesse l  at scme termrperatm.e as imden. t e s t  
condi-t; rioiis ) 

transverse t o  flow 

noncircular ]..ea:< 

turSu_l_ent ( sxflooth), arid orif ice- type f j . o T ) ? '  

Pa and Po) 

Leakage m t e  OS a con-Lairment system 
Leakage r a t e  of contai.nment system at  'che 

t e s t  condri.tions (based QD a i r  i n  vessel) 
MoLeeul..ar weight of gas 
Ikudwr of 1.eaks 
Mach number 
Reynolds nmiber 
Containment pres s UT e 
Upstream absolute p r e s s i ~ ~ e  of a. I.eak path 

(corresponds t o  the contaim-ent vessel 
pr e s six- e ) 

IJpstremn absolute pressure of a l..eak path; 
same as above except for  units 

Aveyage prcssi-we between -the upsti-eam and- 
downstream pressure of  t'ne leak path 

Containmen-I; vessel absol.ute pl'esswe at 
extrapolated conditi.ons (based on air i n  
v e  ss el.) 

Same as a'oove, except. expmsscd in units 
of atmospheres, absolute 

L/T 
L/T 

L 

JJ 

Dirnensionles s 

J . / t  

Dinlensionless 
Dixwnsionles s 

M/L t 
M/Lt2 
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Def in i t i on  

Downstream absolu te  pressure  of a l.eak 
path;  corresponds 'io t h e  barometric 
pressure  outs ide  of a containment ves se l  

t e s t  condi t ions (based. on a l r  i n  vessel.) 

of atmospheres, absolu te  

Containment ves s e 2. absolu te  p re s  s u r  e al; 

Same as above, except expressed i n  u n i t s  

Volumetric flow r a t e  
Molecular flow r a t e  ( i n  terms o f  pressure  

Radius of leak of  c i r c u l a r  see-Lion 
Gas constant, ( subsc r ip t s  a and. b -refer t o  

appl-icable values  under condi-Lions a and 
b 

times volhme dri.v:i.ded by t ime) 

IfydraiLLic rad ius  .A/H 
Time inkerval. (At usual ly  24 hr f o r  leak- 

Temperature of gas ( subsc r ip t s  a and b 
r e f e r  t o  temperatu.re a t  condi t ions a arid 
b 
To ta l .  vol-mfle of gas or total .  f r e e  volwlie 

Veloci ty  of gas i.n compressible fJ.ow 
Average molecular speed 
Average gas v e l o c i t y  
Mass r a t e  of flow i n  terms o f  weight of 

age- ra te  t e s t )  

of containment 

gas fl-owing through J.eaks per u n i t  o f  
Lime a t  ex t rapola ted  and t e s t  condi t ions 

Same as above, except f o r  condi t ions a a n d  
b 

Weight of  gas i n  f r e e  volume of contain- 
ment remaining af.tcr t he  l o s s  susl;ained 
through l eaks  f o r  t he  se l ec t ed  i n t e r v a l  
of  time 

Weight of gas i n  f r e e  volmir? of  contain-  
ment vessel. at, i n i t i a l .  sel.ected s t a t e  

Mean f r e e  pa th  of  gas molecules 
Viscos i ty  of gas 
Pressure mi.t used i n  vacuum work, 

Average f l u i d  dens i ty  between t h e  upstream 
and downstream pressurrea o f  t h e  l e a k  pas- 
sage 

IJ. IIg 

F lu id  dens i ty  i n  a l e a k  passage 

k i t s  

M/T,t2 

M/Lt2 

L3/t 
PY L 3 / t  

L/T 
L 

.IJ 

L 

T 

L3 

ut 
L / t  
L/.L 
m/t3 

m/t3 

m/t2 

m/t2 

rJ 

M/Lt2 

M/rJ3 

M/L t 

M/L3 

A b r i e f  review of t h e  pammeters t h a t  govern the flow c l i a rac t e r i s t i c  
of a gas passing through a s l l ~ ~ l l  r e s t r i c t i o n  w i l l -  help t o  c l a r i f y  t'ne 
problem of  leakage behavior.  Experimental detemin.a.tri.ons of t h e  f l o w  
r a t e  of gases through I.eaks have been made by  Nerkenlg f o r  the s i z e  of 



1eak.s of i n t e r e s t  i n  -v'acimm work and I.eak de'c;ect:ion. Since some I.ealrs 
i n  contai.mnen-t s tnictu.res  approach the size of leaks i.nvestigaltxi by 
Nerkeii, the resul ts  o f  tiis experrimen-ts and comparison wi-l;h theor.ctiea1 
equations ccml be applied t o  eva1uaf;e t'ne nagriikude and s lgni f icance  of  
leakage. These invest igat ions emphasize, however., {;he fact that the 
e f f e c t s  ~f pressixe on th.e fl-ow rate of I . eakge  (at atmosp1ier:j.c presswe)  
a r e  not always s-impl~ apparent, becaus=. a given leak can exhib-i-t; several. 
tJpes of fl.ow. 

For the par t i , cu la , r  characteris.tj.c geometry of a l e a k  in 8 vessel-, 
i - t ;  i s  desirab1.e t o  recogriize t h e  type  of flow that may OCC'II:~, since, in 
turn,  it defines the  expected leskage r a t e  in terrins o f  t h e  fo2..J..ow?.ng con- 
trol.l.ing conditions : 

1. Geometry of the leak a i d  passage i-ougkiness, 
2 .  
3. Physical propert ies  o f  the  gas (i. e. ,  viscosity, ~nollecula~r 

4 .  
in fonriulatj.ng the  leakage pa:rameteu.s f o r  each type of f'3.o~ ifivesti- 

Pressure difference across the Leak, 

welght, d.ens i-ty), 
Composition of t h e  gaseous xixture (ari.r-steam mi.xturcs) I 

ga,ted, cognizance i s  taken of th.e fact; that I-eakage from. 8. contsinrflent, 
structure is prefera1jl.y expressed as the f r a c t b n  (or' percentage) by 
weight of t h e  contained atmosphere escaping per mi.L of t-ime. 
all equations that def-ine flow raAe w i l l  be expressed in terms of' -the 
weight o f  gas escapi.:n.g .through ttie l e a k s .  

marily t o  evali-mte i t s  conti*ibuLion to cortainmnent Leakage, al.thou.gh -this 
f l . ow i s  predom-iiiantly s i g n i f i c a n t  wider vacu.um conditions, T w h i c h  iiavc no t  
been encountered in the  reactor contaimenl; s t ructures  bti.?.l.t t o  date.  
The co:ncepi; of the  m e m  f r e e  path of a gas i s  introdaced a t  thfs point to 
&fine the fl.ow regimes -in which rriolecular f 1 . o ~  my  exi.st i n  eontaiulunen-'i 
vessel. leaks. The nean free paYn i s  defined as the a,ve.ii.age distalzce t h a t  
a, g;zs mol.ecule w . i l l  t r a v e l  between toll-isi0n.s ~ Y ' i h  a,nother molecule a n d  
varies iriversely as a Linear fur ic t ion of the  Pressu.re. 
pressures, t h e  mean free path of air i s  excegt io~ialIy sma1.1.. 'The avei-age 
val.ii.e c f  the mean free path of ai:r mnolecvles (as reported by Duslirflan") 
at standard conditions of 1 atmosphere and '70"E' i s  of the  orde:r of 
2.6 X lom6 in. and decreases to approxirmtely 2.6 X a-'i lo atm.. 
fvIoleci.il.ar flow occurs when t h e  meam free path of the gas exceeds the  
l a r g e s t  dimension of the cross-sectionaL flow area, of the l m k  passage I 

Under t h i s  conditton -the molecules wi.l.l col1id.e m r e  freqllentl-y with t h e  
~qalls of  the leak passage than w i t h  each other. 

T h i s  mean f ree  path of a i r  may be compared with t h e  stze of the  leaks 
that exist i n  a contsinmen'i vessel .  The sml les t  dimension of  l eak  s i z e  
t h a t  2.s s i g n i f i c a n t  wi.t;h respect .bo flow ra . te  is considered. -La be approxi- 
ma-t;eLy I_ X lo-' in.," since leaks below thTs s f z e  do not contribute nate- 
m i l l y  Lo the l o s s  of the  contairment vessel atmosphere. 

Accordingly, 

1. b%lecular Fl.ow. %hi. mn.ol.ecvla,r fl-ow regirne i s  iiivestigaLed. p r i -  

At atn-ospheric 

W i i s  might be compared wil;h a leak  s i z e  oI" 1 X 10"l in., which 
under constant p?:essvr.e of 40 psig,  wou1.d l e a k  a b  a. rate of O.l.$ per 
day b a s e d  on orifice-flow leakage frorn 8, contai.nmen-t structure with 
a f r e e  volume of 2.5 x 1.0~ ft3. 
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ObviousI.y, molecul-ar flow does not  p l a y  a major r o l e  i n  contrj.buting 
bo containment leakage because of t h e  exceedingly small l eak  dimensions 
requi red  i.n t h t s  flow regime. However, molecular flow may occur i n  por- 
t ioris of i r r e g u l a r  l e a k  passages wheye considerab1.e dimensional changes 
occur, such as i n  t i g h t  cracks i n  weld seams. If a subsbant ia l  number of 
t hese  s n l a l l  leL2ks e x i s t e d  rin. a, welded containment s t r i ic ture ,  some s l i g h t  
con t r ibu t ion  t o  t h e  o v e r a l l  Leakage mighi; be expected a s  a. r e s u l t  OF 
molecular fl.ow. i n  t h e  f5.el.d of  vacuum technol.ogy, a convenient parametel. 
fyequently- used t o  determine tile tyye o f  flow i s  t h e  ?.hiidsen number, a/X, 
where a i s  t h e  rad.ius of  t h e  l e a k  wi th  a c i r c u l a r  c ross  sec t ion ,  and X i s  
t h e  mean fret? path of gas molecules fl.owing throu  h t h e  1.eak passage. 
This parameter, as discussed by Dong and Bromley,’l a f fords  a convenient 
means t o  a r b i t r a r i l y  d iv ide  the flow regimes i n t o  t h e  var ious  types of  
f l -ows t h a t  charncteri .ze t h e  gradual. t r a n s i t i o n  between moll-ecular flow and 
larninar flow. 

The flow regimes have a r b i t r a r i l y  been divided i n t o  a range expressed 
by Lhe value of t h e  Knud.sen number: 

Viscous ( o r  laminar) fI ow 
SI j p  flow 
Trams i.t i on fl ow 
Molecular fl ow 

a/x > lo2  
lo2  > a/h > 10 
I O  > a/x 7 IO-’ 

a/x > IO-” 

By consider ing t h e  cofldi.tri.ons i n  a contaimnent vessel. d.uring t e s t i n g  wi th  
air a t  low pressures  su.ch t h a t  t h e  mean f r e e  patah o f  a i r  mol.ecu1.es i s  
2 .5  X 1-Om6 i.n., an i n d i c a t i o n  may be der ived from Table 10.3 of  the f low 
regirne t h a t  applies t o  t h e  range o f  1-eak s i z e s  normally expected i n  a 
containmen-t; s t ;ructurz.  

It i s  appaxent from the val-ues of Table 10.3 t h a t  t h e  p reva i l i ng  
’cy-pe of flow, f o r  t he  s p e c i f i c  condi t ions assumed., i s  i n  t h e  vci.scous 
flow regime and t h a t  t r a n s i t i o n a l  o r  molecular types of flow a r e  not  of 
any signifri.cant consequence f o r  t h e  s i z e  of leaks  of i n t e re s - t  i n  con- 
-iainment vessels. Within tine range of p r e s s u r e s  to which contai-nment 
ves se l s  a-re subjected,  fl-ows o ther  than  molecular may be expected wheli 
t h e  f r e e  path of  the a i r  (a t  test; condi t ions)  i s  considerab1.y less than 
the  meam cross-sec t iona l  dimension o f  -the leak s i z e .  

Table 10.3. Khudsen Nurnber 
Cor i‘e ].at, i on of Fl.ow Regime 

and Leak Size  

Leak Knudsen 
Size,  2a Number, Flow 

Regime 
( i n . )  a/h 

1 x 10-I 2 x l o 4  viscous 
1 x 10-2 2 x 1-03 Viscous 
1- x 2 x l o 2  Vi. s c ous 
1 x 1.0-4 2 x 10 Slip €1 ow 
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A reasonable approximation (as d.ejri.ved from ckia.r-'is developed by 
Sante le r  and. lflol.l.er22 ) o f  the re la t ionship  between presswe, the mean 
dimension o f  the I.ea,k, arid the  fluow regime f o r  a 3 . ~  at an arribien-t tern- 
peratme of T/'O"E' i s  il..l.ustrated by Fig. 10.1. The prineipa:l. zone of' 
interest f o r  the  range of  pressixres a'nd leakages in eontairirneni; vessels 
i s  d.ef ined by the rectangular. area a-11- e-d, whi.c'n clLearly d.el.ineates 
the  predominance of  viscous X"l.0~. At this point, it i s  wel l  t o  e:fnplia- 
size t h a t  other than. V ~ . S C G U S  flow m y  be possible for the eondi-Lions 
outlined, since other leak flow parameter-s may be introduced wri.th va?:i - 
ations of leak  geometries and con-t;riimnent test cond.i.tions e 

To provri.de a more comp-r.ehens i.ve expos it ion of other parmeters  that 
govern i n  the molecul.ar f'low regime and. t o  ena,b:l.e cornparlson w i - k h  other 
types of flows, t h e  nml.ecular fl.ow eyu.a,tiori for -the simplest of I.eak ge- 
ometry (circifiar sectj-on) i s  selected. 
origina1.l.y derived by K~udsen (d.l.scussed by Dong a,nd Bromley2" and by 
Dushia,n20), f o r  a f i n i t e  cylindrical I..eak, i n  the case of a . i r  :flow from 
a, hig1n.er pressine, (conta,i.nment pressure) , -to a~i;mospbere, JZ,, is 

 he iml.ecuI.ar LFIOW rqua,tion as 

(10.1) 

in Eq. (10.1.) so t h a t  

or,  subs t i tu t ing  (T/~)D~ LFOY A, 

(10.2) 

(10.3) 



I Of 



10.33 

where Ki i s  t h e  constant of proport ional i ty;  a l l  other terms are  defined 
i n  the  norflenclature l i s t  above. Equat'ion (10.3) may be ikzther  sjmpli- 
f i e d  by expressing the pres:;m.es i n  atmospheres (absolute") : 

(10.4) 

N o  aktenpt i s  intended-, i n  t h l s  instance, t o  present the nuwrous modif-5.- 
cat ions applicable t o  leak geometries writ11 other than cl.rculai- CI'OSS sec- 
t i o n s  because of the limited importance o f  molecular o r  -t;sansi.tionial. fl-ows 
i n  containment leakage. 1.L i s  suff i -c ient  -to recognize that; the mass  ate 
of flow, w, f o r  a given gas (a,i:c) i s  d i r e c t l y  depencl.ent; upon the differen-  
tial pressure across tile leak ( P ,  - Po> and the leak georrietry fac-lmr D'/Z. 
Since the sizes of leaks i n  contai.nrm%.t structures i n  which moleciil-ar flow 
ris possible xre exceedingl.y sna11., the  mgnritud-e of  the  flow ra te ,  w, is, 
i n  consequence, also relati.ve1.y minor. 

the  viscous flow of a gas through a s t r a i g h t  leak passage of c i r c u l a r  sec- 
t i o n  a re  fam.il.iarly eq res sed  by t h e  liagen-Poiseuille eyuxtion: 2 3 ,  2'+ 

2 .  Viscous (or Laminax) Flow. The general  parametel-s that; define 

(10.5) 

The v a l i d i t y  of t h i s  equation i s  predica,ted on the followihg assumptions 
im-plied in t h e  development of .the laminar flow law: 

1. The gas is inconipressible (densl.ty, 0, constant) .  
2. 
3. The fl-ow ve loc i ty  p r o f i l e  i s  constant khrougbaut the length, Z , 

of the leak  passage. 
4 .  

are predominaxtt). 
For gas fl-owing through leaks at. l o w  v e l o c i t i e s  and with a l o w  dif- 

f e r e n t i a l  pressuxe across the k a k ,  the  flow m y  be considered as incom- 
pressible .  IEowever, with increased vel.oc.j.tir.s, longer le&. paths, and 
s igni f icant  pressure differenbials, t h e  gas densi1;y i.s rio longer constant 
between the  entrmioe and -the exit of t h e  le& passage. The Hagen- 
Poiseui l le  equation nus-i; t h e m f o r e  he mod.i.fied t o  treai; +;he fl-ow of a, 
corrpr~ssible f l u i d  with i t s  accompanying densi ty  changes e 

the  follow-i.ng appropriate r e l a t i o n s  i n  Eq. (. l -O.5), 

Tkie fl..ow i s  laminar (no turbiilent motion of -LIE gas), 

~ h . e  flow ve loc i ty  a t  the leak walls i s  zero (WLU f r i c t i o n  forces 

Ey sinbst,i-Lu-t;ing 

"It must be recognized- t h a t  Eq. (1.0.4) i s  based on a downstream 
absolute pressure of the  leak path cqua,:l. t o  atmospheric (barometri.ci,) 
pressure.  
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V s = p  Q 

where pav represents  t he  average dens i ty  of t he  gas flowi.ng through the 
leak as deterinined by t h e  pressures Pa and. Po, -the 1.a.mi.nar flow equation 
f o r  a corflpressib1.e f1.u.j-d becomes 

( 1.0.6) 

Ifowever, for ihc  condi t ions a t  t h e  leak,  Pav may be app-oxiinated ( T  con- 
s t a n t  ) by 

(10.7) 

Equation (10.7) i s  i n  t h e  form commonly r e f e r r e d  t o  as t h e  Darcy forrmla. 
A t y p i c a l  app l i ca t ion  of t h i s  equation by S h a n a _ o i ~ o ~ ~  i s  i l l u s t r a t e d  by a 
problem of laminar seepage of gas t 'nrowh a tube, which condi t ion  may be 
s i r o i l a n  t o  leaks i n  rontaillinenC vessels. 

e quat i on be e orne s 
I n  terms of leak area,  A, and a constant  o f  proportiona.liLy, K2, the 

(10.8) 

Grinne! 126 has Pwthw analyzed laminar flow of a compressible fl-ui.d. i n  a 
th in ,  rectangular  passage. This condi t ion may be considered t o  app1.y t o  
l~.eak paths  i n  containment s t r i i c t w e s  such as a-t improperly sealed gaskzted 
clmsures where a rectangu.lar open-ing (narrow s l i t )  i s  poss ib le .  The corn- 
parable  eqimtion f o r  mass r a t e  of  flow, w, through a rec tangular  leak, as 
developed by Grimell., j.s 
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(10.9) 

which .indicates t h a t  t he  width OS t he  crack (rectangular passage), b, i s  
analogous t o  D fo:r the  diameter of a circular-sect ion leak. The r e su l t s  
of  t h e  experirnental work of Grimel-I- flwther indicate  t h a t  Eq, (19.9) i s  
reasonab1.y accurate f o r  the  lower. values of  h/2 tha t  are within the  mnge 
of  i n t e r e s t  i n  containment leaks.  

pressed i n  atmos-plieres : 
To fu r the r  simplify Eq.  (lo.8), t he  pressures Pa and Po my be ex- 

(10.10) 

Al.t’nougEr E q s  e (10.9) and ( 10.10) define the parameters -that govern und.er 
laminar flow conditions,, it should be recognized tha t  these equations are 
app1ieabl.e -to siniple leak geometries. In  practice,  t he  J.eak geometries 
are .likely t o  deviate from the c i r cu la r  hole o r  the vec-tangular cross 
sec1;ion. The I..aminw f l o w  r a t e  d-erived from the  equations can therefore  
only be interpreted a s  a relasoxiable predict ion of t h e  1ec&.age, which will 
be modified by t‘ne effec.t; of the  indeterininate leak  geome-tries. 

Since the region that defines the  t r ans i t i on  between I8,mina.r flow 
and. turbulent flow cannot alwa,ys be accurately establ.ished, %he conserva- 
t i v e  prac-Lice i s  t o  assume larrrinar (viscous) flow for Reynolds numbers, 
pVsD/p, below approximately 2000. .Any var ia t ions from the assumed simple 
leak  geometries khat, w i l l .  read5.l.y influence the value OS the Reynolds 
iiumber can conceivably contribute t o  W t h e r  var ia t ions i n  the  flim r a L e  (. 

Die importance of the  parame-ter ( P i  - 6 )  i n  laminar flow i s  evi.dent 
from khe s igni f icant  e f f ec t  t h a t  t he  pressure differeiitj.aJ. across the  le& 
path has uyon the  illizss flow ra te ,  w. For a given pressine d i f f e ren t i a l  
i n  a containment leak  (Pa - Po), laminar Plow conditi-ons represent a 
noticeable increase of f low over niolecul.ar flow conditions. In addition, 
the  leak  f l o w  a rea  compatibl-e with laminar flow development i s  generally 
much 1.arge-s than -that required. f o r  molecul.ar flow. 
1.arnina-r flow t o  containment leakage i s  undoubted.1.y of greater  consequence 
than molecular flow. 

Because of the  various leak geometries (cross sect ton dimensi.ons and 
I ength of leak path) encountered i n  conkaimlent vessel. structvcres, two 
leaks exl-iibiti-ng the same flow rate a t  one pressure condition will prob- 
ably not have the same flow r a t e  f o r  a d i f f e ren t  set  of  conditions. 
erfect ,  as reporLed by San-LeLer, 2 7  reveals t h a t  t he  difference i n  geometry 
i n  a porosi ty  leak, a t h i n  crack, o r  a round. o r i f i c e  causes a sh i f t  i n  
tTne pressure r.ange i n  which viscous fl-ow m y  o c c w .  Although a l l  three  
leaks exhibited the same leakage a t  one pa r t i cu la r  presswe,  the  flow be- 
havior was modifTed under d i f f w e n t  pressure coriditi.ons to other types of‘ 
flow. This s i t ua t ion  emphasizes the  error’ t h a t  nlay be introduced i n  ex- 
t ,rapolating containment vessel le<&a,ge-ra-te t e s t  res1XL-t~ from a low pres- 
szwe t o  a higher pre, @ swre . 

3. Turbulent; Flow. Uthough the  majority of sj.gnificant leaks i.n a 
containment vessel  may 

The contribution of 

This 

be in the  laminar flow regime at one pressure, 
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it i s  conceivab1.e that, wi-tli h igher  veloci-Lies, t u rbu len t  flow condi t ions 
w i l l  be a t t a i n e d  i n  i r r e g u l a r  l e a k  passages.  The regi-on of  t r a n s i t i o n  
between viscous flow and t u rbu len t  flow ray be conservatively estimated 
t o  begin wri th  a Reynol-ds nim-1oerY NR, g r e a t e r  Lhan 2000. Flow instabiI . . i-  
t i c s  a r e  usua,l..l.y present  8.1; t h e  t r a n s t t i o n  reg ion  between viscous and 
tu rbu len t  fl.ow t h a t  make p red ic t ion  of t he  type of  p reva i l i ng  flow uncer- 
taiil. Traricitioil effec'is as Ync gases e n t e r  and leave  t h e  i r r e g u l a r l y  
shaped l e a k  passage r u r t h e r  complicate t h e  flow chara,cter in t;ne region 
of  tu-rbul-ent flow. If t h e  l e a k  pa th  i n  a con'Lairunmt s t r u c t u r e  i s  of a 
na tu re  'LO permit t h e  development of t u rbu len t  flow, t h e  mass f l o w  r a t e ,  
w, may be d.el-.i ved from t h e  Darcy-Weisbach eqimi; ion, 3~ 
t h e  l e a k  cross  sec'iion approaclhes t h e  geometry o f  a small-diameter tube.  
The equation commonly appears as 

assunling t h a t  

P a - P o  = f -  zp v2 
D T '  (10.1_1) 

where f i s  Lhe f r i c t i o n  f ac to r ,  whose val-ue i.s a func t ion  of  t h e  l e a k  
passage roughness and t h e  Rewolds number for t h e  flow condi-Lions through 
-the l eak .  

Since Eq. (10.1.l) is charac te r ized  for a c i r c u l a r  l e a k  of diameter 
D, ano-ther geometric parameter must be introduced f o r  t h e  cases of  non- 
ci.rcul.ar cross sec t ions .  In  containment s t ruc tu res ,  l eaks  of nonci rcu lar  
c ross  see-Lion a r e  more l i k e l y  t o  e x i s t  than uniform1.y round. leaks. By 
int roducing t h e  geometric parameter RI~. )  t h e  hydraul.ic rad ius ,  the Darcy- 
Weisbach equation may be modified for noncircular  leaks ,  as fol.l.ows: 

1 pv2 
a 0 443 2 

p - p  = f - - *  (10.12) 

Thc v a l i d i t y  of Eqs. (10.11) and (3-0.12) i s  limi-ted, however, t o  
t u rbu len t  flow i n  l e a k  passages of constant  c ross  s ec t ion  f o r  t h e  e n t i r e  
lengt'n of t h e  l eak .  
l eaks  3.n con-Lainment s t ruc- tures  . 'The equations should, t he re fo re ,  be 
inbcrpre  ted as merely i n d i c a i i v e  of the parameters t h a t  govern i.n t he  
tu rbu len t  f l o w  regime for l e a k  geometries which do not d e p r t  greatly 
from t h e  general ized geometric parame-Lers . 

A gas flowing through a l e a k  passage where I/D and AP may be appreci-  
a b l e  wou3A not onlg encounter wall. f r i c t i o n  l o s s e s  hiit it would  a l s o  ex- 
pand and i.ncrea:;e i t s  .kinet ic  energy. Although under such condi t ions t h e  
behavior may change f r w m  incompressible t o  compressible flow, an approxi- 
mation my be ma& by t r e a t i n g  t h e  problem as incompressible and assigni:ng 
average values for t'ne vayri.ables i.n E q .  (10.11). Thus, 

Such cond-itions are not  necessa r i ly  encountered with 

(10.13) 
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where 

P .+ Po 1 
a 

> ,P =2 

2 RT(g)  
av 

which, when substituted. i.n Eq. (10.13), y ie ld  

(10.I4) 

orJ  i f  pressures Pa and Po are  expressed- i n  terms of aLrospheres,x 

Kna,pp and Metzgar2' have devel..oped the _mass flow rake equation i n  a, 
fol-m sirnila to Eq. (10.13) from a inore rigorous .t;rratment of the  dtffer- 
e n t i a 1  equcztion o f  one-dimensional compressible flow in conj~u-tction with 
frickional losses of a i r  an& steam fl.owing turbul.ently a t  low pressixre. 
Because of the  inde teminate  n a t u e  of the  l e a k  surface roughness, axy  
attempt to assign a value to t he  f r i c t i o n  fac tor  i n  Eq. (10.14) C a l i  only 
be interprc-Led. as an ap yoxirate estim.Le. Instead, f o r  f lows with 

f1.ot.r through the leak approaches t1izt-b of a smooth tube for  which the 
empirical. expression of Blasius law3* mmy be appl-ied i n  the determtnation 
of a, conservative f r i c t i o n  fac  !;or. For circular leaks, 

Re~golds  numbers 4 X 1.0 3 to lo5,  it rmy be asswned. tha t  the p r o f i l e  of 

0.316 0.316 

arid fo r  noncircular leaks, 

( I.O.16) 

-%Again, it, is t o  be noted that -the downstream pressure Po i s  a,ssumed 
as atmospheric (barometric) pressure. 
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0.316 
(10. Iha) 

Subs t i t u t ing  Eq.  (10.16) i n  t h e  Darcy-Weisbach equation (10.14) and r e -  
arranging terms y i e lds  

(LO. 17) 

which may a l s o  be expressed i n  terms of Pa and Po i n  atmospheres," as 

(10.18) 

Although t h i s  approach tends t o  general.i.ze t h e  actual condi i ions o f  El c)w 
through le&:: tha-t mmy- be b e t t e r  categorized as "rough" tu-bes, t h e  r e -  
sul.ts obtained i n  mass f low rate from Eq. (I.0.J-t?) w i l l  y i e l d  values on. 
the high s ide,  except poss ib ly  f o r  umally 1instabl.e I"l..ow i.n t h e  t r a n s i -  
t i o n  regj-on between viscous a,nd t u rbu len t  fl_ow. 

recognized as i n d i c a t i v e  of t h e  inf luence  o f  przssure,  tenipera,ture, and 
v i s c o s i t y  on turbulen-t fl.ow th.rough ail i .dea l ined  I.eak of c i r c u l a r  cross 
see-tion. it i s  i.nconcei.vab1c tha-t; many leaks  e x i s t t n g  ri n containment 
ves se l s  wou1.d have smooth, stra.j.ght sur faces  and a uniform c i r c i ~ 1 - a ~  cross 
sec t lon  f o ~  t h e  e n t i r e  l eng th  of 'ilie flow path. 
1.ikel.y t h a t  the  l e a k  wou1.d have an i r r e g u l a r  sur face  ant1 a vaxiable  fl.ow 
area. Notwithstanding, -the above equa.ti.on serves  t o  def ine,  i n  a gejler.21 
way, the  more important parameters affect; ing f low i n  t h e  turbulzn'i domain 
f o r  t h e  purpose of a comparative study of  leak flow behavior.  

The rel .a t ionships  defiiicd by E q s .  (10.1-5) and (10.18) should be 

Instead,  it wou7.d be more 

4 .  I___ Compressible Flow 'ihrough Convergent -. . . . . . Passages o r  Or i f i ce s  .) An 
impor'iani; ca tegcrg  o f  l e a k  t h a t  may exis-t  i n  a containment s~tYi.ic.ture rmjr 
be charac te r ized  by the  geometry normally assoc ia ted  writh nozzles and 
orifrices.  T,eaks wi th  convergent passages may be considered as nozzles,  
while  1eak.s whose l eng th  is r e l a t i v e l y  sho r t  compared wi th  t h e  diameter 
may read5l.y behave as o r i f i c e s .  S ign i f i can t  changes i n  gas dens i ty  occur  
wi th  changes i.n vel.ocity i n  t h c  ca,sp o f  conpressible  f low throusli nozzles  
and o r i f i c e s  t h a t  involve t h e  thermod)main~i.c e f f e c t s  o f  t he  compress ib i l i ty  
o f  t h e  gas. The flow beha,vi.or, then, depends on the v e l o c i t y  a t t a i n e d  i n  
the gas stream through t h e  leak,  and. t h e  corresponding s m i c  v e l o c i t y  o f  
t h e  gas at t h e  fl.ow condi t ions.  

*The downstream pressure  i s  assixfled t o  be atmospheric (barometr ic)  
pressure  as i n  prev ious ly  derived. equat ions.  
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For air, the  sonic ve loc i ty  i s  given by the  re la t ion ,  

c = 49.02T1/2 . (10.3.9) 

In the case of dry air ,  the  s0ni.c vel.ocity, e, ah  70°F i s  1130 f t / s e c .  
It i s  .to be noted t h a t  t h e  conta,inment atmosphere during leakage-rahe 
tests i s  never entj .rely dry air  and t h a t  i n  the event of a I.oss-of--water- 
cool.ant accident, the  atnosphere i s  essential1.y a steam-air mixture. Ln 
such ccses, t h e  sonic ve loc i ty  w i l l  be modified both by the  temperature 
and. the  Composition of containment atmosphere. The vaLue of the  M;3,ch 
nmber, Nm, that de-Lermines the  e f f e c t  of downstream p r e s s w e  on flow 
w i l l  be correspondingly modified. 

T'rie Mach number, En], i s  a conveni.ent pa.ra.ineter, which i s  defined as 
the  ratio of ve loc i ty  o f  gas flow, V,, t o  t h e  sonic vel.ocity, c y  and 
serves to dis t inguish  between t h e  physical s ignif icance of subsonic and 
supersonic f l o w  v e l o c i t i e s .  When a compressible f l ~ w  i s  a t  subsonic ve- 
loc i ty ,  ITm < l, t h e  f l o w  through a leak  is always influenced by the  dow-n- 
stream pressure conditions.  O n  t h e  other  hand, a t  ve loc i t ies  N. 1, Yne 
downstream presswe conditions cannot a f f e c t  t h e  leakage, assimuzg o r i f i c e  
geometries e x i s t .  

Obviously the upstream and downstream pressures a t  a leak wi1.9 i.n- 
fl.uence i t s  mass r a t e  of flow. These pressures i n  a containment strut- 
tuure are,  respeetively,  the  ins ide  containment pressure, Pa, and i;he ou-b 
side ambient atmospheric pressure, Po. 
(sonic  flow) , t h e  r a t i o  P0/Pa becomes t h e  c r i t i c a l .  pressurre r a t i o ,  which, 
for a i r  at normal conditions (with K = l . 4 ) ,  atta,ins a val.1.x o f  0.528. 
(For saturated steam, t h e  c r i t i c a l  pressure r a t i o  i s  0.5'78, which. gives 
an ind.ication t h a t  an air-steam mixture would have an intermediate value. ) 
In 8, containment vessel, the  pressure conditions t h a t  can e x i s t  (duri-rig 
t e s t i n g  w i t h  a i r )  nay be classif ied.  I n  r e l a t i o n  t o  t h i s  c r i t i c a l .  pressure 
r a t i o  for 2 cases: 

Case 1. For contai-nrficnt vesse l  pressures equal  t o  o r  below 
27.3 p s i a ~ ~ i c a l .  pressure r a t i o ,  1&.7/0.5%8 = 27.8), the flow ?re- 
l o c i t y  through leaks will be subsonic, Nm < 1. 

( s u b c r i t i c a l  pressure r a t i o s ) ,  t h e  flow ve loc i ty  through l.eaks w i l l  be 
sonic, = 1. 

can then be determined by- applyirig the famil iar  compressible f l o w  equation 
for' on e - d h e n  s i onal. ad. i ab  a t  i c €1 ow : 

=S 2'7.8 psia, wlien P, = 14.7 
psia, 

f!! 

A t  flows correspond-ing t o  Nm =: 1 

Case 2. E'or containment vessel. pressures grea te r  than 27.8 ps ia  

The var ia t ion  of t h e  mass flow r a t e ,  w, -Lhi-ough an or i f ice- type leak 

30  

case 1. FOX- po/pa,. 2 (1.528 and. 

Case 2 .  For Po/Pa <: 0.528 and Pa > 27.8 psia, when Po = 111.7 
psia ,  
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Thus, any leakage t h a t  i s  below sonic  v e l o c i t y  (contaj.nrent pressure  
l e s s  than 27.8 p s i a )  i s  dependent upon both  upslresm (Pa) and downstream 
(Po) pressures ,  whilc lca,kage that a t t a i n s  sonic v e l o c i t y  (containment 
pressure  g rea t e r  than  27.8 p s i a )  i s  independent o r  t he  downs’tr.eam pres-  
sure  (Po). 
gous rmnmr indica,ted for o the r  f l . o w  equations,  t h a t  i s ,  i n  berms of  
atmospheres and a constant  of p ropor t iona l i t y .  For case 1, 

Equations (10.20) and (10.21.) may he expressed i n  the  analo- 

and for case 2, 

Since t he  o r i f i c e  leak geometry i s  indeterminate  f o r  t h e  major i ty  of 
such I.ra,ks i.n containmen-i s t ruc tu res ,  t h e  value of t h e  coefricient o f  d i s -  
charge Cd can Only be esC;i-mated. The experimeiital. work of Grace and 
TJapple3” preseii ts  r e s u l t s  wh-ich ind ica t e  t h e  var ia~bion  o f  t h e  coeff ic i .ent  
of discharge of defriaed o r i f i c e  geometry f o r  d i f f  e r cn t  r a t i o s  o f  downs-Lream 
’LO upstream pressures. The ramge of  -this var ia - t ion  i s  approximately 0.55 
t o  0.99; i.t i s  dependent upon ’die s p e c i f i c  o r i f i c e  geometry. For an as- 
sumed o r i f i c e  fLow behavior of  l-eaks i n  a containment s t ruc tu re ,  t h e  d i s -  
charge c o e f f i c i e n t  t h a t  i s  app l i cab le  i s ,  a t  bes t ,  only a guess because 
of t‘ne maixy- uiidefimd. o r i f i c e  leak geometries possi-ble i n  such s t r u c t u r e s .  

10.4.5.2 Predominant Leakaxe Charac t e r i s t i c s  

‘To provide an  indi-cat ion o f  t h e  r e l a t i v e  rmgni.tude of fl.ow of air 
through containment leaks,  a s  governed by t h e  r e l a t i o n s h i p s  of  Eqs.  ( lO . l ? , ) ,  
(I .O.LO), (1.0.15), ( l O . l 8 ) ,  (10.22), and (10.23) for t h e  fl.ow regimes 5.n- 
ves t iga ted ,  a hypothe t ica l  example Toras sel.ecbed t o  prepare Fig. 1.0.2. 
.in -this example, it was assumed t h a t  a. containment s t r u c t u r e  conLained a 
nuflbei- of  leaks  whose tota,l. flow a rea  was equ.ivalrnt; t o  t h a t  o f  an o r i f i c e  
having a diameter of  0.1.2 i n .  (0.01. ft) . The total .  flow, wg +;hrough t h e  
l eaks  was then ca l cu la t ed  on  t h e  b a s i s  of t h e  pounds o f  air  escaping pe r  
day from t he  contaiiment vessel .  a s  a func t ion  o f  t h e  containment pressure .  
It was f u r t h e r  assumed ’chat a l l  leaks  possessed t h e  geomekry- required t o  
ensure the same f low behavior.  The ca.l.culated s i z e  and number of  leak,? 
were di-fferent  for each pressure  t o  s a t i s f y  Lhe governing parameters i n  

- 



Equal F1.m Area ai; a BeLected Containment Press~rrt . .  
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each fl.ow regime. 
o r i f i c e s  wil.1 allow the larges-i; f l o w  of  a i r  when comparison with o ther  
f l o w s  i s  made on 'che b a s i s  of equal a,reas. I n  p rac t i ce ,  however, t h e  
assumptions of t h e  examplc a r e  not  3-ikely t o  e x i s t  i n  containment s t ruc-  
tures. 

containment s t ruc tu re ,  as der ived from. t h e  r e l a t i o n s h i p  i n  each flow 
regime inves tiga,ted, it wou1.d then be desirabl-e t o  l e a r n  whether contain- 
ment leakages ma,ni.fest any predominant leakage c h a r a c t e r i s t i c .  Only 
l imi t cd  experience and leakage t e s  ts a r e  ami l a b l e  from which just i f i -able  
and rel.iab1.e deductions can be n1ad.e. 

assumed t h a t  compressible f l o w  through o r i f i c e s  i s  r ep resen ta t lve  of t h e  
leakage behavior, no ava i lab lk  test, da ta  or ev-i.dence j u s t l f y  the  assmip- 
ti.on o r  support  -thi.s conclusion. Each containmeni; s t ruc t i i .~e  s'noul-d 
p re fe rab ly  bz considered as uniquely inf luenced by seve ra l  o r  a , l l  o f  t h e  
foll-owing f a c t o r s  t h a t  u l t ima tc ly  determine i t s  I-eakagc r a t c :  

Figure 10 .2  c lea , r ly  shows t h a t  l eaks  which behave a s  

With t h e  knowledge of t h e  parameters that, con t ro l  t h e  leakage is a 

Although f o f  many reported containment leakage t e s t s  it has been 

1. The pressure  and tempera-L-ue condi.tions of the contai.mnent ahlo- 

2. The composition and phys ica l  F rope r t i e s  of  t h e  containriient atmo- 

3. 
4 .  'The d i s s i m i l a r i t y  of flow c h a r a c t e r i s t i c s  among t'ne e x i s t i n g  

5 .  

6.  'The exten t  of t h e  containnent boundary l i m i t s  beyond t h e  contain-  

sphcr e ,  

sphere ( i n  khe case of accident  condi t ions) ,  
The i?mbei- of p o t e n t i a l  leakage paths, 

I_ea.ks, 
The v a r i a t i o n  of lea,k geometry w i t h  varliabions oi" i.ntzrnal. coii- 
tainment pi-essures, 

ment she1.l. 

From a practical .  s Landpoint, -tile containment t o t a l  1-eakage should there-  
f o r e  be recognized. a s  merely r ep resen ta t tvc  o f  a, composi-be average of 
the above-menti-oned e f f e c t s ,  and no a t t m p t  should be  m3.d.e t o  analyze 
t h e  l~.eakage dependence of t h e  indi-vridual. cont r ibu t ing  f a c t o r s .  If con- 
tai.nment leakage Lests ind-ica-te c h a r a c t e r i s t i c s  whose combined. e f f e c t s  
my approxi-mate any o f  t he  f l o w  regimes, t he  equations presented i n  this  
sec t ion  nay then  be employed t o  analyze the  expected leakage behavior a t  
d i f f e r e n t  tes i ;  p ressures .  I n  some cases,  no p??edoiiiinant c h a r a c t e r i s t i c  
may be d i sce rn ib l e .  In  any case, conservat ive judgment should be exer- 
c i sed  in weighing the  v a l i d i t y  of extrapol.a-i;ed l-eakage r e s u l t s .  

10.  [+. 5.3 T,ea,k Locations 

Test experience has shown t h a t  t h e  most 1ikel.y loca t ions  of l eaks  
i n  a containment system t'nat has been c a r e f u l l y  bui1.k and t e s t e d  a r e  Lhe 
access  openings and t h e  vent i la t i .on  system iso la t i -on  valves .  Because 
these  par-ts may be opened and closed repeatedl.y, they  a r e  more l.j.kely 
t o  be subjec t  t o  improper sesl..jng due t o  malfunction or d e t e r i o r a t i o n  
of s ea l ing  sur faces .  Therefore, t h e  a i r  locks,  gasketed doors and hatches,  
and v e n t i l a t i o n  system valves  a r e  the  f i r s t  pl.aces t o  check f o r  leakage, 
botb i n  i n i t i a l .  leakage t e s t s  and. i n  r e t e s t s .  It has been proposed ( s e e  
See. 1-0.4.1.0.1) t h a t  once an integrated.  l eakage- ra te  t e s t  has demonstrated 
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Fxt,:rapolating a leakage rate ineasured a‘i one pressure to an equiva- 
lent, leakagt: rate a,t another pressure  3. s o f  pa:rtj-cxCi.ar interesl; for leak- 
nge ra-be t e s t i n g  of coriLairunien-t vesse1.s. It rmy be d-ifficul’; :‘cmfipme- 
tical. to p)E::rfomi a leakage rs-Le t e s t  af; f u l l  design pyessure, pawticiXLarly 
in the case of retesting the  vesse% a f t e r  al.1 equipment; I-ras been i n s t a l l e d  
(see Sec .  10.6). It i.s then of-t;en necessary t o  co.nd.uct the  - t e s t  KL a ye-  
d-wed.  presswe a.nd t o  ex{mxpol_ate the -r..er;v_!.’~ to the  design pressure fo r  
ccjmpai-ison with the  specified niaximnum a.l lo~.‘nle I-eakage rate I ‘The use of 
re sv.l..ts from low-pr es sixre t e s t s  and. extrapola Lion to acciden.t pres s u e s  
s’riould preferrably be avoided, pai-ti cul.arly i r i  those containment, systems 
iii whi.c1i oprzratlon o f  engi.net-?reii saf(iig1iard.s: is depended 1.ir;on and .t;iw re- 
l a ted  ifistrurnenkation must be fu1ctiorlal. in the  event  of a,n acc3d.ent. 
In cer-t;ain special. cases, it Tray lse i3.esi.rable t o  conduct an accela%,ted 

L0.4.1.3 “ 2 )  amd to ex-tr.apol.a,te th.e measuued leakage ra, te to the .l.o%~er pres- 
sure (o r  -to extrapolate the specifie!i rate to a,n equivalent ra te  at, the 
test pressme) .  
rate w i l l  d.ecrea.se when -LIE containment pressure decreases below t h e  peak 
pre;;aixe reached durjmg an aeeiden.i;, In each of  these cases it i s  :neces- 
sary -Lo know -Lbe re la t ionship  between p:.t.ess!ire and leakage rate ewer a 
fairly wide range of pressure for the  - types of leaks that might exis t  i i z  
@o%ltsilmlent vessels. 

given opening w i l l  nora~l.I..y rir?crea.se in proportion to some power of the 
differential .  pres sure . Ho~ev-er, extrapola;L ing a conta.i.rment vessel 

Leakage-rate test a t  a pressurre highex. -than design pressure (see Set. 

Ti; also  nay he ~.inporh,rit t o  hiow how mch.  the leakage 

A s  was indicated i n  the p r e v i c ~ ~ ~  section, tlie f l o w  rate through a, 



leakage rate determined at, one pressure  t o  a r e a l i s - t i c  r a t e  a.t another 
pressure  poses severa3. problems.  firs'^, t h e r e  i s  no assurance t h a t  the  
type, number, and size of 1-eaks w i l l  be t h e  same a t  the  two pressures .  
Even d is regard ing  expansion of openings wi th  pressure, there  may be sum 
very s i g n X i c a n t  l eaks  that  a r e  no-t evident  u n t i l  a minimum pressure  i s  
exceeded. On the  o t h e r  hand, sea1.s and gaskets  may prcssure  sea,]. s o  t h a t  
5n h e r e a s e  :i.n pressure  improves t h e  seal. and reduces leakage e Also, 
s ince  -the exact configurat ions o f  t h e  leakage pa ths  a r e  not  known and 
s ince  the  type o f  fl.ow may change as t h e  p r e s s w e  i s  changed., t h e  type 
o f  fl.ow through t h e  l eaks  and, hence, t h e  way i.n which flow r a t e  - w r i e s  
wi th  pressure a r e  not  known. 

In  view of t h e  m u l t i p l i c i t y  sn.d varying geometry of leaks e x i s t i n g  
i n  a S’GYUC-Lure, an.)- a t tempt  t o  d i s t i n g u i s h  be.i;ween t h e  vari-ous types of 
fl.ow inhe ren t ly  combined i n  t‘ne leakage- ra te  t e s t s  i s  f u t i l e .  The only 
recourse,  i n  such cases,  i s  e i t h e r  ’GO assume a l e a k  f l o w  behavioi. ihat  
yiel-ds conservat ive lea3ra.ge r a t e s  o r  t o  pcrforni a s e r i e s  of  tes ts  t h a t  
e s t a b l i s h  t h e  leakage behavior.  

charac te r  t o  respond i n  aceordame wi th  a predominant flow, t h e  cha 
te r i s -Lies  of t‘nis f low behavior over a range o f  t e s t  p ressures  may be 
recognized i n  the  ana lys i s  of  l e a k  t e s t  da t a  by coii1parh.g the  measured 
leakage rate with t h e  cal.cul_ated leakage r a t e  expected imder the  vai’ious 
tyyes of S1.o~ inves t iga t ed  ( s e e  Xec. 10.4*5). A conservat ive co r rec t ion  
f a c t o r  rnay then  be appl ied  t o  t h e  t e s t  r e s u l t s  Lo approximate t h e  l.eakage 
under acc ident  conditrions . The r e su l - t s  thus ohta,i.ned can only be v-icweil 
as a conservat ive spproxiiila,t:i.oii, because t h e  bests  ca.nn.ot duplTcate en.- 
t i r e l y  the condi t ions expected i n  Uie event of an acc ident .  

An an example t o  i l l u s t r a t e  tliris po in t ,  tiiz passage through very 
sinall l eaks  of a. s team-air  mixture my resu3.t i.n a f l u i d  change of s t a t e  
t h a t  can al . ter  t h e  flow c h a r a c t e r i s t i c s .  Moistwe plugging j.n sma1.l l e a k  
passages, which can conceivably con t r ibu te  to an  appreciab2.e reduct ion 
i n  leakage, par t i cu l - a r lg  a t  lower pressures ,  has not  been adeqiia.tel.y in- 
ves t iga t ed .  On {;he o the r  hand, t h e  discharge o f  condensed mois-Lure con- 
t a i n i n g  r ad ioac t ive  ma te r i a l s  may o f f s e t  t h e  leakage rediicti.o:[i because 
o f  t h e  containment pressure  tending t o  expel water accumula’cion in l a r g e r  
leak  passages. 

If a major i ty  of  t h e  leaks  i n  t h e  containment ves se l  a r e  of t h e  

10.4.6.1. Leakage-Rate i)ef i n i t i o n  

I n  containment. s t ruc tu res ,  t h e  leakage, L, of t h e  system i s  gene ra l ly  
expressed as a r a t i o  of tile change i n  weight of t h e  containment atmosphere, 
W FJ1, b e h e e n  an i n i t i a l  ( 0 )  and a f i n a l  (1) s t a t e ,  t o  t h e  i n i t i a l  
t o t a l  weight Wo of t h e  free volume of t h e  containment, o r  
0 

14 -- w1 
(1.0.24) 0 TJ 

wo 



The leakage thus e&xpressec% lis a f r a c t i o n a l  nmflber and shou1.d not be 
confbsed with any measure of the  weight quantity of  f l o w  (al.t'nou& it 
serves t o  ca lcu la te  this quant i ty) .  
fore,  the  f r a c t i o n a l  loss  of the  containment a'crmsphere, and, when it i s  
projected on a time basis,  it i s  the leakage ra te ,  Lr, of t h e  system: 

The leakage, I,, repr.eseni;s, there- 

(10" 2 5 )  

The most comnnonl-y selec-Led %%me in te rva l ,  At, i s  24. h:r, i n  which 
case the leakage ra te ,  Lr, becomes t h e  f'rac-tional weight Loss of t h e  
i n i t i a l l y  contained atmosphere ami" a 2&hr period. Since t h e  ecsrrtain- 
ment atmosphere weight difference (W0 - Wz)/At i s  the weight l o s s  per 
i-nte-rval of time, or the f l o w  r a t e  of escaping gas, w (as derived i n  the  
equ-atiom f o r  the d i f f e r e n t  modes of f l o w  i n  See. 10.4.5), the leakage 
r a t e  can also be expressed as 

w 
1.1 = - , r Wo (10.26) 

where w is r a t e  of _flow through 1ea.k~ i n  24 'm m-d may be calcul.ated froin 
tmy of t h e  zpplicab1.e equations of  SectLon l.Q.4.5* The i n i t i a l  weight of 
contained atmosphere, Wo, is de'cermbed from t h e  equation of state for  a, 
pc-irfect, gas, asswnkng uniforIn conditions thToughout the contaiivllent volume 
(not  necessar i ly  valid f o r  nonci reda ted  atmospheres) : 

P V  

RT 

No=-. a (LO.Z'?) 

By subst i tut ion,  t h e  leakage ra te ,  Lr ,  i s  then conveniently expressed i n  
t e r m  of defined parameters : 

RT z r = w -  PaV e 

1.0.4.6.2 Extrapolation of Leakage Rates 

(1.0.28) 

Containment; leakage r a t e s  have been determined. i n  practice by con- 
ducl;ri.ng, i n  ktie majority of install.atj.ono, pneumtLc tes.1;:: at a p~r.essu.'~'e 
consi.d-era'ol.gy lower t'nan the desigr, pressure of the  containment system. 
'T%e values obtained from these  Low-pressure tests are then extrapolated 
t o  the  desired higher pressure on the  b a s i s  o f  unverif ied assumptions 
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of  t h e  l e a k  flow c h a r a c t e r i s t i c s  of t h e  containment s t r u c b l r e  wi th in  i t s  
range of pressures. 

cussed below, t h a t  may be  ap-pl-ied f o r  each of t h e  leak f?.ow modes inves- 
t i g a t e d  rin Sect ion 10.4.5 i n  ex t rapola t ing  bhe 1ow-pressu.Ye b e s t  resul-Ls 
t o  other  pressure  condritions. The e_xt,rapol.ation fac- tors  have been de- 
veloped for app l i ca t ion  t o  t w o  cond.itions: 

I n  recogni t ion  of Lhe probl..ems, f a c t o r s  have been derived, as d i s -  

1. Case 1, ext rapola t ion  Prom reduced-pressure a . i r  t e s t  condikions 
t o  a design-pressure a i r  condi t ion  a t  the  same temperature as 
t h e  tes-t, 

t o  acc ident  condi t ions.  
2. Case 2, ex t r apo la t ion  from reduced-pressure a i r  t e s t  coindition 

The ex' iraFolation f a c t o r s  f o r  case 1 are denoted. by subscri-p'is t and e, 
while f o r  case 2 t h e  subsc r ip t s  a and b a r e  used. 
simil-ar ex t r apo la t ion  f a c t o r s  for condi'iion 2 i n  an endeavor 'io just5.m 
low-pressure t e s t s  of conta,iment vessels, bu t  t h e  conclusions drawn r e -  
garding thesc faxtorrs a r e  i n  disagreement w i t a h  a,vailable contaixment t e s t  
da ta .  

s i b l e  t o  s e l e c t  factoi-s t h a t  provide reasonable conservatism i n  extrapo- 
l a t e d  leakage rates. However, such proced-ures shou1.d no t  be construed as 
a s u b s t i t u t e  f o r  r e l i a b l e  containment I.e&.age t e s t s  at fu l l  design p:ees- 
su re  un t i l  much more t e s t  d a t a  become ava i l ab le  i n  support  of exL-rapola- 
t i o n  practri-ces e 

1. Defisnition of Leak.age Ektrapolatj.on Factors .  _ - _ ~  The extrapol-ation 
fac-Lor rmy be convenient ly  expressed as a dimenslonless ra-t i .o of t h e  leak- 
age r a t e s  f o r  t h e  bwo cases  o f  i nbe res t :  
2, I , ~ / L ~ .  
ca l cu lab le  parameters : 

Traube3& has developed 

From t h e  ana,lysis of t h e  ex t r apo la t ion  f ac to r s ,  it 7.s considered pos- 

f o r  case 1, Le/L.2;, and for case 
From Eq. (1.0.28), t h e  case I f a c t o r  i s  converted. i n  terms of 

(10.29) 

Since V, 3, and T are considered as constant ,  both f o r  t e s t  condi t ions 
and ex t rapola ted  conditions,  t h e  ex t r apo la t ion  Tactor becomes 

( 1 0 .3 0 

Simi lar ly ,  t he  ex t r apo la t ion  f a c t o r  f o r  case 2 may be ana,l.ogoiisl.y ex- 
pressed, bu';, i n  t h i s  instance,  on ly  the  containment f r e e  volume, V, i s  
considered constant :  
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(10.31) 

2. Leakage Rate as a I;lnction of Pressure. Before deriving the  re -  
la t ionships  of the  extrapols-Lion facbors,  it i s  of interest l;o examine 
the  role that  contairment pressinre plays in j.nfluencing the lealrage rate. 
To d.epict the dependence of 1ea.kage r a t e  upon the absol-ute (a3.r) pressure 
i n  -the con ta imni t  vessel, Figs. 10.3 through 10.7 show the re lat ionships  
among the  various types o f  flow thz-ough leaks. I n  the preparation of t h e  
graphs, t he  mass flow rate equa,,l;ions ( S e e .  10.)+.5) were made l;raetable by 
combining a.11 factors, except pressure, in-to a si-rigle constant K and then 
substi-Luting the resul-'cant equations into Eq. (ZO.2#) : 

'121rbulent Pl.ow, Rough Passage 

Compressible -__I_ i;'low T'mough OrTfice Leaks 

 or Y < 1..9 atrn a 

(10.32) 

(10.33) 

(LO. 34) 

(10.35) 

(LO. 36)  
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Fig.  10.3. Pressure Rel-ationship for Mol..ecul ar Flow. 
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Fig. 1-0.4. Pressure Relati-onship for Orifice Flow. 
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Pressure Relationship for Laminar (Viscous) Flow. Fig. 10.5. 
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L = 0.259 KO . (1.0.37) 

Since t ine constants Kin, Kz, I(-tr, f ( t s J  and ICo are not equivalent, the in- 
fluence of pressure, as shown in Figs. 10.3 through 10.7, is not to be 
interpreted as the only factor governing leakage rate. The constant K 
includ-es, of necessity, the factor n, number of leaks, which is generally 
17nl.ylown but can nlizrkedly change the total leakage rate. It also includes 
leak geometry. 

pressure, while, from Fig. 1.0.4, orifice flow in the sonic velocity range 
is independent of the pressure. A I L  flow rates through leaks are, how- 
ever, directl.y dependent on the leak flow area. 
a single orifice-type leak (partial.ly open isolation valve) may produce 
a Mgh leakage rate that will make the pressure dependence of other types 
of f l o v  meaning1.e s s . 

From Fig. 10.5, laminar flow manifests the largest variati.on with 

The existence of even 

- 
3. Extrapolation Factors. By substituting, in Eq. (10.30) , the 

respective rela.tionship expressed by VT far each mode of flow investigated 
urnd.er Section 10.4.5, the corresponding extrapolation factors may be de- 
rived. f o r  case l. Simil.arly, substitutions in Eq. (10.31) yie ld  -the fax- 
tors for case 2. 

inrl-u-enee the measured leakage rate when extrapolated to either a higher 
air pressure than test air pi-essure (case 1.) or to an accident condition 
(case 2) where the properties of the containment atmosphere differ sub- 
stantial.ly from the conditions under which the leakage rate was measured. 

A l l  the factors are derived on the basis of four simpliQj.ng assmp- 
tions : 

1. A l l  leaks in contaimnerxt systeins behave in accordance with the 
single mode of f1.o.w for which the extrapolation factor is applicabl-e. 

2. All leak geometries (area of f l o w ,  leak path length, roughness 
of passage, etc.) remain constant for the pressure and temperature range 
of interest. 

pressure or temperature and is not infl.uenced by the composition of the 
containment atmosphere (no plugging). 

for .the time interval of interest, as defined by the leakage rate (usu- 
ally 24 hr). 

justifiable for  any particular containment system. The extrapolation 
factors are, therefore, to be interpreted as merely indiestlive of the 
relationship among the controlling parameters from which conservative 
va,lues may be derived. By comparing the various extrapolation factmx, 
it is possible to recognize those factors that yield conservative re- 
sults. Applicakion of the extrapolation factors in analyzing lerikage- 
test data provides a means of estimating the predominant mode of f l o w  
Lhrough the leaks and the prediction of leakage characteristics o f  the 
conta.inment system for othel- than the test conditions. 

The extmpolation factors then serve to define the parameters t’mt 

3. The number of leaks in .the containment system does not vary with 

4. The conditions within the containment system remain cmstan-t 

It is recognized. that all these assumptions are not necessarily 
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Case 1. A l l  extrapolation factors are expressed in terms of 
atmospheres absolute to obtain t he  simplest form. 

Molecular Flow (reference, Eq. 10.4) a. 
1_1___.- 

1 
I-==- 

Pe 
1 '  

b. Laminar (Viscous) Flow (refeyence, Eq. 10.10) 
I-- 

- 

(10.38) 

(10.39) 

e .  Turbulent Flov~~ Rough Leak Passage and Consiant F r i c t i o n  ...-__ 
Factor (reference, Eq. 10.15) 
-_I-_ 

(10.40) 

d. Tm*bulent Fl-o>r, Smooth Leak Passage and Vari ab1 e Fri ction 
Factor ( reference,  Eq. 10.18) 

- 

( 1.0.41) 

e. Compressible A i r  $'low 'l'hrough Orifjces (reference, Eqs .  1.0.22 
and 1.0.23) 

- -  
For the conditions, P P < 1.9 atm, 

e' t 
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- 
For the conditions, Pe > 1.9 a t m  and P, € 1.5 atm, 

For the  condition, ,?. > 1.5 ntm,  e i ;  

Case 2 

a. Molecular Flow 

1 
1--_ 1 1 2  

I_ ’b- ””(”) . 
L a, 1 - 4  Ra a 

P 
.L a. 

b. Lmlinai- (Vi.scous) Flow 

( 10.42) 

(10.43) 

(10.44) 

(1.0.45) 

c. Turbulent Flow, Rough Leak Passage and Constant Frj.ction 
E’tzctor 
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1 

- 
T, a - RaTa 1- -- 

8 

(10.47) 

d. Turbulent Flow, Smoo‘L1-1 Leak Passage and Variable Friction --- -. 
Factor 

(10.48) 

e. Compressib1.e Flow Through Orifice 

For t h e  condition, P ,I? < 1 . 9  atm, b a  

1 3-12 
1 -  

a db (10.49) 
a 

For the condition, r > 1.9 atm > Fa, 
b 

- $ -  __ 

a 
L 

For the condition, P ,Y > 1 . 9  a h ,  b a  

(10.50) 
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For an air-steam rtvixture i n  the containment vessel ,  the  c r i t i c a l  
pressure is  s l i g h t l y  l e s s  than 1.9 atmospheres and depends upon the a i r -  
to-steam r a t i o .  
Fig* 1.0.8 f o r  tine s p e c i f i c  condition* i n  which the t e s t  pressinre i s  LO 
psig.  
f o r  any r a t i o  of Fept .  
t e s t  p r e s s w e .  

from a l o w  tes t  pressure (10 ps ig)  t o  a higher presswe,  laminar flow 
w i l l  y i e l d  a l a r g e r  leakage rate than other  modes of flow. In  the  ab- 
sence of leakage-test  data  a t  -the higher pressure, it appears t h a t  f o r  
upward extmpola%ion t h e  laminar fl-ow can be considered as most conser- 
vative,  while extrapolat ion based on o r i f i c e  flow w i l l  provide th.e l e a s t  
conservative value f o r  t h e  leakage r a t e .  

To extrapolate  dowrwax’d (from a high pressire  t o  a 10 psig pressure),  
the assimption of  o r i f i c e  flow w3.U 0’uViGUSI.y r e s u l t  i n  t h e  l e a s t  change 
i n  t h e  leakage-ra,te va.lue, s ince the extrapolat ion f a c t o r  is 1.0 (uatri.0 
Cd-e/Cdt i s  asswried equal. t o  1) f o r  the e n t i r e  range of presszre r a t i o s  
for which sonic ve loc i ty  e x i s t s  i n  t h e  orifice-tType I.eak passages. Square- 
edged o r i f i c e  leaks may not exhib i t  a m a x i m u m  flow ra- t io  i n  t h e  sonic ve- 
l o c i t y  range, as reported by Ci.cru?ingham3’ i n  conjunction with h i s  inves t i -  
gzztion o f  the  discharge c h a r a c t e r i s t i c s  of o r i f i c e s  wi.th supere-r.i.tica1.. 
compressiblk Tlov, but  the  e f f e c t  upon the extrapolation f a c t o r  i s  not 
considered t o  be s igni f icant .  

This extrapolati.on procedure, based on laminar flow, was followed- 
i n  es tabl ishing the al lovable  leakage rate i n  the  t e s t s  conducted f o r  
the NL5A Plim Brook reactor  eo-htainment vessel . The rmxiraum allowable 
1-eakage rate fo r  t h i s  vessel w a s  specif ied as 0.022s of the i n i t i a l  t o t a l  
weight of contained a i r  per day a . t  t h e  0.3-psig pressure expected i n  the 
event of the  m a x . i m m  credible  accident.  Since the Iealmgc rate t e s t s  
were conducted a t  a 4-psig overpressu-ce, the permissible l.eakagt? :rate 
was established- as approximately 0.27$ per  d.ay of Yne v e s s e l ’ s  eontainea 
air dui-ing t e s t .  By using Ey. (10.39), the f a c t  t h a t  laminar fl.ow was 
employed i.n the extrapola-Lion w a s  v e r i f i e d .  

air i n  the  contah-nenl; vessel, represents the value t h a t  may be expected 
at; the  extrapolated pressure with a i r  a t  the  s m e  t e s t  temperatu-ce. A 
correct ion of t h e  extrapolated I-eahge :rate riy then be applied for tire 
accident cond5tion by usivlg the applicable re la t ionships  of Eys. (l.0.45) 
through (10.51) i f  the  pred.ominant fl.ow mode of all. leaks i s  known. Un- 
fortunately,  the measured leakage rabe is not us.ualLy th .e  resu-Lt o f  one 
ty-pe o f  fl.ow through a l l  ex is t ing  leaks, but, ra ther ,  a combination of 
severa l  types of flow. Consequently, any correct ions applied ’by t h e  
extrapol-ation factors of Eqs . (10.45) through (10.5l) rilust be weighed 
with conservative judgment 

t o  generalize t‘ne l i k e l y  leakage behavior o f  all contairment vessels.  
It i s  necessary t o  conduct leakage-rate t e s t s  a t  several  p resswe l e v e l s  

Equations (10.38) through (10. )&) have been pl-otted i n  

From t h j s  f i g u r e  the extrapola.tion fac tor  m;~y be read. d i r e c t l y  
Similar graphs may be prepayed f o r  any other 

A study of  Fig. 10.8 shows t h a t  for extrapolabion of leakage r a t e s  

The exbrapolation of  the measured leakage r a t e ,  as determ.j.ned with 

Because of the  l imi ted  t e s t  data  availa,ble, it i s  not ye t  possible 

/C h.zs been a,ssumcd t o  be equivalent bo 1 .  
*‘de dt 
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o the r  than the p r c s s u e  parufieters tha t  control. I.ea,kage. If i-t i s  as- 
sumed that %tie geornt2'cry factor of the ler* area is not cons.tant (as or.igi- 
nal.3.y assmied in the analysis) but, instead, -that the 1e,dc axea varies 
ciirect1.y as the containment presswee, the ledcage-rate exl;rapolati.cn fat- 
t o r  i s  modified as follows: 

(10.52) 
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3. Agesta Nuel-ear ~ Power Stat ion Con-t;sj.nme:n.t S'i;ructme. S i m i l a r  
data  reporbed f o r  the  Agesta con~hLn.ment s t ruc ture  t e s t  a r e  summr-j_zed 
i n  Table 10.5. %lis containment vessel. consis ts  of 3 steel- lining of  
8n excavated granite-rock underground s i t e .  'The s'ceel l i n i n g  provides 
t h e  coiitainment b a r r i e r .  Containment I-eakage-rate t e s t s  coiisisted of 
rneasweements at, four pressures comparable wi-kh the pressures u-i;il.ized 
i n  the  NS Savannah t e s t s .  

Table 10.5. Agesta Leakage-Rate Data 

Mea s UT ed 
Leakage 
Rate, Lr 

($ per 24 hr) 

Extrapolat i o n  
Factor Based 
on Measured 
Flow, IJ,/Lt 

Calcul-ated 
-et r apola t i. on 
Factor" Based 

on Laminar 
Flow, Tje/Li 

4.4 l . 0  0.0815 1..0 1.0 
14.7 1.54 0.202 2.48 2.83 
23.9 1.94 0.286 3.51 4.02 
29.8 2.33 0.363 4.46 5.05 

Calculated from Eq. (10.39). 
a 

By plott i-ng the  val-ues o f  Table 1.0.5 as in Fig. 1.0.10, it, becomes 
apparent t h a t  extrapolation fac tors  derived from the measured I-eakage 
r a t e s  a r e  consis tent ly  l e s s  than those calculated on the assumption of 
l&_minsr f l o w .  However, X, i n  t h i s  case, the assumption i s  made t h a t  
laminar flow predominated above Pe/Pt ra-bios of 1.54 (corresponding t o  
the second t e s t  pressure),  the leakage behavior i s  d k f i n i t e l y  within the 
laminar f l o w  regime. It may be deduced t h a t  o'cher than laminar f l o w  
exis ted a-t; t e s t  precsulr-es below 14.7 psig but t h a t  larrimr flow predomi- 
nated above 14.7 psig. On the bas i s  of t h i s  assumption, Table 10.6 dem- 
onstrates  the cl.ose agreement between t e s t  and calculated val~.ires f o r  
t e s t  pressures above 14.7 psig.  

From the above analysis ,  it may be concluded t h a t  for t h i s  contain- 
ment s t ruc  L u r e  the  extrapolation fac tors  based on the laminar flow r e l a -  
tionship of Eq. (10.39) provide a reasonabl-e estimate of leakage as a 
function of pressure. I n  t h i s  instance, i t  i s  conceiva'ule tiia'i leak 
geometries varied as t h e  test pressure increased t o  approximate1.y 14.7 
psig, a:c"tc.r which, leakage exhibited laminar flow behavi-or imtler condi- 
t i o n s  of  constant leak  area.  

Vessel.. R more recent s e r i e s  of t e s t s  conducted a t  two pressure 1.evelsY 
9.75 and 49.5 psig, on the  conventional s t e e l  containment biK.ding of  
the EVESR facil.j.ty4' yielded the data of  Table 10.7. 
noteworthy t h a t  these 1-eakage-rate t e s t s  were preceded by meticulous pre- 
t e s t i n g  o f  contalinment componeiits, t h a t  is ,  penetrations, access openings, 

4.  ESAilA Vallecitos Fxperirnental Superheat Reac'ior Containment 

It i s  especial ly  
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'Table 10.6. Agesta Modif? ect T,eakage-Kate Data 

Calcul a t e d  
Ext rapola t j  on 
Factor" Based 

Flow, Le/Lt 

n Measured Extrapol at, ion Lest 
Pr  e s s u e  Leakage Factor  Based 

Rate, Lr on bkasu7-ed 
(PSid ($ per  24 I I ~ )  P ' ~ O W ,  Le/L,, on T,aminar 

1.4 -7 0.202 1.00 1.00 

29. EI 0.363 1- -8 1.8 
23.9 0.286 1.415 1.42 

"Calculated from Eq. (1.0.39). 

Tab1 P 10.7. E E S H  Leakage-Haiz D a b a  

Cal. cu.J..a,t ed. 
'yZsi; Leakage Ex t rapola. t ion Ext rapo l a t  i o  11 

Rate, Factor  Baser1 Factora  Based 
L r  on Measured on 'X'urbulenL 

( P S i d  ($ per 24 hr) F ~ o T ~ J ,  Tie/T+, Fl.ow (Smooth), 

P r e s s i r e  PJPt 

Le/L L 
-.lll___ .....I..... _lll_ 

9.75 1.0 0.0813 1 .0 
49.5 2.62 0.1.21 1.49 

1.. 0 
1 . 4-3 

a 
Cal_cul.ated from R q .  (1.0. lh ) e 

a i r  locks,  i so l -a t ion  va..lves, and pneumaLic instrul icnt  l ines .  A?.]. 
detec ted  during t h e  p r e t e s t i n g  phase were r epa i r ed  amri re-Lested prior -to 
t h e  containment bui ld ing  t e s t s .  Deta i led  precaut ions werz taken t o  p rc -  
check. al.1. poss?'.b.l.e l..eak sources,  using e i t h e r  soap bubb1.e oi" hal.i.de l.eak 
detec Lion tcchniqucs. 

The observed. l..ow 1-eakage o f  t h e  contarinment buil.ding is ,  therefore ,  
not  su rp r i s ing  and might even be considered as indieatrive of  the attsrin- 
able I.ower bound o f  leakage for a careful l -y  constructed con-Lainmen-i ves-  
sel,. Insufficient da-Le. were col.lected. i n  performi-ng these  t e s t s  t o  as- 
czr ' ia in  Lhe degree o f  u n c m t a i n t y  or inaccuracy iiihereiit i n  t h e  reported 
l eakage- ra te  val.ues . Notwithstanding, Lhe r e s u l t s  do i n d i c a t e  'chat with 
proper inspect ion,  careful .  pretestizng of a1.3. penet ra t ions  and. other  con- 
t a i -men t  comnonents, and r e p a i r  of all d e t e c k d  leaks a containment leak-  
age rate o f  the order  of O.l$ per day was achieved.. 
should not  be in t e rp re t ed ,  however, as tho a c t u a l  leakage r a t e  that 
existed p r i o r  t o  t h e  p r e t e s t s  and 1.eak r e p a i r s ,  nor should it be  assumed 
t h a t  such low values will not change throughout p l a n t  l.31_fet,ij-ne. The 

Tnis leakage r a t e  
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results a r e  indicat ive only of  the leakage behavior for -the cond.i.tions 
ex is t ing  at the time of t h e  t e s t s .  

leakage behavior d-efiried- ?iy LurbvLerxi; flow through 1.erak.s havri.r?g smooth 
passages e Al'thowh the  r e s u l t s  of the composite l.eakages show EL tendency 
.toward. tx t 'ou l  ent f low cha:ract er i s t; i e s 
of t h i s  con-Lainment struc-Luxe i s  considered i n s u f f i c i e n t  t o  interpret  
t h e  predominant leakage behavior. 'The resul ts  c2xaej {;herefore, considered 
of limited. value f o r  predict igg contai.nrnent l.eakage trends 

The tabzx.l-ated data  a z e  p lo t ted  in Fig. 10.11 and compared w i t h  the  

the p ."I- fo r r r m i c  e of 0 n . l ~ ~  two t e s t s 

l 2 3 4 

Fig. 1.0.11. &Ixapolati.on of EYEXR Containmen-t Vessel Lc<*age .Ex- 
perience. 
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10.4.6.4 -.. Signif icance of Tests  f o r  Leakage Predic t ion  

Kel.iable p red ic t ion  of 1 eakage r a t e s  a t  higher  pressures from pe r i -  
odic  low-pressure t e s t s  cannot y e t  be accepted wi.’Liiou-L reserva t ions  3.n 
view of  t he  l i m i t e d  t e s t  d . a t a  ava i l ab le  on leakage chan .> during se rv ice  
l i fe t ime of t he  containment s t r u c t u r e .  Hence improved l e a k  t e s t i n g  and re- 
t e s t i n g  procedures, such as con t~~nuous  monitoring systems, w i l l  no t  only 
ob ta in  more da t a  per se but  a l s o  enhance t,he abili’cy - to  p r e d i c t  ves se l  
l.eaka.ge c h a r a c t e r i s t i c s .  However, t he  followi.ng conclus tuns aye suggested 
by Lhe analyses of t h e  con’caimmxt tes ts  of t h i s  s ec t ion :  

vat 3- srn i n  1 eakag e - r a t e p r  e d j- et ions i n d i  c a t  e s that ex t  rapo la t ion  fac t o r  s * 
based on 1.aminar f!.ow should be used and further modified to ref]-ect  the 
changes i n  l e a k  geometry wi.th pressure  i-nc-rease. 

2. Per iodic  leakage- ra te  tes ts  should p re fe rab ly  be conducted on 
t h e  “as i s ”  condi-Lion o f  t h e  containment s t ruc tu re ,  without any p r i o r  
l e a k  de tec t ion  or ]..e& r e p a i r s  performed direct1.y befos-e t h e  scheduled. 
containment t e s t s .  The r e s u l t s  -t;hus obtai.ned w i l l  r epresent ,  i.n a mean- 
i n g f u l  ma;nner, the  p reva i l i ng  leakage r a t e  of t‘ne conLaimiient struc’iure 
d u r i n g  recent  operat ion of t h e  nuel-ear power f a c i l i t y ;  aiid i f  e a r l y  cor- 
r e l a t i o n  o f  ind iv idua l  and total leakages i s  accomplished, Lilt? i -esul ts  may 
indi ce te  what C,he containment 1-eakaqe w i l l  be i .n t h e  futare. 

3. 1ul. t ipressure leakage- ra te  t e s t s  should be considered as the  most 
pract i -ea1 means, for Lhe present ,  Lo establish the  leakage cha rac t e r j  s t i c  
of  a containment s t r u c t u r e  whe-r. ex t r zpo la t ion  of reduced-pressure leakage 
da ta  i s  corntemtqlated f o r  f u t u r e  t e s t s .  Comparing t h e  resinl.ts of ’cwo miLtj.- 
pressure  I-eakage-rate t e s t s  performed over a reasonab1.e interval .  of t i m e  
may provide a measum o f  t h e  degree of d e t e r i o r a t i o n  or sri-gnificant change 
i n  leakage c h a r a c t e r i s t i c s  of  t he  containment s t r u c t u r e .  14.ul.tipressxre 
t e s t s  may the re fo re  provi.c?e a reasonable b a s i s  :Cor pe r iod ic  rcduced-pres- 
sure  1-eakage t e s t s ,  a s  well- a s  e s t ab l i sh ing  t h e  frequency requirements 
f o r  these t e s t s  duriilg t h e  se rv ice  1.i.fetimc. 

4. Any contajhnent  desi-gn t h a t  would permit either rindividuzl. and 
l o c a l  t e s t i n g  of -the penetraLions, access openings, a i r  locks,  e t c . ,  a-t de-. 
s ign  pressure o r  incorporate  means t o  continuously monitor t h e  leakage a t  
these  same areas without t h e  need for  o v e r a l l  c o n t a i m e n t  leakage tesi;s 
mlght provide an econornical. so lu t ion  t o  the problem of reduc’Lion of p e r i -  
odic t e s t i n g  rzqui.-cerflents. Wi t,h the knowledge of t h e  leakage condit:i.on a t  
any time a t  t h e  m o s t  v u h e r a b l e  E W C ~ S  of the  coni;ai.jment s t r u c t u r e  where 
leakages devel-op, and a continuing program of  maintenance and l e a k  r e p a i r ,  
the frequency of periijrlic o v e r a l l  containmcni; t e s t s  could j u s t i f i a b l y  be 
reduced . 

The r e s u l t s  o f  the containment bui.l.ding t e z  Ls were not surprlslng; 
and j.t may be considered t h a t  t h e  at’iaii1alnJ.e lower bound of  leakage f o r  
a propei-1.y constru.cted conta’lnnient s’ i ixc-hre  has been approached. In.- 
s u f f i c i e n t  data were collected i n  performing these  t e s t s  Lo a s c e r t a i n  
t h e  d.egree 07 uncer ta in ty  o r  inaccuraci-es inherent  i n  t h e  repor ted  leak-  
age- ra te  values .  ?“ne resul ts  do ind ica t e ,  however, -that with proper 
rai.ntenance, hspec-t ioi i ,  and pre-testring o f  containment bui ld ing  compo- 
nents,  leakage r a t e s  of  t’ne order  oi” 0.1% p e r  Clay can be achieved. 

1. Unt i l  a d d i t i o n a l  t e s t i n g  experiznce becomes availa,bl.e, conser- 

‘These 

*,Such f a c t o r s  are iriiended i o  aPp1 y t o  upward ex t rapola t ion .  
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where 

P = a,bsolui;e pressure, psfa, 
v = intenxi!. vol-mie o f  'ihe cor:t;ain:ment vessel., ft3, 
w :: weigh'i o f  air -i:n the vessel-, Ib, 
'T ::: absolu te  tmp t  t t x r e  o f  the sir, OR, 

Since R  and^ the conta. writ vol.umiL, V, are esseri-tial.lrgr constant, 
leakage (i. e .  a d-ecrense i n  w) can be (:1eterrmine.: by measuring T and. P. 
If T i s  also relativ-el..y constant;, leakage i s  d.irect3.y poporLional. to a 
decrease j.n pressure. 'Yn.%s j.s t h e  p5ncipl.e of :;'ne coiiull~n "p:iessure- 
drop test," used. t o  indieat:: leakage in. many gastiglit systenis and. v e  s :: el. 8 . 
T'ne pressure-drop -test i.s sir@e t o  perform and, slii-tce tt ris sn in te -  
grated t e s t  o f  tb.e e n t i r e  sys-t;eni, I.t i.s a good qimli-i;at?ve j.:oi!icati.on o f  
t h e  degree of system lea,ktightness. 

ever, several d.lifficvJ.ties arise t ha t  prec1ix.e t h e  u s e  o f  a. simple pres-  
sure-drop t e s t .  TYese d i f f i cu l t i e s  are due pr inc ipa l ly  t o  t h e  ve-ry low 
leakage rates usually spec i f i ed  for eontairment vesse1.s. A I_ow leakage 
ra te  requires tha'i the leakage r a t e  t e s t  b e  con.di..rteFl over a consid-erable 
pcriod of t,ime so  that the t o t a l  leakage c a n  be cl.isti.nguishec3 from normal 
i.nstrmnent a.:clci rneasurernent inaccuracies Dixing a 1.ortg tes t i i ig  period, 
temperatw-e fl.uctuations can be eonsid.erab1.e and. 1yms f; be taken into 
account when. calculat ing the leakage rate. This requires that, tempera,- 
-Lure, as well.. ax pressixre, be rfieasured accixately d-uring the  tes,t;. Fur- 
thermore, since temperstwe can vary consider~bly within the containment 
vessel i tsel .f ,  t empera tu~e  mea,surernents usu-al.1.y imst be mde at several. 
representative Locations to obtain a tnne average a b  Lcmperature T b i ~ s ,  

In Leakage-rate niensiwements of  .reactor contaixnent vessel-s, how- 
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measurement of  t h e  temperature my be a more d i f f i - c u l t  problem than  rnea- 
surement o f  the pressure,  which i s  e s s e n t i a l l y  cons tank throughout t h e  
containment v e s s e l  a t  any given time. Other f a c t o r s  tha-t  may affec-i; t h e  
leakage- ra te  t e s t  r e s u l t s  include a change i n  humidity of t h e  contained 
arir during t h e  Lest and expansion o f  t h e  ves se l .  These f a x t o r s  a r e  d i s -  
cussed i n  Sect ion 10.4.1.2. 

10.4.7.2 General Procedure 
_..llllm _” ,..- 

The i n i t i a l .  leak.age-rate t e s t  of  a containment v e s s e l  i s  normally 
performed. af’ier i n i t i a l  l o c a l  1ca.k d.etection has been coxflpl.eted, after 
a l l  de t ec t ab le  I..eaks have been repaired,  a f t e r  the pressure  t e s t  has 
been successfu l ly  completed, and while t h e  vessel. i s  s - t i l l  a t  design 
press iue .  A fi.naJ. leakage-rate  t e s t  i s  o f t e n  per€or.med l a t e r  a f t e r  all 
equipment has been ins ta l led .  i n  t he  vessel- and before  -the plan-l; i s  oper- 
ated.. Both t e s t s  follow essentia,J.ly the  same procedu.re, except t h a t  it 
rmy not  be poss ib le  t o  perfo-rrn t h e  fi.nal tesl.; a t  ful l  design pressure.  
The t e s t  per iod begins after condi t ions i n  t h e  containment vessel. have 
s t a b i l i z e d  and usual.l.y during t h e  e a r l y  morning hours when atmospheric 
condj-tions a r e  most s t a b l e .  The t e s t  per iod  ends one or more d.ays I.a’ie? 
a t  approximately t h e  sa.me time of day s o  that f i n a l  condi t ions a r e  si-rnilar 
t o  t h e  in i t? -a1  condi t ions.  ‘The r in i t i a l  and f i -na l  s t a t e s  of t h e  a i r  i n  
t h e  v e s s e l  a r e  aJ.1 thai; a r e  requi red  t o  c a l c u l a t e  t h e  total amount o f  
leakage during Lhe t e s t  per iod.  However, it i s  cuwtomary t o  record and 
p l o t  t h e  da-La p e r i o d i c a l l y  during the t e s t  so  t h a t  a t r end  i s  establ-ished 
and any spurious da t a  become apparent .  

Seeti-ons 10.4.8 and lO.l+.9 d i scuss  the  two pri.:ticipal iriethods used 
f o r  containment ves se l  1.eakage-rate t e s t i n g .  A s tep-by-step procedvre 
of  a t y p i c a l  i n i t i a l  l eakage- ra te  t e s t  i s  presented i n  Sect ion 10.5 as 
p a r t  of’ a typi-cal  contaihnent vessel. proof- t e s t i n g  sequence. 

10.4.7.3 Eauioment Required 

Some o f  t h e  eqiiipmeni; required t o  conduct an in t eg ra t ed  I e a h g e - r a t e  
t e s t  i s  t h e  same as t h a t  requi red  for t he  containment pressure  tes - i ,  i n  
p a r t i c u l a r ,  a compressor or compressors capable of p re s su r i z ing  -the ves- 
s e l  t o  t h e  design pressui-e w i t h h i  a reasonable  per iod of time. I n  addi- 
t i on ,  bl.owers f o r  circu.l.ating thc  contained a i r  during t h e  test t o  pre-  
vent  thermal. s t r a t i f i c a t i o n  a r e  o f t e n  required.  Ta some cases,  the  
blowers provided f o r  t h e  con.tainrnent vent i l . a t ion  system may be capable 
of performing t h i s  funct ion.  However, i.t must be kept in. mind t h a t  
bl.owers not designed t o  operate  at t h e  r e l a t i v e l y  high test pressin-e and 
increased air  dens i ty  can be overloaded by such use, and precaut ions must 
be taken t o  prevent t h i s .  Much more sens i - t jve  pressure  instrumentat ion 
i s  required. for a leakage-mte  t e s t  than  Is nornial.1.y used for Lhe pres-  
sure  t e s t .  Accurate temperature in s t rmen ta , t i on  i s  aJso  required.  A 
d i scuss ion  o f  t h e  instrmenta , t i .on s e n s i t i v i t y  needed i s  given i n  Secti.on 
10.4.12.5. 



1.0.4 - 7 . 4  - Precautions 

The absol.ute method of  1eak.agc-rate d.eteuintnation i s  8 d2rec-L a,ppli-  
ca*ii.on of the  perfect  gas law. It recp.ires accurs,te rc?ea,surememt of the 
temperature and pressw-e of t h e  air  i n  Hie co:ntaiiu!ien.t vessel a.t the be- 
ginning and at the end of t ? ~  t e s t  period. ‘The t o t a l  leakage of a.i.r 
dwtng the  %est period i s  .then the  difference i n  weight of  a i r  i.n .the 
vessel, w, between t h e  begi.nni.ng a ~ d  the end of  the t e s t .  Dmoti-ng con- 
di-Lions a t  the  beginning of the t e s t  with a subscri.pt I afid conCiil;ion.s 
at t h e  cnd of the  tes t  w i t h  subscript  2, 

The t o t a l  leakage during t h c i  -Lest period. i s  then 
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o r  

or 

T / J 1  

The f r a c t i o n a l  leakage i.s 

(10.57) 

(1.0.58) 

(10.59) 

T'ne percent leakage Fer 24 hr,  or leakage r a t e ,  designated L,, is 
expressed as fall-ows, where H i s  t h e  number of   hour^ of the  t e s t  period: 

(10.60) 

i n  t h e  eveni t h a t  the  i n i t i a l  and f i n a l  tmpera'cures a r c  the  same, t h e  
leakage-rate cxpressi on can be simplified,  as follows : 

L = 2 (I. - 2) 100 . 
r 13 

(IO. 61) 

The principal. d-ifficul'cy and major source of  e n o r  i n  determining 
t h e  Leakage r a t e  i.s t h a t  o f  obtaining an accuratc, - t r -uly average tcmpers- 
t u r c  f o r  t h e  t o t a l  volume of  ai-r i n  the  contaiiiment ves se l .  Not o n l y  wi1.J. 
t h e  average temperature vary -throu.glnout t he  t e s - t  period but  t he  s p a t i a l  
teenyerstire d i s t r i b u t i o n  within t he  containment vesse l  ai; any one time 
w X L  vary as well.. For example, as the s i n  comes up i n  t h e  morning, the  
eas te rn  s ide  of Ckie containmen-t vessel will be hea'ced more thsii the  west- 
ern side, and. thus thcre  wL1-1- be a differen-t; Lemperature d i s t r i b u t i o n  
than wi .11  e x i s t  l a t e r  i n  t h e  day or dinrri.ng t h e  night.  Therefore, it i s  
irriporta,nt t h a t  s u f f i c i e n t  temperature measurements be taken t o  adequately 
represent t he  e n t i r e  VOIWIIC of a i r .  If pockets or "ce1l.s" of a i r  e x i s t  
i n  t h e  con tahnen t  vessel ,  each of 'chese should contain a 'cemperature- 
measuring device, and the  temperature read-ing fyom each c e l l  sho1il.d be 
weighted by the  approximate volume of  t h e  c e l l  so  -that a t r u e  weighted 
average temperature ris obtained. The temperature va r i a t ions  throughout 
the vessel. can be reduced by circul.a-l;irig t h e  contsjnment a i r  during the  
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t e s t  iising the  normal containment vent i la t ion  system blowers or teniporarily 
i n s t a l l e d  blowers. Circulating the  air also improves heat t ransfer  t o  the  
t erriperature-measur ing in s  triments and makes humidity measurements more r e -  
l i a b l e .  In order t o  measwe leakage r a t e s  as low as those of ten specified 
(0.1s per. day), tern_l,era,ture-measuring instruments shou1.d be rrep7~'od.ii~i.bl.y 
readable t o  approximatc?ly 0.2"E'. 
calibrixted ovei. the range o f  temperatures ant ic ipated during the  test;. 

P~essure measu_rerxents usual ly  need t o  be made a t  only one locat ion ;.n 
the containment vessel., since s t a t i c  pressure varia-Lions wi.thlin the  vessel  
w i l l  be s l i g h t  and can be negl-eeted. i n  most cases. If crircu1.ation of the  
a3.r i n  a vessel- containing several compartments can produce pressure d i f -  
fer-ent ia ls ,  however, j.t nay be d.esirab1.e t o  have presswe taps i n  each com- 
partment . Pressure-measuring devices should be :reprod.ucibl-y readable i.n 
the  range of 0.2 t o  0.5 inrn Hg (depending on -the t e s t  p r e s s u ~ e )  j.n order t o  
neasure the  I.ow leakage r a t e s  of ten specif ied.  

'The temperature instruments should be 

10.4.8.2 Experience 

The absolute method was used i n  the  leakage-rate t e s t  of the contuin- 
ment sphere a t  West Milton, New York.42 Prior t o  t he  test, a pre1itn.j-nary 
temperature survey w a s  cond.ii.eted t o  indicate  the f e a s i b i l i t y  of using t h i s  
method and t o  determ5ne the  proper I-ocation of the  temperature sensors so 
that  a representative terflperatum within the  sphere could be obtained.. 
Twenty thermistors were positioned. throughout t he  sphere, and. terxperature 
data  froiri Ynese thermistors were recorded hourly over a 14-hr period. 
survey showed that temperature equilibrium within 1 "F was  es  tablished 
tliroighout -the sphere and rmintained between mi.dnig3.t and 8: 00 a , m .  
fo re ,  f o r  the  leakage-rake t e s t  i-Lself, only the readings froiii the  therm- 
i s t o r  3.t the geometric center of t he  sphere were used i n  the leakage-ra-Le 
ca.lcul..ati.ons. In t h i s  t e s t ,  the r a t i o  of pressure t o  teni;oerature, wh.ich 
i s  proportional t o  the weight of t h e  gas within the conta:iament vessel, 
P i 8 S  calculated for  each hour of t he  30-'m- t e s t  period and plo t ted  as  a 
fimction of time. 
i t  w a s  concluded t h a t  "the leakage, i f  any, w a s  not i n  excess of 0.2 per- 
cent i.n 48 hours of the content:; of t he  sphere pressuriz,ed t o  17 3/4 psig." 
SLnce the  speci.fi.ed leakage rake for t h i s  con.ta,i.nment vessel  was l$ i n  4% 
hr, the :results were considered -Lo be sa t i s fac tory .  

The absolute method l was a l s o  used in -two separabe leakage r a t e  t e s t s  
of the  EBWK contairmment vessel .  '' I n  t h e  fri.rst t e s t ,  t en  thermnoeou-ples 
were located on the ins ide  surface of the  she l l ,  e ight  res i s tance  t,her- 
mometers were suspended i n  the a i r  spaee t'nroughoul; t he  vessel, three clew- 
po;.nt c e l l s  were placed i n  the  air space t o  d.etermine the  approximate 
re1nf;ive humi.dity of the  contained air, and s ix  blowers were pl.aced. at, 
various locat ions inside the  shell. t o  c i r cu la t e  the  a i r .  The leakage-rate 
t es t  was rw- a t  approximately 15 psig. Temperature and. pressure readings 
were talcen over a period of eight days a t  approximately 2-hr Fntervs:Ls. 
Fi-orn the temperature and pressure readings, the  vol.iune of dry air a t  stan- 
dard .  temperature and pressure within the 'milding w a s  calculated, taking 
in to  account, variat ions i n  water-vapor pressure and va:ri.ations i n  the  con- 
t a i m e n t  vessel vol.ume d.ue t o  thermal expansion and contraction. Because 
several  e r r a t i c  Tead.ing:: occlxrred~ when t h e  she l l  teinpcra.-ture was high or 

This 

There- 

The resu l t ing  cu.rve vai:i.ed within a band of 0.2$, and 
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w a s  changing rap id ly ,  no readinss were considered v a l i d  when t h e  s h e l l  
metal  -ternperatwe was higher  than  50°F o r  when t h e  average s h e l l  metal. 
temperatme d i f f e r e d  by more than 4°F from t h e  'ccmperature read 2 hr 
before  o r  a f iw  -the reacii.ilg i n  question. Al..though the re  was consid.erable 
scabter  in t h e  data ,  t h e  leakage rate was wel l  below t h e  specXicd  al-  
lowab3.e leakage r a t e  o f  500 scf i n  24 l ~ .  After  a l l  const:euction work 
had been compl.eted, i h e  fi-nal. leakage- i-at,e t e s t  was conducted using some- 
wha-t more s e n s i t i v e  instrumentat ion.  The r e s u l t s  of t h i s  f i n a l  Lest 
showed much l e s s  s c a t t e r  a n d  ind-i-cated a leakage r a t e  o f  approxima 
450 scf f o r  24 h r  a,s compared wi th  -tile all.owab1e leakage rate f o r  t h e  
completed vesse l  with a l l  equipment i n s t a l l e d  of  3.000 scf pel. 24 hi- (0.25% 
of  n e t  bu i ld ing  volume). 

Dani-sh BR 2 and DR 3. 'The DK 2 i s  a wa~tei--cool-ed and -mod- 
e ra t ed  5-bIw pool.-t;ype research  r eac to r .  I t s  containmeii-l ves se l  i s  a. 
s t e e l  cylindei- 80 f t  i n  diameter amd approximately 80 f t  h igh  designed 
f o r  a m a x i m u m  in te rna l .  p ressurc  of  2 psig. The DR 3 i s  a heavy-water- 
moderated and -cool.ed lO-.Mr/J r esearch  reac'ior coii-tai.ner3 i n  a cylinde-r '70 
ft i n  diameter and agproximate1.y 75 St. high destgned. f o r  a maxir,lram :.TI- 
ternal .  preosui-e of  6.5 ps ig .  Prel iminary and final l~eakage- ra te  tec ts  
were run on bo'ih contai.nment v e s s e l s .  
a t  which the  leakage- ra te  t e s t s  were conducted wer? l . .L+  p s i g  and 1.1 psig 
for t h e  prel iminary and f i n a l  t e s t s ,  respec t ive ly ,  while at DR 3 ihc 
pressure  was 5 psig f o r  bo th  t e s t s .  To calcuLa,i;e tiie 1.eakagc r a t e  i.n 
a l l  t hese  t e s t s ,  -the r a t i o  of t h e  dry- a i r  pressurz  ('dit. t o t a l .  con.i;aiiliiient 
vessel. pressure mi.nus t h e  water-vapor pressure) t o  the avcra,gt? contain-  
ment air temperature was p l o t t e d  as a function of' t ime. Total- p ressure  
was mcasweil by means of a prec i s ion  barometer a n d  a water mainometer, 
bo-kh cori-ected for thermal. expansion. Water-vapor pressure was detcr- 
mined iisihg dry- and wet-bu?.b thermometers a t  DR 2 axid using hurnidity 
el ements measurin-g e i t h e r  t h e  r e l a t i v e  hwfiidily o r  t h e  absolu te  humidity 
a t  DK 3. Several  thermis tors  loca-ted- throughout the vesse l s  were used 
t o  de-termine average temperatures.  A t  DR 3, 20 thermis tors  were uszd. 
The r e s u l t i n g  leakage r a t e s ,  s ca l ed  up t o  t h e  .maximum design yressnre  of  
tho vesse3.s i n  d i r e c t  proport ion t o  the  pressure,  were estimated t o  be 
0.2% pe r  24 hr f o r  DR 2 and 0.02$ per 24 h r  f o r  DR 3. The un.certain'cy 
i n  t h e  DR 3 L e s t  resul.'~s was est,imated t o  'ne O.Ol.$ per  24 hr. Petersen 
and Vinther4'" s t a t e  tha,t they  be l i eve  t h e  absolu-Le method t o  be the  most 
convenient of t h e  methods considered. l)i.iri.ng t h e  i n i t i a l .  t e s t  a t  DH 2, 
two o ther  methods, one using a fl..ask of  d ry  a i r  as a ref'crence vesse l  
and the other  measuring a i r  dens i ty  by weighing a g l a s s  bal.1, were t-ried; 
however, n e i t h e r  o f  -these methods was  more accura te  than t h e  d i r e c t  method. 
a,nd both were more labor ious  according t o  t h e  authors .  

In t'ne leakage- ra te  t e s t s  of t h e  Plwn Brook Reactor conLainment 
ves se lg  the  absolu te  method was used. i n  p a r a l l e l  with t h e  re ference  ves- 
sel. me'ihod t o  pi-ovide a comparison of t h e  two methods ( see  S e e .  10.4.1.1.). 
'The al.l-owable f3..ow r a t e  spec i f  j.ed f o r  t h e  con-tailmeint vesse l ,  wh?:.ch has 
a volume of 500,000 f-t3, i s  1-15 scf per day a t  a press1.n-e o f  0.3 psig. 
However, t o  accel.eraie tiie leakage- ra te  t e s t s ,  thcy were conducted a t  4 
psig, a t  which pressure  the al.I.owab1.e flow r a t e  i.s 1.530 sc f  per day. 
Corrections w 2 r e  made for changes i n  water-vapor pressure of  the contain-  
ment a i r  and f o r  changes i n  t h e  containment ves se l  volume iliue t o  changes 

'The abso1.ute method w a s  a l s o  used f o r  tests of -the vesse l s  o f  two 

A t  13R 2, t h e  average pressures  



i n  .i;T!e level. o f  i;he shielding-pool w~lxii". Each. of t h e  tlmee test,s was 
50  to 60 hr i r i  duration. The leakage r a t e s  measured w i L h  the absolute 
method were O.OE% t 0.014, 0.170 ri: 0.02'7, and 0.1.73 clr 0,032$ per day for 
L 1 i e  f i rst ,  second, and th i rd  txsts, Yespectively. 

In  the leakage-i-ate t e s t s  o f  the containme~it vesse2.s: for the Di.do 
and Merlin reactoi.s at Jidich,  Gerr~m.ny~ 45 the absolute metbod. was used 
af-tier s tud ies  indicaLcd . b h i s  method t o  be less corny1.e-x for the confiitions 
o f  the tesbs .  The leakage rate of t h e  D i d o  conLaimrierrt vessel.. w a s  de- 
termi.n.ed. t o  be 0.13 2 O.052$ per day d - w i n g  a 443-111- t e s t ,  
test the leakage rate of the  Mm1.i.n vessel. vms fourid to be 0.043 1- 0.035% 
per  d.a.y. 

1x1 a 72-hr 

10.4.9 Reference Vessel. k t h o d  

10.4.9 1 Nethod- 

The reference vessel. m2thod. Tnr leakage-rate test5.ng of conta i i~nsr~t  
vesse1.s w a s  devtsed to eliminate th.e necessi ty  f o r  precise rim.su:fcl:iiic;nt 
of absoluLe presswe and  f o r  .ni?,d_i;iplc measu-z netit o f  ternpzratui-e a 
method.  depend.^ on the change in pressure o f  a constxflt .volume of con'ta,i!-1- 
men-t atr compared wi.t'n th . s t  of a closed reference vessel., or system of 
vessels, located within the contai.nl-nent vessel. Leakage of  ai^ out of 
-&e coiitai-ment vessel. 5.s indicated by a ch,~ige i.n differential pressure 
between the refmenee system and- the eontai.rment v-essel I This  differen-  
tri.al pressixre i s  s m ~ l l  and. can 'oc measured- with a w a t e r  a~a.no:rrieter so 
tha-t greater  precisi.on i.:n. pressure measui-emen-I; ean 'ne obtained fo:r a 
given e r r o r  in l i n e a r  meas.u.vmxmt t h a n  i s  obtained with the rnercu.ry mari- 
orne1;ers used to measure absol.u'ie pressizlce e Bec.ause the r-ef'erence system 
i s  I.ocs.bed w-l.thin the contsinrnent vessel, the t e q l e r a t i n e  O f  t h e  contain-  
nent air and .I;he reference system air should. be the  same ,  am1 teniperature 
conpensatTori should, thei-efore, be autcm8-tic pi*cjv-l.ded humidity eorreeti.ons 
are mzcie within the refer.encc system. 

however, so not all t'ne a~J~Jpar.ent adriantages of .the method. can 'oe real ized 
For examipl.e, the problem of properly locating the refemnce vessels  within 
the  conbai~mienL 'vessel so  t h a t  the  contairment a-tmrjsphere is properl..y 
s.%flpl.ec? and 'iruc: 'ierfipmtinre compensation is achieved is s i r n i l a x  .to .the 
pro?Y.ern- of I.ocatri.n$ t h e  -te~npe~.a+;?rs'e sensors i n  the ahsol.ute method. This 
j.s particularly d i f f i c u l t  i f  tine containment vessel i s  high1.y compa,i?trnen- 
tal-ized, sin-ce EL separate reference v-es:;el of t h e  proper s i ze  and shape 
i s  required f o r  each comparbment I I n  additiofi, whe1-1 t'nere are relatively 
rapid- ternper-atwe changes dixring the  test pcri.otl, the  temserature of the 
reference system ray lag s ignif?.caa.tl.y behind. Yhe temperatux of :;he con- 
tal-nment ves se l  air  i f  the beat transfer. betwecn the  contai.m.ctit vessel. 
sit. the reference systern i s  p o o ~ .  A test on the  NS Sa,vmnah referenee 
system, which contains f ive  8-iii. cylinders with 1_/&-in. walls, ind?.ca,ted 
a. heat t m n a f e r  time constant of grea-t;cr than 2 h ~ .  Am aciditional comp1.i- 
cati.on f o r  the reference vessel method over the a1~soLul;cii me-thod. i s  the  
requirement that the reference system be extremely l e a k t i g h t .  'l21u-s it 
must be carefu l ly  fabricated and. t e s t e d  p ~ ' i o r  t o  t h e  le&age-.rate test. 

T h i s  

There are some com$I.l.cat-Jon,.; i n  using the i-eference v-esse].. method, 
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A reference  sys tern with suf f ic j -en t  l eak t igh tness  has noi  been too  d i f f i -  
c u l t  t o  achieve, howsve;f, i.n most t e s t s  where th5.s method has been used. 

l e a s t  par- i ia l - ly  ovcrcoiie by p l o t t i n g  t h e  -teniperal;ur.e an.d. d i f f e r e n t i a l  
p ressure  da t a  obtained as a funcbion of  t ime. 
i n  the re ference  system or a h c k  o f  .temperature compensation w i l . 1  be- 
come r e a d i l y  apparent .  A l s o ,  thermal. l a g  w - i l l  be apparent,  and, Yn some 
c a s e s ,  it may be possibI..e Lo apply s u i t a b l e  cor rec t ions  Lo compensate 
f o r  it. AlLhough thermal l a g  may cause t h e  d i f f e r e n t i a l  p ressure  t o  mu-y 
over a wide range throughout the day, t he  varia'cion shou1.d be  s imi l a r  from 
day t o  day and thus can be accounted f o r  on t h e  b a s i s  of diurnal.  tempera- 
t u r e  chmges.  It i s  customary, as it i s  with t h e  absolu te  method, t o  
begin and end t h e  t e s t  i n  the e a r l y  mornling hours t o  talce advantage of 
t h e  relatively s t a b l e  atmospheric coiiditioils a,t  t h a t  Lime of day. 

A n  anaLysis of tie problem of -t,liermal 1-ag i n  a. re fe rence  vessel was 
made iii connectfon with  t h e  leakage- rs te  t e s - t s  on t h e  Pl-iim Brook r eac to r  
Coiltainment ves se l .  3 6  This a.ntil.ysi-s wa.s performed t o  determine t h e  mae- 
ni.tude o f  t h e  temperature d i f f e rence  between 'che a5.r i n  tiie reference 
system and i n  t h e  containment vessel unci.er typical. tes-i; condi t ions f o r  
var ious r2ference vessel. diame-tcrs. For ai? assumed sin.usoida3.ly vaiying 
Lemperature with an amplitude of  8°F' and a per iod  o f  8 hi-, t h e  tenperaLixre 
d i f fe rence  due t o  phase shift:i.ng be LweeE t h e  sur:fa,ce and c e n t e r l i n e  tem- 
peratu.rer, o f  -Lhe re ference  vessel was ca1.culated- -io 'ne 2.2"F foi: a 24-in.-  
diam vessel., O.'?'F for a 12-5.n.-dta;rn vessel, and 1-ess than 0.01'P f o r  a 
3.-in.-riiam vessel. such as t h a t  used. f o r  the t e s t s .  These terriperatwe 
dlff'erences would r e s u l t  i n  poss ib l e  errors i n  t h e  calcii1.ated leakage 
i-ate of 28C, 89, 2nd 1.4% for Lhe 2&, 12-, and 2-i-n.-diam vesse ls ,  respzc- 
t i v e l y ,  f o r  t h e  asswned t e s t  condi t ions.  A smaller  di.rn1~zte.r re fe rence  
vesse l  i~ou.1.d reduce the thermal lag even f u r t h e r ,  bu i  there  would s t i l l  
be e r r o r s  due t o  incompl.ete swrq~1.ing of the containment atmosphere. AI..so, 
changes in t h e  re ference  system volume due t o  changes i.n t'ne nmmometeT 
fl-uid level. could become more s igni-f icant  as the  diame-ter i s  decreased 
( s e e  s e e .  10.4-.12.2.) 

d i t i o n s  w i t h  primes, t h e  leakage r a t e  f o r  t h e  re ference  vesse l  rrlethod i s  
der ived as fol.l.ows : 

Some of the d i f f i c u l t i e s  of the re ference  v e s s e l  method can be at, 

I n  t h i s  way, any le 

L 

Skwting r.rith -the perfec'c ga,s law and denoting i-efercnce vesse l  con- 

1.. Tn tiie re ference  vessel, 

(10.62) 

and 

(1.0.63) 
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2.  In t h e  containment vessel, 

The pressure d i f f e r e n t i a l  'oekween t'ne reference system arid Lhe con- 
taiamen-t vesse l  at t h e  begiWing of  the t e s t  is then 

nrl = r: - PI . (10.66) 

Su3stituting t h e  values of Pi and PI f ~ o m  Eqs .  (10.62) m d  (1.0.6&), re-  
sp)t?cti.vel.y, i n t o  Eq. (1.0.66) g i v e s  

By transposit ion,  

Similarly, 

and. 

(10.67) 

(1.0.68) 

(10.69) 

(10.70) 

Subtracting Eqa 
leakage during t h e  t e s t  period: 

(10.68) and (1.0.'70) sad rearranging terizls gives t'ne t o t a l  

(1.0.71) 

Subst i tut ing f o r  18 f r o m  Eq. (10.62) then gives 
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Dividing t h i s  by WJL from Eq. (lo.@+) gives the  f r a c t i o n a l  leakage during 
t h e  perfod of  t h e  t e s t  as 

If, as ris assumed with t h e  re ference  vesse l  method, 'ihe 'temperature:: i.n 
t h e  re ference  sysbem and t h e  containment ves se l  a r e  t h e  same, i . e ,  t h a t  
T1 = TI- and ' i '2 = T2, Nq. (10.73) reduces t o  

/ / 

The leakage Tatc per 2 r b  hr i s  then  expressed as foll-ows, where H i s  die 
number of hours of  the tes"i per iod:  

24 1 AP2 Ti 
1, = - - ( T2 - 100 . (10 .75) 
r H PI 

T'h~s i s  t h e  equation contained i n  'dip proposed ANS siandard f o r  contain- 
ment vessel  1 eakage ra t?  tenting' using t h e  re fcrence  ves,?:el method. 

of Lhe t e s t  and a t  t h e  end of t h e  trsr, a r e  the  same, i . e . ,  t h a t  TI = 7'2> 

t h e  leakage r a t e  equation sirtipl i f i e d  t o  

With the fu r thw assumption t h a t  t he  terperatul 'p  a t  t h e  beginning 

(10.76) 

The f a c t  t h a t  t'nis s impl i f i ed  equation has no temperature t e r m  should 
not  be construed to meap t h a t  t h e  iernperature rneasurements need not be 
taken, for by no other method may it be proved t h a t  TI does equal T2 ant1 
t h a t  t h e  equaiivn js valid. 

Tn t h e  event ti*at t h e  differential pressurc  a t  t h e  begirming of t h e  
Lest i s  0 ( i . e . ,  that -1 = 0), t h e  1-akage rate is 

2 4  m2 T' 
z -  1-00 , (10.77) 

'r B P'T~ 
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or ,  i f  i n  addi t ion TI = '1'2, -the I.e,&a,ge r a t e  i s  simnply 

24 AP2 
LO0 . L - - -  

r 1-1 PI (10.78) 

Any of the  above equatiom for leakage r a t e  n ~ , y  be used.; however, 
t he  simplifying a.sswizptLons inlierent in each form of  the  equation shoul.d. 
be real.j.zecl. It i s  t o  be noted that all the  above eqzmtions f o r  t he  
leakage :rate contain. t he  absolute pressure, P1, i n  -the denomi.nator. This 
might seem t o  re fu te  the advan.ta.ge Chimed f o r  t he  reference vessel ~~~.eth<:jiJ. 
that o n l y  diPferenti.al. pressure measwemnm.ts a r e  required. However, since 
a,bsolute pressure enters  !:he equakton only as a mu.l.tipl.ier to yield. per- 
cent leakage ra-ther than the  k d a l  amount of .len&a,ge, the aemxcacy of .t;'ne 
m.eas?srement of aZ3solute pressure i s  not mi-Lical. An ~ T . T O T  in absolute 
pressure w i l l  r e s u l t  i n  the smne percentage error i n  the  percentage leak- 
age ra te ,  a n d  even. the im.xirflzm e r rors  occurricg i n  ordinary presslxe mea- 
sreements are not large percentage errors and a re  not s ign i f icant  ml.ess 
very h igh  accumcy  i s  r.equired. 

10.4 9.2 .Experience 

The reference vessel  method. w a s  first used tn Decenker 3-956 f o r  the  
leakage-rate tesi; of  t h e  conta~S.mm.en.t vessel f o r  t he  VaZ1ecil;os Boiling- 
\later 'iiesctor (VBW) in FI-easaulton, Ca,%ifornia.  '' miis contaimrmit ves- 
s e l  has a, design pressure of 45 psi.g, and the allowab1.e I.eakage rate was 
specj.fi.ecj. as .1$ of rated- presszre  5.n Z+ hr. 
s i s t e d  of  t h e e  55-gal.l.on tanks i;:iat were evenly spaced within 'the con- 
ta,irxnent vessel.. 
readings were taken for a pei*iod o f  aho1-t 2 1./2 days. During the night 
'noms, wiieli there  was l-ittlk va r i a t ion  of -teinpem.tixe within the vessel, 
t h e  d i f f e r e n t i a l  pressire  r e a d h g s  were about 1/2 in .  H2O for th.ree con- 
secutive evenings. Since these readings were esti .mted to be r e l i & l e  
t o  ?l../3 j:j. HzO, it w a s  concluded YnCa,t t h e  leakage ? id  not exceed. 0.02% 
per day. It i s  poi.nted out that, t h e  pressure i n  t he  vessel  varied. ass 
much as +6$ t o  -1 l/2$'6* how eve^, the rmnometer d i r f e r e n t i a l  pressure 
vayied only about '-1./2$, -indicating tliat there  ins excellenl; eompensa- 
tion for pressure cha.nges caused by temperature and t ha t  there  was no 
riieasum,bl.e leakage from -Lhe vessel.. 

A subsequent leaka,,gc r a t e  $est o f  t he  VBWH containment vessel was 
conducted in August 1957, a f t e r  d.1. equipment had. been ins tn l le? .  lt6 
t e s t  was conducted. a t  a reduced pressure o f  12 psig t o  prevent possible 
pressurre d<m-,ge t o  t he  i.nsta_l_led equipment;, 'out t h e  test procedure w a s  
otherwise si.milar t o  thak of the first t e s t .  'The resul.ts of  thi.s t e s t  
again derricm.s-Lrated t h a t  the leakage r a t e  was wel.1. below the  a.l.lowable 
limit. It w a s  noted that  the temperature compensation w a s  even better 
i n  the  second. t e s t  t1ia.n it m,s f o r  the f i .vst .  ' l ' k i i s  was  a t t r i bn ted  t o  
t'ne large mass of concrete i n  the vessel, which .~i.o~Cl.l.d t e n d  .Lo decrease 
the ins ide  temperatiire variations. Eecause Yne measi-n-ed I.eshge r-a.tes 
were so  l o w  and because the c:ond.it,ion of the  vessel  was d i f f e ren t  i n  each 
t e s t ,  t he  results of the  two t e s t s  cannot be compared d-irectly,  

The reference syst.em con- 

'The t e s t  was ccndncted E[; a pr.es~'u-~e 26.5 gsig, and 

T h i s  
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Since the time of  t h c  VBWR containment vesse l  leakage-rate t e s t ,  
most o f  Lhe reactor  containment vessels b u i l t  i.n this country have been 
t e s t e d  using t'ne reference vessel  method. The containment vessel-s f o r  
the following p lan ts  have been tes-Led i n  t h i s  rnanner: 47 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8.  

A i r  Force Nu.cIear Engineering Test Reactor a.i; Wright-Patterson 
Ai . r  Force Rase, Dayton, Ohio; t e s t e d  i n  January 1958. 
Dresden Nircleas Power Stat ion of the  Commonwealth Edison Company, 
Drcsden, I l l i n o i s ;  t e s t e d  i%si.tially4' i n  March 1958; peri0d.i.c 
r e t e s t  i n  Octobey 1.961. 
Enrico Fermi Rtomic Power Plant of t h e  Power Reactor Development 
Corporati.on, Lagoona Beach, Michigan; t e s t e d  i n  December 1958. 
Indian Point Plant of  -the Consolidated Edi-son Company o f  New 
York; t e s t e d  i n i t i a l l y  i n  May 1959; f i n a l  t e s t  i n  Way 1962. 
E l k  River Plant of  the  H i i . r a l  Cooperative Power Associa,ti.on i n  
Minnesota; t e s t e d  initia1.l.y i n  May 1959; f i n a l  L e s t  j.n January 
1x1. 
Yankee Atom<.c Elec t r ic  Company Plant; in Rowe, Massachusetts; 
tested4'  i n  3-u1.y 1959. 
Big Rock Point P lan t  of Consumers Powe-r Compaiiy a t  Charlevoj.x, 
Michigan; t e s t e d  i n i t i a l l y 5 '  i n  January 1.961; fi-nal t e s t  i n  
June 1963. 
BODUS Reactor operated by the Puerto Kico Water Resou-mes Author- 
i t y ;  i n i t i a l  t e s t  i n  May- 1961; f i n a l  test i n  August 1963. 

In  many of these t e s t s ,  the  leakage r a t e  w a s  i-ndicated t o  be l e s s  
-than 0.05% per day and as low as O.Ol.$ per day. 
on an empty containment vessel .  Where internal. concrete, cornpartments, 
piping, e t c .  are presen-L f o r  a f.i.:naJ_ o r  per iodic  tes t ,  t h e  measurement 
i s  more complicated and higher l_ea.k.age r a t e s  should. be expeebed. Inherent 
e r rors  and uncertari.nLies i n  leakage-rate measurement can readi ly  exceed, 
by an order of -magnitude, leakage r a t e s  approachi-ng 0.01.$. 

Tne initri.al t e s t  w a s  made 

10.4.10 Other Methods 
.I_ 

Al.though the  absolute method and t h e  reference vessel  method have 
been used for leakage r a t e  t e s t i n g  of nearly a l l  con-tainmenl; vessels 
b u i l t  t o  date, otlrier methods have been proposed and my be preferablr  
i n  some circimstances. 
alterna-Le methods. 

Br i t t an l '  has bri-efly described several  of these 

l..O 4.10.3. - Measurement o f  Makeup A i r  -- 
Leakage can be d.etermined by measuring t h e  momt of  a i r  t h a t  n1us-L 

be a.dded t o  the containment vessel  t o  maintain the pressure a t  its i n i t i a l  
value. As  described by Drit tan,  t h i s  method, proposed a,:; one time f o r  
the EBWR, would use rmkeup a i r  suppl-ied from a compressed a i r  cylinder 
placed. on a platform sca1.e t o  deterrlline the wei.ght of air released. A 
rotary-type f l o w  meter w a s  a l s o  t o  be used as a check on t h e  sca le  read- 
ings. 'Yflis method a l so  requires r e l i a b l e  moniLoi5ng of air temperature 
so  t h a t  the i n i t i a l  conditions cam be duplicated- as c lose ly  as possible.  
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dary method t o  t h e  reference vessel nethod sn.d f o r  per iodic  checks of 
leakage r a t e  du.ri.ng p lan t  operation 51 For leakage-rate t e s t i n g  with 
the  p lan t  shut dmm., the contairmrn’i vessel  is pessurizred t o  1.5 ps lg  
avld any leakage -is indicated. by a change i n  tine dLfferentia1 pressure 
between a perrojznezitly instal-led reference sys t em and the  conta-imnm.t ves- 
sel ,   is i s  norva1l.y done using t h e  reference vessel- method. described i n  
Section 1.0.4.9. 
meter thr air req.ii.red t o  equa,li.ze the imo pressures.  The volime of aiv 
added j.s then equ-al. t o  t h e  l;o‘Lal leakage diiriiig ’Ghe test period. 
same leakage-measuring system @an be used t o  jmdicate a,w increases in 
leakage dxririg operation anci -to guard. against  the chmce of gross leak- 
age .f;hroixgh improper cl.osur.c of  openings * Drrring operation, access t o  
t h e  vessel i s  not normmll-y permj-t-Led, a n d  a nom:i.nal_ internal. pressure 
i s  rmin:;a,lned.. Thus i . L  i s  possib1.e Lo monitor le3.kage during operation 
by per iodica l ly  adding a i r  t’mough t h e  gas meter un t i l  t h e  d.i.fferentia1 
pressure between the containmelit vesse l  and .t;he :reference sys-Lem i s  i;aclr 
‘Go i t s  i n i t i a l  v-al-ue. Because of t h e  long pei-Tot1 of time over which the  
leakage can be determ-ined, a good i.ndi.ca<tion of ’che contaai:nrfien.b -vessel 
leakage I rate al; operating pi-essure can be obtained. &cail.s? of t h e  d . i f -  
f i c u l t i e s  of scaling t h e  leakage r a t e  with pressure, this me:;hod rmy not 
gi.ve a t n l e  measure of  tbe leakage r a t e  a t  design press i~ .~e ;  Inowever, it 
provides a good. check -to assure t h a t  a l l  openings have been closed and.  
that contairlmeint i n t e g r i t y  i s  being m i n t a i n e d .  

2. TJS Savannah. A sirxilar :system i s  provided on t’he NS Sav3mmb 
t o  perioc‘l.ical.1.y check contaiiiment vessel. I.eaka.ge ’’ 
leakage i s  p a r t i c u l a r l y  cr i t : ical  In  t h e  case of  the Sav-amati because 
t h i s  p1.ax.t cxn be brought l n t o  metropolitan areas and. because tlicrc i s  
greater possibilri ty -L;hat l&aks rmy develop as a resu l t  of rnoticjn-induced 
s t r e s s e s .  ‘This continuous leikage -,nortitoring system has not given r e l i a b l e  
r e s u l t s  5.n the past, p r i n c i p a l l y  becaixe a i r  and nitrogen can I-eak into 
the vesse l  from the pneu7mtic eqyipment and ‘the hyd.raul5.c: control-rod- 
dr ive system accmuflai;o:rs located w.i-t;hin the containment vessel. . ‘Biese 
leaks  can caase %be monitoring systex -to i n d i c a k  a leakage ra-Le t h a t  is 
lower f;lzan the a c t u a l  rate; thus, b e s t s  using the  ins.tal.led ~.efe:cence 
system ha,ve ha,d to be 1‘wi period.ri.cally when t h ~  plant ha,s been shut Clo~?-t. 

on t h e  15umboldt Bay pressure-su~press ion  eoritainment sys-tcm as a. means of 
con-tiniiously monitoring the l e a h g e  r a t e .  Wowever, i n  this case, separate 
informLion i s  desired concening the l e a k a g e  rates i n  the  dry well and 
i n  the sixppression chamber.. Since .%k.e se ch.mkers are interconnected by. 
the vent piping system, it i s  impossible t o  pressurize  one clramber rmie 
t h m  the o-ther, except f o r  t h e  di,fferen-tTal water I-eve1 I.eg that, m%y be 
wmintai.ned i n  the  submerged vent pipi.ng. Addi-Lionally, providing &ny 
su’ostariI;lia,l. pressure on e i t h e r  of the  cha,m’ae-r:s would si@iifican%l-y in- 
crease the contained air mass and reduce the  p r e s s - L l r e - s i ~ ~ ~ r c s s i o n  r;f:feei;. 
It has therefore  been proposed that  t h e  system operate w i t h  tkie cover air  
pressurized t o  10 t o  20 in .  H20, with thc pressure riqaintrzined a t  a con- 
stant value by Yne period-5-c ad.di.tion of  a itietered quantity of rn,xkevc;o air. 
Such a system i s  qIxi.te sens i t ive  t o  operating condition variables due t o  
the high t l i e m l  amd humidity gradients t h a t  exrist i n  the  overdJ- systern, 

I n  ad-diti-on, a standayd gas flowmeter cLw. be used t o  

The 

Contsirment vessel. 

3 .  Humboldt Bay. A similar. process h a s  also been proposed f o r  use 
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bu t  the bulk  o f  i n f o m a t i o n  obtained on a con’iiriuous long term b a s i s  
should provi.de a good ind iea t ton  of’ any chamges in t h e  ]leakage r a t e .  
With s u f f i c i e n t  experimce, t h e  system w i l l  perhaps be useS?_rl. i n  pi-?- 
d i e t i n g  t h e  l e a h g e  r a t e s  tha-l; would occur at; t’ne desrign pressures  of 
the r e spec t ive  chambers provided an adequate ex t r apo la t ion  means i s  de- 
Lerirfined. 

I O .  4.. 10.2  Adulterant  Gas Method. 

An adulti.mni; gas rmy be in’iroduced i n - k  the vessel and. i t s  escape 
detected. and measured by var-ious means. Adul tcmnt  gases have heen used 
i n  iilaiiy leak. t e s t i n g  appl~ica t ions ,  p a r t i c u l a r l y  f o r  local.. leak d-etection 
and l o c a t i o n  ( see  Xec. 10.3.5), bu t  they  have no-t been used for fn t eg ra t ed  
l e a h g e - r a t e  t e s t i n g  of containment vessels *. For l o c a t i n g  leaks,  t h e  
outs;i.de o f  t he  vessel. i s  scanned. by a de tec to r  khat i s  s e n s i t i v e  t o  t h e  
presence of the aclul’cerant gas. For measuring t h e  t o t a l  i n t eg ra t ed  leak- 
age r a t e ,  it has been proposed t h a t  arn envelo-oe be placed az.owd t h e  
e n t i r e  vessel t o  col.l.ect a l l  Izakage and then measixe t h e  concentrat ion 
o f  adii.l.t,erani; gas in the sir col1.ected.. This method iwy  be aqyi-op4.ate 
for coiiLainment ves se l s  t h a t  a r e  b u i l t  wi th  an outs ide  s h t e l d  or wi-Lh a 
secondary conLainmen’k s t r u c t u r e  i n  which a l l  le&a.ge throingh the  primary 
containq.ent, v e s s e l  i s  c o ~ ~ . . e c t e d .  For example, Yor a, 5 x 106-ft3 vessel.. 
surrowided by a secondary shell with a 2 - f t  wide annular space, and as -  
suming an in-ternal. hel-iwfl concen-Lration o f  lom3 pari;s by voJ.ume, a hzlium 
rmss spectrometer s e n s i t l v i t y  of 5 X lo-‘ c c / s c c ,  and complete mixi.ng with 
t he  a i r  in t h e  aii.ii.iY.ar space, an in t eg ra t ed  leakage r a t e  of’ approximately 
50 ft3 per  day o r  O.OOl$ per d.ay should be meas-ua’ule. It a,l.so may be 
possible t o  samp1.e -LIE a-‘imosphere ?’_nsi.de the containment vessel  and -mea.- 
su re  the rzductioil  i n  concentrat ion of t h e  adinlterant gas. Add-terani; 
gases t h a t  cou1.d. be used f o r  this purpose include helium, freon, am1 cer-  
tai.n r ad ioac t ive  ga.ses. 

With the ad.ul.tcranf; gas method i-t may be poss ib le  t o  conduc-t leakage- 
r a t e  t e s t s  ai; low pressures .  ‘This i s  p a r t i c u l a r l g  s i g n i f i c a n t  i n  t h e  case 
of  r e t e s t s  af tcr .  a l l  equipment has been i n s t a l l e d  and where some of ’Lliis 
equipment cannot be exposed t o  high pressures .  I n  t h i s  case, t h e  d i f f i . -  
cu.l.ty of s ca l ing  a lea,ka,ge r a t e  determined a-i; low pressure  t o  an eyuiva- 
leni;  ra-Lc a t  a higher pressure  i s  the mm.e as t h a t  encountered i n  all.. 1 . 0 ~ -  
pressure  leakage- ra te  - t e s t s  a 

If it can be assumed. t l z a t  a l l  leakage comes f r o m  t d e n t i f i e d  sources,  
tile total .  ves se l  leakage r a t e  can be deterrriined by adding ilp t h e  leakage 
from ea,c!i source.”8 
t e s t e d  and a1.l wel.d.ed j o i n t s  de’Lernlrined t o  be sound so  tha-L any subsequent 
I.ea,kage occms only a t  pene t ra t ions .  Any of the methods considered f o ~  
testi.:ng should pre fe rab ly  prov5d.e for un in twrup ted  opera t ion  of the giim- 
c r a t i n g  equi-pment . 
ou t s ide  o f  t h e  containment vzssel. Then t h e  pressure  i n  the box can be 

This r equ i r e s  that  the  v e s s e l  f i r s t  be thoroughl.y 

One method. i.s t o  b u i l d  a l e a k t i g h t  box a t  each pene t r a t ion  on t h e  



10.79 

reduced, the  box can bc sealed-, and the pressure buildup i n  t‘ne box due 
’LO leakage through the penetrat ion can 7.x determined. for a short  pe:ri.od 
of time, with 10 m i n  insua3.1.y being si .~Pfici  en‘c. 
and- coxrigarerl wi-th the  total- wei.ght of air i n  the vessel  t o  give -tibe I-enk- 
age rate. An a l t e r n a t e  procediz-e i s  t o  p r e s s u r i z e  t’ne leaktight; box and 
determime leakage through t h e  pene i;ra,t:i.oa by mea,s~u.ing the  r a t e  OP dc- 
cre%se of pressure. This would pe:cmit t e s t i n g  a t  &sign  ps.essu.re ajnd 
would avoid the urncertai:nties of  s e a l  leakage increases with pressure. 
The s e n s i t i v i t y  of this Lest m%y be one o r  two orders o f  izla,gni-Lucl.e grceater 
tha.n that, of the integrated leakage-rake t e s t  e The nisin acivmtage of 
. h i s  method i s  t h a t  it i n  not necessary bo prcssu.ri.ze the vessel  and t h u s  
i.t i s  possible t o  determine the .leak.age rate a t  any ti.rw. It i s  a lso 
possi-ble to monitor. t h e  leakage r a t e  con.tinuous1.y. The nia,jor disadvantage 
i s  the uncertainty that  all possib1.e leaks i n  the containmiit vessel  a r e  
’0 e i.ng rnnni t or ed . 

Anothe:t method of ctbecki.ng inciiv i&uX. penetrations is the soap bub- 
ble grovrth-yate ~ ~ t h o d .  l “ s ! r i ~  i s  EUI. extensioi? of‘ the COITF!IOI~ soap bubble 
technique f o r  loca t ing  1 e&:; I Tt r e q a i m s  t h a t  all l.ea.ks adre know11 and 
t h a t  a l l  leakage occurs a t  such a rs-ti? t h a t  the gj;OTrSth o f  a soap bubble 
can be timed.. La?-ge le:+s would break .f;hrough the soap bubble t o o  qiiS.cErly 
t o  be measured. Brit,ta:~.’~ points 0u.t that, a soap 11in’nbLe growing t o  a 2- 
i n .  dian!.eliter i n  6 see represents a leakage r a t e  of 15 ft3 per  clay arid- 
t h a t  100 such leaks would co:rrer;pond t o  a I-eakage ra.-te of 0.025$ pein a..’cmo- 
sphere ov-erpressiare on a 3 X 106-ft3 vesse l .  T h i s  nicthod~ rfiay be quanti- 
t a t i v e l y  nimre accurate thim an integrated. I.ea.,kage-ra-te t e s t ,  but i - t ;  also 
suffers from the  m c e r t a i n t y  t h a t  all leaks a r e  being mmiitored. 

A l l  leakages axe added 

10.A.10.4 Xcsis’camce ‘L?iermoraetry ... 

I n  the  most recent, I..ealr t e s t  o f  the .Plum Brook reactor ,  a 550-ft 
length o f  0.025-in. -dia:m ba37-e n icke l  wire was distributed- throughout the  
containment vessel for use as a Yesistance thermometer. A test; of t h i s  
type combines may of the  b e s t  features  OS tbe  ahsol-Ute and reference 
meth0d.s. Sarapl.lng i s  great1.y improved, and a . t  t h e  narne time.: the  corn- 
p loxi ty  of the te-6nperature-1:neasuring sys tern. i s  substanti.al_ly reduced., 
stnce only a si.ng1.e res i s tance  readout i.s required. ~ r i ; i i e r r o r e ,  prepa- 
~aI2tion and i n s t a l l a t i o n  were found t o  -Lake only a fracl;ion of  the .time 
required fo? the reference method. Figure 10.12 presents a eorrp:.brj.son 
of the  d a h  frnm t,he use of  a distributed. res is tance “iermome-ter w-i- t ’n  a 
single-point res i s tance  therrnaiieter and t h e  absolute and. reference methods. 

The  se lec t ion  of one o r  more of the  leakage-rate test.i_ng lilethods 
discussed. above invo1.ves col1sidel’ati on of rrany factors ,  ine1udj.ng the 
a p p l i c a b i l i t y  of  the t e s t  method t o  the contsinnient design a t  hand, -Lhe 
s e n s i t i v i t y  of <;he .Lest required, the environmental effects on the systen 
being t e s  Led, t he  t i m e  a.nd persoImel t r a i n i r g  requi-red., the  cost and 
a v a i l a B i l i t y  o f  any specialized. eyutpment required, and t h e  possible 
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fuLure usabi.I.j.ty of t h e  equipment and experience i n  r e t e s t i n g  work. 
cey ta in  spec ia l  cases one or more of t h e  methods discussed i n  Sec’cion 
10.4.10 rmy be used. For example, t h e  primary b a r r i e r  of  a doubl~e-barr ier  
containment s y s t e m  may be t e s t e d  wi th  helium, as deocri.bed i.:n 1.0. I+. 1.0.2, 

a rei-atively small and e a s i l y  sccessib1.c vessel. wj th  only a few penetra-  
t i ons ,  or f o r  testj- i ig only a po r t ion  o f  a l a r g e r  sys-tern, one of t h e  l.ocal_ 
leak tesking tiichni.ques adaptab1.e t o  in t eg ra t ed  1.eskagc-ra.te testing may 
be used. For h e  mos-L part, however, these  methods have not been uscd 
f o r  1-eakage-rate Les-Lirig of  vessels as I.arge as most containment vesse ls ,  
so [;hey would not be appropr ia te  fo:r l eakage- ra te  proof t e s t k g  without 

In 

if a ,ry low m a x i m i x n  a,ll.omble leakage r a t e  i s  spec i f i ed .  For testi.ng 



fur ther  d.emc,nstrstion o f  -f;kieir s u i t a b i l i t y .  In the h r g e  maJority of 
cases, therefore,  the sel.ect.ion w i l l  be between the  a.bsol1.1-te a n d  the 
reference vessel. methods :for the integrated 1.eakage-mte tes t ing of 
typical low-leakage contaliurnLent vessc1.s. 

grated Leahge-rs te  tests of the  containnefi’c vessel. have been conduc-ted 
are 1.isLec-l In Table 10.8. 

The pri.nci.pa1- U. S. powe-r aild tes-t  reac-tor facilLtri.es f o r  which i n t e -  

The -table j.ndri.catec; t h e  1;esk presswe, .the 

Clbser-red Le3,kag~ Rak 
($ per day) Type illest 

Heac tor of Pres s u r e  
Reference 
Vessel 
& Y f l O d  

Absolute 
MEthod 

Test ( P i g )  

__I_.__ ~ 
...-.... ...... . . . _._. _. .. . . -.. __. 

A i r  Force nuclcar engineering 
L e s t  ceactor 

Fxljeriri:ental reactors  

Yqer inen ta  1 boilirg-:-water 

Va!lcciics boiling-water reactor 

F x p r i m e n t a l  go,s-cooled reactor 

rea.ctor 

F l i l i t a ry  reactors 

s.ah , brine .- - 

Power reactoi-s 

intcrnicrliate react,oi-, 
Mark A (Nesi; :Xilton) 

Shippingport atomic r s t a t i o n  
L .  D.iesdci nuclear powc lllon 

Ind ian  Foint plant  

Enrico Ferini atnmic power plant  
iiudbol.dt Ray power plant (dry- 

E l k  River reactor  

B o i l i n g  nuclear siiperheat, (R~TSWS) 

Cargl.1 nas-Virginia tube reaxto-c 
i\lS Sa-ma-nuh yeactor 

well)  

reactor  

La Crosse boiling-wai;e r .Icactor 

I n i t i a l  

Tnj .  t ia.1 

Ini. t i a l  
R c t  e st 

Init i al. 
F ii?a! 

IuitiLal 
Final. 
I n i t i a l  
Final 
I n i t i a l .  
Final- 

3ni tial 
Retest 
Retest 
R e t e s t  
Retest  
I n i t i a l .  

4- 
4 
4 
12 

15 
15 
26*5 
12 
9 

19-3/4 

23.5 

16 
27 
10 
25 

30 
72 
1.0 
2 L 
2 1- 

4.33 

1. n 

2 1. 
30 

G 
1 2 
20 
30 
52 

0.048 * 0.014 0.026 i 3.0C3 

0.173 k 0.032 0.162 4 0.01‘7 
0.i70 +_ 0.027 0.207 i o.O?(! 

c .0012 

0.05 
0.1 

0.02 
0.01 

0.04iI 2 0.001.3 

0.1 

O.Oi.;Si ? 0.014 
0.05 
0.021 
0.036 
0.021 
0.014 
0.020 
0.036 
0.025 
0.0L3 
0.05 
0.09 
0.09 
0.12 
0.07i. 
0.3 
0.108 
0.3 
0.465 
0. e6 
0.00208 
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tes-‘i method used, and., where ava i lab le ,  t h e  t e s t  r e s u l t s  reported.. Re-  
s u l t s  of nore tbam one t e s t  of a s i n g l e  vessel. a r e  shown f o r  a few ves- 
sels, represent ing  i n  mosZ; cases t h e  i n i t i a l  t e s t  o f  t h e  bare  ves se l  and 
t h e  f i n a l  t eE t  a f t e r  t h e  p l a n t  has been completed. It i s  apparent  from 
thj.s tab1.e t h a t  t h e  re ference  v e s s e l  method has predominated. 

I n  spi.te o f  t h e  g r e a t e r  use of t h e  re ference  vessel  method, t h e r e  
i s  no general  agreement t h a t  t h i s  should be the  p re fe r r ed  method. Several  
discussions o f  t h e  rel-a-Live mer i t s  o f  t h e  absolu te  and re ference  vesse l  
methods have appeared i i i  t h e  l i t e ra -Lure .  Although some of the most thor -  
ough of  t hese  comparisons seem Lo favor  t h e  absolu te  method, t h e r e  i s  riot 
conclusive t ec lmica l  argument t h a t  will. j u s t i f y  t h e  usage o f  one more 
than t h e  o ther .  Perhaps the b e s t  d i scuss ions  of containment v e s s e l  leakage- 
r a t e  kes t ing  and comparisons of t h e  two p r i n c i p a l  methods are presented 
by Keshock, DeBogdan, Br i t tan ,  Jaroschek., and Weippert i n  r e f s .  9, 18, 36, 
45, and 53. 

I n  ref .  18, Ecrtttan der ives  t h e  leakage-rate  equat ion f o r  each method 
and po in t s  out t h e  necessj-ty f o r  making more temperature and pressure  mea-  
surements or more simplifyring assimptions f o r  t h e  re ference  vesse l  method 
than f o r  t h e  absolu te  method. I n  ref .  53, w r i L L e i l  s p e c i f i c a l l y  j.il defense 
o f  tile absol-ute method i n  cornparison wi th  t h e  re ference  vesse l  me.Lhod, he 
develops the expressions presented i n  Sect ion 1O..-’t.1.2.5 for the  poss ib l e  
e r r o r  i n  each method. 

cussion o f  bo th  methods and. t h e i r  r e l a t i v e  accuracies .  Although they  
conclude t h a t  t h e  absolu te  method i s  less  complex t o  use and provides 
g rea t e r  measuring accuracy, they  were unable t o  make an  experi.mentz1- com- 
par i son  of t h e  two methods d.uring a con-‘iariment ves se l  l eakage- ra te  t e s t  
because t h e  re ference  s y s t m  d . i d  not  have s u f f i c i e n t  l eak t igh tness .  This 
d i f f i c u l t y  may have been ref]-ected i i l  t h e  conclusions o f  t h e  a n a l y t i c a l  
comparison. 

and experimental comparison of the  two methods was made i n  connection 
with the  Ieakage-rate  t e s t i n g  o f  t h e  Plum Brook r e a c t o r  containment ves- 
s e l .  This compayi.son i s  discussed i n  r e f .  9 and 36. The containment 
ves se l  was leakage- ra te  t e s t e d  lhree  sepa ra t e  times, using bo-tb t h e  ab- 
so lu t e  a n d  re ference  vesse l  methods each time and. d i rec - t ly  comparing t h e  
r e s u l t s  of  each. The conclusions fi’om these  t e s t s  a r e  s t r i c t l y  appl-icable 
only t o  t h e  par t icu l -a r  l e s t  condi t ions bu t  a r e  s ignif i -can-t  f o r  a much 
w-i-der mnge of  condi t tons . The p r inc ipaJ  conclusions fol.low: 

absolu te  and re ference  vesse l  methods were i n  subs,Lantri.al agreement. 

r e s u l t s  havfng less  s c a t t e r  than those o f  t h e  absolu te  method. Ykis i s  
ind ica ted  ii1 Fig.  10.13, which shows -Lhe yesu l t s  of  tile f i r s t  t e s - t .  

p l i c i t y ,  a t  l e a s t  for t he  Plum Brook t e s t  condi-l ions.  It w a s  f e l t  ’chat 
f o r  higher t e s t  pressu-res the rela-Live s i m p l i c i t y  probably decreased as 
a r e s u l t  of  g r e a t e r  diff:i.culty i n  making accura te  pressure  measurements. 
The t e s t  p ressure  for t h e  t e s t s  was 4 psi.g, a val.ue substantial.1-y higher 
t h m  the 0.3-psig design pressure  but  considerably lower than  requi red  
in many t e s t s .  

I n  r e f .  45, Jaroschek and Weippert present a good t h e o r e t i c a l  d . i s -  

The most recent  and mos-2 ob jec l jve  and complete t h e o r e t i c a l  ana lys i s  

1. In  a l l  t h r e e  t e s t s  t h e  leakage-rate  determinations from both  t h e  

2. I n  a l l  cases  the  re ference  vesse l  method cons i s t en t ly  yi-elded 

3. The absolu te  me.thod. o f f e r s  t h e  advantage of g r e a t e r  o v e r a l l  s i m -  
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Fig. 1.0.13. Plum Brook Cofitajhment Test Results Comparing the  Abso- 
l u t e  and Refeyenee-Vessel &Iethods. (From r e f .  9) 

Ano-the:r s ign i f icant  r e s u l t  of the t e s h  an11 a,nalytical. work was the 
dernonstration t h a t  the  errror introduced. i n to  the  reference vessel. me-thod. 
due t o  thermaJ. I.ng between -the refemxice system and the  containmen.t ves- 
sel. COILM. be reduced t o  a negl igible  value by raking the  reference vessel. 
diameter su f f i c i en t ly  sml.1 ( s e e  See. 10.4.9.1). An add.i.t,i.on.d- admatage 
c i t ed  f o r  the reference vessel method. was t h a t  3.t  perraTtted mkirig a 
rough approximatimi of  t he  leakage r a t e  while locat ing m d .  repair5ng 
l.eaks, thus a,ssistling i n  leak  iietectlon and reducing overa l l  t e s t i n g  time 

O f  : interest  .i.n coxparing the two methods arc the forms of t h e  leakage- 
r a t e  equations presented Fn r e f s .  9 and 36. Equations (10.59) and (10.73) 
are derived but  are then rearranged. ri.n-t;o t he  following f o ~ m s :  

1. Absolute Method. 

(10.79) 

where T1 and T;! a r e  the  actual. average teniperatures o f  the containment 
a i r  at. t h e  begj.ming :wid. end of tl-Le t e s t ,  and T s l  aiid Tsz are the  mea- 
swed- values of ‘4 and. T2 but a r e  noL i den t i ca l  because of instrrment 
error, personnel erroT, and imdequate sampling 

- 

2.  Reference Vessel Method- 

(10.80) 
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where TI arid Ii12 a a i n  a r e  a c t u a l  average temperatures o f  t h e  containment 
air ,  and TI. and rIi2 a r e  actual tcmperatures of  t h e  reference system a i r .  

smies t h a t  ‘i‘l = T2 and ‘T? = ” 2 ,  so t h e  Lernperature r a t i o s  i n  Eq. (10.80) 
a r e  dropped. But r e f s .  9 and 36 a h o  show tha,t an equivalent assuiiption 
must be made i n  the  a.hsol.ute mz’ihod ( i . e . ,  t h a t  the  measured Lernperature 
equa1.s t h e  a c t u a l  average teniperature) so  t h a t  t he  lasi; two temperature 
r a t i o s  i n  Eq. (2.0.79) can. be dropped. This then 1ead.s t o  t he  fol.Z_owing 
two equations : 

/ 9 
A s  ind ica ted  i n  Section 10.4.9.1, t h e  reference vessel- mct‘nod as- 

/ / 

1. Absolute Method 

(10.81) 

2 .  Reference Vessel. TWthod 

Comparison o f  these equations ind ica tes  t h a t  k h e  two methods a r e  
exac”i1y equivalent i f  t he  reference system i s  con.sidered ‘io be a par t icu-  
lar type o f  temperature sensor ( i . e . ,  a gas thermometer). The se l ec t ion  
o€ one method over the  other i s  then a question of whc’iiier a reference 
system o r  a system of temperature sensors can b e t t e r  represent t he  aver- 
age temperature of t h e  con’m-imaent air  and a l s o  which system i.s more con- 
venient .to i n s t a l l  and use. 

It i s  apparent t h a t  t he re  i s  no c l e a r  advantage f o r  e i t h e r  t h e  abso- 
l u t e  o r  t h e  reference vesse l  method, and -the sel_ection of  t h e  method t o  
use f o r  tils-Ling a particu-lai- containment vesse l  shou1.d be based oil t he  
requirements of the p a r i i c u l a r  situa-Lion. TJndoubtedly t h e  p a s t  Zxperi- 
ence and personal preferences of t he  individuals i.nvolvcd wiJ.1. en t e r  i n t o  
t h e  decision t o  as grea t  xn extent as t h e  technica l  and. economic f ac to r s .  

10.4.12 Refinements i n  Leakage-Kate Determinations 

The discussions i n  Sections 10.4~.8 and 10.Lf.9 covering t h e  absolute 
and. t h e  reference vesse l  methods of’ leakage-raLe determination follow 
Lhc measwemen’c amd. c a l cu la t iona l  procedures normally employed am1 corre- 
spond t o  those presented i n  the  proposed ANS standard for containment, 
ves se l  leakage-rat e t c s  t ing  This s e c t  ion discuss c s  add i t iona l  re f ine-  
ments to these  procedures t h a t  have been made i n  some cases and which 
may be required i f  @-eater accuracy i n  leakage-rate measurement i s  de- 
sirred. I t  should be cautioned, however, t h a t  t h e  use o f  these re f ine-  
ments al.one does not ensure g rea t e r  leakage-rate accuracy unless the 
bas i c  measurements of pressure and temperature are s u f f i c i e n t l y  accurate.  
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Some of these refinements rmy even be required to 0btni.n reasonab1.e ac- 
curacy i n  leakage-rate rneasurernent and, theyefore, shou1.d be coiisi.de~ed 
i n  every ease. This sect ion a h o  gives a bri.ef discussion of the mea- 
surement accuracy vequ.ired. to prod-uce a given a,ccurac.y in leakage ra-t;e 
am3 discusses the use of experimental. checks t o  verif3- leakage-rate mea- 
swemcnts and ea1-cul.s.tions. 

10.4.1.2. I Coi-rection for. Changes i n  Water Vapor 

A change i.n water-vapor con-Lenl; of the eoataj.nment air d-xring a 
leakage-rate t e s t  would r e s u l t  i n  an incj-icated leakage :r*a-te e i t h e r  higher 
or  h w e r  than the a c t u a l  rate. If water cond-ensed out of t h e  air during 
the tesf;, the  n'.ndj.cated leakage xmuld. be grea.l;er t h a n  a c t u a l  If water 
were evaporated izi.-f;o the coiitairiment a i r  di.ring the tes t ,  the ac'iual. leak- 
age r a t e  would be masked t o  Yne extent that the  increase i n  .~~nter-mipor 
p~essi.ure compensated. f o r  a decrease i n  total contaimient pressi.ire due to 
1-eakage. This Lat ter  case cou1.d b e  the more serious,  since evaporation, 
such as from wet concrete OT hi.d.d.cn pools of water, i s  not  as easy t o  
de tec t  by visual inspectioii as is  condensation, nna fa.ilure t o  correc-L 
for It, woil.d lead t o  op-timTstic r e s u l t s .  The  proposed AN9 contai-mient 
leakage-rate testing stariaard specifies that presswizi i ig  f m  a l e&a .g~-  
:rate t e s t  be car r ied  out under a.tmnosphci-i.c condi-tioas t h a t  prov-icie r e l a -  
tivz1.y l .0~ air hmi:i.cii-Ly, that  hurnj.d.ity be monitored during a le&.age-r.abe 
ten t ,  alzd t h a t  precautions be taken t o  prevent; eva..poratlon .within the con- 
tainmenb vessel dixririg t h e  test, such as covering f r e e  water :surfaces and. 
draining pools of water. In  II'EUL~ leakage-rate tests, water bs removed 
f r o m  t h e  pressurized- a i r  by cooling or  other means before it enters the  
vessel.. It h s  al.so been s11.g ked Ikat the ;air in the  vessel. be kept 
saturated d.ill-in.g the  t e s t ,  i n  which case thc water--m,por content wou1.d 
be uni.que1.y defined by pressix:ce and. temperature SO tlm'c measure-ments of 
wa.'i,err va,po:r would be W . I I ~ ~ : ~ S S C U I ~ .  '' Ifowever, t o  improve the accnracy of 
leakage-rate measurements and -to confirni %he -v:j,l.icdi-by of t h e  test ,  the 
change i n  water-mpor content shou1.d be de-Lermined ar:ciix_zlI;ely during the 
t e s t  in aLl- cases arid, i f  s ign i f icant ,  factored in to  the leakage-rate 
cnl.cu.l.at,i.on. Fregien-Ll.y, it i s  easier t o  rneasiire and cori-ect f o r  clnarige:; 
i n  water-vapor content than t o  -take el.abom,l;e precau-tions to minimize  
these cll_anges. 

The e r ror  in'broduced by f a i l i n g  t o  cor rec t  a measu-red leakage raJiti: 

fo r  cha-jges i n  water-vapor pressu~e i s  cited. i n  Table 1.0.9 f o r  several- 
typi.cal.. conditions. 
Corrections for change i n  -f;erqwr.a.bw.re were imde so t h a t  the erl-ors indi- 
cated. are due sol.el-y to vapor-praessilre changes. The e'~i'or's shown i.n 
Table 10.9 a r e  rougNy ad.d.i t i .ve,  so, i f  two of more of -the conditions 
exis ted d-iiring t h e  test, t h e  to-Lal  error  was the sum of the i.:ndividual 
e r rors .  A l s o ,  i f  the difference between tine i n i t i a l  an.d f i n a l  conditi.ons 
increased, the error was increased i n  approxlmtel.y the  same proportion. 
For example, a temperature d.j.fference of  fourr degrees would resul.-t; i n  UI 

e:rror of O.l$ per day due to a clmnge i n  -~a,te::r-~apor pressure coiirpurrd 
with the 0.05% per da,y e r r o r  associated. with a two-degree ter!ipera,ture 
difference.  Since the percentage e ~ r u r  is  inverse1.y propo~bional  t o  the 
absolu te  t e s t  pressure, pressu:rciie lower than the 30 ps ig  assumed f o r  -t;liis 

In 83.1 cases, a test pressure of 30 psig was assixfled. 
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Table 10.9. Possible Errors i n  Leakage Rates 
Due t o  Changes i n  Water-Vapor Pr, " S S u r E  

.- 

Assumed 
Cond-it ions 

Error Iii'iroduced by 
Fai lure  t o  Ylke 
Vapor - fhi. e s sur  e 
Corr ec 1; i ona 

(%/day 1 

I.. Equilihriuin between water vapor and 0.05 
excess f r e e  water i n  vessel  (loo$ 
hilmidity), TI = 70"F, T2 72°F 

2. Same as 1. excep'i Ti = 70"F, Tz = 68°F -0.05 
3. 75% hwnid~ity a , t  beginning and end of 0.04 

4. 75% hunij-dity ini'kial-1-y, 1 0  g a l  of 0.06 
t e s t ,  TI = 70"F, T2 = 72°F 

water evaporated i n t o  vessel. a i r  dur- 
ing t e s t ,  vesse l  volume =: 10' f t3 ,  
Ti = T2 =z 70°F 

5. 100% InuuLid.j.ty i n i t i a l l y ,  TI = T2 ?O0F, -0.13 
but condensate formed by 5°F dxop i n  
ternperahre during the  t e s t  i s  trapped 
and not returned t o  eqiil3_ibriwn 

I ....---- 
"'Fne sign of the e r ror  indicates  whetherr i-t should be add.ed 

t o  o r  subtyac'ced from t h e  uncorrected leakage r a t e  t o  obtain the 
ac tua l  r a t e ;  t h a t  i s ,  a nega-Live s ign indicates  t h a t  the a c t u a l  
r a t e  i.s l e s s  than the  uncorrected r a t e .  

table would r e s u l t  i n  correspondingly higher e r rors .  
e r rors  as great  as t h e  1.eaka.S;e r a t e s  of ten  speci-fizd a r e  possible.  
the importance of making water-vapor p r e s s w e  corrections i s  evident. 

r a t e  equa-Lions developed i n  Sec'clions 10.4.8 and 10.4.. 9 by sub'cracting 
tkic wa'Ger-vapor pressure from t h e  -Lotal. pressiu-2 wherever it appears. 
For the  absolute method, Eq. (10.60) becomes 

fl; i s  evident that; 
1"rins 

The vapor pressure m y  'De incorporated d i r e c t l y  i n t o  the leakage- 

(10.83) 

where J,Tc i s  the percentage leakage r a t e  per day corrected f o r  t h e  e f f e c t  
of waier vapor, Pv2 i s  t h e  water-vapor pi-essure a t  the end of the t e s t ,  
and Fvi i s  the water-vapor pressure a t  the beginning of  t h e  test. 
the reference vessel  method, E q e  (10.75) becornea 

For 
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(1.0.84) 1 I I - (Pa. I".' P V l  - PI + PV].) 100 9 

I 
where Pv2 lis t h e  wai;cl--va,por pressure i n  the reference system a t  the end 
of .the tesl;, and Pvl is t h e  wai;cr-va,por p re s swe  i n  the  referencc system 
at -the beghning  of the test. This equation x-equ.irF:s measwing thc vapor 
pressuwe wit'nin the reference system. Since 'chis 3. s usu.al.ly not conveni- 
ent, spec ia l  Iiieasures a y e  often taken t o  min ta j  n a constant water-vapor 
content in the  reference sys-tern so .t?mi; j.-L need. not, be measumd. For 
rxmple, t h e  reference system may be designed so -khat r i . t  wi3.1. not  col.l.ecf; 
t h e  water 'ckiat ,  rmy condense out of  the  air during pressi;1riza-Lion %id. the 
manometer f l u i d .  surface, which i s  exposed -to the re femnee  system,  my be 
covered w-j_th a low-vapor-presswee l iqi i i~f . .  IT %lie w a L e ~ - n p o r  conten-i; of 
the reference system can be considered constant, t h e  follow5.ng approxinkate 
equation can. be used: 

I 

The e r ro r  associated with using this  eyu.al;ion iiisi;ead of Eq. (10.85) i s  
due t o  the neglect of  the term 

2% i n  most cases), P V ~  can 
and t he  fol.lowlng equation 

24 1 

cam be used with L i t t l e  error: 
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A s  an a l t e r n a t e  approach, t h e  apparent leakage Yate due t o  a change 
i n  vapor pressure can be calcil7.ated separa te ly  and then  added t o  or  sub- 
t r a c t e d  from -the leakage r a t e  calculated.  with the  equations of Sections 
1.0.4.8 and 10.4-.9. This approach allows the  e f f e c t  of  water vapor t o  be 
evaluated quickly and independently so t h a t  i t s  s ign i f icance  can be de- 
te-r:mined bcfore  it i s  incorporated i n t o  the  t o t a l  leak-age-rate cal.cula- 
-tion. Following the same developmen-t as i n  Sect ion 10.4.8 and consider- 
ing  t h a t  the  wei-ght of water vapor i s  small compared. wi.th t he  weight of 
air ,  t h e  zpparen-t leakage r a t e  due t o  a change i ~ n  vapor pressure i s  very 
nea r ly  

24 wvl _- wv2 

Lrv I .- 100 (10.88) 
w1. 

o r  

where I,,, 5.s t he  apparent 
i n  vapor pressure,  w v l  i s  

(10.89) 

percentage leakage r a t e  per  day duc t o  a change 
the  weigTi.1, of t h e  water vapor i n  t h e  containmcnt - 

vesse l  at -the beginning of t h e  t e s t ,  an.d wv2 i s  the  weight of t h e  water 
vapor i n  the  conLainment ves se l  a t  t he  end o f  t h e  tes l ; .  This equation 
appl ics  using e i t h e r  t h e  absol-Ute o r  t h e  reference vesse l  method, if it 
j.s assumed., as i n  C q s .  (10.86) and (10.87), t h a t  t h e  a i r  in t h e  rzference 
system has a, cons-Lan'i water-vapor content.  
is obtained by subt rac t ing  t h e  apparent leakage r a t e  due  t o  a change i n  
vapor pressure from the  leakage r a t e  calculated.  wi.th e i t h e r  Eq.  (10.60) 
o r  (10.75), t h a t  i.s, 

The comected leakage r a t e  

L = L  - - L  . (10.90) rc r rv  

Substi6utin.g Eqs. (10.75) arid (1.0.89) i n t o  Eq.  (10.90) r e s u l t s  i.n Fq. 
(1..0. $/) . Subs t l t u t lng  Eqs . (10.60) and (10.89) i n t o  Eq. (10.90) and 
rearranging t e r m  gives the  following equation, which i s  equivalent  to 
Eq. (10.83): 

This equation w a s  used t o  correct, for? changes i n  water-vapor pressinre i n  
t h e  Pl.wn Brook r eac to r  containment vessel. I.ea.kage-rate t e s t  using the  
absolu-te method. 3 6  

 vessel^ during a leakage-rate  t e s t  requi-res that dew poj-nt, absolute  
A determlnation of t h e  vapor pressure  of water i-n the  containment 
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humidity, re1s.t;iv-e humidity, or wet-bulk and hy-bul.b temperatures be 
measured. 'The vapor pressu-re can then be obtained i n  one of the  follow- 
ing ways: 

1. Dew Point. If the d.ew poin t  Ls measu.red, the water-vapor pres- 
s u r e  is simply the  saturat ion pressiix-e of  steam at the dew-point tempera- 
txre arid can be read dii-ectly f ~ o m  the steam -tables. 

2. Absolute Humidity-. If the abs0l:ilte kiumidj.t;y (pomdk o f  water 
per pound. of dry air) is know, the water-vaporc pressure can be calciil-sted- 
from the foll.owing eqimticn based on the  def in i t fon  of va$or pressure: 

5 4  

W 
(1.0.92) 

100 y (10.93) ?J 

ps d. 
R.H. = -  

where 

X.H. = re la t ive  humidi.ty, $, 
P, = vapor pressure o f  water, 
PSd = s a h x a t i o n  pi-essure of water vapor at t h e  dry-bulb te i r iprature .  

Tne value o f  P,d i s  obi;s,i.ned dlirectl.y from the  s team tables Tor t h e  mea- 
s u e d  temperature. Then, Pv is 

(1.0.94) 

termine the amunt  of water vapor in t h e  air e Such a rel.ationship is 
tha t  given by Esh'oach: 5 5  

W 1-1 - 0.241(Td - Tw) sw few w =  (1.0.95 1 v 
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where 

Wsw =: weight of sa tura ted  vapor per pound of dry air a t  t h e  wet-buJ.b 
t ernperatwe 

I T w  = wet-bulb temperature, 
Td = dry-hihb temperature 

13fgTq = enthaJ.py of vaporiza-Lion a t  'TI<, 
Hfgd = enthal-py of vaporj-zation a t  T'd. 

The values of H f s T  and Ht- 
i s  calcu.!.ated from the  foflowing r e l a t ion ,  w-hich i s  a, -rearrangement of 
an equation comparable t o  Eq.. (1.0.92) : 

a r e  obtained from t h e  steam Lables, and Wsw 

(10.96) 

where Psw i s  t he  water-vapor satura tri on pressure a t  bi le  wet-'uu1.b .tenlpe.r'a- 
t u r e  and i s  read from st,eam t a b l e s .  The value of Wv ca lcu la ted  from Eqs. 
(10.95) and (10.96) i s  used i n  Eq. (1.0.92) t o  ob ta in  Pv. 
pointed out t ha t  t h e  psychrometric charts given ii i  vari.ous hxndbooks to 
determine vapor prcssure, himidity, e t c  . from wet- and dry-bill-b tempera,- 
Lures a r e  deveI.oped f o r  a t m s p h e r i c  pressiire and. should not be used i n  
t h i s  appl ica t ion  because t h e  pressure d i f f e r s  si.gnifri.ca.ntly from atmo- 
spheric. 

t h e  weight of  wa-Ler vapor and t h e  water-vapor pressure f r o l n  wet- and d.ry- 
bulb tempera-Lixes. 
di'y a i r  a t  standazci tcrfipe-ratu.-re (32'F) and pressure (14.6959 p s i a ) .  

It should be 

Br i t t an18  gives expressions similar to those above fo r  ca lcu la t ing  

He then uses Pv t o  calcixlhte t h e  cor rec tea  volume o f  

10.4.12.2 ._.^_ Cliange of Volume 

It was assumed throughout the  previous sec t ions  that the vol.urne, V, 
of a contaj.nment vesse l  d id  noi; change from the beginning t o  the  end of 
t h e  Leakage-rate t e s t  a n d  t h u s  V w a s  considered a constant i.n t h e  deriva- 
t i o n  of  t he  1eak.age-rate equations. ActusLLy, t he re  may bc a s l i g h t  
change i n  containment vessel. volwne due t o  Lherrml expansion or contrac- 
t i on  o r  t o  a, change i n  i n t e r n a l  pressure. 
for both of these e r ro r s .  

there  a r e  differences between the  i n i t i . a l  and f i n a l  tempel-atures of t he  
t e s t ,  t he  percentage e r ro r  i n  t h e  percentage leakage r a t e  i s  given 3.5 
fol_lows : 

B ~ i t t a n ~ ~  gives expressions 

If the  ePfecL o f  t;herrml. expansion i s  neglected completely and i f  

3 a ( T 2  - TI.) 
$ e r ro r  = +loo --- J ( 10.9'7 ) 

AW/W 

wheye CX j.s the coe f f i c i en t  of 'iherm.1. expansion and Aw/w i s  the  f ~ a c -  
ti.ona,l leakage r a t e .  For example, i f  t he  temperature a t  t h e  end of the 



measurement; period i s  1.0'F higher than {;lie i n i t i a l  ternpei-ature, an e r r o r  
of  20$ i n  tb.e measured percentage le,akage r a t e  wou7-d. result if a correc- 
ti.on were riot, made ( f o r  cx = 6.5 x I.o-'/'F and AW/W = 0.00~). 
there i s  a, sn'.gnifi.cxnt terqeraturc d:ifference between the  beginning and 
the end of t h e  test, expansion or  contraction of the vessel  couLd tnizo- 
duce 3o111.e erroi-. 

i n t e r n a l  pressure during a lea!.ge-rra.te t e s t  resiLi.ts i n  it negl ig ib le  
e r ror  i.n the measiz-ed leak.age r a t e .  Foy exam-ple, i n  a ty-pical- t e s t  of 
a spher ica l  shelJ-, the  ei-ror armuxLs t o  ixdy 0.2%. 

sel., wlii ch has a I.srge volluui? of sh:i.el_di.n~-pc?ol water, correc-Lions were 
rrmde for. c:mages i n  the  conLaimient vessel volunie clue t o  changes in the  

T ~ U S  rif 

3ritkai shows khat t h e  change i n  shell vo1i.m.e d.ue t o  a. change Tn 

111. the  leakage ra-Le tests of the Plrun Brook reactor  contahment ves- 

When the reference vessel. method i s  used, il; also m y  be necessary 
t o  coirrect f o r  changes i-11 the wference  system volunie The percentage 
chxage in vollme of t h e  xfe : rence  system can be I.arge i f  the  system 
volime i s  mall, i f  t?ie manomAe-t- diameter i s  Sarge9 and i f  the change 
i n  iilanometer f l u l d  l e v e l  is su?ssta.n.-ti.al. Ca1.cul.a-tiulis should ?:)e per- 
formed. i n  each ca,se t o  determine the  s ignif icance of t h i s  factor. At 
Pl.um Srcok it; was de-tel-rmineci -that f o r  the 2(3-ft-iorg, 2-in. -dissm TeSey- 
exice vessel  used, a change of one vertical .  inch i.n -tile :!Liquid l e v e l  i n  
the incl.ined maornet err would produce a, change i n  the reference system 
pressurt.e of  0.092 in. 11%0.36 

1.0.4.. 12 " 3 Variation of  R 

it i s  generally assumed when deriving the l-e,dca,ge-rate equatiorrs 
using ih? perfec t  gas Saw t h a t  R, the perfect  g a s  constant for  air, i s  
a "cue cons.tanS,. In fact, since  ai^ de-viates s l i g h t l y  from bei.ng :3, per- 
feet gas, X a l s o  vzf ies  s l i g h t l y ,  and. i.3 the conditions at 1;he beginning 
and end o f  the leakage-rate tes-t diff'r?r signifj-c*mtly,  there  nay be a 
sl-tgkt var ia t ion  i n  R. The Lezka. ,e-rste t e s t  proced-we f o r  the Plum 
Brook reac-Lor containment; ~ e s s e 3 . ~  ' cons id-ers t he  mria,t.i..on in R when 
calculht ing the inheren-t uncertainty in %he leakage-rate measm"erfient 
For t h e  hypothetical. example selected, t h e  riii.nj.mm va1.w of R i s  53*840 
f t / 'F  and the m x i m u m  va l .1~  is 53.880 f.L/'F, a change of I.ess than O.l$. 
Here again, the error i s  negl igible  and the 7-aziation 5.n K can be ne- 
gl-ected.. 

10.4.12 a 4 Other Corrections 

Special  circumstances my reqi~.i.re other  corrections t o  be made in 
a particu1a-t- lea,kage-ra.te t;est. For exampl.e, i n  t h e  leakage-rate tests 
of tht. Plum Eruok reactor contaS.nment vessel, i t  was necessary t o  correct  
Tor the ai.r introduced i n to  t h e  vessel. by the pnei.umtie  control.^ or" the 
air-conditioning i m i t s .  ' T h i s  w a s  done by control l ing the units  wit11 
bottled nitrogen. d.wing t h e  tcst  so t h a t  the  amount of nitrogen added. 
t o  the vesse l  could be d.e-t,erriined by weighing t h e  nitrogen b0ttl.e berme 
and af ter  the t e s t ,  Leakage tests for. the Piqua f a c i l i t y  vere imide and 
reported based on surne of these corrections. 5 7  
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10.4.12.5 Eri-or Considerations -.- --.....I___ 

The weight of a i r  i n  the  containment vessel i s  d.ri.rectly proportional 
t o  t h e  absolute pressure and inversely proportional t o  t h e  absolute tem- 
pera-Lure. 
a 1°F er ror  i n  temperature i s  equivalent t o  a 0.276 e r r o r  in t h e  weight of 
the a i r  .til the  containment vessel .  Similarl.y, i f  the  t e s t  i s  run a-t a x  
absolute pressure o f  about 3 atm or about 90 i n .  IIgJ a 0.1-in. e r ror  
i s  equivalent t o  approxim-tely a 0.1% e r r o r  i n  weight of the a i r  i n  the 
containment vessel .  For a low-pressure t e s t ,  t h e  percenbage e r ror  i n  
pressure measurement would be even e;??es,tcr: f o r  a 5- t o  J.0-psig I-eakage- 
r a t e  t e s t  ( i .e . ,  about 40 -to 50 in .  I@) a O.l-in.-Hg er ror  i s  equiva.l.cnt 
t o  a 0.2 t o  0.25% e r r o r .  It i s  obvrious t h a t  unless one i s  wi l l ing  t o  take 
rmny days t o  perform the t e s t ,  ins t rmen- ts  with much greaber accuracy than 
1°F or 0 .1  in .  Hg a r e  required t o  measure a containmenb vessel  leakage 
r a t e  of  0*1$ per 2 L b  hr, a r a t e  corrlrnonly specif ied for standard con-tai l lsnt  
vessels .  It should be pointed out, however, t h a t  the  instrumenta.ti.on need. 
be "reproducibly readable." and not iiecessaril-y "absol.utely accurate' '  t o  
the quoted. accuracies.  Wiis requires good ii lstrwwntation w i t h  f i n e l y  
ca l ibra ted  measuring devices but  does not necessar i ly  requi.re t h e  i-ns-tru- 
ments t o  be cal ibrated against a highly accixrate standard. 

The proposed ANS standard for contai.men'L vessel  leakage-rate t e s t -  
ri.ngl s t a t e s  bhak insti-uments f o r  measuring temperature shou1.d be accurate 
t o  0.2"F or equivalent and tbat pressure-measuring instrwmnts  should be 
accurate t o  0.1 m Hg o r  t h a t  both of these messui-emen-ts should be con- 
s i s t e n t  with the  leakage r a t e  specif ied f o r  the  containment vessel.. These 
accuracies a r e  s u f f i c i e n t  for .the leakage r a t e s  specif ied for most con- 
tainment vessels. In  order t o  accurately measure a s t g n i f i c a n t l y  lower 
leakage ra te ,  i-mprovernent i n  the accuracy of  the instrumentation i s  rc- 
quri.red or the t e s t s  w i l l  have t o  be run f o r  Long per tods of time. 1hj.s 
does not appea:r possible wi%h standard types of pressure- and temperature- 
measuring devices. 

B ~ i t t a n ~ ~  presen-ts e r r o r  analyses f o r  both the absollute and the  r e f e r -  
ence vessel  methods. For the  absolute method, he g:i.ves the maxiriwti 120s- 
s i b l e  percenbage e r ror  -in determining the  leakage r a t e  as 

Since normal atmospheric temperatures a r e  on the order of 500"R, 

(10.98) 

w 
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where 

ep = error i n  absolute pressure, 
eT = error i n  absolute .t;emperatzLre, 
P = absolute pressure, 
T = absolute temperature. 

For the error t o  be less thav- 508, a figure which he consri.ders to repre- 
sent a valid t e s t ,  the following expression appl ies :  

(10.99) 

For t y p i c a l  t e s t  conditions with the absolu-Le t e s t  pressure equal. 
t o  60 in .  Hg, the t e s t  tenpera.ture about 5G0°R, and a,n allowabl-e leakage 
r a t e  of  O . l $  per 24 hr, the allowable error i n  pressure determination 
alone f o r  a one-day t e s t ,  asswni.iig no error in temperature, i s  

e d 0.015 In.  Hg . P 

SimilarLy, i f  there  i s  no error ri.n pr.essure determination, the mxxtrnim 
al1owabl.e emor i n  temperature foy a one-day -bes t  is 

1. nw T e 
- < -  - = 0.00025 
T 4 T.T 

or 

Since aef;ua,l.ly -there wL.1- be e r r o r s  i n  both pressure and temperature de- 
teif-mination, the n1 . lo~~able  error for  each, i f  -they have equa.1 e f fec t ,  
wou7.d be 

f 0.0075 in .  Hg "P 
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S 0.063"F . 
eT  

In prac t ice  , pressure can be measured more accuratel-y than tcrnpcrature, 
so allowable e r rors  of 0.0025 rim. Hg and 0.1.0h"F might be a more reason- 
ab?.e dLstributlon. 

For the reference vessel  me-tiiod, B r i t t a n  gives the foll.owing expres- 
sion f o r  the rmximum possih1.e percentage e r ror  in leakage ra,te, asswning 
t h a t  a1.1. four Lempera'cures (-that of the containmait a i r  and of the re fer -  
ence vessel  ari.i- a t  t h e  beg5i:nming and a t  t h e  encl of the  test) a r e  measured: 

P e e 

'i' P 
4 -  T - t  2 -  

% er ror  = 1-00 (1O.lOO) 

I n  t h i s  case, ep r e f e r s  t o  the  e r ror  i n  d i f f e r e n t i a l  pressure.  This ex-- 
pression indicates  -khat the  possible error due to temperature i s  twice 
t h a t  for the  a'bsol-utc me Lliod because four sepai-atc temperatures are m-ea- 
s u e d  instead of  two. If no temperatures a r e  neasured, as i s  of ten  the  
case using the  reference vessel  method, then B r i t t a i  s t a t e s ,  the er ror  
5.n temperature can be taken t o  be the uncertainty i n  kmowing whether tine 
temperatures have equalized, s ince t o  assure equi l izabion of  temperatures, 
a e  measixements wo1l.d. have t o  be rmde. 

I n  suromary, B r i t t a n  suggests -that, the required accxracy of  pressure 
and temperature determlnations be dependmt on t h e  magnitude of the  speci- 
fi.ed maximwii al.loi.rable leakage r a t e  a n d  t h a t  t h e  total. possible  ei-ror be 
l e s s  than 50% of the  al1owad.e leakage r a t e .  He thus proposes t h e  follow- 
ing allowab1.e leakage m t e s  for the  absolute and the  reference vessel- 
methods : 

.I. 7 

I. Absol-ute Method 

e e 

P T  les!mgc during the t e s t  period. 
- -1 2 < 1/4 of the  a1  1owa'oJ.e f r a c t i o n a l  (10.101) 

This a l s o  may- be expressed. as 

(10.1.02) 

where 'L i s  the length of thc  t e s t  period i n  days. 
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2. Reference Vessel Method 

e *ell + - 1/L+ of t he  al.lo~wable f rac t iona l  P 
-" 

P T leakage during the  t e s t  period, (1.0.103) 

Allowable 1eak.age r a t e  3 (1.0.104) 

I '  second power equation, " o r  "error  propagation J_a.rr, " Inas a l so  
been used t o  es t i rmte the uncertainty o r  possible  error i n  the  calcul.ated 
leakage r a t e  d-ue t o  tne  uicertatinties i n  the measured vaziables upon which 
bhe leakage r a t e  cle-pends. This equation m y  be expressed as follows : 

T ~ h e  ye 

I, = r e s u l t  of the  calcul.ation, i n  t h i s  case t he  leakage ra te ,  
eL = mcertai.nty interval. of t he  resul-L, 
'Vl, V2, . . V, = independent measured variakl.es, 
e l ,  e2, . . . en = uncertain-by in t e rva l  for each of the measured mri- 

I n  t'neir analysis of the  leakage-rate t e s t s  of  the Dido axid ?4eralin 

ables. 

rcxictor containment vessels, Jaroscbek and Weippert4' applied t h i s  equa- 
tion .to both the  absolute and reference vessel  methods. For the  absolute 
method the uncertainty or, as they berm i - L ,  t he  measuring -tolerance i n  
leakage r a t e  i s  shown t o  be: 

wherre 

AL = i n t e rva l  of t e s t ,  
P = absolute pressure, 
T = abscl-ute temperature, 

I)' T' X 

X'E = absol.ut,e humtdity + 0.622, 
e e e = uncertaint ies ,  or neasuring .f;ol.erances, i n  pressiwe, tern- 

pera twe,  and ab sol-ute l.lwnicli.ty, respect ivrly . 
The corresponding eqiiation fo r  the 1-eference vessel m.etiwd is g1mn as : 
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(10.107) 

Pressure was not included i n  Eq.  (10.107) because ep/P i n  the  reference 
vessel- nethod i s  small- compared with t h e  other measuring to le rances .  For 
t h e  Dido and Merl-in test condi-tions a n d  assumed measuri.ng tolerances , the  
above r e l a t ionsh ips  ind-icated t h e  absolute me-thod t o  be more accumte a 

Equation (7.0.106) w a s  a l s o  used i n  t h e  procedure f o r  t h e  leakage- 
r a t e  tes’b of the  P1.m Brook reac tor  coiztai.nment vesse l?  
t h e t i c a l  example, t h e  t o t a l  uncer ta in ty  i n  leakage r a t e  was about k l ~ . $  
and i t  w a s  concluded t h a t  the g;Teatest pari; of  -Hiis uncer ta in ty  w a s  due 
t o  t he  uncertalinty in measurement of t h e  dew p0j.n-L. 

amd the  reference vesse l  methods -tha,t t h e  e f f e c t  on leakage r a t e  of an 
e r r o r  i n  temperature measinxment i s  much l e s s  with the  referenee vessel. 
method than with the  absolute method. They s t a t e  -i;ha,t s ince  i n  t h e  r e f -  
erence vesse l  me-ihod t h e  temperature can ’ne cons<-dered t o  be represented 
by the  value o f  P + AI’, the measuserrents of ielrperatui-e and pressure a re ,  
i n  a. sense, coupled, and pressure-measurement e r ro r s  w i l l  be 1-arge1.y can- 
cel-led out. For example, with val.ues t y p i c a l  of  t h e  P1.m Brook reacto-r 
conta,<.nrnent t e s t s ,  a I.$ e r r o r  i n  ~2 .csoul.rl. res i f i t  i n  an e r r o r  of only O.O@ 
i n  Lhe r a t i o  Pz/(P2 + A&). 
teniperature and pressinre measuremerit e r ro r s  a r e  independent so t h a t  a 1% 
e r r o r  i n  Pi? w0ul.d produce a I$ e r r o r  i n  the r a t i o  P2/T2. 
ti-ated, by the  r e s u l t s  o f  one of  the  R u m  Brook leakage-mte  tests. I n  
thi.s t e s i ,  an apparent pyessure measurement errro-r a t  a few da ta  poin ts  
produced no noticeable e r r o r  i n  the leakage r a t e  determined with the r e f -  
erence vesse l  method but; caused t h e  1-eakage r a t e  determined with t h e  ab- 
so lu t e  method t o  f a l l  o f f  t h e  s c a l e  a t  these  po in i s .  

Using a hypo- 

Keshock and De€30gdan36 poin t  out i n  t h e i r  cornparison of  t he  absol-ute 

On the  o ther  h.ar?d~, with the  absolute method, 

This was .ill.us- 

10.4.12.6 Expcr-imental Checks on Lea,kage-Rate ...._. De terminations 

ExperirnenLal checks i n  support of leakage-rate determinations may 
take various forms, rangI.ng from experimental. v e r i f i c a t i o n  of t h e  accuracy 
of  t he  in s  Liurflentation used, t o  t h e  si-multanrous conduct of b e s t s  with 
d i f f e r e n t  t e s t i n g  mzthodk, t o  the compl-ete rerun of a partricul.ar t e s t .  
Numerous da ta  points taken throughou-l; a t e s t  tend to e s t a b l i s h  trends and 
indica-Le the s c a t t e r  of the da ta  being accimiilated. Excessive s c a t t e r  
caused by hiown and. yecurring phenomena may be cause f o r  extending the  
time period of  the t e s t  i n  order t o  obba3.n s t a t i s t i c a l  r e s u l t s .  

One method used i n  a few containmen’i vessel.. leakage-rate t e s t s  has 
been t o  record the necessary d . a t s  for making absolu te  leakage-rate ca l -  
cu la t ions  a t  t h e  same time t h a t  the da ta  f o r  t he  reference vesse l  leakage- 
r a t e  ca l cu la t i  ons a r e  being observed. Another method, successfu l ly  dem- 
onsi;rated i n  the  leakage-rate t e s t s  o f  t h e  Plum Brook snd NS Savannah 
contalnment systems, i s  t o  superLmpose a known leakage r a t e  upon t h e  
ex i s t ing  leakage r a t e  during the  l a t t e r  p a r t  of  t he  t e s t .  The degree t o  
which the increasr  i n  the  observed leakage r a t e  equals the  addi t iona l  
known leakage r a t e  w i l l  then provide an add-itional bas i s  f o r  determining 
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th.e va1.id.ity of the t e s t .  T:n the Plum Brook t e s t  the known leakage r a t e  
was establ ished by bleeding aj.r from the  vessel  t‘nrough a gas f1or;jmeLe~ 
a t  a ra-Le roughl-y- equal t o  t h e  allowable le&a,ge rate. 3 6  This was done 

r e s u l t i n g  dsta  Torr the  imposed controlled leakage r a t e  of 0.225 If: 0.002$ 
per day. Su’dxacting t h i s  value from the indicated rates f o r  the absolute 
and. reference me-thork gave t h e  followiiig respect ive lea.k.a.ge r a t e s  : 
0.198 2 0.055 and. 0.164 f 0.040$ per day. 
ceding rates for  both rnetlimls a re  seen t o  overlap on F:i.g. 7 _ @ . l d e  Yne con- 
l;r.oLled. 1ea.kag-e rate t1ierefor.e suks txnt ia ted  the general. agreement and 
the accuracy o f  both rmasulirig methods. 

du:.’. ring the las t  1.2 b of a 6@-hr t e s t  perriocl. Figure 10.14 presents the  

These T a t e s  conipared with pre- 

10.4.L3 Special ConsideraLions for Varcn’.ous 
Types of Conta:imo.en t Struc t1.n e s -_ 

The l eabge - ra t e  tes- t ing methods out l ined in precedri-ng portions of 
Yois sect ion r e f l e c t  the  prac’cices used and. the  experience gained t o  date 
i n  containment ‘vessel leakage-rate testing., Since nearly all of -t?iis 
experience has been with s t e e l - s h e l l  conta,i:mmit  vessel.^, {;he me.t;h.oiJ..s 
presented w e ~ e  developed prinari-1-y wiI:h t ‘nis t:ype of conta-j.ment i n  mind. 
I n  r m s t  eases these ixetiiorls are applicab3.e t o  o ther  types of contaimnent 
:: tructures,  but ful.-t;‘ner coasrid.r-ration mxy 1x2 required before they are 
ap@ied rlirec-Uy. The rCo?.lowing paragvapl-is brief1.y c u b l i n e  some of  the 
special consid.erations which I P E L ~  b e  involved i n  the  leaka,ge-ra,te t e s t i n g  
of va:ei.ous type:; of eontxinment s’cructure:; For any particular contain- 
ment des5gn a much more tAorough snsl..ysi.s o f  Lhe fac tors  ri nvolved w i l l  
be  repired. .  

- 

S.tructiues s I.mi.la,r t o  conventional. buildings w e  used. f o r  reac+;o? 
conta.ixrn.ent when a r e a c t o r  accident, will not produce a siibstantial  pres- 
sixre ~ i s e  and- when a high degree of lea,ktt.ghtness i s  not requi.?:ecl.. Con- 
ta4nmfien-L struc.Lu?..es of t h i s  type a r e  often operated. x k  red-uced pressure ; 
ths-t; is ,  leakage from t h e  bu:Xd.ing is prevented 5-y xa3.ntaining R veri-ti1.a- 
trim system f l o w  rate sufficient to pmdiice a s l . igh t ly  negative pressure 
withi.% the  buildn’.ng so tha-t a l l  leakage i s i.nwaycl. The ventilati.on ex- 
ha,ust i s  usua1.l.y d i rec ted  up a stack, with provision for f i l t e r i n g  if 
necessary, For buildings operated in this way, it my he  t h a t  hhe onLj 
leak t  ig’iltnes s r e  qii ir  errtent i.s t1ia.L the spe ci.f:i. ed r ed.iiced pres sur e be :urn< n- 
-Lairred wi . th  a given veiitlilati.on bl-ower capacity.  I n  t h i s  case, a I.ea!~ige 
t e s t  would consis-t, only of meas?xi.ng the  di.fferenti.al. pressure of the 
1juil.ding wi th  a water imnometer while the veritila’c;ion system was operating. 

to a reduced p:ressm.e, a l.w,kage-rate t e s t  can be performed by meas1~L:ng 
the f l o w  rai;es o f  the ventila1;ion system intake and. exhaust with coriver~.- 
Lional gas flowmeters. The leakage r a k e  i s  then the difference between 
Lhese t w o  flow r a t e s .  T h i s  i s  a convenient and. simple n~.eans o f  determin- 
ing  the  Leakage rate with reasonab1.e accuracy, since 31.1 I.ca,kage i .s clia.rl- 
neled. i n  one flow path. Leakage r a t e s  of conventional buildings are 

If a n m i m x r f i  leakage r a k e  i s  speci:f.ied f o r  the build-ing, i n  addi t ion 
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Indicated jeak rate 
Al! amble leak rat:. __ 

T a l l c d  symbols denote data exc lu3ed  
f r u n  leas t-squares c a l c u l a t  l m s  

(a) Variation i-f temperatu 

(b) ;.bs3lute iretho5 ( s u r f a c e  thermocouples). 

0 20 3c) 40 
'Time, T, hr 

( c )  Reference-system method. 

50 60 

Fig.  10.14. Control led T,eakage R a t e  D a i a  Compared wi th  Absolute and 
Reference System Data Obtained for Plun Brook Containment Vessel. 
ref. 36) 

(From 
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usua1l.y 1.arge enough - from lOO$ per  day to loo$ per hour o r  more - :;o 
be rnea,sured i n  t h i s  way without speci.al techniques or long test periods. 
If special. provisions are taken t o  minimize I.eakage, such 8,s using special  
doors, jo in ts ,  seals, coatings, etc. ,  1.eakage rates as low as a few per- 
cent; per day, my be a,cli.i.evable. l3 In  this case,  .i.t m , ~  be neceo:;ary t o  
use more sens i t tve  devices t o  rneasucre the I.eakage :rate. row eve^", i f  the 
buil.ding i s  t o  be operated a,t reduced pressure, the same general proce- 
dure  of rfieasuring the ven t i l a t ion  system Plow ra te  5 s  usua.l.ly used. 

rmxirnwm allowa1ole leaka,ge rate 1s specified, one of the pressi]-re-decay 
leaka~e-r.Ette-testiny, methods should be used. The discussion i n  the fol- 
].owing pa.ragraph or1 low-pressure eontaimnent applies to t h i s  case . (-;en.- 
erally, Lealcage-rate t e s t i n g  should be perzfornied with the I.ea,lm,ge flow 
i n  thc? same d.irect5.oi-1 as it would be u i d ~ c  accident coi~dition.s. ?'hius, 
if Yrie contair-ment s t ruc ture  i s  desi.gned. for  E. pos i t ive  pressinre cJwiag 
an accident, %he leakage ra te  shou ld  be rfiwsuxed i a  the  same way, since 
the lealragt:: vate d e t c r n h e d  i n  a reduced-pressure tes-l; might be su'ostari- 
ti.ally d i f f e ren t  from that; rwasxt-ed i n  a, pressure-decay t e s t .  Extrapola- 
t i o n  would be required, as discussed i n  Section 1.0.4.6. If the posit ive 
pressure of a r e t e s t  was sufIiciently low Ynat it rriight be nlasked by t e s t  
conditions, such as wind p r e s s ~ r e  ex.terria1 to the contai:ment, precautions 
would have lm be taken. t o  avoid such conditions i n  order not t o  invalifiate 
the t e s t .  

If the  builcling i s  designed for a s l i g h t  positj.ve pressure and 8, 

Conl;ai.nment vessels with ].ow design pressixes (5 psig and. l e s s )  and 
low ~nax i .murn  ~ ~ l . l . ~ ~ a ' ~ l e  leakage ra tes  8,r.e t,es-i;ed i n  the same way as conven- 
ti.ona1 eon.taiament vessels with h-igher d e s i p  pressures. rThe 1..ea2ki,geerate 
l;e:sting m-ethods described i n  previous sect ions of th i s  chapter a r e  used.. 
However, since the s e n s i t i v i t y  of the leakage-rate -Lest  decreases with 
decreastng .test pressure, a Longer tes-f; period rmy b e  requi-red i n  order 
for a low leakage ra te  t o  be meas-uretl w i t h  s u f f i c i e n t  a~czsracy.  
my be acceleu.a.ted i f  lit i s  poss5.bl.e to perform .l;'oe -Lest at a presswe 
higher tinm t h a t  f o r  whric'n the leakage inate i s  specified. This was done 
i n  the leakage-rate t e s t s  of the Plmi Brook reactur containment vessel. e 

Jn t h i s  case the mxirnuun accldcnt pressure w a s  0.3 psig, but  t h e  hakage- 
:rate t e s t s  were conducted at 4 p ~ f g . ? ~  Tnis is not riorrmlly possJ.ble, 
however, since the n:axiniixn all.owa1il.e I-eaPage ra te  i s  usumlly specLf5f.a 
at; t h e  rft,xLvmm acc idmt  pressure, which is usual_ly the vessel design 
pressur2 and close t o  tilie nfiximxun the .vessel can safe ly  w i t h s t a ; n d .  

For low-pressure contairment vessels w h e r e  .ve:ry low 1.eakage :rates 
are not, requlired, the same general t e s t i n g  :met,hods would probably be 
used-, bu.t .&ere would 'oe less need for a n  extended. -Lest pt.riGd to ob-ba,:k~ 
the required measulwnexil; accu~acy. 

The .test 

10.4.13.3 Pressure-Relief Contaj.men.1; -_- 

T'ne t y p e  of  contairuiient syste:cn that vents off the  ini.L%Ci. p r e s s ~ ? ~ ?  
su rge  du-ring an accident and then i s  closed up before the fission products 
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a r e  re leased  from the  core i s  t e s t e d  much l i k e  a low-pr.ess1J.x-e contailmelit 
vesse l .  The main d i f fe rence  i s  t he  isol-at ion system, which must operate  
r e l i a b l y  and h.ave t h e  necessary degree of leak t ightness  af te i -  c los ing .  
This type of containment probably wj.1.l not  be used where a high degree 
of leak t ightness  i s  reqnired,  so  it rmy not be necessary t o  be ab le  -to 
measure very low leakage r a t e s .  

IO.L+.13.4 Pressure-Suppression Contai-ment 
II___ ......_.--._- 

A pressure-su~press ion .  system may be more d i f f i c u l t  t o  t e s t  th.an a 
conventiona.1. containment vessel, s ince  r i . t  consis’Ls o f  two o r  more i n t e r -  
connected vesse ls  t h a t  n ~ y  have d i f f e r e n t  design pressiirres ai?d differen-L 
maximum al.J.owa,ble I-eakage ra’ies . Duri.ng construct ion the  vesse ls  my be 
i -solated for pressure t e s t i n g ,  and leakage-rate  t e s t s  can then be per- 
formed usjng a pressure-decay method. However, a f t e r  Liie system has been 
completed, the  chambers cannot normally be i s o l a t e d  from each o-ther ex- 
cept  by t h e  water i n  the  suppression pool. covering Lhe ends of the  con- 
nect ing piping.  A leakage-rate  t e s t  nlay h e n  have t o  be run a t  the same 
pressure rin each chamber and the  measured. leakage r a t e  extrapolated t o  
di-fferent  pressures  i f  necessary.  

I n  a pressure  suppressi.on system the  suppression chamber w i 1 . l  gener- 
a l l y  have a 1-ower design pressure,  a smal.l.er to’Ga1 volume, or  both, than a 
c0rflparabl.e conventional containment sys’iem. The sensiti v i t y  of t he  leak-  
age-rate  t e s t  wi.l.1. thus  be somewhat I.ess . More taniperature and pressure 
i.nstrumen.La‘iion my be requi red  t o  accura te ly  represent  the  a i r  i n  -the 
var ious p a r t s  of t he  system, and, because some p a r t s  o f  t h e  system may 
not be rea,d.i.ly access ib le ,  t h e  t e s t  i n s t n m e n t a t i o n  may be more d i f f i c u l t  
t o  install. :bmidity measurements wou1.d be more cr i - ‘ i ical  because o f  t he  
l a r g e  exposed sur face  o f  water.  Because of these  d.i .ff icult ics,  s p e c i a l  
s y s ~ t e m ~  and. techniquzn may have t o  be devised to  demonstrate t he  lcakiight- 
ness of t he  overal.1- system. A makeiq-aj.r method has been proposed. f o r  
check.ing the  leak t ightness  of t h e  Hunkold-L Bay pressure-suppression sys- 
.tern ( see  ~ e c .  1.0.4~10.1). 

1.0. LF. 1.3.5 Underground Contaiiuizeiit 

Underground containm-ent s t r u c t u r e s  would be leakage-rate  t e s t e d  using 
the  pressure-d~ecay t e s i  me-Lhods used f o r  comparable aboveground s-truc- 
t u re s .  Tempera-hwe va r i a t ions  should be much less  because of t h e  ri.nsu- 
l a t i n g  e f f e c t  of t h e  surrounding ear th ,  so fewer tel;iperature sensors o r  
reference vesse ls  should be required and. t h e r e  should be l e s s  s c a t t e r  i n  
t h e  t e s t  da t a .  
because of t he  poss ib le  ri.nl.eakage of  ground water.  

PI-essure exceeded Yne m a x i m u m  i n t z r n a l  pressure  would be inherent]-y qu i t e  
l e a k t i g h t  and m.jight be used .where a p a r t i c u l a r l y  high degree of l eak t igh t -  
ness was required.  I n  thi .s  case, t h e r e  wou1.d be grea t  incent ive  t o  per- 
fomi a leakage-rate  test of even grea-Lei- than normal s e n s i t i v i t y  i.n order  
Lo demonstrate t h i s  Izal i t lgMness . 
cult because t h e  outs ide  surface would no-t be access ib le  for soap bubble 

Xwnidity measurements -ihioiil.d be p a r t i c u l a r l y  inipoyta:nt 

Underground. s t ruc tu res  designed so  t h a t  ’~hc external. ground-water 

Detection and loca t ion  of leaks  i n  t he  ves se l  wall would be d i f f i -  
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tesbing. 
penetrations probably would a1 1 be located i n  the  same accessible  a rea  so 
t h a t  these %Teas of  grea tes t  po ten t i a l  leakage could be t e s t ed  without 
grea t  d i f f i cu l ty .  

However, access openings t o  the  vesse l  and e l e c t r i c a l  and piping 

10.4.13.6 Multiple-Barrier Containment 

Since l i t t l e  experience can be c i t e d  for riiul-tiple-barrier containment, 
t h e  discussion i n  this sect ion must of necessi ty  be somewha-L speculktive. 
'The envelopes around the reactor  vessel provid.ed by a mnultiple-barrier con- 
tainment system allow considerable fl.exibilit;y i n  leakage-rate t e s t ing  and 
of fer  the  poss ib i l i t y  o f  using some d i f f e ren t  methods. 
primary vessel can be channeled in to  one flow path i n  the  annular space be- 
tween the inner and outer b a r r i e r s  so  that conventional g a s  flowmeters can 
be used to measure the  leakage. For t h i s  t es t  the annular space sliould be 
kept a t  atmospheric pressure t o  minimize inward leakage through the  ou-ter 
barr ier .  In an attempt t o  obtain grea te r  sens i t iv i ty ,  ari adul terant  gas 
can be added t o  t'ne a i r  within the  pri.mnary vessel, and i t s  concentration 
can be measured i n  the  atmular space. H e l i u m  can be used f o r  this purpose 
and i t s  concentraLion measured very accurately with a m a s s  spectrometer 
(see See. 10.4.10.2). O f  course, the pressure-decay method of 1ea.kage-rate 
t e s t i n g  can a l so  be used. 

Leakage-rate t e s t ing  o f  t he  outer containmen-t b a r r i e r  depends on the  
system design and on t he  degree of leaktightness required of the ou.ter 
ba r r i e r .  If, as i s  usual ly  the  case, t he  annular space i s  kept at  re-  
duced pressure so tha t  leakage i s  inward, the leakage r a t e  can be deter-  
mined by measuring the  f l o w  ra-be of a i r  out of the annul-ar space. If the  
ann_ul.ar spa,ce could. reach a pos i t ive  pressrire so tha t  leakage w a s  outward, 
a pressure-decay leakage-rate t e s t  cou1.d be perfo:rmed. I n  both cases, 
since the  leakage rs-Le of the inner b a r r i e r  would be measured along w i t h  
t h a t  of the  outer ba r r i e r ,  the inner-barr ier  leakage r a t e  would have t o  be 
determined independently and subtracted from the total. or  assumed t o  be 
negl igible .  
ness than the outer bar r ie r ,  such as for a steel. s h e l l  enclosed by a con- 
ventional building, t he  inner-barrj.er I-eakage r a t e  cou1.d be neglected i n  
determining the  outer-barr ier  leakage i-ate. Where the  leakage m t e s  of 
both ba r r i e r s  were a-pproximatel.y the same, the inner vessel  could be kept 
a t  .the sane pressure as the  an.riuIl.ar space during the  test; so thEt i.t would 
h.ave negl-igible leakage. 

Leak.age from the 

i n  systeiiis where the inner ba r r i e r  had much greater  Leaktight- 

- 10.5 A TYPICAL INITIAL, Ii'Ti'EGRITY TESTING PROCEDURE 

This sect ion presents a step-by-step procedwe fo r  a ty-,ica,l. i n i t i a l  
i n t e g r i t y  t e s t  consisting of a st rength test;, local leak -tests, and an 
integrated I.eakage-ral;e t e s t  f o r  a, typical. s t ee l - she l l  contalmient system. 
The pirpose of t h i s  sec t ion  i s  t o  indi.cate -LIE conti-nuity l;kiat norrnal.1.y 
exisks i.n peyforming these t e s t s  and, i.n a sense, t o  provide a s-~wunary 
of Sections 10.2, 1.0.3, and 1.0.4. This procedure should be considered 
as only ty-pical and. not a mandatory 01- necessaril-y a recommended proce- 
dure. The use of the reference vessel  itlethod. f o r  in-Legrated leakage-rate 
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testi.:ng ri.n t h i s  procedu:re shou1.d. no’c imply t h a t  t h i s  method i s  considered 
preferab le  t o  the absolute method., but ra,ther, i.t r e f l e c t s  t h e  grea te r  
use of t h i s  method f o r  t e s t s  of containment vesse ls  t o  date.  1’Ms s tep-  
by-step proced-we i s  general ized  and i-ntendzd -to be a s  wid~1.y applicable 
as poss ib le .  Thus i t  does not co:ol;ari.n t he  d e t a i l s  required t o  perform a 
proof t e s t  of il. speci.fi.c containment vessel.. En ad.rlitj.on steps have been 
incorporated that may not be necessary f o r  a l l  circumstances, f o r  example, 
him?rdity measwements and. t h e  use of‘ blowers and s t r a i n  gages. 

f o ~  t h i s  t y p i c a l  proced-iix-e i s  presented i n  Frig. 10.15. 
A schermtj c diagram of t h e  equipment and instrumentatj  on required 

Par t  A. Preliminary 

1.. Blank off d l .  penetrati-ons except f o r  the personnel. and equip- 
ment ai.r locks and t h e  pene t ra t ions  ’GO be used f o r  t h e  t e s t .  

2. I n s t a l l  reference vessel. s a t  prede-Lcrmined 1.ocati.ons within the  
conta.irtment vesse l  and instal.1 a l l  neeessary connecting tu’bi.ng and valves. 
Tnstal~l a d i f f e r e n t i a l  pressure rmnometer outside the  containmen-t vessel. 
and connect tubi.ng between t h e  reference systern, t h e  manometer, and the  
containment vesse l .  

3 .  Test t he  reference sysLem, inclirding the  vessels, tubing, and 
valves, f o r  1.eaktigh-tnzss using a halogen or heliu? l eak  de tec t ion  t e s t .  

4 ~ .  I n s t a l l  pip?n.g and valves between 

a .  'Pie containment vesse l  and the pressure gag:, 
b .  ‘The containment vessel.. and the  compressors (note  Lliat an 

adequatelg s i z e d  presnu:re-rel.ief systeili i s  required i n  ac- 
cordance wi-Yii t h e  proposed ANS Standard; t h i s  pressure-  
r e l i e f  systcm may he h s t a l l e d  direct1.y on t h e  con.tai.nment 
ves se l  or, i.f t he  l i n e s  a r e  adequately sized, may be a pal-i; 
o f  t he  conipressoi: system), 

e .  ‘The ai.r l.ocks and t h e  compressors. 

5. I n s t a l l  Lemperature measuring instruments a t  prevri.ousl-y detei-- 

6.  Connect pi-essure gage l i n e s  t o  the  pressure gages and pressure 
mined 1ocati.ons within t h e  containment ves se l  . 
recorders a t  t h e  remot? t e s t  control. point. Connect t h e  temperature 
instrumen-L leads t o  temperature recorders at the cont ro l  po in t .  

7. Install .  dew-point ins’ir.uuiients wit’nin the  containment vesse l .  
8. Install. temporary blowers within t h e  ves se l  t ha t  are capable 

of operating continuously a t  vesse l  design pressure.  
t o  be used t o  c-i.rcula-Le the a i r  during t h e  Ieakage-rate t e s t .  

of a t r  I.ocks and leave t h e  outer doors open. S p e c k 1  care shou.7-d~ be 
taken t h a t  these  operations a r e  proper1.y performed i n  order -i;o prevent 
t he  i h o r s  from b1owi:o.g open when t h e  vesse l  i s  presouri.zed. 

and a l l  penetrations ’LO determine t h a t  all. openings have been sealed.  
Correct any obvious sources of  l.eakage. 

These blowers are 

9. Close the doors. If a i r  locks a r e  used.; cl-ose Lhe inner doors 

1-0. Conduct a comple-Le vi.su.al.. inspec Lion of t h e  containment vesse l  
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P a r t  B. Strength Test -_......l___.._. _.IÎ 

11. S t a . r t  t h e  a i r  cornpressor and begin pressur iz ing  the  coiitai.nment 
vessel.. During ’chc ini.t,i.al. p a r t  of t he  pressurization, personnel should 
be s ta t ioned  a,round t he  containmeni; vesse l  t o  look f o r  obvious k a k s  and 
to determine that penet ra t ion  sea l s  a r e  sea t ing  properly. 

Continue operating t h e  compressor u n t i l  t h e  containment vesse l  
has been pressurized t o  a s n l a l l  f r a c t i o n  o f  design pressure, o f t en  to ap- 
proxirnaiely 5 psi& and then stmp the compr-0- LOUOT. 

except f o r  the air 1.ocks, wh.ich a r e  not pressurized, gj.ving s:pecial. at- 
tenti-on t o  t h e  s h e l l  seam, gaskets of rflanho.l.es and. doors, and temporary 
test covers. 

aiid pressuri-ze the  a i r  locks t o  a mn~1J .1  fracti .on of  design pressure, of te i i  
approximately 5 ps i.g . 
a i r  1ock.s t b a t  were not  previously tes ted .  

byyes of  leaks requi r ing  d i f f e r e n t  correcti-ve ac t ion  may be found dwing  
t h e  soap bubble t e n t .  These are 

1.2. 

1.3. Conduct a soay bii’ohle t e s t  of t h e  containment vesse l  s h e l l ,  

1.4. If a i r  locks aye used., c lose  the  outer doors o f  t h e  ai.?- locks 

15. Conduct a soap ’~t~.bbIe b e s t  of  t he  outer  doors and seams of  t he  

1.6. Repair or seal- any- leaks detected by the  soap bub’0i.e t e s t .  Two 
L 

a .  Large fi-ssures o r  cracks t;ha-t ndglri; a f f e c t  t he  b a s i c  in -  
t e g r i t y  of Llie vessel.. If siich imperfections exis-L , fu r the r  
pl’essl,wj.zStj.oil might have ser ious  consequences; therefore,  
t he  vesse l  m i l s t  b-, depressurized and. t h e  imperfection re -  
pa i red  before the  vesse l  may be pressurized fii-rther. 

b.  Minor leaks  L’ria’c do not a f f e c t  s t r u c t u r a l  integri’ig bui; 
which coin1.d a f f e c t  the  vesse l  leakaAg;.e rate. These 1-eaks 
nay be sealed temporarily, p:roI-id.iilg it i s  de LcrnirineC sa fe  
t o  do so, and permanent repayrs may be made la.Ler. The 
vessel. wou.1.d need t o  bz depressurized only i.f r i t  werc nec- 
essary t o  seal. t h e  leak. 

17. Close t h e  air supply l i n e  t o  the  a, ir  locks and open the a i r  lock 

18. Res ta r t  t h c  compessoi- snd continue pressur iz ing  tlne contal’.nrment 

za Al.1  unauthorized personnel. must maintain a cl.ea-::a.nce of 
1200 f t  fro::i thc con’cainmen-t vessel. while pressure i s  
beiiig increased~ above 5 ps ig  arid until t he  pressure LCS’G 
and f i n a l  soap bubbl~e t e s t  have been successful.ly compl.eted. 

t a i n  a clearance of  600 ft fi-om the outside of the vessel,  
excep-i; during strcain gage readi~ngs and soap bubble t e s t i n g  

Durrj-ng the  leakage- ra te  t e s t  (Pa r t  C )  only authoyized per- 
sonnel- shal.1. be allowed on o r  adjacent t o  t h e  ves se l  and 
instruments. No  work sha1.l. be permitted within 25 ft of 
in s tnmen t s ,  valves, and the containment s h e l l .  

bJ-ow-off valves t o  x-e!.ea.se t h e  pressurc: i n  the  ail- locks. 

vessel. while observring t h e  followillg clearance rules : 

b. Authorized personnel who are conc3ructing the  t e s t  must main- 

R t  designated prec- UsuTeS. 
c. 
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31. Drain of f  any condensate from t h e  reference system snd t‘ne con- 

32 e 

33. Stayt t he  temporarl1.y ins’callcd blowers t o  c i r c u l a t e  t h e  con- 

34. 
35. Open t he  containment vessel blowoff val-ve and reduce the  con- 

tainment vesse l .  

vel~ope t o  a sce r t a in  tha’c no leakage t o  the containment i s  occurring. 

tainment w a s c l  a i r .  

Check auxil. riary pressurized s y s t e m  within t h e  conta.imnent en- 

Fill t h e  d.j.ffeyeiitial pressure manometer wi-th water. 

ta,i-mrlent pressine s l i g h t l y  t o  produce a s m a l l  d - i f f e ren t i a l  p-ressii.i-e on 
the  water. manometer t o  ensure t h a t  the manometer i.s functioning properly. 
AI-ternativsly, the reference system may be cs-tablished initial-l..y a t  a 
slighl-,ly reduced pressure by ’oleed.i.ng a i r  out of the reTerrence system o r  
by r e s t a r t i n g  t h e  compressor and increasing p e s s u r e  i n  the  containment 
vessel-. 

t h e  I.eakage rs-Le t e s t :  
36. Record the  foll-owing da ta  hourly, or more frequently, -t’mov.ghout 

a, Atmospheric tcnipeyature, 
b .  Atmospheric ba:rometri.c pressure, 
e .  Containment vessel. piage pressure, 
d. Contaj.:nment vessel. absolu’Ge pressure as indi cated by the  

sum of  b and e ,  
e .  Containment vesse l  avera,ge i;ernperai;~i.re as ind ica ted  by t h e  

average of all contari.nment vesse l  tempers-ture-measi1Tj.ng 
instruments, 

f. Differential .  pressure belmeen the  containiient ves se l  and. 
LEie reference system as measured by the  water manometer, 

g. Dew point of Uie containment ves se l  air. 

37. Pl.ot i tens a, d, e, anr? f of  s t e p  36 aga ins t  -time. 
38. Continue t h e  t e s t  f o r  a-i l e a s t  24 hr  until. s t a b l e  atmospheric 

conditi.ons, comparab1.e t o  those a t  the  bezimiing of  the  t e s t ,  a r e  reached, 
that  i s ,  unti.2. a, succeeding midnight, t o  dawn period. The len.gth of t h e  
t e s t  period should be approximately a mi&tipl~e of 24 hr .  The t imes se- 
lected. fo r  the  beginning and- t h e  end of -’die test perri.od- should be those 
when the d.ifferential. p resswe and the  containment vessel.. temperatures 
a r e  the  most stabl-e, t h a t  is, when -they have been changing the l e a s t  with 
time. The ini’ci3.1. mil. f fna l  temperatures shou.ld. alho be a s  near ly  Hie 
same as possi.bl.e, but it is more important, that they  be stabl..e. 

39. Calcula.te t he  containment ves se l  percentage I.eskagc? ra-Le us ins  
Eq. (10.75) of Section l . O . L + < 9 .  If necessary, cor rec t  f o r  a change i n  
water-vapor content of the contaimmit vessel. a i r  using the equations of 
Sect  i.on l.O.4.12 .i. 

40. If t h e  ca lcu la ted  percentage l~eakage ra’ce i s  acceptable, re- 
l ea se  the containment vessel. pressure t o  atmospheric pressure and pro- 
ceed t o  Step 43. 

i s  doubt t h a t  t h e  resul-ts a r e  a fa i r  indicat;ion of the a c t u a l  leakagr: 
r a t e ,  continue t h e  t e s t  ?or an addjitional period o f  time. 

1+2. If the ca1.cul.ated percentage leakage i.s subs t an t i a l ,  recheck 
-the containmen’i vessel ,  t he  reference sys tem, connections , valves, and 
instruments f o r  sources o f  1-eakage, and repea t  t‘ne leakage-rate t e s t  i f  
necessary. 

41. If -tile cal.cul-ated percentage leakage r a t e  i s  s l i g h t  bu t  t he re  
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4.3. Enter the con%a,i.meri-L vessel and make a thol-ough vlsu .a l  Yospec- 
'c,i.on f a r  any -j.ndicai;ion of effects of the  pressure test, or for any oi;b.el- 
,2bnorm+lities that might have affeetecl. t e s t  resfits Is 

va.:rious pressu:res up to dt-si.gp pressure would be desirable i n  order t o  per- 
mit, the extrapolation of lealrage r a t e s  su'bneq1.rentl.y obtained, a t  lower pres- 

(Although no'c a par t  of 'cypi.ea1 cturren-t pract,ice, leakage tests at 

sv.res. ) 

1.0.6 RE'IY3TIJTC; 



Integrated. leakage r a t e  r e t e s t  shall be requi-red only 
a f t e r  s ign i f i can t  r epa i r s  on t he  containment structixre have 
been made, o r  i f  excessive corrosion o r  other d e t e r i o r a t i v e  
processes are evident f r o m  the  annual inspection. Such a 
t e s t  s h a l l  be performed a t  l e a s t  orice withi-n the  f i r s t  f i v e  
years of  reac tor  operation. 

''1.703 - The continuous s t r u c t w a l  i n t  e g r i t y  and leak-. 
t igh tness  nij-ght be jeopardized by t h e  following conditions 
which should be subject t o  an. anniial. inspection: 

( a )  Unequal settl-ement of t he  foundations e 

(b)  Corrosion. 
( e )  Deterioration with consequen-t leakage a t  a connection, 

door, o r  rernova,'d.e cover. 
( d )  New work on the  containment sheJ.1. 
( e )  Mechanical. impact damage. 
( f )  Cracking at, points of s t r e s s  concentrations . ' I  

The proposed RNS standard f o r  containment vesse l  leakage-rate t e s t -  
ing' contains the  following provisions regarding re inspcc t ion  and r e t e s t -  
ing : 

"8.1 Reinspection. .__ Annual re inspec t ion  i s  recommended 
t o  determine whether v i sua l  evidence of deterlora,t ion of t h e  
s t ruc tu re  has occurred and whether t h i s  mighl; a f f e c t  i t s  
t igh tness  with respect t o  t h e  leakage r a t e .  Such inspection 
should incl-ude evidence o f  unequal sett lement of t he  founda- 
t ions ,  s ign i f i can t  corrosion, signri.fj cant weathering of seal.- 
i ng  cornpoilands o r  o ther  nonmetallic ma-terials, cracki-ng a t  
weld areas or other regions of s t r e s s  concentration and d.arn- 
age r e su l t i ng  from operations or  accidents.  Penetrations and 
closures sb0ul.d be exanfiiled and thei.r func Lional. r e l i a b i l i t y  
determined. 

"8.2 Local Leak I k t e c t i o n  Retests.  Local.ized przsnure 
t e s t s ,  such as those described i n  4.4,  should be made when- 
ever aimiial. inspection t e s t s  or other  circuzmtances show de-. 
t e r i o r a t i o n  o r  otherwise ind ica te  t h e  d-es i rab i l i ty  of such 
r e t e s t s .  Localized pressure t e s t s  s h a l l  be macle whenever 
r epa i r s  or  new construction a r e  involved. A record of local. 
l eak  t e s t  r e s u l t s  should be maintained for reference . I '  

Since the  present ly  proposed standards a r e  sti.l.1 i n  a development 
stage, a f i n n  gi2.i.d.e to retes-Ling frequency may not be ava i~ lab lz  u n t i l  
indus t ry  develops t e s t i n g  p rac t i ces  and acquires experiexxe to jus t io-  
the evolvemelit of standards . 

-I_____ 

10.6.2 Limitations 

A p r e s s w e  t e s t  oi" a fu l l -p re s su re  in tegra ted  leakage-rate t e s t  of 
a containment vesse l  containing a comple-Led p l an t  m y  be very d i - f f i cu l t  
t o  perfoym. Much of the  s h e l l  s w f a c e  i s  inaccessib1.e so t h a t  it; could 
not be properly inspected a f t e r  a pressure t e s t .  I n  many cases, some 
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ir istr imentation and. equipment insta1iLed. within t h e  contai.-nment vessel of' 
a completed p l a n t  might be damaged if subjected -bo d-esign pressure.  

equipment o r  to avoid having t o  re-move it, leakage-rate r e t e s t s  rmy be 
conducted at reduced pressures, of ten  a t  5 psig or l e s s .  The measur-ed 
leakage r a t e  a t  -the reduced pressinre must t k n  be extrapolated. t o  an 
eqpivalent leakage ra te  at design pressure. This ex-L-r.apol.ati.on i.ritro- 
duces several  uncertaint ies ,  as discussed i n  Section lO..'*.6. For example, 
i t  i s  not c e r t a i n  t k i a t  all the  lea.ks which migh-i; occur a t  design pmssure 
w i l l  occur at the reduced pressine.  Also, -l;here i s  no general  agreement, 
on t h e  tyye of  f l o w  .t;Iwough the leaks, and, therefore,  there  i s  no gen- 
eral.1.y accepted method f o r  extrapolating leakage rakes t o  higher pi-essures 
Fur.-t'nermoi-e, the sens i t iv i - ty  of the leakage-rate t e s t  varries direckly 
w i . t h  testing tri.me a n d  inversely w i t h  test pressure so k h a t ,  Tor an eygiva- 
l e n t  s e n s i t i v i t y ,  a reduced-prossure t e s t  would be propor-Lioriate1.y I.onger. 
It i s  thus apparent that a. red-iiced-pressure leakage-ra-Le test w i l - 1  be less  
accurate than a sinfil-ar tes-i; a-k design pressure.  

An addi t ional  l imi t ing  f a c t o r  in re.t;esti.ng of vessel.. leakage r a t e  i s  
the  time Tequired t o  conduct such a t e s t .  To 0btai.n suf:fieient accuracy, 
it, i s  l i k e l y  that, the t e s t  wi.l-1- have to i-m. over a perj-ocl of two or more 
days, during ~(~1ii.cb time access t o  t h e  vessel. fo:r operation or for  main-Le- 
i-iance work i s  not perrrl-itted e 

t h i s  loss of two or more days of operation could. ihgoSi? a subs tan t ia l  eco- 
nomic penalty. Economic &)yes s 1-cr" e s w i l l  undoub 1; edly, -there fore,  foster  the 
d.evelopment of t e s t  proceclwes t i m t  wi7.1. gtve t e s t  .resul.ts o f  adequate and 
unqilxest,ionei- confid-ence coupled with an econonirj.cally reasonable j.ncurred 
cos-i;. 'The design of a contairment system ~ O Y '  complete contlnuous iaonitor- 
in.g w~i i ld  certniizly provide  he desired lei3.kage data, bul; the cost over -the 
1.ong term bas not been esta'olished. 

To avoid the p o s s i b i l i t y  of damaging c e r t a i n  instrumentation aiid 

For. a, cornrnercial-ly operating power p l aa t ,  

Both tlrie a b s d x t e  meYnod. discussed i n  Section 10.4.8 and the refer-  
ence vessel. method. discussed. in Section 10.4.9 coii!.d be used- f o r  the 
reduced- pr e s s ix  e t e s t s  without iiiocl i f  i cat ion, exc ep t -that the t e s t ing 
period. might be longer to provide adequate SCnGitiviLy, and. more tempwei- 
tin-e-meamring i.mstri-urients 01- reference vesse1.s :might be required t o  give 
sd.e quat e t empera.l;uT? e co!rlpensa~-l; ion. 

attraetivc? Sox- ret,esting than the  a-osolute or' reference vessel met1iod.s 
because of' the pres::uirc and a c c e s s i b i l i t y  1.i.m.iI;a.tions. Tn particii-lar, 
the  met%lod of check.isng indi.vidin;Al penetra.ti.ons has several.. advantages. 
'ihis method, i n  wh.i_ch an airtight box i.s buil-t; around eaxh pmetrai;i.on 
that might be expected t o  leak, allows these penetrations t o  he t e s t e d  
ai; full. design pressure withoi-rt; pressU_ri.zZi.ng the e n t i r e  containmmt ves- 
sel. A high degree of acciimcy can be achieved. wi th  thri.s method. provided 
:21.1_ sowces of leakage a re  lmowri. This method can be used to -best leakrzge 
of i;h.ese penetrat ions a t  any time withoui; :i.nterrup-ting operation or nmint;e- 
nai-ice of the  pl.ant and can ev-er! bc used f o r  coni,rimiou.s rrionFf;orj.ng. Other 
local- leak t e s t i n g  U1tTthGd.S can. lie used. to check for leakage a t  indi.vid.iia1. 
I-oeations ( s e e  See l0..3) . 

Some of the o.ther metl-rod.~ discussed. i n .  Section 10.4.10 may be more 
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Con-tinuou-s rnonitoring of the  differenti.al. pressure be'iween the con- 
tainment vesse l  and a reference system i s  an  a l t e r n a t i v e  t o  r e t e s t i n g  
t h a t  can be used. on those p l an t s  where 110 access i s  pernd-Lted t o  t h e  con- 
tainment ves se l  d~uri.ng operation o r  l imi t ed  access, w i t h  spec ia l  pi.ovi- 
sions t o  prevent f a l s e  ind-ications, and where a s m a l l  positi-ve pressure 
i s  maintained withi-n t h e  vessel. 'l%ris method was planned f o r  use on t h e  
Yankee pl-ant .51 
conLinuous moni.t;orring w i l l  i nd ica t e  trends i n  leakage r a t e  and w5.1.1. pro- 
vide a good i n d i c a t h n  of containment integri . ty.  A t  Yankee, fu r the r  in- 
d i ca t ion  of  t he  leakage r a t e  can be provided by meamring t h e  amount of 
a i r  that; mus-t be added t o  -the containment vessel. t o  br ing  t h e  d i - f f e ren t i a l  
pressure back t o  i-is init ial . .  value. 

The curren t  t rend  i s  to>ja,ril requi-ring i.nfi*cquent integrated. leakage- 
r a t e  retcsLing o f  containment vessels,  perhaps i n  addi t ion  t o  somewhat 
moi-e frequent t e s t i n g  of pene t ra t ions .  The pressure at  which such a t e s t  
ri.s t o  be conducted i s  a majoi- d i f f i c u l t y  iil attempti-ng 'co reach agreement 
on an  acceptab1.e r e t e s t  pyocedin-e. Three a l t e rns t i -ves  are poss ib le  : 

1. The t e s t  could be conducted a t  full design pressure.  'This >soul_d 
give the  mos'c accii.rrate r e s u l t s  and r.roi-;]_d be the  most representx t ive  of an 
acci.ile-nt condition but,  as indieabed above, it w0ul.d be fr-equent ly  very 
d i f f i c u l t  o r  impossible because o f  t h e  danger of damagi.ng c e r t a l n  equip- 
ment arid j.nstrumental;ion. If such rcLes'cine weye considered during deslign 
of t he  p lan t ,  it mri.ghi; be possi.bJ-e t o  use only equipment t h a t  could wiLh- 
staiid ful-1 design pressure.  

t rapola led  t o  design pressure  based. on a curve of 1e3,kage ra te  versus 
t e s t  pressure previous1.y determined i n  a, s e r i e s  of Il.eakagci- r a t e  t e s t s  
performed on the  ves se l  a t  m,ri.ous pressures. This cou1.d be nearly a.s 
accurate as a Y-ull-px-essurc tes-i ,  but, t h e  seri-es of -bents  reqii.red t o  
es  t a b l i s h  t h e  curve would requi re  considerable %esti.ng Z;ii.ie. Noreover-, 
f o r  t he  curve t o  be vaJ.id, t h e  serri.es of t e s t s  would haxe t o  be run w i t h  
the ves se l  i n  i t s  final. configui-.ation, at which t h e  i t  may be as d i f f i -  
cul ' i  t o  perform a fu l l -pressure  t e s t  as it would be for a r e k s ' i .  

t rapola ted  t o  des7.p pressure using a general.ized, bu t  conservatj.ve, 
leakage-rate versus p re s sme  rei-ationship. If tile measured leakage r a t e  
i s  \re11 below t h e  allowable r a t e ,  t h i s  method would undoubtedly be pre- 
fe r red .  O f  course, agreement would have t o  be reached on what cons t i -  
tu ted  a "conservative" r e l a t ionsh ip .  

Even though t h e  vessel pressixre du.ri.ng operation i s  low, 

2 .  P, reduced-presswe t e s t  could be perforrned and the  r e s u l t s  ex- 

3. A reduced-pressure t e s t  cou1.d. be performed an.d t he  r e s u l t s  ex- 

10.6.4 Exp'ericnce 

Only limiited resu l t s  o f  Leakage-rate reliests have been publ.l.shed, 
siiice only a fcw p lan t s  have been i n  operation long enough t o  have rz- 
quired r e t e s t s .  A t  Dresden, a leakage-rate rebes t  was conducted a t  a 
c.es1; pressure of 4.33 p i g ,  as conqared with the  vesse l  desi.gn pressure 
of 29,5 p ~ i g . ~ ~  
Lo the  GM tubes a t  pressures grea-Lcr -than 5 ps ig .  The measured leakage 
Tate w a s  extrapolated t o  an equlvalent leakage r a t e  a t  design pi-essme 
Usl.jIg t he  o r i f i c e  equation. 

,- . 
The % e s b  pressuree was 1imi.Led because of poss ib le  damage 

h ext rapola t ion  f a c t o r  of l.1.55 was obtarined 
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The vent i la t ion  system. buLterf1y valves a,nd the  personnel and. equipment 
a i r - lock  doors m.d eqwzlizing valves were the  prrincipal, i f  not the en- 
t i r e ,  sources o f  I-eakage during t h i s  test. The reference vessel methcd 
was used. for  this r e t e s t ,  as it was f o r  the i n i t i a l .  leakage r a , t e  test, 
with 20 reference vessels di.stribuuted around tile Tnside of {;he con!;alin- 
ment vessel.. The reference system was checked p r io r  t o  the L e z t  with a 
freon leak t e s t  and a pressure test .  

b u t t e r f l y  -mJ.ves were conducted at; Shippingport. 327 3 3  

cated that s ign i f icant  a,~m.ozults of  l e a k ~ g e  occurred 8rorm.I the  air-lock 
seals and around the  butkerf!y vtzlves but  that a f t e r  adjustment and re- 
p a i r  an acceptab1.e leakage r a t e  wax achieved.. 

Several retests of leakage r a t e  have been condwted oy1 the PIS Savanuah 
containment vessele3 '2 52 
consisten-t; throughout a pl-essi-we range of 6 t o  60 psig, wi'i;h the  leakage 
rranifesting essent;ial.l.y laminar behavio~ at the  low pressures ;?il_d. turbUleri.1; 
at the high pressures. 

Leakage-rate retest;:; of the air  locks and of the vent i la t ion  system 
Tiiese test:; indi-  

'She leakage rates indicated by these tests were 

The I n i t i a l  xnd periodic p~--oo% of containment i n t e g r i t y  o ~ l y  partially 
fu l f i l . l s  -Yne reql-xirement -ha t  -th.e con-kaiment system be effect,ive wher?eve:c 
a, po ten t ia l  rad ioac t iv i ty  hazard exists. Careful- design, construction, 
am1 inspection followed by these  tes -Ls  ensure, insofa,r a,;: possible, that 
the containment i s  adequate, but they csrmoi; guarantee thal; d.oors, valves, 
or ot'ner openings are not l e f t  open between t es t s ,  thus negating -the ef-  
f o r t s  t o  p-rovide e f fec t ive  coiuta,i.nmen%. ?Illerefore, i n  a.d.dj.tion t o  per- 
f o x ~ n i n g  proof t e s t s ,  desi,@ safegi.iards and adequate procec i i~~es  must be 
provided t o  give con'ciriuous assuu'ame that  corri;airm?nt I.nteg;rity is being 
nlai.ntainied. when requlrerl . 

A l l  contai.mnent designs provid.e r,erta,in fea.tures to emiir;? eontinumus 
comtaimnent integrcity. Such design fea-Lures my inc1ud.e i.ni;erlocks, in- 
dicators,  a,nd conlrol.1er.s 0x1 a l l  o p e r a t h g  penetration accessories, such 
as the  doiible doors o f  a i r  locks, o-Yner access ports,  and .valves on pipling 
tha t  pene-1;rates t h e  containment; h a r r i e r .  All operating penetra2t:i.on acces- 
sories should be period-icalljr t;es ked to er1su.re t h e i r  coii.tri.n.uous re1Labl.e 
operation. 

Interlocks a re  used. t o  prevenl; one door of m- ail- lock from being 
opened when t'ne o-Lher door?.. is open, t r ;  :prevent a single  equipmen% door 
or  purge valve from being opened when the  n l sn t  i s  operating o r  xhen the 
priimry system is p:res,Turized, or t o  preven.t operation of o-Lher contain- 
menL a,ccessories t h a t  might iiivali.dai;e con'f;a3.nmnen'c integri.ty. On those 
types of containment that  a re  norrmlly- inacce Yol-e dwing operation and 
i n  -Jhich a srmI.I. -posif;ive press1r.e is nia,int;aind, interlijcks m'3,y be pro- 
vided to prcveni; entry even tiirough a i r  locks when the p l m t  i s  i n  opera- 
t i o n  or when -the coui-kaimmit vessel is pressurized. 
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It may be poss ib le  to bypass an isiterlock i n  a,bnoi-i.r~2.1. situations. 
I n  such case:;, it i s  irflportant t h a t  the plant  operators hiow t h a t  tlic 
cont,ainment imtegrity i s  being a f f ec t ed .  For these  cases, ind ica tor  
and al.arm l i g h t s  a r e  norrnd.l.y provhied- i n  t h e  cont ro l  room. Routine 
ch.ecks of" t he  cor rec t  opcrabion of  such ind ica tors  i s  necessary. 

1.0.7.2 Operating Procedures ........... 

Besi-des having an adequately desi-gned., constructed, and t e s t e d  con- 
tainment vesse l  and. having a l l  %he necessary design fea. t ixes  t o  ensure 
containment in-Lcgri-ty-, any pl.ant m u s t  have strong administrative cor?:;rol. 
through the mechani.srn o f  c l e a r l y  writ ken opei-dat-iri; procedii.res. These 
should i nd ica t e  t o  t he  operating persoiinel. t h e  importance of m%in.tai ning 
corkainment i n t e g r i t y  and show how t h i s  i s  done. The opera,ti~ng personnel 
must, i.n turn,  be ihoroughly familiar w i t h  these procedures, since,  i n  
1;he f i n a l  ansl.ysis; i t  i s  'ihey who w i l l  be responsible for containment 
integri-Ly-. A typica,.l. procedure f o r  maintaining coni;aimnent i n t  
w i l l  spec i fy  the  conditions under which access to t h e  containmen-t vessel. 
i s  allowed, the  responsib1.c aubhori-by f o r  approving am3 control.l.ing such 
a,ccess, t he  conditions un.der whi ch in t e r locks  may be by-pizssed, t h e  c0nd.i- 
t- j .c i ix  under which sing1.e-door access may be uscd, and the pos i t ions  of 
a l l  valves and other  pene t ra t ion  c losures  during both normal and abnormal 
operation. Koinl.; h e  checks should normally be provided. t o  assure t h a t  al-l  
admi n i . s t ra t ive  cont ro l  procedures a r e  being properly followed. 
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11. I INTIIOWCTIQN 

Tne f i n a l  se lec t ion  of a contal.mnent des Lgn from among several  altere- 
nate designs t h a t  meet the technical  reqii.i.rements for a par t icu lar  plant 
aud s i t e  i s  nearly always based on economic fac tors .  
nomic aspec-Ls of containment and .the cos t  of various con-tainment features  
w i l l  become increas tngly  impor.t;ant as at-tempts are made (1) LO impmvc 
contaimnent effectiveness 
requi:rements f o r  j21Iclea.r plant s i t i n g  and ( 2 )  to c0mpa.x-e the  cos t  of vary- 
ing degrees of con-ta.inment effectiveness wi-Lh t he  cost  at' tzansmittiug 
power various distances from populated ayeas. The technical  factors to 
be coiisi.dered i n  d~s igni r ig  amd. evaluating coatairimerrit systems and v a ~ i o u s  
contaimnent features a re  discussed. in Chapters 8 and 9; 4;hts chapter d . t s -  
cusses t h e  economic factors .  Its purpose i s  Lo promote 8.n unders%andi.ng 
of the  aspects of containnieni; which are O F  grea tes t  economic significance 
and t o  provide guidance i n  maki.ng economic comparisons o f  a l te rna te  de- 

In  ad.di-Lion, eco- 

and r e l i ab i l i - t y  and thereby red-ixce the d.is'; f aace 

s igns. 
'Yhe l imi ta t ions  on presenf;i.ng usabl-e cost  informa.t,-i.oii mu.st be em- 

phasized a t  the oubset. Accurate cos'c esbimates can be made 0-fly on 
re lat ivel j r  well-tieveloped designs :for spec i f ic  1-ocations and. with con- 
siderat;ion of s i t e  conclitions, labor costs  at, the consi;niction s i t e ,  and 
%he general market; condi t ions for equipment arid materials.  Tnus, the 
costs of par t icu lar  containmen-t sys t em and the  resu-lts  of economic com- 
parisons of a l te rna te  contaijn-ment d-esigns a ~ @  val id  only Tor the condi- 
t i ons  f o r  which -they w e ~ e  deve1.oped.. Great care m u s t  be taken when ab- 
temphing t o  apply these c0s . t ;~  and comparisons t o  differre& si-tuati0n.s. 

I n  vLew of these l imitxt ions,  d a t a  oa the  cos t  of conbai.nmeni; sys- 
t e m s  sn'e presented i.n t h i s  chapter i n  khree dj.flerent ways: 
compolclerlts of t he  containment system are identified.  and unlt coats f o r  
these components arc presented ( s e e .  11.3); ( 2 )  reported cos ts  of" contain- 
ment systems which h;,lve been const:euc-t,ed. are t a b d a t e d  ( s e c .  LL.4.) ; and 
(3 1 conclusions presented i n  several  independent; compamtfve econornie 
s tudies  and cvnluations of va~lious types of eorttainment systems are sun- 
rmr.i.zed ( sec .  1l.5). No attempt has been made to corre la te  -the data  from 
the  va r ious  sourrces arid no conclusions have been drawn concerning Lhe 
economic advantages o f  particu.la:r t yges  of pl-snts or contajmnent systems, 
s ince no geiieral.ly applicab1.e conclu-sions a re  apparent 
sented r e f l e e t  experience t o  da-%e i n  :reactor plant design and cons.truction 
and, s ince more information i s  avai lable  f o r  water -cooled reactor  plants  
and f o r  steel-she1.l con-tairirnent vessels than  f o r  other types, t h i s  chapter 
contains more spec i f i c  and complete cla.ta on these plantis. 

(1) various 

The da ta  p1-e - 

*Uechtel Corporation, San Fraricisco, Cal i f .  
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I n  general. a con:Lai.~miei.;t sys-tern includes a1.l coai.ponen’Gs 2nd systems 
i n  t h e  plant  t h a t  a r e  provided t o  cont ro l ,  reduce, or el iminate  leakage 
of f i s s i o n  prrodu~cts t o  the  environment i f  they  a r e  re leased  from t h e  ye- 
ac to r  in {;he even’L of a se r ious  accident .  The following items usual.l.y 
a r e  included i n  ’clie t o t a l  cos t  of a containment system: t h e  low-leakage 
concrete or steel. encl.osixx-e ayou-nd. t h e  r e a c t o r  system, excavation and 
foundations f o r  t h e  contaimiien.1; 8 ‘iruc-ture, ai-?? locks or scalzd doors and. 
other  s p e c i a l  pene Lration closures  necessary t o  maintain low leakage, 
in te r i -or  finish and. ex-Lerior i.nsul.a-Li-on of the coii’iainmnt s-tructxl’f:, and 
a u x i l i a r y  systems such a s  a spray system ( i n s i d e  and ou t s ide )  and t h e  
1ieati.ng and ve-~nti.l.a.ting system, including ?-sola i;i.on valves,  s tack,  and 
f i l t e r s  . 

The Atomic Energy Corrflission has prepared. A gui.cl.el f o r  eva1uating t h e  
cos t  of nucleax- power. ‘This guide es t ab l i shes  accounts f o r  t h e  various 
cos t  items i n  a nuclear  p lan t .  Wherever possiblk,  tabulat3.ons and d,ef ri.ni.- 
tiions of containment, items used i.jn -t;‘nis chapter  correspoud -to t he  items 
i n  Account; 219, Reac-tor Containmen-t Structur? ,  of t h e  AEC Guide and t o  
o ther  appropriate  account numbers, such as  21.2 12; Reactor Cor&i.nernent 
S’cructure, and. 221.. 5, I-2eac-l;or Pla-ui; Cont,a.L?iers i n  the Form 0.T ’Tanks Pn- 
s t a l l e d  Within a Ruildi.ng. Account 21.9 i s  reproduced here  a s  Appendix F. 

XI.. 2.1. Genera4 

The r eac to r  containment system i s  one of a niim’oer of r eac to r  p lan t  
systems provi-ded t o  ensure t h a t  t h e  pl.a:nt can be operai;ed with.out en- 
dangering t h e  health a n d .  safety ol” t he  publ ic .  The cos t  of a t y p i c a l  con- 
tainment system f o r  a l a r g e  plant ,  although s i g n t f i c a n t ,  is not a maJor 
por t ion  of t h e  total .  p.l.ant cost ,  and i-i; i s  unl ike ly  t h a t  ~loralal va r i a t ions  
i n  containment requiremaits o r  containment design w i l l  have a major impact 
on ove ra l l  p lan t  economics. 
tairxneiit a f f e c t s  t he  design of the  entire plant and i t s  loca t ion ;  thus 
-tho economic impact of  con-tsizunent is greaLer than that o f  the t o t a l .  
cos t  of the i.tems incliidcd i n  tlic dzfiri i- t ion of  Lhe containment system. 

This s ec t ion  discusses  the  general  economic impact of t h e  r equ i r e  - 
ment f o r  containment, including e f f e c t s  t h a t  cannot be p rec i se ly  evaluated 
but  which a r e  nonetheless r e a l .  1k- t2%i led .  informxtioii~ i.s not presented., 
but  r a t h e r  an attempt ri.s made t o  place t h e  sub jec t  of coiitaimient eco- 
nomics i n  proper perspect ive SO t h a t  the cos t  informa-Lion presented i n  
t h e  following sec t ions  can be used wi-th s u i t a b l e  judgmmt . 

On t h e  o ther  hand, the requireineni; for- con- 

11 .2 .2  Ef fec t  of Containment on To ta l  Plant  and Power Costs 

It i s  of genera l  i n t c r e s i  Lo compare the t o t a l  cos t  of t h e  contain-  
ment system wit‘n t h e  t o t a l  c a p i t a l  cos t  of t h e  f a c i l i t y .  I n  t h e  case of 
power reac tors ,  an evaluat ion of the  cos t  o f  t h e  containment system i n  
terms of  the cost, of power i s  i2seful. 
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11.2 .2 .1  Capi-tal Cost 

Based u.pori published repor t s2J3  and other sources of actual  and es- 
t;ima.t;ed costs,  an approxiifflate range of t o t a l  plant cost  can be determined. 
a s  a function of porwer. Figure 11.1 i l l u s t r a t e s  a typ ica l  re la t ionship  
between t o t a l  cap?-tal cost  and pover level fo r  various types of reactor,  
pri.ncipnl2-y water cooled. The costs  indicated. f o r  the l a rge  plants  now 
i n  planning stages are  only approximations arid, because of the  incomplete- 
ness of published information, they are  not necessa3:ily comparable. Fig. 
1.1.. I shows a bx-oad cost  range, which r e f l e c t s  t he  w i d e  varia-Lion i n  plant 
design. possible a.nd. the  f a c t  tha t  many of the plants  are of t he  develop- 
mental or demonstration type. As fur ther  experience i s  gained and more 
reactor  plants a re  b u i l t  s t r t c t l y  for economic power production, the  range 
of var ia t ton  i n  coats, as well  as  t he  t o t a l  plant eost ,  should be rediuced. 
The plants  indicated by two points on Fig.  11.1 have increased thef.r rated. 
power s ince they were coristnieted, and therefore cost per kilowatt  o:f 
e l e c t r i c i t y  has decreased. 

1 1 . 2  f o r  various types of plant.  Figure 11.2 i s  based. 011 containment cost  
data .from -various sources, j-nc1udin.g references 2 and 4-, the  AXC cos t  
evaliiatirm guide, 
rsn.ge i s  necessar i ly  broad. because of the wide variatj-on i n  containment 
requ.i:rements and designs and 'oecalise of the various ways in bjhieh contain- 
ment costs  are  defined. Furtherriiore, a good correl.ation of coni;aininent 
cost  w l t h  powc?~ l e v e l  should. not be expected, s ince containment vessel 
volume and. design pressure a re  functions o f  coolnnt  type, invento-ry, and 
shored energy more -t;han they are  of power Level. An approximmte mal-ua- 
t i o n  indicated that, for water-cooled reactors,  the un i t  cost  of contnLn- 
ment i s  approximately 5w t o  I0w i n  doll.ars for kilowatt  of electri.cI.ty 
f o r  spherical  vessels  and l o w  -t;o 20w f o r  cyI.i.nd.x-ica1 vessels,  where w is 
the  po1.ind.s of coolant per kilowatt  of' e l e c t r i c i t y .  o'nviously, such a 
re la t ionship  i s  not general. ly applicable, s ince cylin.c.3rical vessels have 
been economic i n  a nurnber of cases, par t icu lar ly  i n  the  lower power level  

By comparing Figs. 1.1..1 slid II. 2, it c3.n be seen tha t ,  fo r  the plant  

A ra.nge of contairment costs  i s  plot ted as a functi-on of power i n  Fig. 

and T s b l e  11.10 i n  Section 11.4. T.e containment cost  

systems. 

size considered, contaainmen-f; may account f o r  as l i t t l e  as 5 t o  more than 
20$ of t h e  t o t a l  plant cost, the percentage general.ly befng sma l l e r  the  
l a rge r  t h e  plant .  

1.l.  2.2.2 Power Cost - 
The ef fec t  of containmen-L on power cost  w i l l  vary with the na-Lure of 

t h e  u t i l i t y  but can be defined with two var iables:  capi-tal  charge ra te  
and pl.ant load factor .  Normally, c a p i t a l  charge r a t e s  range from 5.5 t o  
8.0$ for publicly owned u t i l i t i e s  and from 11 t o  16% fo r  pr ivately owned 
u'c.j.l.itieu. 

s ignif icance of containment cost ,  it i s  assumed t h a t  -the t o t a l  cos% of 
concainnient i s  $4~ x l o 6  for a 200-~w(e) power plant of $20/k~i(e). A J _ ~ O ,  

it i s  assumed thaf ;  the  plant i s  operated a.t an ,SO$ load f ac to r  by a p r i -  
va te ly  oTmed ut i l . i ty ,  and the year ly  cost  fo r  cap i t a l  investment i s  I.[+$. 

Plant load fac tors  range from 50 t o  90$. 
I n  order t o  es tab l i sh  a t yp ica l  set of fac tors  to i l l m t r a t e  the 
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Y%z containinpnt ceqiirements r e s u l t  i n  a cont r ibu t ion  t o  the power cost, 
of :  

S~IICP Lhe t o t a l  cost; of power from such 
t o  8 mills/kv?ir, t ~ i o  cont,ainment system 
the  cos t  of power. 

11 .2 .2 .3  _I.......__. Corrtaiiiment ~ ._.. Cost Pe- 

The pi-evi.oiis example employs cos t s  

a p l an i  may be i n  the rartge o€ 6 
cou1.d account f o r  more i1id.n 5% of 

i;ha'c r e f l e c t  the  t o t a l  c o s t  of a 
containment system. These ij3cl.ud.e the e n t i r e  r eac to r  enclosure and o ther  
s t r u c - t u r d  coinponents that would be required Lo ho1.1.se t h e  p1.an.t. whether 
coiltai.n-ment w a s  required or not .  Tliii.s, ti; resu lks  i n  a cost  penal-ty that. 
is l a r g e r  Vnan can be at t i - ibuted t o  t h e  requiyemeni;s f o r  containment, alone.  
It, is  necessary t o  s-ubkract fi,om the  t o t a l  containment c o s t  t h e  vsJ.1.r.e of 
Yne conve:nt ional. s t -mctura l  components the coiitai.nment :replaces i n  order  
t o  determiiie -the t r u e  con-t,ai.mflent cos t  penalty.  I n  t h e  above example, the 
conventions1 coiinterpart  t o  t he  containmeni; skmc- ture  might cos t  as  much 
as $2 x 1.06 o r  about h a l f  of the cos t  Pol- t he  containmeni; sy-s-Lem; he-nee, 
t h e  containment cost; penalty,  or t h e  add i i iona l  cost; diie t o  the requi re -  
ment f o r  containment, woul-d. be about 3% of t h e  t o t a l  power cos t .  
typical_ val.ues ri 3 . lus tmte  t h a t  va r i a t ions  i n  :;he c o s t  of containment over 
normal ranges c m s e  m71.ch k s s  s i g n i f i c a n t  va r i a t ions  in t h e  ovei-all @ant 
economics, 

These 

The ef fec t iveness  and r e l i a b i l i - b y  of t h e  containment system and. the  
cos t s  assoc ia ted  wi - i i ?  It a r e  important considerat ions i.n d.etertmining the  
I.ocatrion of a nuclear  plan-i;. AYthough dis tance  from populated areas  has 
been -bhe p r i n c i p a l  cons idera t ion  i n  siJLin.g nucl-ear f a c i l i t i e s  thus  far, 
it i s  apparent that, economical large - sca le  produc Lion of niiclear power 
w i l l  r equi re  large nuclear  p lan ts  t o  be b u i l t  re8.sonabl.y cl.ose t o  popi la-  
-tion centers. %?lei?efo-i.e, it i s  t o  be expected t h a t  increasring emphasis 
wi1.1. be placed on t h e  ad.d.i.-iLi-.on.al. conf;ain.mertt f ea tu re s  required -Lo permtl; 
use of J.ess remote s i t e s .  'lbe cos-i; of provri.d.i.ng i;hi.s increased contain-  
ment e f fec t iveness  can then be balanced aga ins t  -tile sav:ings i.n cos t  of  
power t ransmission t o  provide some guidance f o r  determiiiing opLi.mi~m plant 
l oca t ion .  

11.2.3" L a i n e e r e d  _._ ._. . .. . .-.-- Saf egzards v-s ______._._^ Distailce Heg+ii-rements ___.. 

m e  AEC Reactor S i t e  Crt jxr ta '7  and. report on "CalculaLion o f  Distance 
Factors  for Power and Tes t  Reactor Sites 'I8 pro-vid.e guidance f o r  deter'inLn- 
ing sui. tab le  d is tances  of mcl.ear p lan ts  from populated. areas. Reference 
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8 gives examples of required distance as  a function of power l e v e l  f o r  
t yp ica l  reactor  plants with ce r t a in  assumed Containment features.  
guides acknowledge t h a t  addi t ional  "consequences-limiting" engineered 
safeguards can compensate for undesirable s i t e  charac te r i s t ics  and can r e -  
duce the  distance recpirements. Beckg discussed- the requirements for such 
engineered safeguards. He stated., i n  e f f ec t ,  t h a t  s ince it cannot be 
guaranteed tha t  a fission-product re leasing accident; within the  contain- 
ment system cannot occur, and since the re  must be ce r t a in ty  Lhat no more 
than a very small f r ac t ion  of t he  fission-product inventory w i l l  escape 
to t he  environment, these safegu-ards must have a very high degree of de- 
pendability. In  f ac t ,  the  confidenee i n  the  engineered safeguards mus-L 
be eompara1il.e t o  t h a t  i n  tlne distance fac tors  they replace,  

While it ma.y be t h a t  none of t he  containment systems provided f o r  
ex is t ing  plants  would meet t he  requirements f o r  loca-king a 1-arge plant i n  
a heavLly populated area, there  i s  ao reason t o  believe t h a t  such a sys- 
tem could not be b u i l t .  I n  evaluating th.e Malibu. Beach s i t e  proposed f o r  
t h e  Los Angeles Department of Water and Power nuclear power plant, t he  
AEC ! s  Advisory Committee on Reactor Safeguards comluded tha t ,  i n  spi-Le 
of the  "stringent requirements imposed by the  s i te ,  " e i t h e r  a pressurized.- 
water reactor  o r  a boi1in.g-water reac tor  "if provided with adequate con- 
tainment of the  primary system can be located a t  the  s i t e  with reasonable 
assu.rance t h a t  t h e  reactor  can be operated w?.thout; undu.e r i s k  t o  t he  
heal th  and safe-by of t he  public. 'I1' 

proposed for  the  Conriec-Licut Yankee plant,  t he  .4CRS stated.: 
Iiaddam-Tkck s i t e  does not meet the  present s i t e  distance c r i t e r i a ,  re- 
l iance  must be placed on proved engineered safeguards. In  the  case of 
-ti?is s i t e ,  t h e  ACRS believes t h e  added control needed f o r  protection of 
the  henlt%l and safe ty  of t he  public can be accomplished. by the appli-  
cant. "'l 

Johnson'2 describes three "consequence limi-Ling" coilt,ainment; features  
t h a t  shrnild be su i tab le  f o r  la rge  nuclear plaiits located i n  on- near metro- 
pol.it,an areas. These are pressure suppyession, underground construction, 
a.nd. mu1t;ipl.e-barrier containment + Containment shielding T K L . ~ . ~  probably be 
required fo r  plants i n  metropol-itan areas but; it may be required a t  some 
InGse remote locatiolls as -well, depending upon %he existelice of' other power 
f a c i l i t i e s  at t he  same sF-Le and on the  presence of nomnally occupied areas 
adjacent t o  the  s i t e .  

The extent of reduction t h a t  might be real ized i n  t h e  required d is -  
tances from populated areas as a r e s u l t  of addi t ional  engineered safeguards 
was discussed by Ergen, l3  par t icu lar ly  with reference t o  multiple-barrier 
containment. Ergen uses the  concept of a "safeguard. fac-tor, 
by which the power of a given reactor  can be i.ncreased a t  a given s i t e  
(as calcula-ted. i n  r e f .  8 ) ,  by the  addi t ion of engineered safeguards. 
t h e  distance requirements a re  r e l a t ed  t o  the  2/3 power of yeactor power, 
t h i s  i s  a . 1 ~ 0  equivalent t o  a reduction i n  the  required dista.r.ces for the 
same power. As  an example, using a s  a basis  t he  examples and assumptions 
i n  r e f .  8 and assuming containment shieldtng from d i r e c t  radiaLion, Ergen 
shows tinat reducing the  iodine hazard. so  t h a t  it i s  equivalent t o  t he  
hazard Prom noble gases w i l l  r e s u l t  i n  a safeguard fac tor  of 2.3 i f  t h e  
exclusion Yadius i s  limtking and a f ac to r  of 153 i f  t he  outer boumd-ary 
of the  low population zone is  limf'cing. Reducing the  iodine releaze s t i l l  
fur ther  and holding up the  noble gases t o  allow for some decay w i l l  

These 

Similarly, for the  Baddarn-Neck s i t e  
"Because the  

the  fac tor  

Since 
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f u r t h e r  increase t h e  safeguard f ac to r .  01“ course, a v a l i d  safeguard f ac -  
tor depends on many -things, inc1.iidi.n.g proper- eva3-1iat;i.on of the depend- 
ab i - l i t y  and ac~txal. c f fzc t iveness  of t h e  safeguard fea-tu-res, as wel l  as 
deiiailed cons id.eration of t h e  behavl-or o f  other  f i s s i o n  products t h a t  w i l l  
becomc relat i -v-ely more important 8:; t h e  hazards of -the normal1.y I.im5.i;ing 
ones aye reduced. It may be possible ,  however, t o  eval-xate by s imi l a r  
method-s the  r e l a t i v e  meri ts  of var ious contsli.nment f ea tu res  s o  t h a t  an 
appr ox isna ;;e r e l a t i o n s  h t p  betwe en c ont a i.nment e f f e c t  ivene s s a.nd c os 1; can 
be determined. 

1.1.. 2.3.2 Transmission Costs -.I.___ __I 

Power t ransmission cos.Ls, aga ins t  which t h e  cos t  of peat;er cont,ain- 
iiienl; effectiveness musk be weF@ed, depend on many f a c t o r s  and vary over 
a wide range. Bo-th the instal-l.ed.. cost of Lhe J-i.nes, structures, and ter-- 
mi-nal eqiii.pment and t h e  operat ing costs, including l t n e  losses, nius-L he 
considered, s ince  bo’& 97-e econo-mic penal+,ies of a remote p lan t  l oca t ion .  

I.i~stzl.l.ed costs of t ransmission l i n e s  inc1.1rd.e the cosi; of t h e  siiik~- 
stat-ions and. transformers and o ther  assoc ia ted  equipmeat a t  each aid DJ? 

t h e  l i n e .  These usua1.l.y a r e  a substantial- por t ton  o:? the total .  1.ine cost, 
which decreases w i t h .  increasi-ng length  of l i n e .  However, i n  esttmatj-ng 
the  cos t  penal-’iy associa?,ed wS.th gma<r.e.r trans-missj.on d is tance ,  it i s  
the iiicremen1;aI cos t  of t ransmission t h a t  i s  most s ign i . f icaa t ,  and ihe 
re1at.i vely consttint; cos-t of t h e  tenminal e~puipr?,cnt can be neglected for 
comparison purposes . RJ.gii.t-of’-vay cos-ts ai’e a si.gili.-ficajli; pa r t  of t h e  
incremental cos t s  and can 7iax.y over a very wide range, pa-r.l;.iciilarl..y when 
coizs i.der7.n.g ’mt,h r i r a l  and metropolitan a reas .  Undcrground l i n e s  have, 
of cotirsc, much higher  equipment a d  i n s t z l l a % i o n  costs. A range of’ i n -  
stal-led cos t  per mi-l-e of extra-high-voltage t ransmission l i n e s  of vari 011.s 
vol tages  and -types i s  presenl;ecl 5.n Table 11.1.. These figures weye taken 
from a repo.~’t  by- t h e  Federral Power Commission Nattonal Power Survey14. and 
are t y p i c a l  costa  a t  1962 levels  based 011 averaging cos t s  from al l .  over %he 
country. Since mos’i, transmi.Ssi.on lines ti-averse r.ura.1. areas, i.t can be 
as:slmcd -that ‘ihe righi-of-way cc?sts are represents-Live of such areas .  

Operatring costs  of power t ransmission can vary even more widely than  
the  i n s t a l l e d  cos t s  of t h e  l i n e s ,  depending not oiily upon -the Lype of 
equipmen;, b-ut a l s o  upon the c h a r s c t e r i s t i c s  o f  t h e  u t i l i t y ’ s  ti-ansmissiori 
and distribu-LioI! sys Lem, load, factor, f i:nanci.ng arrangements, e t c .  Table 
11. 2 presents  extra-high -voliag? t r a . i - ~ ~ i ~  I.ss~i.o:n_ cos’l:,s i.n miJ~1.s per hrhr  re- 
ce?.ved, i-ncliiding l i n e  Losses and investment costs on the l i n e s  aild fa-  
c i l i t i e s ,  for represen-t3Li.\ie sysi;erns ai; vai-iom vo.l.tages and loads for  
dj-stances of 1-00 and 200 m i l e s  and for load  f a c t o r s  of 50 and 85s. These 
cos t s  were a l s o  taken .?ram R Federal Power Coniiss-i.oj1 National- Power Sur- 
vey and represent  t h e  cos t  of point--t;o.-point -transmrissi.on of 
power by a sin@? cJ.rci&t, with no provi-s-ion t o  ensure fiim transmission 
conditi.ons. They a re  thus  not necessa r i ly  represaii-ia’iiv-e or actiial. ir,ower 

- 

systeiii opera’.. I- 1.0-A. . 
I n  a s tudy for the 255-b5?d(e) Indian Point plant ,  Kallman and IIanson”6 

I n  announcing t h e  1000-Mw(e) Ravens- 
ind-icated rincremental t ransixi iss i .~!~ l ine costs  of $2,000,000 f o r  30 mi.l-es 
o r  $67,000 per  mile i n  a r i x a l  area.  
wood plant ,  a t  one t i m e  p:~oposed f o r  metropolitan New York; Consolidated 
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Table 11.1. Insballed Costs of Extra-Bigh-Voltage 
Power Transmission Lines 

Cost per Kile 

Volt age 
( I 4  

Stmcture  RIfght o f  Labor 
'Total 
cos i; Way and a nd 

Clear ing 

Wpe 

Mat e r i a l 

Overhead, ac 230 
230 
230 
345 
34s 
345 
500 
700 

Overhead., dc Q50 
+375 
5500 

Uuderground, arj 138 
2.30 
34-5 
500 

Underground, dc +250 
+37 5 

Wood 
Steel. 
S tee l  
Wood- 
Steel- 
S tee l  
S t ee l  
Steel. 

S tee l  
S t ee l  
Steel- 

$10,000 
1.0,ooo 
10,000 
12,000 
l-2,000 
12,000 

000 
1.8,OOO 

10,000 
12,000 
1-4 , 000 

$I 35,000 
L5,000 
60,000 
48,000 
65,000 
86,000 
85,000 

725,000 

56,000 
68,000 
78,000 

327,000 
359,000 
63'1,000 

264,000 

1-, 056,000 

634,000 

$ k5,OOO 
55,000 
70,000 
60,000 
77,000 
98, 000 
99,000 

1.43,OOO 

lio , 000 

327,000 
359,000 
697,000 

I., 056,000 

264,000 
634, 000 

66,000 

92,000 

Edison indicated t h a t  t o  bui ld  the plant, out of t o m  would require 8n ad- 
ditional. cost of $75,000,000 f o r  transmission l ines ,  l7 most of whlch would 
have t o  be underground, 

actor  s i t e  se lec t ion  c r i t e r i a  impose a power transmission cost; dirferen-.  
t i z d  OD. nuclear power plants,  35 ii.i;:iX-t;tes i n  high f u e l  cost, areas were 
asked t o  estimate the transmission c o s t  penalty i f  proposed conventional. 
power plants had t o  be relocated to meet the  popul-ation dlista.nce c r i t e r i a  
for nucl..eas plants - '-' As would. be expected, t he  replies m r i e d  over wide 
ranges and no general  correlat ions o r  meanii?gfu.l averages w e ~ e  possible.  
The estimated. costs  T o r  the ti-ansmiss ion l . i n e s  and terminal. equjpnlent 
varied f ~ m  $12,000 pen. mile t o  $260,000 per mile. 
varied from $2,000 pcr m i l e  to ,%OO,OOO per mile. The avemge i.nvestment 
cost  penalty for transmission l ines t o  relocabe the plant an average d i s  - 
t a m e  of 30 miles farther from t h e  load- center was about, $2,500,000. AS- 
suming l i n e  losses a t  n;nO per 100 m i l e s ,  a ~ O O - M G J  load, a rr ixed charge r a t e  
of U.$, and 8.11 80% load f ac to r  r e s u l t s  in m i  add.itiona.1 penn1:t;y f o r  losses  
equivalent, t o  an investment of about $2,000,000. 

- 
Ln a study ari.iiied speci-fica1.l.y at d-eterrnining .tile extent, t o  which ;.e- 

Right-of-way eoi,inlat,es 
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Table 11.2.  ExLi-a-High-Voltage rower Transmission 
Costs as Affected by Distance and Load Factor 

Transmission Cost 
(mills/kwhr recei-ved ) 

Voltage Load _.-- 

(kv) Type (Mw) 1-00 Miles 200 Miles 

50%" 85$a 50%" 85Sa 

345 ac 250 1.1 0.65 1.3 1.15 
34 5 ac 500 0.65 0.4 1.25 0 . 8  
500 ac 250 1.3 0.65 2.35 1.3 
500 ac 500 O.'? 0. 4 1..25 0.75 
500 ac 1000 0.45 0.25 0.75 0 . 5  
700 ac 500 0.9 0 . 5  1.8  1.1 
700 ac 1000 0 . 5  0 .3  3. . 0 0.6 
700 ac 2000 0.4 0.25 0.65 0.4 

1250 dc 600 2.05 1.3 2. i k  1.. 55 
+375 dc 900 2 . 1  I. 3 2.35 1.45 
+500 de 1200 2.1.5 1.35 2.Lz 1.5 

II.- 

aLoaci f ac to r .  

It appears t h a t  several mi l l ion  d o l l a r s  i n  transuiission cos ts  could 
be saved by loca t ing  the  p lan i  s eve ra l  miles c lose r  t o  a load center  i n  
a metropolitan area.  Some par t  of t h i s  saving could be applied t o  con- 
tainment cos t s  i f  such a re loca t jon  was wri.anted on o ther  bwes .  

11 .2 .3 .3  -.. Sike Costs 

The cos t  of s i t e  acqu i s i t i on  must a l s o  be consid.ei-ed i n  comparative 
evaluations.  The cos t  of t h e  s i t e  may vary by severa l  orders of magnitude 
and. i s  markedly dependent on l o c a l  conditions.  A si-te i n  a populated. area 
w i l l  probably cos t  more than a remote s i t e ,  s o  t h e  addi t iona l  cost  of 
power transmission may be partia1.l.y compensated f o r .  However, dj-fferences 
i n  si-Le cos ts  u sua l ly  a re  small compared with d i r fe rences  i n  transmission 
cos ts .  
tainment sh ie ld ing  provided. If direct, radiatl.on at, t h e  s i t e  boundary 
i s  l imi t ing ,  e i t h e r  contaimient sh ie ld ing  o r  a large s i t e  may be necessary. 

S i t e  cos ts  also may be somewhat dependent on t he  degree of con- 

11.2.3.4- Evalumtion 

A thorough economic and technical. evaluation of each si.tuation is  
necessary 'LO determi.ne t'ne exten'c t o  which more favorable si-t ing can jus- 
t i f y  addi t lona l  contai.nment expense * More pi-eczden-t khan now e x i s t s  is 
required before a r e l a t i o n  between containment cos t  and containment e f  - 
fecti-veness can be establ-Ished for a gi-ven case. However, it seems c l e a r  
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-that contsrinment cos ts  much greater than those indicated- on Fig. 11.2 
could- be j u s t i f i e d  i f  planto thereby could be located- c loser  t o  tiietropolli- 
t a n  areas. 

11.2.4 Effect  of Corttainriient on Plant Design and Construction 

I n  a d d i t  ion t o  the costs  directl-y associated wi.t,h t h e  containment 
system components, other pl.ant ccs t s  are incurred ind i r ec t ly  because of 
t he  requiiwnent f o r  containment . 'These indi rec t  costs  cannot be readi ly  
i.dentifled or  evaluated, but they may be qu5.te s ign i f icant ,  and it i s  im- 
por-tan% t o  know that they e x i s t .  It 3.s largely because of these less ob- 
vious c,osLs t h a t  a mean.lingfi1 economic, comparison of aJ_ternat;e containment, 
desl.gns requires r e l a t i v e l y  complete estimates of t he  e n t i r e  p l an t ,  ra-t'ner 
than simply a comparison. of the cos ts  of Ldentifiable containment compo- 
nents. 

1 1 . 2 . 4 . 1  Desigu Changes 

The use of containment w i l l  normally impose r e s t r i c t i o n s  on -{;he loca- 
t i o n  of equipment; both wlthin and outslcle t he  cofltatment s t ructure .  I n  
most cases, -if; is not possibl-e t o  employ the most economical physixal ar- 
rmgement, o f  a. l l  plant components; thus I some economic penalty i n  plant 
design -wi.I.l. resul-t directl-y from conta.i.nmmt reqiiiremenLs. For exaxple, 
i n  cases where the turbine -genera-Lor i s  inclu.d.ed w3:thl.n t he  corrLainmeni; 
ericlosure, the conventional. arrangemerjrt of the  turbine-generator and the 
condenser may not, be  OS^-^-'' In ad.dition, special. provisions FIE re- 
quiz-ed t o  bring condenser cooling water and the  generator power bum through 
t he  containment s h e l l .  %rie power bus, i2S well as other. elec-Lrl.cal and 
instmunentation I.ead.s, are likely t o  be somewhat longer than are ziormall-y 
required i.n a conveni;ional_ power planL. De-pending upon the  degme of ac- 
cess t o  bile containment permltted, increased use of aixtomatic a.nd remote 
equipmnt may be required. In  cases where the  turbine generator equip- 
ment is  outside the  coiitainmeni; structzrre, some but no-t a l l  the spec ia l  
Peakiix-es described above can be eliminated. O n  the other hand, tlie m a i n  
steam lines may. be subs%antia.lly lengthened and, due t o  increased pres - 
s w e  drop, -may be increased i.n d.l.ameter, Ad-ditional. s t o p  valves may be 
reqiired. 5.n the  l i nes  tha'c penetrate t h e  contninment enclosure t o  i s o l a t e  
the portion of t h e  plant within the  containment s t ruc ture  Srum t h a t  por- 
t i o n  external  Lo it. I n  direct-cycle  plants where the steam l i n e  Ls par t  
of the primary system, fast-operating double - i so la t ion  valves ;are reqi.xired 
'GO ensme rapid i so l a t ion  of the plant i.n the  everjrti of an accident,  

pact ly  near the center o f  the  containment s t ruc ture  t o  minimize the amoimt 
of' prt-mary shielding required. IJowe.v-erB, i n  an undergrouad. or  shri.elded. 
containment d.esIgn it, may be possible t o  u t i l i z e  t h e  con-tainmen-1; shielding 
as pr2ml-y shiel.ding and peymit a more open plant arrangement wlithoixb in -  
creasing t h e  shieldLng mater ia l  reqlxtred.. Such var ia t ions  l.n plant arrange - 
ment, co i~ ld  affect future operating xnd. marintenance cow-tis, as well as eyuip- 
m e n t  and construction cos-ts 

Ticactor plant primary system componenf;s are  normally arranged. com- 



Pl.ant arrangement may a l s o  be af-fec-Led by the requirements for r e -  
fue l ing .  The height  of the  en’iire plant  with respec t  t o  grade may be 
governed by t h e  need t o  move a r e fue l ing  cask inI;o t h e  containment ves- 
s e l  or refuel.j.ng buil-ding. 

It i s  apparent - that  t he  e f f e c t  of t hese  varl.ati.ons rin design cannot 
be evaluated t h ~ o u g h  an assessment of cos t s  of individual ,  ident i f ia .b le  
containment components. ‘Yhus, al.thougb t h e  e f f e c t s  of changes i n  design 
of the  rest of t’ne p lan t  should be  recognized by the evalua tor  when com- 
paring r e l a t i v e  cos t s  of a l - ternate  conba-iment concepix, it is dr i f f icu l t  
t o  ass ign  s p e c i f i c  values t o  t hese  e f f e c t s .  

11.2.4.2 Construction Requirements 

I n  addi.tion t o  t h e  design changes incurred as a r e s u l t  of containment, 
containmen’c requ.ire~neiits w i l l  a l s o  inf luence methods, procedu.res, and 
schedules employed i n  coils-tructioii of t h e  p lan t .  This can a f f e c t  t h e  
handling equipment required and t h e  use of t h e  l abor  force. For example, 
i n  s ing le-s tage  cons t ruc t ion  ( see  Chap. 8), pressum t e s t i n g  of t h e  con- 
tainment shel.1 i s  required before  sec t ions  of t h e  shel.1. a r e  made inaccess-  
i b l e  by concrete pours. I n  -'ibis case,  a l l  i n t e r n a l  concrete  work and -tile 
i n s b a l l a t i o n  of tAe major equipment, including the yeac t o r  vessel ,  would 
have t o  be accomplished through a temporary opening i n  the  containment 
shell. T h b  requirement may have a s u b s t a n t i a l  e f f e c t  on t h e  cos t  of 
pl-acing concrete and on the  cos t  of s p e c i a l  equipmemt for handling the  
heavy components wi th in  t h e  containment s h e l l .  On the  other band., mul- 
t i p l e  s t a g e  construct ion,  sometimes used t o  avoid some of t hese  problems, 
r a i s e s  some add i t iona l  problems. For example, e r ec t ion  of t he  s t e e l  s h e l l  
i s  in t e r rup ted  and piping and e l e c t r i c a l  connections must be del.ayed. 

The containment design may also produce h ighly  confined. a.reas i n  which 
work i s  very d i f f i c u l t  and. i n  which special. vent i - la t ion  systems and o ther  
ter1ipxary f a c i l - i t i e s  may be required.  Such coiigesl;ed. condi t ions l . imi . t  
use  of t h e  l abor  force  and -Liius increase cons t ruc t ion  cos t s .  

1.1.3 UNY! COSTS OF CONTAIMmNTC COWONElWS 

1.1.3. l General 

Unit costs  f o r  var ious containnient components , including those which 
account for most of t h e  cos t  of a containment sys’Leiii, as wel.1. as those of 
l e s s  economic s igni f icance ,  a r e  presen.ted. i n  t h i s  sec t ion .  Where possihl.e, 
iiiese cos t s  a r e  based on actual. cons-Lruction cos t  experience o r  on d e t a i l e d  
cost est imates  of p a r t i c u l a r  containment designs.  I n  general ,  they  repre-  
s en t  t o t a l  ins-Lalled cos t ,  includ-ing material and equipmenb cos t;s, labor ,  
and o ther  f i e l d  cos t s .  Since al-1- cos t s  w i l l  vary from one appl ica t ion  t o  
another,  cos t  ranges a re  presented f o r  many of the  i-Lems t o  ind ica t e  the  
expected range of var iabion.  Where sringle cos t s  aye given, t hese  should 
be considered t o  be t y p i c a l  o r  average .valu.es only. 

r e l a t t v e  cos t s  of var ious containment system coniponents and thereby t o  
Tae p~i .ncirJa1 value of present ing these cos t s  i s  t o  i nd ica t e  tile 



promote an understanding of t h e  aspects of containment that are  of grea tes t  
economic significance.  It may be possible t o  use these un i t  costs  i n  de- 
veloping 8 rough estimate of t he  t o t a l  cost  of a par t icu lar  containment 
system or i n  making an economic comparison of a l t e rna te  containment sys- 
tems; however, if t h . i s  i s  done, it should. be rea l ized  t h a t  even i f  t he  
costs  presented. i n  t h i s  sect ion a re  considered su f f i c i en t ly  accurate f o r  
these purposes, t he  l-jst of i t e m s  i s  not necessarily complete, and all 
cos t s  are  not necessarf-ly additive.  Pa estimate o r  an economic compari- 
son based on these costs  should. be used with care and with a f u l l  under- 
standing of i t s  l imi ta t ions .  

XI.. 3.2 S tee l  Containment Vessels 

%Ine con-tainment e:nclosure i tself  i s  normally t h e  most s ign i f icant  
s ing le  cost  component i n  a containment system. Tne enclosures used i n  
mosJi, of the containmnt sys t em b u i l t  i n  t he  United. S ta tes  to date ha.ve 
been large s t e e l  vessels of various shapes, pr incipal ly  spheres or cy- 
l inders .  Th i s  sect lon presents approximaLe un i t  costs  of various types 
of’ s t e e l  containment vessels ba.sed on the  ac tua l  costs  of several  such 
vessels .  Some gen.eralized. curves, based on average s t e e l  costs  and. on 
t he  approximate wall  thicknesses required- a t  vartous pressures f o r  cy- 
l i n d r i c a l  and spherical  s t e e l  con-ta.inment vessels  of various sizes, a re  
presented i n  Section 11.5. 

A s t e e l  containment vessel  i s  usval ly  furnished by a s t e e l  fabr ica tor  
as a complete package, including all materia.l.s, fabrication, erection, and 
tes t ing .  %%e vessel,  as suppl-ied., iisually includes a i r  3.ocks but has the  
other  penetrations blanked of f .  Ba.sed on cost  data for several. s t e e l  
containment vessels ranging i n  volume from 1,100, OOO t o  3,600, ooo f-l;” 

Fig. 11.3 was prepared to show a reasonably well-correlated cwve of cost  
per cubic foot of conta.ined volume versus d.esign pressure for steel  ves - 
sels i n  t h i s  s i z e  range. No‘ie t h a t  a t  lower design pressures the  cost  
pe-r cubic foot  approaches a constant value a s  external  forces, rather 
than in te rna l  pressure, begin t o  d.etermine minimu~ri p la te  thtckness. Tlie 
costs  plot ted i n  Fig. 1l.3 correspond t o  those u.sually included- i n  Account 
Nos. 219.42 and 219.43 of t h e  AEC Cost Evaluation GiLi.de. 

respond t o  un i t  costs  of approximately 0.45 t o  0.60 dollars per poixnd of 
steel  i n  the completed vessel.  This cost  per pound is  highest  f o r  low- 
pressure, I.o%~-volume vessels  and lowest f o r  the  l a rge r  vessels  and those 
w i t h  higher design pressures. 

vessels,  the t o t a l  cost  of all. items included i n  Account No. 219 plus a1.3.. 
i n t e rna l  biological  shielding conex-ete Fs plot ted as a function of design 
pressm?-e i n  Fig. 11.4 f o r  vessels of the same volume range as i n  Fig. 11.3 

S tee l  pressure vessels are  a.l.so used i n  pressu-re-suppression contain- 
ment; systems, although t h e  configurations and design conditions are con- 
s iderably d i f fe ren t  from those of conventional s t e e l  s h e l l  containment 
vessels .  Because there  has been less ac tua l  experf-ence with t h i s  type of 
containment t o  date, l i t t l e  information i s  available on the  cost  of t he  
s teel  comporients f o r  tb.eae systems. For a 60 - f i~ (e )  natural-circulat ion 

The costs  per cubic foot of contained volume shown i n  Fig. 11.3 cor- 

As  an indicat ion of the  t o t a l  cos ts  associated with steel  containment 
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Fig .  2-1.4. T o t a l  CrJntainment System Unit Cost as a Function of Vessel 
Design Pressure. 
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bo-j_l.i.:ng-watei- reactox- t h e  cos t  of t he  s t e e l  contaimneiit components was 
estimated t o  be $300,000. 
c o s t  of -the s t e e l  dryvell, pressure-suppressioii pir)ing: and to rus  -shaped 
suppression pool was es-timated at $I., 500,000. 

For a 40O-Mw(e) botling-water r eac to r  the 

11.3.3 Concrete Containment Vessels 

Few concrete containment vesse ls  have been b u i l t ,  but  i n t e r e s t  i n  con- 
-Lainmen-L structi.ires of t h i s  type i s  increasing.  Figure 1l. 5 shows t h e  
approximate cost; per. cubic foo t  f o r  concrete  containment ves se l s  of two 
d i f f e ren t  s i x e s .  The cosi; includes a s t e e l - p l a t e  l i n e r ,  which i s  like1.y 
Lo 'or: reqyi-red f o r  a l l  concrete containment ves se l s  t o  provi.de t h e  neces- 
sai-y degree of l e a k  t igh tness .  Ln t h e  desi-gils used as  a b a s i s  f o r  Fig. 
11.5, t he  s t e e l  l i n e r  was a l s o  used a s  the  internal.  form f o r  t h e  concl-ete. 
T'e cos t s  shown i n  Fig. 11.5  a l s o  include t h e  cost oi" t h e  .fou.ndation f o r  
t h e  site conditions indicated.  E'o:r R concre-t;e vesse l ,  t he  foundation i s  
pa r t  of the vesse l  and usua l ly  i s  not  es t imated separa te ly .  The concrete 
walls were designed f o r  minirniim al.1.owahle s t ruc tu . r a l  thickness  (I 1/2 t o  
2 ft), wi.th no add i t iona l  concrete add-ed- Tor contarinment sh ie ld ing .  An 
iinportant advantage of concrete containment ves se l s  i s  t h a t  concrete for 
containment sh ie ld ing  car. be  added a t  a relat3-ve1.y ].ow incremental  cos t  
( s e e  sec ,  ~ ~ 3 . 4 ) .  

as t h e  bas i s  for t h e  design and may vary considesabl-y f o r  o the r  assuiiied 
condi t ions.  Because t h e  cos t  of t h e  foundation i s  inclu.d.ed, t hese  cos t s  
a r e  s e n s i t i v e  'GO vari-attons in si.te soi.1. condi t ions,  as  a r e  cosi;s of' all. 
types of foundations.  Also, regi-onal variati .oas i n  wage r a t e s  have a 
g~ea te l -  e f f e c t  on t h e  cos t  of  concrete containment ves se l s  than  they  do 
on the  cos t  of s t e e l  contaiiment, vesse1.s because of t he  g r e a k r  amount 
of majmal. labor  required a t  t h e  s i te .  

Concrete strilc-tllres can a l s o  be used f o r  caisson--type con-t;ai-r?-ment 
systems a t  s i t e s  wi-Lh granular  soil. ,  a high ground-water t ab le ,  and no 
underground oiis1;ru.ctions. The estimated costs of caissons w i l l _  vary 
widely, depending upon the  site cond.it5.ons and t h e  unce r t a in t i e s  %ssoci.- 
a ted  wi-L'n sinking a cai-sson. A containment s.tructure using a caisson 
with a displaced vol.um.e of 11,000 yd3 and a fi-ee vol-ume of 5,000 yd3 
(135,000 f t 3 )  was es-tiuiaLed. t o  cos-t $I, 200,000, inc1udin.g t h e  cos t  of 
sinking, or approximately $100 per cubic yard tli.spl-aced and $240 per cubic 
yard ($9 per cubic fooi;)  of free volume. This s t r u c t u r e  was designed 
for an i.n-Lernal t e s t  pressure of 20 psig,  bwt for a caisson t h e  s-truc- 
tilral design i s  deI,e:rmll'.ned pr imar i ly  by the  weight. required I"OY sinking 
and by t k e  bending moments tliai; c0~1.d occur d u r i n g  s inking r a t h e r  than  
by t h e  tn.Lerna1. pyessure. For a l.arger pl-anl;, a caisson with a displaced. 
volume of 1_00,000 yd3 and a f r e e  volume of 40,000 yd3 was estimated t o  
cos6 $5,000,000, or $50 per cubic yard displaced arid $125 per cubic yard 
( l e s s  than $5 per  cubic f o o t )  of f r e e  volume. 

- 

The cos t s  shown on Fig. 11.5 apply 'io -the s p e c i f i c  condi t ions assumed 
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11.3.4 Other Concrete S t ruc tures  - 

Constmc-Lion w i t h  concrete involves a s e r i e s  of independent opn ,ra- 

f i n i s h i n g  t h e  concrete,  and removing and cleaning the  forms. Since t h e  
concrete work i n  nuclear pJ-ants va r i e s  from simple forms t o  i n t r i c a t e  
s t ruc tu res  wtth many penetrat ions,  and includes concrete both wi.-tLhrin 
and. ex te rna l  t o  t h e  coni;a.inment shel3_, a wide range of concrete cos t s  i s  
to he expected.. The cost ranges presented i n  Table 11.3 f o r  d i f f e r e n t  
appl ica t ions  of concrete may- be considered representa t ive  for concrete 
i n  and around s t e e l - s h e l l  containment vessels cons'iructed i n  a sj.ng3.e 
stage. The c o s t  of concrete placed in s ide  t h e  s h e l l  may be l e s s  where 
mult is tage cons t ruc t ion  i s  used. The i1.ni.t cos t s  of concrete f o r  s i m i l a r  
applicati .ons 7.n o ther  than s teel .  s h e l l  types of containment s t r u c t u r e s  
may Fall 0utsi.d.e these ranges, depending upon the amouni; of concrete o f  
each -type used.. 

L .  ~ ~ . o n s ,  inclu.ding e rec t ing  forms, placing re inforc ing  s t e e l ,  placing and 

Table 1-1.3. Cost Ranges for Emplaced Concrete 

Appl i c  a t  ion  Unit Cost 
($/Yd3 ) 

Slmxctural concrete exbernal 40-100 
t o  the s h e l l  

Lean o r  nonstructu.ral conci-ete 20-30 
external. to the  s h e l l  

Heavy concrete foundation in s ide  60-75 

Other concrete work ins ide  -the 

Lhe s h e l l  

100 and u.p 
s h e l l  

-_.--.-.. -____l._s__ _I.I.-_ 

'The inc?:emental cos t  o f  addi-ng concrete f o r  sh ie ld ing  to a concre-Le 
containmen-i; vessel may be rin the  range of $20 t o  $35 per  cubic yard. 
is l e s s  than t h e  u n i t  cos t  of t h e  material-.s i n  'ilie bnsic  concrete vesse l ,  
s ince l i t t l e  ad.d.ri.tiona.1 re inforc ing  o r  form work i s  required.  
foundation cos-t w i l l  a l s o  increase when coricrete i s  added f o r  shielding,  
so the  t o t a l  increase i n  cos t  w i l l  be g rea t e r  than  j u s t  -the incremental 
cos t  of t h e  concretx f o r  the wall.. The foundation cost increases  will 
be s t rong ly  dependent on s i t e  condi t ions.  

This 

Howcver, the 

11.3 .5  Excava.tion 

The cos t  of excavatrion may be a s i p i . P i c a n t  cos t  item, par-ij.i:ularS.y 
f o r  underground containment des Lens o r  for cor-.ta.i.nmei:tt sti-uctures extending 
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well below grade. Excavation costs, even more than other  cozist,ruct,ion 
costs ,  are very sens i t ive  t o  s i t e  conditions and- a w i d e  range of ?munit 
cos ts  i s  t o  be ex-pected. The cost  of large,  open exeava.tions var ies  
from about 30$ per cubic yard i n  a l lu-vial  so7.l and. sand t o  $10 per cubic 
yard where rock i s  erreou.ritercd. 

11.3.6 Air Loclrs aQd Doors 

‘The a i r  locks and doors used f o r  personnel and equipment aceens i n t o  
containment vesse2.s w e  s i g n i f i c a n t  cos t  i.terns, bu t  i n  many cases they 
are incl.uded i n  t h e  cos-t of t h e  containment vesse l  package d.iscuesed i n  
Sec t ion  11.3.2. The cos ts  of a . i r  locks and doors vary widely f o r  different 
sizes ,  shapes, design pressures, operating meclitmi.sms, and. ot;her design 
detai1.s; however, YIe cost  ranges given i n  Table 1.1.4 are t y p i c a l  for the  
-ty??es of a i r  locks and. doors used most frecli.mif;ly i n  containment vessels 
fo r  which access during plant operation i s  required.. 

Table 11.4. Typical Costs of A i r  Locks and Doors 

Size IJnit C o s t  

(f-d ($9 

Autoclave door 7 1/2 1~4,000-18,000 

Autoclave door 10 22,000-26,000 

Escape lock 2 l / 2  2O70O0-3O, 000 

Personnel.. access lock, 7 40, 000-70,000 
power operated 

power operated 
Equipment; access Lock, 10 80,000-100,000 

11.3.7 Heating, VentilslCing, and Air Conditioning 

Tlie heating, vent i la t ing ,  and  air conditioning system may represent  a 
s i g n i f i c a n t  portion o f  khe Containment system cost .  Tfie cost  i s  1argel.y a 
fimcti-on of the  volume and heat loatis within the contairment vessel  under 
abnormal as we1.l. as n c x m a 1  cond.it5.ons but  wi1.1- -mry with plan-1; s i z e  and 
type and w i t h  local. cl.irmtic conditions.  The cost per cubic foot  of  con- 
tainment volume, based on a c t u a l  and. estimated costs  o f  several. represen- 
t a t i v e  containment systems, i s  plotbed i n  Fig. 11.6. The costs are gyeater. 
than f o r  ctmparable systems i n  conventional power- p lants  because of  -the re- 
qiii-rernents f o r  isol-at  -ion valving, r a d i a t i o n  monitoring, higher pressure 
ductwork, spec ia l  f i l t e r i n g  eql.i.iprient, and i n  nmny cases insta1.lation of 
t h e  sys-keiri i n  niore con&esl;ed arms. 
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11.3.8 F i l t e r s  

F i l t e r s  and other fission-product removal o r  trapptng systems are 
included i n  m a n y  containment ven t i l a t ion  systems. In  a.dd.ition, recircu-  
l a t i o n  f i l t e r s  may be provided t o  remove f i s s i o n  products from the  con- 
tainment vesse l  atmosphere i n  t h e  event of' a nuclear accident. Usually 
the  basic f i l t e r  elements are  a minor portLon of t he  overa l l  vent i la t ion  
system cost,  t he  major portion of t h e  cost  being associated 7 ~ i t l 1  -t'ne duct- 
work, instrumentation and controls,  and blowzrs. Although there  are  many 
types of f i l t e r s  and othe? f iss ion-product removal devices avail.ab1.e and 
their  costs  can vary widely, the types l i s t e d  i n  Table 1l.5 can be coii- 
sidered typical.. 

Table 11.5. F i l t e r  Costs" 

Fis  s ion-Product Capacity 
Iiemoval Device ( c f d  

Unit Cost 

($>  

Roughing f i l t e r  1,000 
Activated -cliarcoa.l. f i l t e r  1,200 
High-eff iciency f i l t e r  I, 200 
Wet-caustic scrubbing tower 2,000 
Wet-caustic scrubbing tower 10,000 
Wet-caustic scrubbing tower 50,000 

10 
1,600 
100 
800-1,600 
2,200-4,500 
8,000-21,000 

cZExclu.d.ing i n s t a l l a t i o n  costs  

The act ivated charcoal f i l t e r  l i s t e d  i n  Table 11.5 is an exknded- 
surface type of f i l t e r  and i s  usual.ly used i n  coi~~junction with the high- 
efyiciency f i l t e r  a l so  l i s t e d .  The w i d e  pr ice  ranges for  the  caust ic  
scrubbing towers r e f l e c t  var ia t ions  i n  designs depending upon the  e f f i -  
ciency desired and t h e  cha,racter is t ics  of t he  contaminated a i r .  Approxi- 
mate total annual costs  of complete fix-Ler systems, including ma.intena.nce 
amd f i l t e r  replacement Costs, a re  presented i n  Section 11.5.9. 

11.3.9 stacks 

The stacks provided on most nuclear pla.nts a re  par t  of t h e  contain- 
ment vent i la t ing  system but they a re  well-defined items and th.ere.r"ore a re  
l i s t e d  separa-tely. The var ia t ion  of t he  cost  of a shack as a function of 
s tack  height is  plot ted i n  Fig. 11.7 f o r  concrete stacks typic8.l of those 
used f o r  most nuclear plants.  The cost  of t he  s tack found.ation is  not 
included. 
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11.3.10 Penetrations 

The cost of e l e c t r i c a l  and piping penetrations of' containment vessels 
may add up t o  a s igni f icant  t o t a l  because of -6he J-arge numbe~ required. 
A wfd-e var ie ty  of penetration designs have been used, some of which are  
described i n  Chapter 9. 
generally consis t  of two par ts :  %he nozzle, which with i t s  reinforcing 
i s  an in t eg ra l  p a r t  of t he  s t e e l  she l l ,  and the attachment of t he  pipe to 
.the nozzle. 

package and are provided with temporary end caps t o  blai-ilr them off during 
t e s t i n g  of t he  vessel .  The cost added t o  the  basic, containment vessel  
cost  f o r  a t yp ica l  s e t  of penetration nozzles tliroingh a 1- in . - th ick  con- 
Lainment vessel  w a l l  is @vcn in Table 11.6.  

P i p i q  penetrations f o r  s t e e l  contaiiinient vessels 

The nozzles a.re us-ually suppLFed as p a r t  of the  con-tai.nment vessel 

Table 11.6. Costs of Tene-tration 
Nozzles 

No z zle Unit Tot a1 

( in .  ) 
Numb e r 

Required 
Diameter cost  Cost 

($1 ( $ >  

30 
26 
24 
22 
20 
1 2  
10 

8 
6 
4 
2 

2 
2 

20 
100 
100 

2 
4 
8 

20 
15 

273 

- 

1500 
900 
800 
600 
550 
350 
300 
250 

200 
200 

3,000 
1,800 
16,000 
60,000 
55,000 

700 
1,200 
2,000 

4,000 
3,000 

146, '700" 

a 
Total  cost added t o  basic  vessel  

yuot a t  ion. 

The attachment of the  pipe t o  t he  nozzle through which it passes can 
vary considerably i n  complexity depending upon t%le s i z e  of -tine pipe arid 
extent of r e l a t l v e  movement -that miist be a.llowed.. The simplest co:mection, 
af%ordi.ng no r e l a t i v e  movement, i s  made by welding the  penetrating pipe 
d i r e c t l y  t o  the  nozzle. I n  -this case, the cost :for a 12-in. standard- 
wall carbon-steel pipe connection t o  the  nozzle would be approximately 
$200. Where r e l a t i v e  movernen-t of the pipe with respect t o  the  vessel  
must be permitted, a. bell-ows expanciori. j o h t  and reducer are required. 
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A typical.  expansion jo3n-t; pene t ra t ion  i s  shown i n  C h a p t w  9. Table 11.7 
presents instal- led cos t s  f o r  expsnsion j o i n t  pene t ra t ions  of var  ioiis d i -  
ameters and rzrith different ,  c a p a b i l i t i e s  of movement. 

Table 11.'7. Costs of Expansion J o i n t  
Piping Penetrat ions 

Cost ($ )  Rela t ive  t o  
Nozzle Capabj.1.kty of Movementa 

( i n .  ) 1 i n .  Axia1 . l~  2 in. k i . a l_ ly  
I-.-_-_- Dianie t e r - 

1. i n .  Offset 0 i n .  Off'se-i; 

30 
24. 
20 
18 
1- 6 
14 
12 
10 

1800 
1.350 

1.300 
1080 1020 

850 7 80 
6 80 660 
5 80 550 

460 

a 
Costs a r c  con t r ac to r ' s  total. costs, 

exc1iid.i ng l;he nozz le  piJz-chased with t h e  
containment vesse l .  

Uni t  cos t s  of e l e c t r i c a l  pcne t ra t ions  vary wi.d.ely because of g rea t  
d i f fe rences  i n  pene tra'ii.on d-esign, i n  t h e  number of penetrat ions required 
i.n a s ing le  containment vesse l ,  and i n  t h e  l abor  requ-ired.  t o  i n s t a l l  t h e  
pene t ra t ion  and make i2.p the  wlres. The number of ind iv idua l  wires pene- 
t r a t i n g  t h e  containment s h e l l  may' range frroni 1.000 t o  5000 or more. Tota l  
i n s t a l l e d  cos t s  of e l e c t r i c a l  pene t ra t ions  rarige from about 91.5 per w i r e  
f o r  t h e  s i m p l e  types up t o  moTe than $1-00 per  wire for some coaxial. cable 
penetrat ions.  The average t o t a l  i n s t a l l e d  u n i t  cos t  f o r  all e lec t r i - ca l  
penetrat ions i n  a ty-pi.ca1. containment ves se l  i.s approximately $30 per 
wire .  

11.3.11 Isolabion Valves 

I s o l a t i o n  valves  m e  yeqi.l.tred i n  a containment system t o  enabl-e the  
pri.pes pene t ra t ing  t h e  containment wal l  to be closed off  r ap id ly  t o  i s o l a t e  
t he  contaliiime-nt system i n  t h e  event of an acciden-t;. The i s o l a t i o n  valves 
a r e  of two general  types:  ga t e  type valves,  used pr imari ly  i n  steam and 
water systems, and b u t t e r f l y  valves,  commonly used i n  containment vent t -  
1-ation systems. 
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The cost  of gate valves var ies  with pressure rating,? ms.keria1, nan- 
destruct ive t e s t ing  required, method of operation, and. operati-ng speed. 
The cos ts  of two types of gate va.1ties a re  pl-otiied as a fu.nct ion of valve 
diameter i n  Figs. 11.3 and 11.9. Costs a re  shown f o r  both the  standard 
manually opera-Led valve and t h e  qu.ick-closing (1.0-see closure ) motor- 
operated i so l a t ion  valve. 
by Fig. 11.8 might be used. on main steam l i n e s  m d  reactor feed-water l i nes .  
The motor-operated valve on Fig. 1 1 , 9  i s  typ ica l  of those  used i n  steam 
generator feedwater l i nes .  T"ne cost  of motor-operated valves increases 
rapidly as  -the requi-red closure ti-me is  decreased. 

Butterf 1.y-type i so l a t ion  valves a re  generally u.sed in systems where 
t h e  pressure i s  below 150 psig.  Tli.ey have t he  Si21ne cost variables as do 
g;ate valves but are  usu-ally iised where pressure arid leakage requirements 
a re  less severe and thus they are  iisually l e s s  expensive. Tfle types of 
bu t t e r f ly  valves and t h e  cost  ranges indicated. in .  Table  1.1..8 are typical- 
of t he  i so l a t ion  va1.t.e~ used i n  containme:nt verlt i lat ion systems. 

The motor-operated i so l a t ion  valve represented 

T a b l e  I!-. 8. Cost Rages  of Typical But te r f ly  Valves 

Closure syc 1- >em Dtame-ter Unit Cost 
'P inze Pressure Ra.=e Range 
( s e e )  ( P S M  ( i n .  ) 

Type os  
Valve 

($) 

Pneumatically operated 1-0 60 4-12 500-1800 
3u.tterfl.y valve 

f l y  valve 
Motor-operated bu t t e r -  10 150 12-20 1500-2200 

11.3.12 Protective Coatings 

Numerous types of c0atin.g and pai%t a re  used throu.ghout a contain- 
ment s t ruc ture .  
proof ing, t o  permit greater  ease i n  decontamination, or for improved 
appearance. Approximate in s t a l l ed  costs  f o r  several  representative types 
uf coating used for s t e e l  contaiimient s t ruc tures  are presented i n  Table 
11.9. 

Coatings may be used fo r  corrosion protectlon, f o r  water- 

11.4 COST EXPERDNCE ON corismucmn FACILITIES 

?"ne cos t  experience on constructed. plants  is often looked t o  as a 
r e l i a b l e  indicat ion of t he  cost  t'nat might be incurred i n  the  construction 
of other plants .  Available cost information on containment systems for 
several  nuclear power plarlts is  s-urrunarized i n  Table 1.1.10. These data  
were furnished by the Atomic Energy Commission. 
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Tah1.e 1.1.. 9. Costs of Protec t ive  Coa’cings 

Type of  
Coating 

Ap,pl.i.cation 
Unit  Cost 

(includ-ing sur face  
preparat i  on) 

Inorganic zinc primer Applied to t h e  i n t e r i o r  $0. 3 5 / f t 2  (c leaning and 

P l a s t i c  mater ia l  

Coal t a r  epoxy 

Zinc chromate prirnei- 

Alkyd. enamel ( 2  m i l s  
t h i c k )  

Acrylic sprzy enamel 

Hypalon (two coa ts  ) 
(-LWO c o a t s )  

exposed sur faces  and 
t o  t‘ne e x t e r i o r  below 
gr ad.e 

coats  f o r  i n t e r i o r  
Intermediate and f i n i s h  

Appli-ed ko e x t e r i o r  over 
the  h o r g m i c  zri.nc 
primer 

e x t e r i o r  sur face  above 
grade 

Applied over z inc chro- 
mate primer 

Applied i n  the  shop t o  

Applied over cork mastic 

Appl.i.ed over Urethane 

in su la t ion  

i n s u l a t  ?’.on 

priming of weld seams, 
$0.(+0 t o  $0.50 per 
lineal foot) 

coat  
$ O . L O / f t ‘  f o r  each 

$0.12-$0. 15/ft2, de- 
pending upori amount 
of cl.eani.ng required 

$0.1-5/ft * (c leaning and 
priming of welds, 
$0.20 per l i n e a l  f o o t )  

$0.06-$0. 12/ft2, de- 
pending on whether 
one o r  two coa ts  a r e  
needed to hu3.l.d up t o  
required 2-mil ’chick- 
ness 

$0.20-$0.30/f t 

‘The da ta  of Table 11.10 i l l u s t x a t e  t h e  d i f f i c u l t i e s  of attmii-pting t o  
make a meaningful comparrison of presumably compara’ol-e information or t o  
apply t h i s  information t o  othei- condit.i.ons. Perhaps the most seri-ous in -  
cons is tenc ies  i n  the  daLa ay ise  from t h e  manner i n  which cos t s  were as -  
signed t o  each account number. I n  few, i f  any, of the cases  were cos t s  
a c t u a l l y  eskimated o r  maintained. by using the TID-7025 accounts, and it 
was necessary t o  ass ign  cos t s  somewhat a r h t t r a r i l y  t o  each account a f t e r  
completion of  t h e  pro jec t .  Since t h i s  assignment of cos t s  was l a r g e l y  
a mat ter  of ind iv idua l  judgment aiid rin. most cases t h e r e  was not, s u f f i c i e n t  
breakdown of cos t s  ava.i.l.a’nle t o  permit assigment; to a1.l accounts, i t  is 
not su rp r i s ing  t h a t  t h e r e  a re  wid-e va r i a t ions  i n  accounts where g r e a t e r  
agreement might be expected. For example, concrete cos t s  a s  normal-ly 
-Labu.l_at;ed may not d i s t i ngu i sh  between foundations, sh ie ld ings ,  internal .  
concrete,  and ex te rna l  concrete.  Thus, sh ie ld ing  may be incI.uderl i n  t h e  
cos t s  i n  Table 11-.10 i n  some cases and not i n  o thers .  Similar  qual i f ica-  
t i o n s  could. be made f o r  most of t h e  o ther  sccounts.  



Table lL.10. Contsinnent Costs for Several Xuclear fieactor PLaatsa 

Account EBR-I1 51k Rlver ::allan: Pathfinder Piqua HICTR Yankee %CR BOhVS 

219 Reactor containmel;t s t ruc tu re  
.I Bcav;tlon and backXl1  
.2 Bearing p i l e s  and caissons 
. 3  Scbstructurc carxre te  
.I $d;1Ters-,racture 

. 4 i  Strdctural. steel 

.42 Containment shel l  

.43 Exter ior  Insu la t ion  

.44 71oors , 'barriers,  
iaternaL concrete 

.45 k l x r i o r  f i n i s h  
.6 Building serv ices  

212G Reactor confinement s t x c t u r c  
.1 Excavstion ace b a c k f i l l  
. 2  Bearing 9 i l e s  and caissons 
. 3  Subs tmcture  concrete 
.4 Sugers'ixcttire 
.5  Stacks ( b u i l d i q  supported) 
. 5  3uUilAing serv ices  

221.45 Post inc iaent  cooling system 

221.5 Reactor plarit con-tainers i n  the 
f o m  a? tar& Lnstalled wi th in  
a bullding 

Tota l  costs chai-geable i o  conta iment  

51,393,002 
$ 7,869 $, 102,030 

35L, 885 

E, 435 

8,693 

103,424 
a a ,  355 

528,917 
98,139 

360,300 
625,000 

62,000 

$ 128,902 

1,206,5c?0 
37,200 

939,000 

2,048,300 

44,300 

1,38'7,734 1,42:,4L4 883,530 

$2,792,734 $5,243,430 $1,149,C00 

$ 96,300 $ 35,000 $ i l , l 4 2  
1,203 

204,530 250, YO0 SI, 130 

79, L50 
320,500 322,250 i, YiC, 4 4  
58,300 
32,300 358,710 997,018 

5,900 
122,803 266,515 

$ 77,000 $ 72,462 

556,618 
133, SO0 

i,291,020 549,697 

4Z0,030 48,131 

100,300 15,133 

53,932 

$945,700 61,152, 714b $?, 266,270 $2,021, E00 $1,242,042 

"This t abu la t ion  corresponiis with t h e  accounts of t h e  A X  "Guide t o  
Niclear Pawer Cost Evaluation, " USfiFC Report 3213-7025 ( see  r e f .  1). The 
f igures  -,reseEted are $he bas-i, estimates zvailable fron the U S X C .  Xow- 
ever, S e c e s e  f l n a l  costs sre not ye t  availa-sle i n  nasy cases and became 
tfie TID-7025 acconntics have not Seen useci cons is te~hiy ,  these  figures sha-dt 
be ccnsidered prelimizary anC not zecessa r i iy  co~iparable.  
noted, cos ts  a re  only direct cos ts .  

' hc ludes  ind i r ec t  cos ts .  

Except .&ere 



The wid-e d i f fe rences  i n  containment design represented by t h e  p l an t s  
l i s t e d  i n  Table 1.1..1.0 a r e  another d i . f f icu l ty .  Many of t hese  p l an t s  are 
experimental or developmen-tal aid -the contai.nme-n.t d,es igns are not  neces - 
s a r i l y  “ typ ica l ”  or representa t ive  of those  t h a t  would be b u i l t  Tor sub- 
sequent p l an t s .  Differences i n  design became of I-ocal. cond.i.ti.orns could. 
al.so d.i.s-i;ort t h e  cos t s  and make comparisons o f  even similar designs d i f -  
f i c u l t .  All t h e  contai-!m.ent syskems l i s t e d  i.n Table 1.1.10 a r e  d-escribed. 
i n  Chapter ‘7. 

bile cos1;s buL not  normal-ly i d e n t f f i a b l e  a r e  a third major d . i f f icul t ,y  with 
attempting t o  compare reported cos t s .  
s teady r i s e  j.n costs  ( e s c a l a t i o n )  for t h e  l a s t  s eve ra l  years  so  t h a t ,  
o-ther th ings  being equal., f u t u r e  pl-ants migh’L be expected t o  cost more 
than  previously constructed p lan ts .  However, experience and improved de- 
s i g n  niay tend t o  ofyset  t h e  genera l  t r end  f o r  some period of  time. Labor 
r a t e s  vary marked.1.y from one 1.oca-tion t o  am-Lher. They a r e  genera l ly  
lowest i n  t h e  southern part of t h e  U.S. and highest, i n  ?,lie Northeas% and. 
on the West Coasl;. Costs of some mater ia l s ,  such a s  cement and aggregate, 
vary considerably with loca t ion ,  as  well. as with general  marke-t cond-ttions ~ 

The exten’i. t o  which these  f a c t o r s  e n t e r  i n t o  t h e  cos t  presenked i n  
Table 11.10 cannot be est i rmtcd.  It i s  a l s o  d i f f i c u l t  t o  compare these  
cos t s  wi.tli t h e  uni.t cos t s  presenkecl 5-n Sect ion 11.3> sirice quani i t ieo  of 
mater ia l s  a r e  not ava i lab le .  Therefore, t h e  information i n  Table 11.10 
may have I.i.ttle quan t i t a t ive  value but, may be oT i n t e r e s t  t o  ri.nd.icate 

?”ne d i f fe rences  i n  market condi t ions and laboy r a t e s  ref!-ec’bed. i n  
L 1  

I n  general ,  there  has been a gradual. 

mag tii ti id es of c os’i. s 
t l ic various designs.  

and general d?-fferences i n  cosi-, &i.six=ibution among 

11.5 TYPPCUL COST E;VALsJATIONS 

11.5.1 General 

i n  add i t ion  Lo 
cost  da ta  presented 

the f s i r l y  s p e c i f i c ,  bu i  not always consisteii’b, ac tua l  
i n  Sect ion 11.4, a considerabl-e amount of cost, info-ma- 

t i -on has been d-evel-o-ped i n  seve ra l  s-tu.d.ies in wn.i.ch ’che costs of al . ternate 
c on t  a iniiie TI t s y s t  erns and containment s ys 1;e-m components have be en e s t  imat etl 
and evaluated.  Al-tlIough these studies may presenl; less r e a l i s t i c  cos t s  
than  t h e  ac tua l  cos t s  shown i n  Sect ion ll./+, they  a r e  i n t e r n a l l y  consis-  
t e n t  and hence more usefu l  f o r  the  econoniic comparhon of  al.S,ernate con- 
tainment systems. Unfortunately, only a l imi t ed  number of t hese  examples 
a r e  ava i l ab le  and each OS them appl.I.es t o  a rathex- narrow range of reac-  
t o r  types and sizes.  Futhermore, t h e  conclusions of thi.ai. s tud ies ,  a s  
~ i t ; h  m y  eco-tiomic evaI.uatrion, a r e  s - t r i c t l y  app1i.cabI.e only t o  t h e  condi- 
t i o n s  assumed i n  t h e  ground rul-es; the resiil1;s should not  be general ized,  
However, t h e  considerat ions involved i n  a thorough economic comparison, 
i f  not the a c t u a l  cos t  fri.gvres, a r e  useful- i n  i l_l .ustrat i i ig  the requi re -  
men-ts for an. eva lua t  i.or based on other  conditi.ons ” 





tJ
 

0
 

0
 

07
 

4
 

I tJ
 

Iu
 

w
 

0
 

w
l 

il
 I P
 

w
l Y o

w
 

co
 

\D
 

6
 

I R
)
 

w
l Y 0

P
 

w
l 

w
l 

4
 

I Y tf 

2 F \.$ w
 + w
 

X
 

I-J 0
 

w
 

R
)
 

R
)
 
0
 

X
 r
 
0
 

W
 

?
 

cn
 

w
 

X
 r
 
0
 

w
 

Iu
 

c-
 8
 

0,
 

X
 r
 

R
)
 

CQ
 

0
 

X
 

P
 

\.
 0,
 

\D
 

C
n 
0
 

X
 r
 
0,
 

7 R)
 

a
 
0
 
0
 

X
 
P
 

\r
 0,
 

P
 
a
 

il
 
0
 
0
 

X
 

P
 

b
 0,
 

w
 

4
 

v.3
 w
 

X
 

P
 

\.
 0,
 

t-J
 

R
)
 
a
 
0
 

X
 G w
 

2 R)
 

03
 
0
 

0
 

X
 G w
 

t-'
 

\D
 

0
 

0
 
0
 

X
 

tJ
 

" 0,
 

X
 G w
 

1-J 4
 

X
 
P
 

Iu
 

0
, 

L
3 G 0
 

X
 

1-J 0
 

W
 

P
 

4
 

X
 

I-J
 
0
 

w
 

w
 

1-J 
m

 
.. 

LO
 

u
 

0
 

a
 

(D
 

P
 

X
 

'db.
 2 

P
 

Q
, 

P
 

cn
 
0
 

0
 

X
 

P
 
0
 

" 

w
 

X
 Fl w
 

N
 

w
 

co
 
0
 
0
 

X
 

t-
J .. 0
, 



cT\ 
in
 .to 

0
r
l
 

-
r
i 

a, 
m

 0
 

d
 

X
 
0
 

$
 - N a
 0
 

rl 
X

 
0
 

0
 

it 
m
” 

a
 

d
 

a 
r

i
 

a, 
a, 
+’ a 

(
r

m
 

(?
 

N
O

 
0
 

d
r

-
l

 

m
 

m
 

0
0

 
r

l
r

i
 

m
 0
 

rl 
m

 0
 

rl 
X

 

k
 

a, 
d
 

n 
v-4 
1-4 
h

 
f
l
u

 
it 
m

 

X
 

it 

0
 

r- 
d
S
 

m
 0
 

r
i
 

X
 

X
 
0
 

ri 
cv 
in
 c\ 

m
 0
 

ri 
X

 

m a 
---I 
X

 
0
 

N
 

i? CI 

m
 

a
 

N
 .
a
 

o
m
 

m
 

rn 
m
 0
 

ri 
m

 0
 

id
 

d
 

ri 
X

 
0
 

N
 

ri I
 

X
 

c3 
m

 
0
 

c
\
 

r--i h
 

a, 
r-I V

 
h

 
V
 



11.34 

Table 11.13. Containment Cost Caupa-risona 

- ~ ._._ - 
Scheme I - Scheme I1 - Scheme IT1 - Scheme IV - Scheme V - 
Corkainment 

Plant 
Electrical. Plant 

Rating Cycle 
Standard Pressure Pressure Low Total  

RelieYb Suppressionb Pressui-eb Containmentb ( bVd ) 
_..._._ 

Costs in $/kw(e) 

44 Direct 3s. 05 1.2 " 90 1.'7. 86 '?I. 59c 26.83C 
7.80 Thi as. 30.63 6.46 38.59 88.36 28.19 
300 Th~al. 21. I 07 4.- 62 25.14 59.35 20.73 
300 Direct 8.91. 2.57 4 e  80 19.10c 10.35c 

Costs i n  mills/kwhr 

44 JXrect 0.63 0.26 0.36 1.46' 0.55c 
180 Dual 0.63 0.13 0.79 l. 80 0.58 
300 Dual 0.43 0.09 0.51 1.21 0.42 
300 Direct 0.18 0.05 0.10 0. 39c 0.2lC 

a ~ o f i i  rei". 4 ,  p. 33. 

bCosts include adjus tmcn ts  f o r  differences i n  pipir?g, e l ec t r i - ca l  install-ation, fuel 

C 

handling, e t c . ,  as w e l l  as differences i n  the containment strocti ire i t s e l f .  

Cost of moat not included. 

scheme. FL  should be pojnted. out t h a t  t he  Scheme V costs  include costs  
of housing the  turbine,  generator, condenser, e t c . ,  whereas t h e  costs  for 
the other foirr schemes do not. 

represent.ative of the i r  type and, perhaps wiLh the  exception of pressure 
r e l i e f ,  equivalent i n  t h e i r  a b i l i t y  -to coiztain rad ioac t iv i ty  i n  the  event 
of t he  rfl3.xI11111m accide-n-t, which is  taken. as Ei complete break i n  the l a rges t  
primary sys-Lem pipe, wFtl.1 subsequent re lease of f i s s i o n  products from the  
core. 'The-i.e are, however, subs tan t ia l  var ia t ions in. t he  d i r e c t  rad ia t ion  
dose a t  t h e  s i t e  boundaries and the  extkent t o  which the  design is suscept- 
i b l e  -Lo missile damage. Chapters 1 and 7 discuss general and spec i f ic  
applications of these various designs and t h e i r  r e l a t ive  technical  merits. 
Also r e f s .  22 and, 4 contain f a i r l y  de ta i led  desi-ga d.escriptions and cost  
breakdowns f o r  each of the cases considered. These should be consulted t o  
determine the  app l i cab i l i t y  of t he  cost  comparisons t o  a par t icu lar  s i t ua -  
t ion .  Because of t he  de ta i led  information presented, it should be possible 
t o  ad. just ,  t'ne costs  t o  apply t o  sorrzewhat d i f f e ren t  condi.-tions i f  necessary. 

The con-Lainment designs employed i n  t h i s  study are, i n  general, qiiite 

11.5.3 Selection of t he  Containment Structiire for Lhe 
Dresden Nucl-ear Power Stat ion -..-.- 

S m i t l i  and Randolph2' have discussed some of t he  s tudies  performed i n  
connection w i t ? ?  -the se lec t ion  of a containment s t ruc ture  f o r  t h e  Dresden 
Nuclear Power Station. Eight conLainment schemes were considered. Four 
were " to ta l"  plant containnent arrangements, i n  whixh e s sen t i a l ly  the  en- 
tire plant, including the  turbine-generator, w a s  enclosed within the  
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con-tainsneiit stru-cture, and. Pour were so-called "par t ia l"  coiitai.iirr.ent ar- 
rangements, i n  which the turbine-generator, condenser, e t c  ., were outside 
the containment s t ructure .  

pared on a r e l a t i v e  cost  bas i s  i n  Table 11.14. The costs  a re  given i n  
percentage of t he  cost  of t he  200-f-t; sphere f o r  t o t a l  containment. The 
cos ts  fo r  par-tia.1 contairitrien-i; include the  cos t  f o r  a separate bur.Fine 

The r e s u l t s  of t h e  economic evaluations made i n  t h i s  study a re  com- 

Table 11.14. ,Summary- of Dresden Contaiment Sl;mc-ture Study" 

Containment Design Relative Cost ($) 
(200-f't sphere := l.OO$') 

"Total I' containment 

200-ft - d i m  s t e e l  sphere, 75% above groimd; 
design pressure, 22.4 psig; wa1.l thickness, 
l. .O t o  1.25 in .  (reference case) 

220-ft -diam buried. cylindrical. vault;  110 
1"-L high; rock cavi-Ly l ined  with concre-Le 
and faced with a metal l ic  membrane; design 
pressure, 22.0 psig 

220-ft-diam p a r t i a l l y  buried. cylinder simi- 
lar t o  above but only one-third below grounil. 

200-ft diam steel-l ined. concrete cylinder with 
s t e e l  hemispherical dome top; cy l indr ica l  por- 
t i o n  l a rge ly  below ground; des Egn pressure, 
22.0 psig 

100 

1.37 

1.1.5 

98 

' 'Par t ia l  " containmeiiJt 

I70 -Ft -d?.am s tee l  sphere s TrnTlar t o  200 - f t  - d i m  
reference d.esign; design pressure, 36.3 psig; 
wall thickness, 1.37 in .  

110 - f t  -diam capsale vau.lt,; v e r t i c a l  s t e e l  cyl in-  
der w i t h  hemispherical ends buried i n  rock and 
encased i n  concrete; design pressure, 76.3 psig; 
w a l l  thickness, 0.5 in.  

above but, only 90 f-t i s  below grade; design 
pressure, 61.7 psig; wall thickness, 1 . S  in.  

s imilar  t o  200-ft dome-top design 

110-fYi-diam pa..i-tially buried capsule sjliiilal- t o  

180-f t  -diam cylinder w i t h  hemispherical dome top; 

97 

1- 20 

101 

103 

a 
From S-mith and Ranclolph, r e f .  23. 
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build?-ng. The e f f e c t  ol? congestion on cons t ruc t ion  wi th in  t h e  contain-  
ment stmc’cures was included as  a penalty.  From t h i s  evaluat ion,  it w a s  
possible  t o  r u l e  out t he  buried cylind.rica1 vau l t ,  t h e  capsule vaul-t, and 
t h e  p a r t i a l l y  buried. cyl inder .  IZlne other  f i v e  conCigurrations were essen- 
t i a l - ly  equal wi th in  the l i m i t s  of accuracy of the  es t imates .  The con- 
cept represented by t h e  170-f t  -diarn sphere exql-oying pa l i t i a l  containiiient 
was se l ec t ed  because it had. a g rea t e r  avail.able margin f o r  accommod.ating 
fu-Lure design changes and because it was capable of being designed, con- 
stmcted., and - tes ted as a Code vessel-. Later design changes i n  t h e  plant  
l e d  t o  an ri.ncrzrise i.n t h e  s i z e  of t h e  containment vessel  ’LO a 190-f t -  
diam sphere.  

1.1.5. i: I Cost Normalizakion Study -.-- 

I n  1359, t h e  Atoiiiic Eilergy Conmiission sponsored a s tudy for no-maliz- 
ing t h e  cos ts  oT various nuclear power p lan t  designs t h a t  had been pre- 
pared f o r  t h e  Commission by var ious cont rac tors .  The r e s u l t s  of t h i s  
normal-ization study have been reported.  Eight types of r eac to r  were 
consid.ered a t  each of t h ree  e l e c t r i c a l  power r a t i n g s :  75, 200, and 300 Mw. 
I n  most cases,  d e t a i l e d  analyses were made for t h e  200-Mw plants  and t h e  
cos-Ls vere ex t rapola ted  ’io t h e  obher sizes, However, f o r  t he  organic- 
cooled and the  sodjxm-graphite p l an t s  i h e  base case was 7 5  Mw and f o r  t h e  
f a s t  breeder r eac to r  a base size of 1.50 MI$ w a s  used. 

The following types o f  plant  were included i n  the study: 
1. f-”r e s s u r  i zed -wa-i; e 3: re act, o r  , 
2. Roiling-water reactoi-, 
3. Organic -cooled reac tor ,  
if. Sodium-cooled graphi.te -moderated reac-tor, 
5. Sodkhm-cooled f a s t  r eac to r ,  
6. Aqueou~s homogeneous r eac to r ,  
7. Heavy-water-moderated reactoi-, 
8. Gas-cooled r eac to r .  
The plant  designs considered were representa t ive  of t h e  s t a t e - o f -  

t he -a r t  f o r  t h a t  period and thus  contained designs f o r  some p lan t s  ’chat 
were proven and conservative and o thers  t h a t  were qu i t e  speculative. The 
containment system f o r  each case was t h a t  which had been adopted by t h e  
principal. proponent of t he  r eac to r  type.  The study presents  a b r i e f  
c a p i t a l  cos t  breakdown for each case, including a cos t  fnr t n e  r e a c t o r  
containment stmc‘cures.  

Table 11.15 gives  contaiiment s t r u c t u r e  and t o t a l  p lan t  cos t  d a h  
ex t rac ted  from t h i s  reference.  Since t h i s  s tudy was concerned with t h e  
t o t a l  plant  cos t  r a t h e r  than  with containment cost ,  bhe containment c o s t  
was not broken down i n  f u r t h e r  detail.. Engineering and o ther  Lndirect 
costs  were determined as a percentage of d i r e c t  c a p i t a l  c o s t .  

The containment system employed f o r  each p lan t  w a s  as  follows: 
1. The re ference  pressurized.-water r eac to r  sys tem was 9 200-Mw(e) 

p lan t  employing a 135-f t  -c l ia -m steel sphere con-taining the  r eac to r ,  r e -  
a c t o r  a u x i l i a r y  equipment, a i d  steam-generating f a c i l i t i e s .  

cycle  plank. The i-eactor, reac-tor aiixiliai-y equipment, and secon.rlary 
2. ‘The reference boi l ing-water  r eac to r  system was a 200-Mw(e) d - u a l -  
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Table 1.1.15. Capital Cost Breakdown for Various Reactor Plant Typsa  

cost Based on E lec t r i ca l  Ou tpu t  

75 Mw(e) 200 mr(e) 300 M7.r ( e  ) 
I-- 

Pressurized-water reactor  plants 

Reactor couxtainer s t ructures  
Total. d i r ec t  const.mction costsb 
T o t d  cap i t a l  cost  
Total cap i t a l  cost, $/h-( e )  

Boiling--water reactor  plants 

Reactor container s t ructures  
Total d i r ec t  constructiori costsb 
Total cap i t a l  cost  
Total. cap i t a l  cost, $/kw( e )  

Organic-cooled :reactor plants 

Reactor container structures 
Total d i r e c t  coristrwcLion costsb 
Total  capital. cos t  
Total c a p i t a l  cost ,  $/kJ(e) 

Sodiim-cooled graphite-moderated reactor 

Xeactor eontainer s t ructures  
Total. d i r e c t  construction costsb 
Total  cap i t a l  cost  
~ O t a l  cap i t a l  cost>, $/kw(e) 

Fast sodiiim-cooled rea.ctor plants  

Reactor container s t ructure  
 TOLE^^ d i r ec t  construction costsb 
Total  cap i t a l  cost  
TOLLL cap i t a l  cost, $/lw(e) 

Aqiueovs hornogeneous 1-eactor plants 

plants 

$ 2,480,000 
23, '724,045 

$32,644,445 
435 

$ 3,000,000 

$35,249,40i+ 
25,622,364 

)+70 

$ 2,302,700 
18,917,785 

$26,237,563 
350 

$ 4,568,200 
30,725,980 

565 
$42,466,178 

$ 2,1.38, 700 

$?i, 102,221) 
24,691,930 

455 

Reactor container s t ructures  $ 3,700,000 
Total. d i r ec t  construction costsb 21,973, LOO 
Total  cap i t a l  cost  $33, '7i75,410 
Total capi-tal cost, $/1m( e )  450 

Heavy-.~a-ter-moderated reactor  plants 

Reactor container s t ructures  
Total d i r ec t  constmctioti costb 
Total  cap i t a l  cost  
TOIM. c ap i t a l  cost, $/kw(e) 

$ 4,250,200 

$L7,995,740 
29,950, I30 

6AO 

Gas-cooled reactor plants 

Reactor container s t ructures  $ 4,930,000 
T o t a l  d i r ec t  eonstrvct,ion costsb 36,978, L55 
Total capital. cost  $50,585,605 
Total cap i t a l  cost, $ /?w(e )  675 

askom ref. 2.  

bDir.ect construction cos t  estimates include construction, 

'Cal.culations f o r  a 150-!vh<(e) plant. 

expense, tools, coixtxuction equipment, overhead, and p ro f i t .  

$ 2,540,825 $ 3,100,000 
41,037,940 53.473.575 

$56; 412; 'I34 $ 71; 41.9; 035 
2R2 242 

$ 5,865,100 $ 7,050,000 

$62,202,728 $ 7'8,927,740 
311 263 

45,275,480 57,503, 'I60 

$ 3,961,450 $ 4,104,450 
34,754,610 47,595,510 

$4 8,218,071 $ 65,978,161 
241 220 

$ 7,350,000 $ 9,300,000 
52,088,636 65,838,420 

$71., 994, c+96 $ 90,910,462 
360 303 

$ 4,138,'7OOc $ 4,658,700 
36,902,505' 55,37'1,464 

$50,998,356' $ 76,4 85,014 
340c 255 

$ 8,349,200 $ lO,SL5,000 
46,783,040 62,111,300 

362 323 
$72,298,044 $ 96,862,530 

$ 4,878,600 $ 5,134,000 
49,7'75,3'70 62,3%0,L20 

$84,997,4Or/ $107,999,330 
42 5 360 

$ 5,804,800 $ 6,680,000 
66,036,400 83,333,091 

452 3b0 
$90,500,440 $214,127,001 

contractors ' f i e l d  offi.ce 
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steam generat ing f a c i l i t i e s  were contain-ed. wi-thin a 190-ft-diam s t e e l  
s &ere.  

3. 
d i r e c t  -cycle -@ant. The reac tor ,  r eac to r  a u x i l i a r y  equipment, and steam- 
generat ing f a c i l i t i e s  were loca ted  i n  a 140-ft-diam c y l i n d r i c a l  concrete 
s t r u c t u r e  60 f t  high. T n i s  cylind-er w a s  topped by a 136-ft-diam hemi- 
sphe r i ca l  s-teel. dome. 

4.  'The reference sodium-cooled graphite-moderated r eac to r  system 
was a 75-Mw( e )  p lan t .  The reac-Lor, reac-Lor a u x i l i a r y  ecpipment, and 
secondary s team-generating f a c i l i t i e s  were loca ted  i n  an insulated,  r e c  - 
tai igular,  metal-panel bui lding approximately 275 f t  long, 1.52 fl; wide, 
and 75 f t  high. Al.1- t h e  prirflary equipmenl; was loca ted  below grrade i n  
thick-walled concrete  vml - t s .  

cal. output of 150 M w ( e ) .  The resctor,  reactoi- a u x i l i a r y  equipment, and 
intermediate  heat exchangers were located. wi th in  a cyl indrical .  s t e e l  con- 
t a i n e r  72 ft in diameter and 120 ft high. "he container  had a hrmisphesi- 
ca3. t o p  head and a dished lower head. 

system havj.ng two r cac to r s .  
wi th in  a c y l i n d r i c a l  s teel-  bui lding 66 f t  i n  diameter and 116 ft; Eirigh; 
t h e  cyl.iiid.ers had d-ished h2ad.s. Th2 bui ldfngs were approximately one - 
h a l f  below p a d e  and dzsrigned s o  t h a t  t'ncy could be completely fil..l-ed 
with water t o  pemiiL maintenance on the  systems. 

p lan t  with t h e  reactor, r eac to r  a u x i l i a r y  equ.i.pment, and steam-generating 
equipment a l l  loca ted  with3.n a 164-ft -diam sphe r i ca l  s t e e l  container .  

The ref ereiice gas -cooled r eac to r  system w a s  a 200 -Nw ( e  ) p lan t .  
The r eac to r  vas housed wj.thin a 1 2 - f t  - th ick  ordinary concrete enclosui-e 
Lhat coinprI.sed t h e  yeactor  shie1.d and. huril..ding. The steam generators  were 
ou'cd-oors and t h e  primary system blower equipment was loca ted  i n  encl..osures 
a t tached 'io t h e  main bui lding.  
diameter wi.th 3-in. - th ick  carbon s t e e l  w a l l s .  The bui.lding was more or 
l e s s  octagonal- in plan 2nd c lose ly  conformed -to t h e  reactor vesse l .  

The rap id  progress i n  power r eac to r  technology and econoaij.cs s ince  
1959, when i2ii.s study was made, has r e s u l t e d  i n  a number of recent  p lan t  
p r i ce  quotations Lhat a r c  s u b s t a n t i a l l y  lower than -the costs  developed i n  
t h i s  study. This is  to be expected as  mom experience i s  gained and a s  
more p lan ts  a r e  b u i l t  for commercial. power prodixt ion.  

'The re ference  organic -cooled r eac to r  sys-Lem was a '15 -Mw (e ) i n -  

5. The r-eference sodium-cooled f a s t  r e a c t o r  p lan t  had a net e k e - L r i -  

6 .  The reference aqilreous hornogeileous r eac to r  plant  was a 20O-blw( e )  
Each r eac to r  and primary system was 3-ocated 

7. 'The reference heav3r-water-mode~ated r eac to r  system was a 200-Mw(e) 

8. 

The r eac to r  pressure ves se l  was 70 f t  i n  

11.5.5 Economic Aspects of Reactor Safety 

Kallman and Hansonl have discussed sotile economic aspects  of contain-  
ment specii'ica1.l.y r e l a t e d  t o  a 500-Mw(e) pressurized-water r eac to r  p lan t .  
In  t h e i r  study they evalua-Led some of the  cos t s  associ-ated with contain-  
ment requirements f o r  t h e  plant  i n  a semipopulous area; including e x t r a  
cos t s  f o r  aux i l i a ry  systems and for power t ransmission lrines required be - 
cause of nuclear hazards considerat ions.  

a 7/8-in, wall  thickness .  
The contai-ment vessel. considered w a s  a 160-ft-diam s i c e l  sphere wLth 

Ti incorporated a concrete s h i e l d  01' "igloo" 
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cornpletely surrounding the  aboveground portion of t he  container t o  permit 
operation a t  adjacent faci l i -biea i n  t h e  event of an accid-ent t ha t  might 
fill the  sphere with radioactive gases. 
i n  Table 11.16. 

They estimated the  costs  l i s t e d  

Table 11.16. Costs of Special Nuclear 
Safety Equipment" 

E qu- i p e n t  Cost 

Reactor container, including excavation, $3, 800,000 
foundation, ven t i l a t ion  and spray sys - 
terns,  air locks, and penetra-tlons 

Concre-t e "Igloo 1,200,000 

Extra transrais s ion l i n e  , est  iniat ed 
equivalent . to  30 miles at $67,000 
per mile 

Ex.tra auxi l ia ry  equipment 

2,000,000 

1,400,000 

$8,400,000 

a From KallmaJl and Xanson, ref. 16. 

They a l s o  estirmted t'mt, a conventionaJ building 200 f t  long, 120 
fi, wide, anti 60 ft high would be required t o  enclose the reactor  iP 
there  vere no containment provisions arid bhat the building would cost  
$3> 000,000. Thus, t h e  spec ia l  features,  incli-ding containment, l i s t e d  i n  
Table 11.16 f o r  protect ion against  nuclear hazards ac tua l ly  add about 
$5,400,000 t o  t h e  plant cost, which is  i n  t h e  range o f  $20 t o  $35 per 
kw(e). 

11.5.6 S tee l  Containment Vessel Costs 

The Oak Ridge National Laboratory24 considered t h e  cost  of s t e e l  con- 
tainment vessels i n  a study performed i n  1.959. In  this study the  corita.in- 
m e r i t  vessel  i n s t a l l e d  cost  was correlated w i t h  vessel  wall  tlnickriess and 
diameter f o r  both spherical- and cy l indr ica l  vessels .  
11.17 (ta.ken Prom ref. 24.) show the  correlat ions t h a t  were developed. 
These curves are based on assumed average s t e e l  and fabr ica t ion  costs  f o r  
bare s teel  shells. They may be used f o r  making rough f irst  estimates of 
s tee l  s h e l l  costs,  including the  coat o f  excavation and. b a c k f i l l  a.nd of 
extern.al foundation concrete. These same curves a re  reproduced i n  Volume 
2 of t he  AEC c o s t  evnlu.ation guide. 

Figures 1.1.10 through 
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W A L L  T H I C K N E S S  ( in . )  

Fig- 11.10. Splier ical  Containment Vessel. Unit Cost as a Funct ion of 
Diamcter and Wall Thickness. 
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11.5.7 Conventi~oml Building Costs 

Koontz and h i s  co-~orkers~~ performed 'i;esLs on various components of 
Low-pressure, low-leaka.g;e bui ldings simi.l_ar in cons t ruc t ion  t o  conventional 
i ndus t r i a l - type  buil.dri.ngs. These types of bui ldings have economic advan- 
tages  over conventional containment s t i uc t i i r e s  f o r  those  s i t u a t i o n s  where 
they  can be used.. Table 11.17, taken from r e f .  25, i nd ic s t e s  t h e  r e l a t i v e  
cos t s  of f i v e  d i f f e r e n t  types of wal l  cons t ruc t ion  evaluated i n  t h e  study. 
Except f o r  Type 1 (designed f o r  a pressure of 15  in .  HzO), a l l  tile wal-1s 
a r e  designed f o r  a p:ressure d i f f e r e n t i a l  of 5 psig. The l-angt. of cos t  
v a r i a t i o n  of the l a s t  four s1;ructiires i s  only about 20%. 
s iudi e s 2  
to withstand low acciden-L pressures  and t o  achieve l~ow leakages.  The 
C O S L S  of reducing I .eakage were found t o  be r e l a t i v e l y  saal.1. znd, for some 
accidents ,  the lirri-proved conventional. bu i ld ing  appeared t o  have some economic 
advantage over s t e e l  she1 1 containment. 

Additioiial 
hzve been rnede o f  the  cos i o f  i-mproving conventional bui ldings 

11.5.8 Tinderground Contai~nrnent Cost Study _I 

Beck2" has reporiced on a stu.d.y of underground containment j:n which a 
preliminary cos t  estima'ce w a s  developed. f o r  an underground vers ion  of t h e  
5 -Mw( e ) Kxperimerkal. Hoi l i rg  Wa-ter Reactor (ERWR) , 'The r eac to r  and ser-vice 
bui ld ing  (conta.i-ni.ng t h e  ent i re  plan'c, exclusive of t h e  cool.ing tower) were 
rep]-aced by two adjacent  chambers having 'ihe exact  s i z e  and shape as t h e i r  
cou-n-terpayts i n  t h e  plan-t as cons-Lmc'ied-. The chamber sur faces  were 
covered by lL? t o  14  i.n. of concrete and lined. with li-g'rrt,-gage metal. 
TWBR estima~Led t h a t  - this  undergrouiid. design wou1.d add about $322,000, or 
apprsxirnztely '7$, t o  'LIE cos t  of -ihe f a c i l i t y .  

f ea tu re s .  He ind-i-cated tha-t  -the u n i t  cos t s  in t h e  U.S. uiay vary fieom $10 
t o  $30 per cubic yard, whei-eas i n  Sweden, where l abor  r a t e s  a r e  I.ower and 
equipment and techniques a r e  qu i t e  advailced, t h e  cos t s  might range from 
$3.20 t o  $15 per cubic yard-. For t h e  est imate  on t h e  underground EBGJR, 
Beck used t h e  u n i t  cos t s  shown in Table 11.18. 

I L  

Seck a l s o  presented some u n i t  cos-Ls f o r  rock excavation and assoc ia ted  

11.5.9 F i l t e r  System Costs -.-.I.-.. ~- . .. . .. . .- 

The cos t s  of a i r  and gas cleaning systei~ls as  appl ied i n  nuclear i.n- 
stallatri.ons were disciissed by F i r s t  a i d  Si1ve:man i n  am a r t i c l e  in Nuclear 
Safety.  
ciency of ~ s s  cleaning systems -that w a s  reprodxced i n  t h e  Nuclear Safety 
a r t i c l e  from a previous paper by Silverman29 i s  shown i n  Fig. 11.18, 
Obviously, aiiy such r e l a t i o n s h i p  cajmot, t ake  i n t o  account a l l  s ignif icant ,  
var iab les ,  such as the cos t  of in-place testing, capac i ty  of t h e  system, 
s i z e  and type of par -Licks  t o  be removed, concentrat ion of parLicles i n  
l;he gas stream, and assignment of cosLs between t h e  gas cleaning port ions 
and t h e  conventional heat ing and. v e n t i l a t i n s  or gas handling port ions of 
t he  system. 
and d.o not include the  cos t  of spccial. f i l - t c r s ,  such as charcoal- absorbers,  
caus-tic scrubbers, e t c .  Nevertheless, t h e  nurfher of p r a c t i c a l  devices 
that  can be used f o r  spcci.f ic gas cleaning applicati-ons i s  l imited,  and 
the  correlat i -on presented in F'ig. 1.J.. 18 considers most of t h e  devices 
t h a t  can bc used f o r  gas cleaning of? i-nert  dusts. 

An approxihate r e l a t i o n s h i p  between i n s t a l l e d  cos t  and e f f i - .  

Furthermore t h e  da ia  shown are only for fi l . trati .oi1 of dus t  



Table 11.17. Re1zti-J.e Costs of Five Different Types 3f 40- by 4 0 - f t  Wallsajb 

Type 5,  Prestressed 
Concrete with Steel Type 3,  Reinforced T y s  4, F-restressed 

Concret e ( T i l t u p  ) Concrete with and Prestressed 
Concrete Framing 

with S tee l  Framing Stee l  Framix 

Type 2, Metal 
Type ', Metal  Panel, Reinforced 
'aseI-9 S tee l  DLnite Concrete 

with S tee l  Framing 
Framing 

Wall cost $2,994 $ 6,565 $ 4,480 

Framing cost  1,079 5,716 5,716 

Fomdation cos t  161 222 

$ 5,692 

5,714 

181 

$ 5,692 

6,464 

2 G  

Totals $4 073 $12,462 $ie,i4.8 $11,5 89 $12,420 

2 thrcxgh 5 designed t o  withs-tand E pressure d i f f e r e n t i a l  of 
5 psi; type 1 designed t o  withstand a p x s s m e  d i f fe ren t i s l  of 15 in. H2c1. 

Costs shmld be compared on a r e l z t i v e  'basis 0Li.y. 
a complete building construction contract, not Just t h e  40- by LO-f-t w a l .  

isnit costs are  based oz 

Rom Koontz e t  al., ref. 25, p. V-6. b 



Table 11.18. Assu.med Unit Costs  f o r  
Underground Containment Cons t mc I; iona 

2 

1 

0.5 
E - 
2 - 

"7 
0 
u 

0.2 

01 

0.05 

It em 

Excavation 

Large chambers 15  
Tunriels and smal.1 chambers 25 

C o nc ret e 1. i n ing 

24-i.n. walls and roof 52 
Floors  30 
1.2-in. wal ls  and roof 61 

--_._..I --l_l 

%ased upon 14$ esca la t ion  of Burea.1 
of Mines 1954. costs j.n "Manual on Design 
of Underground Installations 5.n Rock, " 
p. 11-32. 

7, Froctionol E f f i c i ency  

______.__ U .... .[... I . . . J . . ~ . ~ ~ ~ . . I . . . I . . I . . J  
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- ' Deeontaminatlon Factor 
4-71 

Fig. l.l-s18s Cost  vs Decontamination Fac to r  foy Gas Cleaning of I n e r t  
Dusts.  (From F i r s t  and Silverman, ref .  2 8 )  
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This a r t i c l e  a l so  considers t o t a l  annual cos ts  and t h e  breakdown of 
these costs  between capi ta l izat ion,  power, replacemen-t; f i l ters ,  and labor  
f o r  both ultrahigh-efficiency f i l t e r s  and throwaway p r e f i l t e r s .  This i n -  
forma-Lton i s  summarized Ln Table 11.19. A s  indicated, ul t rahigh-eff ic iency 
f i l t e r s  cost  seven t o  e ight  times as  rmch as t h e  p r e f i l t e r s .  For both 
types, f i l t e r  replacement and maintenance costs  represent 60 t o  70% of 
the  t o t a l  anniial- costs,  with the  cost  of replacement f i l t e rs  t h e  major 
cost  f o r  t h e  u l%ra~ igh-e f f i c i ency  f i l t e r  system and labor  costs  mos-t; s ig -  
n i f ican t  f o r  t h e  p r e f i l t e r s .  This r e f l e c t s  t he  much greater  purchase 
cost  f o r  t he  u.ltrahigh-efficiency f i l t e r s ,  wh-ich i s  generally more than 
25 times the  cost  of t he  p r e f i l t e r  un i t s .  The abnormally high percent- 
age capi ta l iza t ion  cost  fo r  the  100,000-cfYu ultrahigh-efriciency f i l t e r s  
i s  due t o  t h e  f ac t  t h a t  t h e  systems of t h i s  s i z e  th& were eval-uated a l l  
o.pra.led a t  well below ra ted  capacity (20 t o  33%). 

11.6 COST ESTIE4ATING 

11.6.1 General 

Previous sections,  i n  presenting cost  inforriiation for various -types 
of conta.inment systems, have poirited out some o f  -the necessary considera- 
t ions  i n  attempting t o  apply these costs  .to drifferent s i tua t ions  o r  e v e n  
t o  compare t h e  costs  of s imi1a . r  designs under seemingly s imilar  condi.ti.ons 
The conclmions t h a t  might be reached i n  any such economic evaluation 
could be qui te  misleading, i f  not e n t i r e l y  erroneou.s, i f  they were not 
based on a thorough understaudixig of t h e  par t icu lar  conditions involved 
am1 on the  many fac tors  other than t'ne containment design t h a t  could have 
8 strong bearing on t h e  economics of t he  s i tua t ion .  This section. de- 
sc:ribes i n  general  te-ms t h e  basic s teps  required i n  preparing a cost  
estimate for any f a c i l i t y  and attempts thereby t o  indicate  t h e  pyobl.eras 
involved i a  attempting -to present containment; cost  information t h a t  could 
be applied t o  a par t i cu la r  s l tua t ion .  Also presented i n  . this section, 
as  iXl i l l u s t r a t i o n  of a cost  eatirnate o f  a par t icu lar  plant, i s  the  de- 
t a i l e d  cost  esti-mate of t h e  H W C T R  containment system. 

11.6.2 General Cost Es - t ima t ing  Procediire 

The degree of accuracy desired i n  a cost  esti.mate, and- hence the  de- 

Estimates may be prepared fo r  many 
gree of d e t a i l  and t h e  amount; of e f f o r t  requj-red., depends on t h e  purpose 
f o r  which the  estimate i s  t o  be used. 
d i f fe ren t  purposes, such as t o  study the  economic f e a s i b i l i t y  o f  a project,  
t o  provide a basis f o r  appropriation o r  a l loca t ion  of fbnds f o r  a pro- 
posed project,  f o r  budgetayy p rposes ,  t o  provide t h e  basis  for an economic 
comparison of a l t e rna te  designs, o r  t o  provide the  basis  f o r  a f i r m  pr ice  
bid. There a re  differences i n  approach between estimates prepared for 
these d i f f e ren t  purposes, and the  nature of the estimate w i l l  be de te r -  
mined by t h e  purpose for which it is  intended. However, the principal. 
s teps  followed. 5.n preparing any estimate a re  generally the  same, d i f f e r ing  



Table 11.19. Total Amma1 Cost and Cost Breakdown for F i l t e r  Systemsa 

Capacity Units i n  

Replacement Labor 
F i l t e r s  

Surfeg Average Minimum Maximum Capitalization Power (cfm) 

100 
1,000 

10,000 
100,000 

4 
22 
10 
3 

935 
359 
17 5 
223 

Ultrahigh -Efficiency F i l t e r s  

175 
152 
152 
177 

2,678 
I, 227 

216 
300 

17.6 
15.5 
11.5 
66.0 

8.2 
u . 7  
19.4 
11.0 

61.0 
60.3 
61.2 
15.0 

10.3 
9.5 
8.6 
8.0 

Throwzway Pre f i l t e r s  
44.50 21.30 99.30 11.4 18.0 24.7 45.9 

17.05 36.15 10.9 29.7 24.7 34.7 
1,030 17 

10 , 000 10 25.00 

8 Frorn F i r s t  and Silvemao, r e f .  28. 

P 
i-' 



p r h a r i l y  i n  -the degree of d e t a i l  and I-evel of e f f o r t  requjzed f o r  each 
s tep.  These pr incipal  steps,  as  they would apply t o  8 complete f a c i l i t y ,  
such as a power plant,  or t o  a portioii of a f a c i l i t y  a re  discussed bel-ow. 

Obtain a c l ea r  in te rpre ta t ion  of t h e  f a c i l i t y  for which the e s -  
t imate is t o  be prepared. Suff ic ient  technical  infor-rmtion must be avai l -  
able t o  thorough1.y describe -the f a c i l i t y .  
draw-ings an6 spec i f ica t  ions and. ot'ner information t h a t  w i l l  enable the  
estirilakor t o  v isua l ize  the  e n t i r e  project from i ts  conception t o  -its com- 
pletion. When the  i t e m  of par t icu lar  i n t e re s t  i s  only a par t  of a l a rge r  
i n s t a l l a t ion ,  as i n  t he  case of containment vessels,  arid t h e  estimate i s  
f o r  t he  purpose of detemining the most economical of several  a l t e rna te  
designs, it i s  s- t i l l  necessary t o  consider the e n t i r e  i n s t a l l a t i o n  f o r  
each design, s ince charges i n  olie par% of t h e  plant may s ign i f i can t ly  a.f- 
fect, t h e  cost  of other  parts 0% t he  plant.  For even the  nost preliminary 
estimate, a conceptual. drawing indicat ing the types \and- quant i t ies  of ma- 
terials aiid the met'nods of construction is required. Detailed estimates 
may require  a ra ther  de ta i led  preliminary design of t he  entiire i n s t a l l a . -  
t i on .  

It is particu.l.arly important 
f o r  detailed, es-tirna.tes t h a t  there  be a c lear  understxmdtng of the  iLems 
and- scope of t he  services  t o  be included 3.n the estimate. The scope o f  
r e spons ib i l i t i e s  w i l l  vary from one project  t o  another and .the extent  .to 
which 'chese items a re  included ~~5.111 signif i .cant ly  a f f ec t  t h e  cost* K e -  
spone ib i l i t i e s  t h a t  .!nay or may not be included i n  the  fi:na.l esti.mate, b u t  
which s t i l l  r m s t  be considered, include the  following: gmrantees, i n -  
t e r e s t  dux-ing construction, insurance premiums, taxes, fees, COS% of land, 
cost  of t r a in ing  operators, services  t o  be provided f o r  -the c l i e n t  (such 
as assisting with t h e  preparation of appI.icai;iona for l i censes  o r  permits ), 
costs  of consv..l_-La.rits ( i f  required), cost  of' u t i l i t i e s  (such as  water, 
electr3.c power, and waste disposal) ,  and access roads or ra i l roads .  Many 
other itenis f a l l  i.n -this same category. 

3 ,  Col-lect and analyze reference materials.  A3.Z avai lable  mater ia l  
concerning t h e  temns and cond.F-tions of t h e  project and any other informa- 
.Lion a f fec t ing  -Lhe manner i n  which the  project w i l l  be car r ied  out shou.ld 
be caref7ill.y examined. 
with comparable types of projects  and any previous experience With the  same 
cl.ierit sh.ould- be reviewed. 

4 .  kvel-op basic  pol ic ies  arid evaluation fac tors  f o r  .the estima-Le. 
Tne basis of t he  estima-Le and the  fac tors  .to 'oe incl-u.d.ed should be care- 
f u l l y  spel led out  i n  order t o  c l a r t f y  the  estimate and t o  avoid misunder- 
standings i n  t h e  use of t h e  cost  f igures  obtained.. !Phis i s  done f o r  -the 
purpose of defining the  estimate i n  t h e  areas not covered i n  t h e  spec i f i -  
cations and. other documents or  i n  areas where the  avai lable  information i s  
not completely clear .  The inclusions, exclusions, options, and assump- 
t ions  on which t h e  estimate is  based must be specif ied.  This s t e p  is, 
i n  e f fec t ,  a consolidatLon of all t he  information developed i n  steps 1, 
2, and 3. 

be made of the general market conditions f o r  the kinds of equipment and 
materia1.s required for t he  fac:il.ity t o  determine t h e  current availabil . i ty 
and lead- time from order t o  del ivery of t he  major items. 

1. 

This may incl-ude preliininawy 

2. Define the  scope of the estimate. 

Available h i s t o r i c a l  information on experiences 

5 .  Determine eqLiipment and. mater ia l  availa'oility. A survey should 
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6. Analyze l abor  market. All condi t ions a f f e c t i n g  t‘ne cos t  of 
l abo r  a t  t h e  p ro jec t  I.oca-tion should be i-nvestigated.. 
required i.nclud.es l abor  a v a i l a b i l i t y  xcrd wages, l abo r  product ivi ty ,  Socal. 
l abor  prac t ices ,  and o ther  l abor  rei-ated expenses, such as  t r ave l ,  sub- 
s i s tence ,  and paid c o s t s  of f r i n g e  b e n e f i t s .  Product iv i ty  f a c t o r s  may be 
es tab l i shed  i n  order  t o  r e l a t e  l abor  cos t s  a t  t h e  pro jec t  locatI.on with 
labor  cos t s  i.n other areas  where more s p e c i f i c  experience is  ava i lab le .  

a b i l i t y  and. cos t s  of l abor  and mater ia l s  a s  affec-Led by Local.. condi t ions,  
many other  l o c a l  f a c t o r s  must be evaluated t o  determine t h e i r  e f f e c t  on 
the  o v e r a l l  cos t  of the p r o j e c t .  Climatic conditi-ons must be s tudied 
along with the projec-b schedule i n  order  to determine what provisions,  i f  
any, a r e  necessary fol- winter  protect ion,  snow removal, a i r -condi t ioning,  
e t c . ,  f o r  both t h e  i n s t a l l a t i o n  to be constructed and f o r  t h e  temporary 
cons t ruc t ion  f ’ a c i l i t i e s .  The avai.l.ability of u t i ] - i t i e s  such as  water and 
e l e c t r i c  power required Tor cons tmct ion ,  t h e  avai l .abi l i ty  and condi t ion 
of access roads and rai-lroads, and t h e  a v i l a b i l l t y  of space f o r  temporary 
constructi .on f a c i l i t i e s  should al l .  be determined. Local- buiI.ding codes 
and other l o c a l  requi-rements such a s  s a l e s  taxes, use tax, and o ther  taxes  
should be reviewed t o  determine t h e i r  e f f e c t  on t h e  cons t ruc t ion  cos-i;. 

8. Determine quan t i t i e s  of materi-a1 and equi.prnent. “he yuantiLi.es 
of a l l  types  of  mater ia l s  and equipmen’c t-equired Torr t h e  pro jec t  should 
be de-bermined by a careful examination of Lhe drawings and specj-f icat ions 
and o ther  t echn ica l  information r e l h t e d  t o  -the pro jec t .  The items should 
be groiiped i n  u n i t s  t o  f a c i l i t a t e  pr ic ing .  Emphasis should be placed on 
the  items t h a t  wi1.L r e s u l t  i n  l a r g e  blocks of cos t  because of t h e  l a r g e  
quan t i t i e s  involved or the  high cos t  of c e r t a i n  items. 

mcnt, labor ,  se rv ices ,  and a l l  o ther  i-terns arlfecting the total .  cos t  or t h e  
pro jec t .  Items t o  be pr iced may include t echn ica l  servi-ces, procurement 
se rv ices ,  preliminary operations,  t e s t ing ,  and plank s t a r t u p .  Pr ic ing  of 
a l l  items should t ake  i n t o  consid-eration t h e  pro jec t  schedule and t h e  an- 
t i c i p a t e d  worklag conditli.ons. Pr ic ing  of mater ia l s  and eqiiipme-nt should 
be based on a thorough evaluat ion of cui-rent market condi t ions.  1% may 
requi re  consul ta t ion  with manufacturers and t echn ica l  experts ,  and it should 
include evaluat ion of b ids  from suppl.iers. F’ricfng of o ther  s e rv i ces  t o  
be provi-ded should. be based- almost en’iii-ely on an ana lys i s  of past  ex- 
periences r e l a t e d  t o  t h e  condi t ions of t he  pro jec t .  

arnalyzecl. t o  determine the  v a l i d i t y  of t h e  information used i n  order -to 
e s t a b l i s h  t h e  degree of confidence placed on t h e  estimated cos t  of t h e  
item. The ana lys i s  should include a determination of t h e  fl.rmness of 
t h e  design, as  w e l l  as t h e  b a s i s  of pr ic ing .  ‘Ibis ana1ysi.s wi7.7. de-ter-  
mine t h e  p o t e n t i a l  saving o r  increases  In cos t .  By applying proper judg- 
ment, t h e  r i s k s  j-nvolved and, i n  tu rn ,  t h e  contingency required should be 
es tab l i shed .  It i s  i n  thris a rea  of judgment t h a t  -the pas t  experience and. 
capabili’ iy of tAe estima’ioi- and. a t‘norough understanding of all. f a c t o r s  
Involved In t h e  pro jec t  a r e  e s s e n t i a l .  There a r e  no r u l e s  o r  s e t  pa t t e rns  
t o  provide guidance, and it i s  f requent ly  t h e  soundness of t h i s  jud-gment 
t‘flat wi1.1.. make t h e  d i f fe rence  between a good and a poor es t imate .  

‘lTne iiiformation 

7. Evalu-ate s i t e  condi-tions. I n  addi t ion  -to t h e  genera l  a v a i l -  

9.  Pr ic ing.  Pr ices  should be assigned t o  the  mater ia l s  and eyuip-  

10. Determine contingencies.  Each i t e r n  i n  t’ne estirna-he should be 
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11. Revlew f i n a l  estimate. The f i n a l  estimate should be reviewed 
t o  determine t h a t  it conforms with the  technical  data  and project descrip- 
t i on  and i s  consistent w i t h  t,he pol ic ies  established f o r  making the es t i -  
mate. 

1.l. 6.3 Detailed Cost Estimate of the HWCTR Containment Structure 

To i l l u s t r a t e  t h e  mamen- i n  which a detailed. cost  estimate may be 
prepared, an estimate of the cost  of t he  containment vessel  fo r  t he  :IrrJCTR 
i s  presented i n  Table 11.20. These costs  correspond with t h e  f igures  pre- 
sented fo r  the HWCTR i n  Table 1.1..10, but -they a re  presented i n  considerably 
inore detaj.1. The extent  and form of t he  cost  informa-Lion presented i n  
Table 11.20 are  representative of a cost sunimary t h a t  might, be developed 
fo r  budgetary purposes. 
t h e  containment vessels  used. f o r  most power reactors  (see Chap. 7 )  and 
t h e  costs  used. cannot be consid.ered representat ive of other locati .ons,  
but t he  type of information provided is typi.cal. 

of the composite concrete and steel. eontai.:nment vessel .  The vessel  i.s a 
prestressed concrete cylinder, 70 ft i n  dimeter., topped by a hemi.spheri- 
cal. s t e e l  dome. Yhe s t e e l  dome contains the  a i r  locks and. other pertetra- 
t tons .  The struc-Lure rests on a reiiiforced. concrete mat 5'7 f t  below grnde. 
The plant i s  located a t  the Savannah River Plant of t h e  AEC a t  flikeii, 
South Carolina. 

as this vary widely between organizations. %ne fol.l.owi:og tabulat ion repre- 
sents  one way i n  which cost  accou.nts were maintained and presented, 'out 
other. accounting systems m y  be more sui-tea to t he  operatl.ons of o-ther 
organizations. The accounting system presented i n  t h e  REC cost evaliiatri.on 
guPcieJ1 represented by Account 219 i n  t he  Appendkc, i s  a w e a l  standard 
system t o  permit comparisons of costs  on s imilar  projects,  but contractors 
have not of ten used- t h e  system i f  it d i f f e r s  from t h e i r  normal practice.  
Iieasslgning costs  t o  a system d.i.fferent from tha t  fox which they were ob- 
ta ined i s  qui te  a rb i t ra ry ,  88 indicated i n  Section 11.4. 

The I-IWCTR containment vessel. i s  not typ ica l  of 

This estTmate covers Lhe excavation, substructure, and supers-Lructu.re 

The meth0d.s used. t o  estirnate instal . led costs  of large s t ruc tures  such 

I n  t h i s  chapter a nii.rfllx?r of t h e  pr incipal  cost  items o f  reactor  con- 
tairiment a re  ide:n-tified and discussed. Pu'oltshed cost  information on 
c 0ii.s t ruc  t ed c ont a fnmcrit sys t em i.s pres ea t  ed, and var iozl s economic s tudies  
of containment a re  reviewed. In attempting t o  de-selop general and useful. 
containment cost  data from info.rmation such as t h i s ,  several  prob1.em.s 
a r i s e .  F i r s t ,  it i s  dif'ficu.1.t t o  separate cost  components t h a t  are  prin- 
c ipa l ly  a.ssociated with containment from those t h a t  are  a l so  associated 
with the  coiwentional plant systems and. encl.osu.res. Second, even if the  
co:o-tainment cost  components can he properly designated, the  data, whether 
from ac tua l  construction cost  experience of from carefu l  estimates, w i l l  
be s t r i c t l y  applicable only t;o a spec i f ic  design concept, a t  a specific 



Table 11.20, HWCTF: Cofitainnent Vessel Constriction Cost Estimatea 

--- ....... -- ............. __-___l-.-.-..... .. _ 
cos t  ( $ )  

....... 
I ....... it em w a n t  i t y  

Labor kitdzl'ial Total. 
___I___. ........ - _I_ .......... ___ ..--.I___ . 

$kcavat ion and backfi l l -  

Kxcavat Ton, including allowance for 70,000 yK3 13,200 2,663 15,663 

Backfi l l  

for purxping:, slope protect ion 

Compacted 
Standard 

Borrow 

Concrete 

Work SI ab 
Foundation mat 
Exter ior  w a l l s  
In'i~erior walls 
Floor slabs (except 0) 
Shielding concrete 
Barytes concrete 
Pneumatic mort a T 
0 floor slab (j.mc1.uding 6-in. topping)  

Foi-lls 

Foundat ion ilia I, 
Exter ior  walls 
Tn%erior wal1.s 
Shie l-ding 
Floor slabs ( including 0: 

Reinforcing steel 

Foundation inat 
Exter ior  wd1l.s 
In- ter ior  walls 
Floor s labs  (except 0) 
Working sl.ab, mesh 
0 f l o o r  slab 

Stmctu-ea1 s t e e l  

S t e e l  containment shell, i x l u d i n g  

S t e e l  ? l a t e  reservoi r  
Personnel aii- lock 
Energency a i r  lock 
Access door 
Cut and cl.ose temporary opening 
PI-ime pa.int. i:nterior surface 
Frinie paint  i n t e r i o r  surface of  

P r e s t r e s s i x  of anchor bol.t,s 
Radiograph inspect ion 
Anchor b o l t  temp1 a t e  
Welding s e c l  r ing  

1-eservoir 

38,000 yd3 
37,000 yd3 

5,003 yd3 

2'30 yd3 

610 yd3 
8/;5 yd3 

805 yd3 
216 yd3 
356 yd3 
150 yd3 
1~00 yd3 
925 yd3 

7.,253 f t 2  
19,390 f t 2  

1~6,530 f t 2  
5,700 f t 2  
8,850 f t 2  

Allowance for addjtional hanger supports 

I Crane runway and support 
S ta in less  s t e e l  f l o o r  frarnjng 
Sta in less  s t e e l  s ta i r  framing 
Stai-nless steel p l a t f n m  framing 

126,500 11; 
251:000 l b  
110,950 lb 
20,200 l b  
6,750 lb 
90,600 l b  

75 tons 

19,000 
a, 003 

1,000 

2,100 
9,100 
13,000 
4,700 
I, 60;) 

1,500 
6,003 

fi , 600 

6,630 

1,400 
62, /100 
25, 500 

2) ,300 
s, 800 

3,200 
2; 600 
11. 300 
2,250 
1, 000 
3,000 

3,200 

19,030 

l., 900 
3,400 
7,200 
2.000 

1 Q, 400 

13,530 

13, 300 

503 

6,633 
7, 300 

9,000 

7,690 

10,500 
20,000 
9,200 
I., '100 
1,100 
7,500 

13,300 
8,000 

1, 000 

5,303 
22,630 

16, '300 
3,500 
8,000 
8,700 
a, 00'3 
l'i,10'3 

32,030 

1 , 
SO, /to3 
32,130 
11: 130 
31,930 

13,700 
29,600 
20,500 
3,950 
2,1.00 
10,500 

120,003 200,000 320,050 

2,009 2,009 

27,500 27,500 
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Table U. 20 (continued) 

- 
Cost ( $ )  

It em Quantity 
Lsbor 14aterial Tot.al. 

Mditional. steel f o r  hmgers 
Fie ld  e rec t ion  ol s - t r ! x t u r a l  s t e e l  
Sttair t r e a d s  
Steel floor gra t ing  
Steel ladders  
Zmdrails 
Miace~l.anems steel and anchor b o l t s  

Doors 

4- x 7-ft sh ie ld ing  doors 
Goor operators  and t r o l l e y s  
Semirevolving doors 
Special- slr.K;le s w l n g  doors 
Q deck s t a i r  enclosure 
CGu.nt,erwei.ghted door sh.eaves 

Pa i n t  ing 

External surface of conta?mnert shell 
S t r u c t u r a l  steel 
S t e e l  doors aid frames 
Miscellaneous s t e e l  
I n t e r i o r  sur face  03 c o n t a k n e n t  she?.] 
Surface of 15,000-gal mter tank  
I n t e r i o r  concre-Le su-rfaces 

Light ing 

Incandes cen t  iinits 
&mer I.ights 
Special  fk tures  xnd receptac les  
Emergency u n i t s  
Nornial l ig? l t ing  :>anel, transformer, and 
feeder 

Emergency l i g h t i n g  panel 2nd -feeder 
Grounding 

Pliiinbing 

Floor dra ins  and associated l i n e s  

At 0 elewi%ion, s i x  4-in. f 1 0 ~  dra ins  
A t  37 ft 6 i n .  e levat ion,  t h r e e  4-in. 

A t  52 fl; 6 In. elevat ion,  e i g h t  .'*-in. 
f l o o r  dra ins  

f l o o r  d r i i n s  

Safety showess 
Hose bibs 
Iiood sampling trough 
1nsuJ.ated xatcr l i n e s  

Mis cella.neous 

Pres t ress ing  s t rands  and fi.tti .ngs 
Inst al l -a t  i o n  labor  
hkterna l .  s tee l  p i l a s t e r s  
High-strength bolts 
Cabl.e-stressing equ-tpnpment, including 

130-ton pneumatic center-ho1.e jacks 
Jacking chairs 
Calibrated gage 5 

Hose and quick couplers 
PIwmatic  p i m p  and accessories  

Scaffold f o r  pres t ress ing  and pneu.- 
nat IC mortar 

'75 tons 
75 each 

50 1.in fi; 
475 l i n  ft 

5,300 1't2 

5 each 
5 each 
2 each 
3 each 

4 each 

16,000 f t 2  

16,000 f t 2  
2,000 f t 2  

50,000 f t 2  

1.16 each 
2 each 
1. each 
14 each 

I. each 

1 each 

28 tons 
335 each 

9 each 
8 each 
8 each 

500 
7,500 
1,000 
2, 300 
1,000 
1,500 
2,000 

2,000 
I, i)00 
300 
300 

1,500 
1300 

I., 000 
2, 000 
100 

1,000 
2,400 
800 

5,000 

d ,  970 
80 
600 
'700 

2,400 

I, 600 
1,200 

3,400 

1-, 200 
100 
50 
350 

5,000 
6,250 

1,000 

5,000 

2,000 
500 

1,000 
9,000 
I, OTJO 
600 

I., 000 

ti, 509 
4 j  960 

2,300 
2,000 

500 
300 

600 
1,000 

50 
500 

1, 200 
400 

3,000 

2,750 
40 

EO0 
I, 540 
2,000 

900 
600 

1,600 

900 
200 
200 
150 

30,000 

5, 800 
1,835 

L, 600 

2,500 
2,000 
2,000 

2,000 
2,100 

11 ,300 

5,000 

10,500 
5,960 
600 
GOO 

3 ,  eo0 
2,800 

1,600 
3, GOO 
150 

I, 500 
3,600 
1,200 
8,000 

7,720 
120 

I, 400 
2, 2 m  
4,400 

2,509 
1, so0 

5,000 

2,100 
300 
250 
500 

30,000 
5,000 
12,030 
I, 835 

5, $00 

5,000 
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Table 1 J..20 (cont inued)  

g__. ........ .I .- 
cost  ($j 

I____. ........ T t  em &ant i t y  
Labor bla+,erial Total  

Concrete fl-oor f i n i s h  10,030 f t 2  
Precast concrete floor plugs 1.0 each 
Precast slab and beam 
80-lb rail. for c0ffj.n carr iage,  i n -  

S t e e l  containment s h e l l  insu la t ion  
Placing anchor bol t s ,  seal r i n g ,  water 
stop, e t c . ,  f o r  containment she1.J. 

Trus c on i n s e r t s  
Waterproof e x t e r i o r  of coocrete wal l  
Allowance for v a z u m  test and mockup of 

core wall 
Tmee coet "Liquid Ti1.e" appl ica t ion  on 

i n t e r i o r  surface of concrete shj-eld 
Allowan.ce f o r  pressure and leakego r a t e  t e s ;  

cJ.iJdiIIg shi-onning and alignment 
16,,000 f t 2  

12,009 l i n  f t  
1.1>000 f t 2  

1, L O O  
15,300 

2,300 

12,000 
10,1.00 

2,160 

600 
660 

5,000 

5,000 

15,000 

500 
5,000 
1 , 010 
1,500 

2L, 900 

1, 800 

3,000 

3,000 

5,000 

/., 300 

i-40 

1,909 
20,000 

3,500 
3,170 

36,300 
14, 400 

2,400 
1 I 1-00 
8,009 

8,000 

20,000 

Subtotal  

Manpower and mater ia ls  d i s t r i b u t i o n  expense, 

Allowance for design modifications 

processing, and s e c u r i t y  requirements 

501,170 

5,830 

23,000 

525,1€!5 

2,815 

1,026,355 

5, e30 

22,815 

Subtotal  

Premium t irne 

Al.!.owance for advancirq: wages and mater ia l  
p r ices  

Maiatenancc of construct ion f a c i l - i t i e s ,  
s a f e t y  meetings, repor t ing  t i m o ,  e t c .  

Subcontractors ' fees  

527,000 

4,000 

'I, 000 

47,300 

Nel;  t o t a l  585,000 
________ .I_ ____ 

loca t ion  and under spec i f ic  market conditi-ons. ThLrd, 

528,000 

2,000 

23,000 

7,300 
I_- 

560,000 

1,055,000 

4 ,  go0 

9,000 

70, 000 

7,000 
...... 
I, 145,000 

if costs  for com- 
p le te  containment s y s t e m  t h a t  have been constructed are presented, the 
e f f e c t s  of escalation, experience gained through t h e  construction and t e s t  
phases, and ahancements -in technology are  d i f f  icu1.t t o  evaluate. Finally, 
costs  f o r  compleLe systems may include hidden items f o r  design features  
t h a t  a re  considered nei ther  necessary nor destrable  fol- another i n s t a l l a -  
t ion .  Considerrring these problems, the  conclusions from the  vari0u.s eco- 
nomic s tudies  discussed i n  t'nis chapter must be viewed c a r e i f l l y  i n  t o t a l  
w i t h  t h e  ground ru les  and t h e  assump-Lions t h a t  were necessary f o r  t h e  
study. 

a r e l a t i v e l y  well-developed containment design and t o  take i n t o  considera- 
t i o n  the  actual. quant i t ies  of materials and equipment involved a t  a r e a l  
s i t e  with current pr ices .  I n  cases where t h i s  i s  not possible, methods 
t h a t  approach t h i s  t o  the  maximum possible degree should be used. Total  
system es-timates made by others for di f fe ren t  conditions or f o r  another 
s i t e  should on1.y be used as a check t o  uncover possible e r rors  or omis- 
s i-ons. 

The preferred method for cost  estimation i s  t o  base a l l  estimates 011 
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Many of the cost  s tudies  and t o t a l  containment cost  estimates now 
avai lable  may be of l i m i t e d  value for Sliture applications because of t h e  
very rapid progress being made i n  the  appl icat ion of nuclear power plants 
t o  la rge  cent ra l  s ta t ions .  It is  now qui te  obvious t h a t  t h e  t rend  toward 
very la rge  nuclear un i t s  E500 t o  1000 lIIGJ(e)] w i l l  continue with an ac-  
companying improvement i n  eccjnomics due both t o  the  l a rge r  s i zes  and t o  
improvement rin design. On the  o-ther haad, s i t i n g  problem w i l l  become 
more severe and the  cost  of containment and other safeguard features  may 
Increase subs tan t ia l ly .  
required i n  fu ture  plants cannot be predicted, and although both t h e  
- to ta l  cost  of containment and the re lat ionships  between costs of various 
containment components may change substant ia l ly ,  t h e  containment cost  
experience re f lec ted  i n  t h i s  chapter w i l l  form t he  bas i s  for se lec t ing  
fu ture  containment system designs and f o r  estimating the  costs  of these 
systems. 

Although the containment features  t h a t  w i l l  be 
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12. RESEARCH 

J. H. Buchanm 

The i'und.a.mnenta1 pvxpose of reactor containment i s  t o  protect  the 
public frcm nuclear hzzards, even in. the  unl ikely event of a reactor  
accident.  In orde:~ t o  do t h i s ,  it i s  necessary t o  understand the char- 
a c t e r i s t i c s  of  the -w.ri.ous creclible accidents for which some containmen-t 
i s  necessary and t o  define the f i ~ s i o n - p r o d u c t - r e t s i n i n ~  capabilities o f  
the  x w i c u s  contai.nment b a r r i e r s  ava i lab le  i n  d i f f e r e n t  types o f  sys Lems. 
As exairpl-es of the  wlde-range of inforrr3,tion needed t o  permit aderp.iate 
eontaim.e:nt dzsigns,  the following can be memtioned : st r iscturs l  loads 
due t o  coolant de c onpre s s ion and c on:; e que n t  re spons e of c O ~ q l  i ca t e (J. s t ruc - 
tu res  ; transient; and I-ong term heat t r m s f e r ;  f;bermcdynarnic a,nd hydro- 
d .yzamic  niechanisrns i n f l u e n c  j.ng magnitudes and dura,ti.on o f  loadings ; ef- 
fect:; of high tempersturre high p r e s s ~ ~ r c ,  random atid cornplex :mech;inical 
loads, and i.rradisi;ion on prT-mry systern i.ntegrity; c h a r a c t e r i s t i c s  of  
'oritt,l.e and duct.i.1.e frse-Lure and theories  of f rac ture  mechnnlcs; field. 
erect ion and construction pract ices;  energy re lease  i n  nietal-w:+ter r e m -  
t i cns ;  che-rniea,l. aud pliysir.al form of activi . ty re leased and i.i;s transport; 
iiiechani sms; t h e  leak r a t e  phenomena of large si;ruct,ures ; and. -the u e l i -  
a , l i i l i ty ,  ePf iciemcy, and node of operation of eng-ineering safegxwds, 
such as f i l t e r s  or  sprays,  

Much of the  research devoted- -to gathering data  on sij.ch top lcs  i s  
car r ied  ou t  under t,he auspices of -the AEC through t h e i r  Assi.sta,nt Direc- 
tor f u r  BTuclear Safety i n  the Division of Ren.etc:x Devel0pmen.t. The pro- 
gram covers topics such as t h e  s t r i x t u . r a 1  response of she l l s  arid t h e  
i n t e g r i t y  or" primary vessels a.nd piping, sources of loading (meehanicxl-. 
a n d  thernlal) on contuj.ment sys.-Lems, such as the loss-of-coolanb process 
i t s e l f ,  the  rel-ease of fission products, the  natural tronspox-t propert ies  
and couiitermeasures t h a t  can be taken t o  reduce t razsport ,  pressure- 
suppressing c h a r a c t e r i s t i c s  of pools and sprays, and a&u'anced eontain- 
meat sys-hems. hal:ysi.s and sm~l l -  and large-scale  test,j.ng are s.11 em- 
ployed. In addi t ion t o  Yne research administered by the  A.EC's Nuclear 
Safety group, there  are independent s tud ies  m d e r  way as a port, of spe- 
c t f i c  reactor  programs. 

-In the fol lovtng sections, brief descr ipt ions of the  TOEL j o r  contsin- 
ment research projects  a r e  given along w i t ' ?  a w r i e s  ol:' references t h a t  
describe the  vork. 
those recent ly  comple'wd are cited.. No  a"iter1ip.L h?~s been made Lo incl.u.de 
invest igat ions under yay in other countrZes. 

Both research programs present ly  under 'day ( 196Lv) and 
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13.2  STUUlh’S Or’ ‘PKE XESPONSE OF VESSELS, PIPIbG, 
ANE OIpl’h’li CONTAINMENT STKIJCTTJRES TO ACCIDENTS 

Studies  reviewed in ’chis seetiLon a.re  concerned wi th  the  response 
o f  the primai-y system and of t h e  ou tz r  contaimflent vessel t o  t be  loads 
that cou.1.d be imposed on Lhem i n  crerli-ble r e a c t o r  acc iden t s .  The work 
has been devoted, i.n genera l ,  t o  de f in ing  (1) the mechziiics of poss ib l e  
primary system fai lure ,  ( 2 )  the a b i - l i t y  of containment systems t o  r e s i s - t  
t r a n s i e n t  and long-term load,s wi-ihout s i y n i f i c a n t  loss of  i n t e g r i t y ,  
(3) t h e  ul-timate res i . s tance  of containment sys-terns ’LO r ap id  pressu-re 
Ihadfng o r  missi le  formation, and ( 4 )  means of improving currcni; con- 
tainment deotgn. Programs wi th  these  purposes a r e  descr ibed i n  Table 1 2 . 1  
and reviekred below. 

1 2 . 2 . 1  Aberdeen Proving Ground 

The research  program a t  Aberdeen was recent1.y completed. I n  t h i s  
work, an a t tempt  vas rwdz -bo def ine  the upper l i m i t  response of‘ simple 
contaimiient shel1.s t o  k r g e  t r a n s i e n t  l oads  and t h e  v i b r a t i o n a l  modes 
of t h i n  s h e l l s  under t ransi-ent  in.ternal. p re s su re  i n  the e1ast;j.c and p l a s -  
t i c :  ranges.  Mathematical formulal;:i.ons f o r  spheres,  shallow s p h e r i c a l  
segmen-ts, and capped cy1-i-nders were developed and v e r i f i e d  by t e s t s  7.n 
Lhc e l a s t i c  range. Empirical  ‘icsts were conducted t o  determine t h e  upper 
l i m i t  in’iernal. p ressure  and d i l a t i o n s  for c e r t a i  1.1 cylri.ndrica1 and spher i -  
cal shells i n  s i z e s  up t o  diameters  of 20 f t .  The s c a l i n g  of e l a s t i c  
v ib ra t ions  and of  some gross p l a s t i c  deformations was examined by model 
tes ts  o f  s h e l l s  2nd cantj.1-ever beams. 
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Table 12.1.  Studies of the  Response of Vessels, Piping, am3 Outer 
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Vibration and d i l a t i o n  of 
she l l s  mder t r ans i en t  
i n t e r n a l  pyessiwes 

she l l s ,  e f f e c t s  of peae- 
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12.2.2 I l l i n o i s  I n s t i t u t e  o f  Technology Research I n s t i t u t e  

'1The I n s t i t u t e  i s  developing methods f o r  predicting -the semista-t;ic 
nnd eyarnic dilat-ions of t h i n  s h e l l s  i n  the p l a s t i c  range imder- in te rna l  
pressure. Tests with model cylinders a re  beirig used t o  ver-ify the semf- 
s t a t i c  predictions.  Tke weakentng e f f ec t s  of penetration on s h e l l  re -  
sponse and the  reinforcement required t o  res-tore shell. s t rength a re  a l . ~ ~  
under study. 

'The Inst i t i r te  i s  a l s o  engaged i n  the analysis  o f  bl.as-t shlelds  for 
modifying the pressure loads  experienced by vessels or' shells. The 
properties of ci-ushab3.e shield mizterials a re  being determined by sm11- 
scale  t e s t s  under shock loading. 
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17. E.  V. Gallagher,  Studies  of Reactor Containmen-t, Bimonthly 

12 .2 .3  Atomics Internat i -onal  

A progyarn was cornLleted a t  Aiomics i n t e r n a t i o n a l  f o r  de f i ? ing  %he 
leakasr of air t h a t  can be expected through components o f  conventional 
bu i ld ings  used t o  house r e a c t o r s .  ‘detal and concrete  p a w i s ,  var ious 
typcs o f  cons t ruc t ion  j o i n t s  a n d  concre te  mixes, t y p i c a l  pene t r a t ions ,  
and var ious p a i n t s ,  resins, and sea l an t s  bJere t e s i e d .  S m a l l  and h ighly  
s impl i f ied  model bu i ld ings  were used t o  attempi t o  v e r i f y  the  v a l i d i t y  o f  
summinp, t h e  leakage of  i nd iv idua l  cornGonents t o  p r e d i c t  t h e  leakege cf  a 
l a r g e  bui ld ing .  L e d s a p  c o e f f i c i e n t s  were determined, inves Li gaied f o r  
reproducibi l  i t y ,  and t abu la t ed  f o r  var ious bii i ldi  ng covnponeilts. 
nanual f o r  conveniional bu i ld ings  of t h i s  type was wri’,ten ( see  repor t  
NAA-SK-I 0100 ) . 

A design 
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Avlia-Lion, Sept. 15, 1960. 



1.2 .? 

3. L. Bumlash e t  al., Leak.2ge Charac t e r i s t i c s  of  Openings f o r  
Reactor Housing Components, USmC Report NAA-SR-Merno- 5137, North h e r i c a n  
Aviation, June 20, 1960. 
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12.2.4 a t t e l l e  Memorial I n s t i t u t e  

A reasonable s e t  of r u l e s  covering reinforcement of openings i n  
pressure  vessels is  needed f o r  inccxpomtion  i n t o  the ASME I ’ r e s s ~ r e  Ves- 
sel. Code and the  ASA Piping Code. 
of t h e  a v a i l a b l e  t h e o r e t i c a l  and eqJeri-mental re inforeemmt da ta  i s  being 
made a t  BMI with t h i s  need i n  niind. The study will r e s u l t  i n  formulas 
a.nd curves that w i l l  permit %he quanti . tat ive eva lua t ion  of stresses i n  
commonly used nozzle  and p ip ing  arrangements. This informm-Lion i s  neces- 
sary fo r  fatigue or  o the r  d e t a i l e d  stress a n a l y s i s .  
of input  i s  the data developed by t h e  Pressure Vessel Resea-rch Com-i.ttee 
of t h e  Welding Research Coimcil of The Ebgineering Foundation over t h e  
p a s t  e igh t  yea r s .  References: None as  y e t .  

A d e t a i l e d  a n a l y s i s  a.r?d conparison 

The primary source 

12.2 5 General -. E l e c t r t c  Company 

L i t e r a t u r e  surveys have been coniplet,ed. at. the G.ene3.d El.ec i;rfLc 
Conipany, San Jose, on pipe-rupture  h i s t o r i e s ,  bo th  f o r e i g i  and cloinestic. 
The surveys 5nclud.e dkveloprnent o f  information or1 f r a c t u r e  mod.es and 
mechani.cs. I n d i x t r i a l  pipe d e s i g n u s  and stress andys t s  a m  being sur- 
veyed concerning iniportant me ‘i1iod.s and problem now e x i s t i n g  i n  piping 
des ign ,  The r e p o r t s  l i s t e d .  be1.o~ sumiiarized ~ d i a t  i.s inow known or can be 
predicted about pipe fai.lu.res . One r e p o r t  recomiiends an  exper.i.mental 
program f o r  f u t u r e  work. 
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J-xiuary J.964. 

4 -  General E1ectri.c Company, Survey of Pj-ping Fa i lu re s  for. -i;’ne Reac- 
t o r  Priiiiary Coolant Pipe Riipture Study, USAEC Report GEW-4574, May 1964. 

5 .  Genera.1 El.ec Lric Cornpmy, Experimental aid Analytical. Program 
Recommendations Reactor. Pipe Rupture Study, TJSAEC Report GEAP-4474, 
January 1965. 
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12.2 .6  Naval Ordnance Laboratoi-y 

A program f o r  de f in ing  t h e  maxi.murn r e s i s t a n c e  of model thick-walled 
v e s s e l s  t o  i n t e r n a l  ti-ansien'i p re s su res  produced by explosive charges 
has been completed a t  t h e  N a v a l  Ordnance lkbora tory .  The program in -  
cI.uded s t u d i e s  of (1) t h e  e f f e c t  of  d u c t i l i t y ,  hardness,  u l t ima te  s-ireng'ih, 
and s t r a i n  r a t e  on the a b i l - l t y  of r e a c t o r  vessels t o  withstand a simula-ted 
nuc lea r  excursion, ( 2 )  t h e  e f f e c t  of the rate of energy r e l e a s e  by propel-  
l a n t  and explosive energy~ sources,  (3) t h e  effecL of geometry, w a l l  t h i ck -  
ness,  and scali-ng fac'ior, and ( 4 )  the par t i " i i on  of energy r e l eased  by t h e  
charge i n t o  mechanical and thermal  e f  f e e  ts. 
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62-/+5, Naval Ordn-an-ce Laboratory, August 1962. 

5 .  W. R. Wise, Jr., and J. E'. ProcLor, Explosion Containment Laws 
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3. J-. F. Proc tor ,  Energy Par- t i t i r in  of  bkter-Cased Explosions i n  an  

4. 11. 13. Benefiel ,  A Method f o r  Measuring I n t e r n a l  Blast Pressure-  

Lab0ratoi-y ('GO be pU.blished). 

jinrj.co Eerri  Reactor t o  'i.'NT-Siniul.at,ed Nuclear Accidents,  USAEC Report 
P,7OL-TK-62-.207, 2Tava.l. O r d n a c e  Laboraiory, Novern'cler 1964. 

6 .  W. R. Wise, Jr., J. F. Proc tor ,  em1 L. P. Kalker, Response o f  

12.2.7 Southwest Resezrch I n s t i t u t e  . . . .. . .- 

Studi es  Sc-tr dcteymining t h e  low-cycle f a t i g u e  strcngt,h and mode of  
t e rmina l  ?aiJ-urc of f u l l - s i z c d  p res su re  v e s s e l s  are i n  prog;-i.ess. 'The ef -  
f e c t s  c f  design geometry, m a t e r i a l s  p rope r t i e s ,  fabr ica t i -on  procedures,  
and qua l i ty -con t ro l  i n spec t ion  s.Lanriards a r c  be ing  i n v e s t i g a t e d  by com- 
par ing  the  d a t a  from conventional. 1-aboratory-specimen tests w-i t h  t h e  r e -  
s u l t s  from. t e s L s  of p re s su re  v e s s e l s  of  different si s. ' lo date, seven 
f i l l - s i z e d  vessels of t l iree differen 'c  m , t e r i a l s  have been t c s t e d  Lo fai.1- 
l ire.  'Tests a r e  i n  progress  on vezse1.s one-half  f u l l  size and fu l l . - s ized  
vesse1.s wi.th d i f f e r e n t  kinds of  s t r a i n  i n t e n s i f i e r s  than  were s tud ied  i n  
t h e  o r i g h a l -  set. A t e n t a t i v e  design a n a l y s i s  proced.ui-e f o r  p r e d i c t i n g  
v e s s e l  l i f e  was derncnstrated. t o  b e  conserva t ive .  

r i c a t i o n  and q u z l i t y - c o n t r o l  iiispec~tion procedures on m a t e r i a l s  p rope r t i e s .  
Specifical.J.y, an i.nves-ti-gation i s  be ing  made of  t h e  e f f e c t s  on fatigie 
l i f e  of code-allowable weld and c ladding  d e f e c t s  as a func t ion  o f  typs, 
s i z e ,  l O C s t i G i 1 ,  2nd or ien ta t i .on  and t h e  e f f e c t s  of f a b r i c a t i o n  procedures 

Another progra.m a t  the  I n s t i t u t e  i s  f o r  s tudying the  e f f e c t s  of fab- 
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on the  n i l  d u c t i l i t y  temperature. The s tudies  include e f fo r t s  t o  cor- 
r e l a t e  nondestiwc Live inspection procedures w i t h  consequent accepted 
defects  and reduction i n  fa t igue l i f e  and t o  associate  fabr ica t ion  pro- 
cesses with changes i n  f rac ture  toughess from base pla-Le t o  :finished 
vesse l  o r  piping, 
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12 .2 .8  Stanford Research Tnsti-Lute 

The Stanford program, which was recent ly  concluded, was des igned. 
for  determlnLng S,he type, number, and. s i z e  of m i - s s i l e s  t h a L  could be 
generated as a, reau1.t) of a v io len t  nuclear excursion and f o r  es tabl ishing 
the  penetra 'oil i  t y  of conkaimrent; shells. 
and 1/6 sca le )  o f  primary vessels  and adjacent shielding were subjected 
t o  pi-ogramed energy rel.eases simula%ing scaled excursions .. Data were 
obtained for. t h e  average s i z e  of missi les  and the proha'ole d.i.st,riloutions 
around the  average. A f o r m l a  w'ds developed for deLermri.natim of t h e  
energy required for s t e e l  and concrete rntssiles of various geometries 
t o  penetrate s t e e l  pln+es of varying tbicliness and inaterial  proper-Lles. 

S jhy l i f l ed  models (1/2L+, 1/12, 
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SRU-4-3, Stanford Research Ins t i tu i ;? ,  Dee. 2, 1963. 

12.3 T,OSS- OF- COOL4.W ACCIDENT STUDIES 

One of t h e  most s e r ious  aceid-ents t h a t  can conceivab1.y occur i n  
power reac-Lor sys tzms of t h e  pressur ized-  o r  bo i l ing-water  type i s  l o s s  
of coolant. 
such acc idcn t s  are being  inves t iga t ed  i n  l abora to ry - sca l e  experiments 
and w i l l  soon be  s tudied  i.n l a r g e - s c a l e  engineeri .ng f i e l d  tes ts .  The 
1aLter 'ces'Ls w i l l  simulei;tl those of actual .  power i-ea.ctor ope ra t ion  as 
c l o s e l y  as poss ib l e .  The va r ious  lo s s -o f -coo lan t  acc ident  s t u d i e s  a r e  
descr ibed i n  Table 1.2.3,. 

The parameters  a f f e c t k g  t h e  behavi-or and consequences of 

1.3,. 3.1 1llinoi.s  Tnstfi-lxte of Teclmology Hesearch I n s t i t u t e  
-.-..-.I_ ~ .. . ... 

'The Ins t i i ;u te  i s  examinhe  .tile explosive decompression of water in 
a n  at tempt  t o  determine th,o maximum pressure  loads  on containment s t r u c -  
tures r e s u l t i n g  from a, loss-of-cool.axt acc ident .  Roiling- and pressmized.-  
water condi t ions  a r e  s imulated i n  smal l - sca le  vessels. The generat,i.on 
of ai.r sb.ocks, decompression mechanlsrns i n  t h e  p re s su r i zed  medium, j e t  
impact forces ,  equi l ibr ium pressures ,  and. t h e  ex i s t ence  o f  me Lastab1.r: 
f low processes  a r e  being inves t iga t ed .  The s t u d i e s  w i l l  inc lude  both  
one-dirnensional and .three-diIiiensional recei-vers f o r  t h e  escaping f l u i d s  
so as t o  s imulate  r e a l i s t i c  acc iden t  condi t ions  and t o  a i d  i n  ex t rapola-  
t i n g  model. r e s u l t s  t o  l a r g e  systems. Structural .  loadings on r eac to r  i n -  
ternal. components due t o  blowdown will also be measured i n  stna1.l-scale 
model t e s t s .  

References 

See r e fe rences  i n  Section 1.2.2.2. 

12.3.2 Rahcock & Wilcox 
_I.-- 

Studies  of  t h e  bl  owdown of s imulated r e a c t o r  systems d i r e c t l y  i n t o  
pools  of waier are  be ing  ciinduc1,ed by lhbcock R Wil.cox. The e f f e c t i v e -  
ness  o f  vapor suppression is being examined as a function of  t h e  s i z e  of 
the blowdown and the depth of t h e  j e t  submergence. The var ious loading  
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fo rces  (shock, impact, -tm.nsient, aiid s t a t i c )  t h a t  would follow a system 
rupture  a r e  a l s o  being inves t iga ted .  
i n  diameier have been conducted. 
tank.  ?"ne program just  completed u t i l i z e d  a c losed  tank, and t h e  degree 
of condensation w a s  determined by t h e  pressure i n  t h e  tank. 'Bibcock & 
Wilcox a r e  a l s o  subcontractors  t o  P h i l l i p s  Peti-oleum on t h e  T,OFT program 
and a r e  responsible  f o r  conducting a n a l y t i c a l  s t u d i e s  of  a n t i c i p a t e d  fl . i i id 
behavior dxring a t r a n s i e n t .  

Rupture t e s t s  of ves se l s  up t o  6 i n .  
I n i t i a l .  tes ts  were performed i n  an open 

Fie ferenc e s 

1. E. C .  Iaken an3 C .  A .  Leeman, 'fapoi, Su.ppression Test Pro::rar Repor;, U S A X  Pepor; 

2. R&cock & ;!ilcox, Closed Tank Vapor suppression Progrzri, USAEC Seport  BA\/-3128/.-1 ~ 1-964,. 
3. Babcock & 'Zilcox, S h d y  a1.d Recormnerdations Relative to Loss of Fluid Test Facil i-cy,  

RAW-1258, 3akccck & Wilcox, Au~:us l .  1962. 

l:igh Versus Lo~w 1'ressi.i-re Design, USAEC Report BAW-1288, November 1963. 

12.3.3 Ihnford Laborator ies  

Yke Containmen'i Systems Experiment (CSE) a t  Hanford w i l l  u.se a model 
primary vessel. t h a t  w i l l  d ischarge i n t o  var ious types of  containment 
(simpl-e s h e l l ,  pool suppression, spray suppression, e k .  ) f o r  studying 
t h e  s igi i t f icance of t h e  loss-of-coo1.an-t acciden-t on t h e  eff-iciency and 
r e ] - i ah i l i t y  of the various types  of coiztainment. inclu.ded in t h e  inves-  
"cigaiiions will be the  a b i l i t y  t o  withstand mechanical loads,  reduce pres -  
sures ,  and r e t a i n  f i ss ion-product  s c t i v i t y .  Both bo i l ing -  and. pressur ized-  
%rater condi t ions a r e  t o  be st,udied vi.Lh r e spec t  t o  s i z e  and locaiioin o f  
simulated pipe f a i l u r e s .  Simul.a,ted and. real f i s s i o n  products will be used 
to assess -the c o r r e l a t i o n  of  a c t i v i t y  t r anspor t  with the  magnitude a.nd r a t e  
of coolanl; l o s s .  Separate  s t u d i e s  of the blowdown process a r e  a l s o  being 
conducted.. 
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Flbows and " e e s ,  USAEC Report H -34, R z t t e l l e  Northwest Laborator ies ,  Marcn 

YW-80535, ! I x J o r d  A.torzic Produc Operation January 1961. 

!Iznford A",o!nic Products Op 
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12.3.4 P h i l l i p s  Petroleum Company 

Engineering-scale experinien-ts a r e  t o  be conducted a t  NRTS t o  dL nmon - 
strate the  behavior and consequences of loss-of-coolant acc idents  i n  
water-cooled r eac to r s .  A complete experimental  pressurized-water r eac to r  
system of about 50-M~ therr ia l  power t h a t  i s  t y p i c a l  of  e x i s t i n g  pressur -  
ized-water power r e a x  t o r  systems w i l l  be f ab r i ca t ed  and operated f o r  
s i g n i f i c a n t  per iods t o  achieve a l a r g e  f i ss ion-product  inventory and t he  
resul- t ing hea t  f l uxes  necessary -to perform a meaningful experiment. 
Yriorr t o  operat ion with fue l ,  t he  loss -of -coolan t  accj-dent w i l l  be 



investigated by rupturing diaphragms of various s izes  i n  the  primary 
coolant system t o  determine flow ra tes ,  decompression e f f ec t s  within the 
reactor  vessel, piping, e t c .  ?"ne subsequent experiment with an i r rad ia ted  
core w i l l  be conducted. t o  provide info-mation regarding -t'ne extent of 
core damage, percen-tage and d i s t r ibu t ion  of f i s s i o n  product released, 
a c t i v i t y  levels ,  existence of chemical reacttons,  contaii-ment vessel  leak- 
,age, and fission-product brmsport .  

Post tes t  examination of t he  reactor  f u e l  and components w i l l  be per- 
formed t o  a i d  i n  evaluation of the experiment and correlat ion with ex i s t -  
ing experlimental data. Pa ra l l e l  s tudies  t o  develop calculat ional  teeh- 
niques f o r  predicbing accident consequences and establ ishing accident 
c r i t e r i a  w i l l  be performed. 
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12.3.5 University of Minnesota 

The aim o r  t h e  program a-t the  University of  Minnesota i s  t;o define 
t h e  maxinwn m t e  o f  flow f o r  o r i f i c e s  i.n tm. l l s  of a s m a l l  model p r i m r y  
vessel by tes t  and by mathematical analysis .  
s tudied vartous s i zes  of o r i f i ce s  (all. s m d l  i n  rel.a.tion t o  the s i z e  OS 
the  vessel) ,  pressure pro f i l e s  near or i f ices ,  and. mass flow ra t e s .  
addi t ion t o  work on t r ans i en t  blowd-own, a correlat ion has been developed 
f o r  c r i t i ca l .  two-phase steady flow i n  pipes.  Linearized m,thema.tical 
rnode1.s of pressure suppression systems t h a t  show the  significance of  flow 
ra tes ,  s i z e  of receiver,  s i ze  o f  vent pipe, etc., during the loss-of- 
coolant accident have also been developed.. 

The group a t  Minnesota has 

In  
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12.4 METAL-WATER REAC'I'IONS ANE bETAL T G N I T I O N S  

In a r e a c t o r  acc:id.ent, t h e  ren.ction of -the r eac to r  coolant  with Fuel. 
or  s t r iuctural  materj-al can r e s u l t  i n  a s ign i f i . can t  con t r ibu t ion  t o  t h e  
energy re leased .  If t h e  r e z c t i o n  r a t e  i s  rapid, high pressures  may be 
generated t h a t  resd-t;  i n  excessive da,mage to t h e  system. Ubora to ry  2nd 
i n - p i l e  experiments on metzl-water r eac t ions  and metal  igni- t ions a r e  being 
conducted t o  s tudy t h e  piac'olem. With increased erflpbasis on the rlevelop- 
m a t  o f  f a s t  2nd thermal breeder  sys'ieiiis, s t u d i e s  of the e f f e c t s  of l i q u i d  
metal  and gaseous coolants  on fuel. and cladding ma te r i a l s  .wil.J. be i n i t i -  
a-ted. The s.i;udies now umlei- way a r e  desci-ibed i n  T a b k  1 2 . 3  and dri.scusscd 
below. 

12.4.1 Arnonne National ikboratorry 

&leta1.-water react,i.ons a r e  under study i n  bo-th i n - p i l e  and out-of -pile 
experiments a t  t he  Argonne National Ta.boratory. T'ne metals be5.ng inves- 
t iga-t ed include s lminum, zirconium, s-La inl-e s s s t e e l ,  and uranium. 'Test 
methods include rap id  hea t ing  of metal wircs i n  a water environment, steaTn 
pressure pulse  techniques,  and au'iocI.a,ve excursion t e s t s  i n  t h e  ':PRERT 
f a c i l - i t y .  The p r i n c i p a l  me-iiiod of i nves t iga t ion  s o  far  has been t h e  hes.trd 
wire technique. Equa.ti.ons are being developed t o  descr ibe  t'ne reac-Lion 
r a t e  of' t he  var ious metvls wi.th w&er  o r  steam as a func t ion  of temperature, 



Table 12.3. PIetal-Water Reactions and Metal Ign i t ions  

Per s on 
i n  Charge 

Programs Method of Reporting 

Argonne National Iaboratory L. B k e r ,  JT. Metal-water r e a c t i m  Monthly, quarterly, and 
s tudies  and metal t op ica l  replsrts 
oxidation and ig-  
n i t i o n  s tud ie s  

Atomics Internat tonal A. A .  J a r r e s t  Sodium oxidation and Quarterly and ~ m m l  
flssion-prcduct repor t s  
r e t  en t 1 on 
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sujrface area,  previ.ous oxidat ion,  e t c .  Isothermal- r a t e  laws are ~ l - s o  
being determ.i.ned t h a t  can be extended Lo systems i n  which t h e  temperature 
i s  rayiid1.y changing and where phys ica l  1.i.mi.tations of r eac t ion  r a t e  may 
occur.  Yhese 1.i.mitations a r e  being inves t iga ted .  Calculational. proce- 
d.u_res w i l l  be devi-sed based on the above information t h a t  can be  used. 
t o  pred.i.c-t t n e  degree of hazard involved i r i  a p o t e n t i a l  r eac to r  acc ident .  

Oxidation, i gn i t i on ,  and c oi'nu.s tion of uranium, zri.rconium, plutoni-um, 
thorium, and carb ides  ~ i " e  a l s o  being stud-ied t o  show 'die e f f e c t s  on py- 
rophor i c i ty  of temperature, pressure,  me i r t l  purrj-ty, metallurgical.  h i s to ry ,  
gas composition, type of oxide f i l m ,  thermal conducti.vity, degree of 
subdivision, tempern-i;a..i-e g r a d i e r t ,  and. mass. The experiments include 
i s o t hc mal ox i.d.a. t ion at var  i ous t erflpe ra iur. e s , t gn j~ t ion tempera t in? e d e t e r  - 
mi-nation, and burning r a t e  s t u d i e s ,  

K e f  er  e ne e s 

1. J. G. Schnizlein e t  sl., I g a i t i o n  Behavior and Kine t ics  of Oxida- 
t i o n  of -the Reactor M e t a l s ,  Uranium, Zirconiim, Plutonium, and. Thorium, 
and Binayy A l l o y s  o€ Each, USAEC Xeport ANL-5974, Argixme National k b o -  
r a to ry ,  Apr i l  3953. 

0xidaii.on of Zirconium and Zirconium All.oys, US4EC Report A.NTL-GOA6, 
Argonne PJati. mal Iabora-Lory, ,September 1959. 

Jr., Analcg Computer Study- of Metal-Water Reactions I n i t i a t e d  by NurI-ear 
Reactor Transients ,  USAEC Report ANP,-6129, Argonne PJa.ti.ona1 Laboratory, 

2. H. A. Porte ,  J. G. Schnizl-ein, R.  C .  Vogel., and D. F. Yischer, 

3, R. C. Liimatainen, H. T. Eates, 1,. C. Just,  and N. F. Morehouse, 

May 2.960, 
I;.. L. Biker, Jr., R. L. lWarchalJ R. C. VogcL, and M. Kilpatri-ck, 

Studies  of Metal-Wa'ier Reactions ai; High 'I'empera.tures : I. The Condenser 
Discharge Experiment : Frelim-inary Resul ts  wi- t ln  Zirconium, U S M C  Report 
ANL-6257, Argonnc T2.tiona.l. Laboratoyy, May 1-961. 

5. I). Mason and P. hkr{x.n, Metal-Water Reactions: Fressixce €Use 
Me thod., Chemical Ensineering Divisrion 3mmary Repor i;, J-uly, Augus't, Sep-- 
tembcr, 1961., p. 178, USAEC Report ANL- 6413, Argonne National Taboratory, 
1.9 61 . 

6. K. E. Wilson and P. W r t i n ,  Metal-Water Reac-Lions: I c v i t a t i o n  
Method, Cnenical. Engineming Divi.sion ,Summary Report, Apri l ,  &by, June, 
1961, p. 208, U W C  Report ANL-6379, Argonne National Iaboratory-, 1961. 

Studies  o f  Metal-Water Rescl;ions a t  High Tempeixtures. II. TREAT Ex- 
periments S ta tus  Report on Results wi.t,h Aluminum, S t a in l e s s  Steel-304, 
Uranium, and Zircaloy-2, USAEC Report ANL- 6250, Argomc Nati.ona1 Iabora- 
to ry ,  January 1962. 

a-i High 'Tempel-aturcs. ITIT. Experimental. and Theore t ica l  Studies  of 
t he  Zirccnium-Water :ieacti.on, USAEC Report fUZ- 6548, Argonne Nati-onal 
Iaboratory,  May 1362. 

Studies  in TKFAT, Ck.ernica1. Engineering Division Summary Xeport, July,  
August, Septern'aer, 1962, p. 191, 1JSA4EC Report ANL-6596, Argonne Natriijnal. 
Labora.tory, 1962. 

7. R. C. Liimatalneri, R. 0. Iv-j-ns, M. F. Deerwester, and F. J. Testa, 

8. L. Baker, Jr. and L. C. Just, Studies  of Metal-Water Xeac'cions 

9. R. 0. Iv ins ,  F. J. Testa, aiicl P. Krausc, Me'ia.1-Water Reaction 
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10. 17. E. Wilson and P. k r t i n ,  Me-Lal-Water Reactions: Ssothemm-1 
Stud.ies of  the  Uraniim-Stearn Reaction by the Volumetric Method, Chemi.ca1 
Er1gineerin.g Division Si!,nnnary- Heport, Apri.I., Yly, Jm..e, 1.962, p. 1-48, 
lJL%.EC Report A.l'L!J1-,-4.569, Argonne National Laboratory, 1962. 

Reaction Studies i n  TFUAT, Chemical Engineering Div-ision %xma~y Report, 
Js.nua.ry, Febnm:ry, Phi-ch, 1.962, p. 184, T J F ? C  Report ANT- 6543, ,?sgon.n.e 
National Laboratory, 1962. 

12. R. E, Wilson, I,. Misbler, and C. Kz-mes, rvletal-Vater React.i.ons: 
,Stud i e s o f  t he  Aluminum- Water lieax t i. on by the -&vita. f; i on- Me lt i n  g Method, 
Chemic a1 En& inee :ring Divi s ton Summary Report, October , Novenib e r  , k c  ember , 
1962, p. 176, US4EC: Report APSL-6648, Argorme l!Ia%tonal. Z?.bomtory, 1.963. 

13. R. 0. :l:vi.ns, F. J. Testa, and P. Krause, Studies of the  Aluminum- 
I h t e r  Reaction i n  TRFAT, Chemical Engineering Division Shxmary Report, 
(Ictober, November, December 1762, p. 201., U S U C  Report ANL-6648, A-i-gorme 
Na,ti.onal laboratory, 1963. 

Water Reaction i n  T.RE1C1T, Chemical Engineering Division S~mmary Report, 
Janu-arjr, February, March, 1963, p. 179, IJSAEC Report ANL-6687, Argome 
National Laboratory, 1963. 

11. R. C. Liiimtainen, R. 0. Ivins, and E'. J. Tes,t;a, &'Lal.-Wa,ter 

14. R. 0. T.vi-m, I?. J. Tes-La, and P. Krause, S t u d k s  of the Aluminum 

1.2.4.2 Atomics %I-Lemational 

OuL-of-pile sodium f i r e s  are being generated at A'Lomics In-ter-rza.-tional 
i n  order t o  ex:mi.ne the character of the cornbustiom products, the  extent 
of combustion, self  -extinguishing chamctcxis t ics ,  aind reten-Lion of iodine 
by -the sodium. 

1. R. S. Hart, Distr ibut ion of Fission Product Contarnination i n  
the LmF,, U W C  Report NAA.- m.6890, North American A v k t i o n ,  Ihrch  1-762, 

k r g e  f iss ion-produc L inventories a r e  intrinsi.ca3.l.y assoc-i.ated with 
large power reac.t;ors. The a b i l i t y  t o  s i t e  reactors  i n  o r  near large 
centers of population depends t o  a great; degree upon. the a 3 i l i t y  t o  under- 
stand. the  iiiovemeiit of f i s s ion  products i n  credible  accidents and to prc- 
vent t h e i r  re lease from the con-taimnent, system. F'rograrc, t ha t  have this 
purpose a r e  s.ummzrized i n  Table 12.4 and. are discussed i n  th-is sectlon. 



Table 12.4.  Stxdies  o f  Flssion-ProdGct Release, Aerosol and P a r t i c u l a t e  Generatloc, 
am3 Transport  of Rzd ioac t iv i ty  

h v e  st Tgzt o r  Ferson i n  Charge Programs Method of Reporxhg 

Brooaaveri Naslonal A. W. Castleman, Sr. Release of f i s s i o n  products 
Laboratory 

Hanford Laboretor ies  E. E. I r i s h  

H3rval.d A i r  Cleaning L. Si lveman  

Oak Ridge Natiorial G. M. Watson and 

-kbora to ry  

Iaboratory W. E. Brohmiag, Jr. 

G. M. Xatson and 
C. J. k r t o n  

e. M. WaS,son a-nd 
Gv'. E. Brovning, Jr. 

G. M. Watson and 
G. W. Parker 

G. M. Vatson arid 
V. E. B r o m k g ,  Zr. 

G. M. Watson and 
G. W. Parker 

W. B. C o t t r e l l  and 
L. F. Fars ley  

W. B. C o t t r e l l  and 
J. R. Buchanan 

from f u e l  elements 

ment ( CSE) 
Containment Systexs Ex2eri- 

FissioE-product removal 

Charac te r iza t lon  and ccn- 
t r o l  of acc ident - re lezsed  
f i s s i o n  pro&ucts 

and r e t e n t i o n  
Fiss ion-product  t r s n s p o r t  

Imocuous s i rmla t ion  of ac- 
c iden t s  and hazards 

Melting experhen- t s  in 

Release of f i s s io r ;  produccts 

TPmT f a c i l i t y  

-dpoc i n - p i l e  rnelting o f  
r e a c t o r  fuels 

Release of f i s s i o n  products  
upon ou t -o f -p i l e  mel t ing 
02 r e a c t o r  f u e l s  

Xuclear S f e t y  P i l o t  P lan t  
(NSE?) 

Muclear Safety I n f o r m t i o n  
Center ( NSIC) 

Binoathiy and t o p i c a l  

Quzr te r ly  an& t o p i c a l  

Topical r e p o r t s  

r e p o r t s  

r e p o r t s  

Semiarirraal progress  r e -  
ports and aperi l i t e r a t u r e  

Semiarmuzl progress  

Semisnrxal progress  re- 

Semiannxal progress  re-  

Semiar,nuzl progress  re- 

r e p o r t s  

p o r t s  and topical r e p o r t s  

ports 

p o r t s  an? open l i t e r a t u r e  

Semiamual progress  r e -  
p o r t s  and open l i t e r a t u r e  

Seiziannual ? regress  r e -  

State-of  --'s:ne-art r e p o r t s  

p c r t s  arid t o p i c a l  r e p o r t s  

and staff studLes 



12.5.1 Atomics Internat ional  - 

%he f i s  s ion-produx t - re teni; ion propert ies  of sodium a r e  of i n t e r e s t  
i n  reac tor  systems insing sodi_.iun 2,s t he  coolant. 
i s  bering carr ied out a t  Atomics I n t e m a t i o m l  i n  which empliasis i s  placed 
on iiivcs-Ligating the inherent, re ten t ion  of iodine by sodri.um. 

An experi.jnenta1 program 

Reference 

1. D. 14. E l l i o t t  an.d W. P. Kimkel, On-L-of-Pile Temperature Evalua- 
t i o n  csf Fission Product Retention i n  Sodium. (9GO"-14.00°E'), U M C  Report 
NU-SR-Mmo-9383, Atomics Ini;ernatj-onal (unda-Led) . 

12.5.2 Brookhaven PTational laboratory 

A program i s  i n  progress a t  Brookhaven f o r  developing a fwndaneni;al 
wider-standing of t he  fission-produc 1; re lease  riechanisrn and s Ludying the 
manner by which release i s  i .nterrelated wi-ti? f ac to r s  governing the cheini- 
cal aiid physical  s t a t e  of the  emana-ting f i s s i o n  products, as well as t h e i r  
transport behavior after release. The chemieal and physical behavior of 
f i s s ion  products released from uran ium metal and uraniurn-molJibdenwn~ly.bden~ fliels 
i n to  i n e r t  and oxidizing gaseous environments a.nd from uranium metal. and 
uranium oxide i n to  steam ~ m s  studied. Fission-product, d.i.ffu.si.on within 
the A i e l ,  volat i l iza . t ion of f i s s i o n  products Trroin t he  fuel ,  chemically 
enhanced re lease  as a result, of reactions between -the fu.el, the  f i s s ion  
products, and the environment, toge.t;her with deposit ion after re lease,  
are being studied w i t h  carbide fue l s .  

Re  f e r  enc e s 

1. A. FJ. Castleman, F. E. Koffmann, and A. M. Eskya,  
of Xenon l3rough ,4hmi.nwn and Stainless  Steel,  U S M C  Eep(:)rt 
Brookhaven National hbora tory ,  Ju ly  1940. 

2. A. W. Castleran, F. E. IiofYmnn, and A. M. Eshaya, 

D i  f f is  ion  
BNL- 624, 

UWfusion 
of locline Through Aluminum, U W d C  Report RNL- 6-44, Brookhaven Platf.ona.1 
Lalisoratory, September 1960. 

Charcoal, USAXC Report BIVL- 689, Brookhaven National Laboratory, September 
1940. 

4. A. W. Castleman, Jr., The Chemical and Physical Behavior of 
Released Fission Products, 'Third Conference on Nuclear Reactor Chemistry, 
0c-i;. 7-11., 1962, pp. 155-168, UZAEC Report TID-7641. 

5, A. W. Castl.emn, Jr.,  and F. J. Salzano, Current Stud.ies of 
Fissl-on Roduct  Behavior a t  BNIL, Eighth AEC A i r  Cleaning Conference, 

3. W. F. Kcmey and A. 14. Eshayd, Adsorpt,i.on of Xenon on Activat,ed 

October 1963, pp. 1.6-3Lt., TJXREC Report TIILr/677. 



12.20 

6. A. W. Cas t lcma,  Jr . ,  G”nernica1 Considerations i.n rkac tor  Safeiy : 
The Chemical S t a i e  o f  F iss ion  Products lie]-eased from Uranium a t  HLgh 
Temperature, ‘1”rans. Am. Nucl. S O C . ,  6(1) : 128 (June 1963) .  

12 .5 .3  Ilanford I abora to r i e  s 

The Containment Systems Experiment (CSE) faci . l i . ty t o  be b u i l t  a t  
Ianford w i l l ,  i n  add i t ion  t o  the c a p a b i l i t i e s  ineationed i n  Section 12.3.3,  
be a b l e  to r e l ease  simulated f i s s io i i  products wi th in  a model. primary sys-  
tem. The amounts, ra- tes ,  and times of r e l e a s e  can be con-trol led during 
simul-ated loss-of-coolant acc idents .  The f a c i l i t y  will be used t o  s’cixdy 
t h e  -transpor-k o f  t h e  f j - ss ion  products  w i th in  t h z  primary system and t h e  
outer  container  and t’nei-r leaka>ge from t h e  conta iner .  These phenomena 
w i l l  be s tud.ried as a func t j  on of  i.nternal. pressure,  concentrat ion,  type 
of  aerosol ,  a i r  atmosphere, air-stearn a’cmosphere, and s i z e  of leak. 

Iodine absorp t ive  c a p a c i t i e s  of var ious metal  and metal oxide sur-  
faces  and aerosol ized  sol.ri.ds a r e  a l s o  bei.ng inves t iga ted .  

References 

None as y e t .  

1.2.5.4 %rvard A i r  Cleaning k b o r a t o r y  

Studies  of i n t e r e s t  a t  t h e  Harvard A i r  Cleaning Iabora tory  r e l a t e  
t o  t h e  con1;rol. of a i r  contamination. The e f f ec t iveness  and r e l i a b j - l i t y  
of var ious  f i l t e r  media, p a r t i c u l a r l y  f o r  iodine removal, a r e  being deter- 
mined. Inves t iga t ions  of a board of c e l l - l i k e  s t r u c t u r e  t h a t  could resis-t 
steam, pressure,  and shock and serve  as a porous f i l -Lra t ion  and adsorpt ion 
membrane for re leased  p a r t i c u l a t e s  and halogens a r e  under way. 
have a l s o  involved f o a i i ~  t h a t  can encapsulate  p a r t i c u l a t e s  and halogens. 
If used in s ide  a container  during a r e a c t o r  accident ,  the  foam could pi-e- 
simably prevent much o f  t h e  antj-cipa,ted f i ss ion-product  leakage from oc- 
cur r ing .  

The s’cuclies 

References 

1. L. Silverman, M. Corn, and F. Stein,  Diffusion Board Corkainment 
Concepts and Foam Encapsulation Studies  - A Progress Report, a paper 
del ivered  a t  Seventh AEC A i r  Cleaning Conference held a t  Brookhaven Na- 
t i o n a l  Iabora tory  October 10-12, 1961, pp. 389-405, UsAF,C Report TID-7627, 
bkrcli 1962. 

2. L. Silverman, Foam and Diffusion Board Approaches -Lo Containmen-t 
of  Reactor Releases, a paper presenixd a t  t h e  Third Conference on Nuclear 
Reactor Chemi.stry October 9-11, 1.962, pp. 169-185, USAEC Report TID-7641, 
1962. 



1.2.. 21 

3. R. Dennis and L. Silvermm, A i r  Cleaning Studies - Progress 
Report, J-uly 1, 1962 - December 31, 1962, USAEC Report HACL-96, Harvard 
University, June 1963. 

4. R. E. Yoder, M. K. Fonhna, and L. Silverman, Foam Suppression 
of Radioactive iodine and B r t i c u l a t e s ,  USAEC Report NYO-9324, Har-gard 
Uni.veasil;y, Yarch 1964. 

12.5.5 Oak Ridae Nat,ional Iaboratory 

Experiments a re  under. way t o  invest igate  the  flssion-product re lease 
process i n  a systermti.c my. 
extent of fission-produc t re lease due t o  f u e l  oxidation, d.l.ffiision, o:e 
melting, (2 )  the  extent of released fission-product deposition on rea,c-Lor 
s t i -uc twal  mzterials,  (3) t'ne fra.cti.on of f i s s i o n  products t ha t  can be 
removed from the atmosphere by use Or various condensation, f i l t r a t i o n ,  
or  other engineered techniques, and ( A )  the  f r ac t ion  and form of the  
f i s s ion  products t h a t  escape from the conta,i.runent system. 

Experiments with both high- and loPT-burnup fue l s  a r e  being conducted. 
t o  determine whether burnup has an e f f ec t  on the phpica l .  an.d chemical 
properti-es of the released f i s s i o n  prod.ucts. The amount of the f i s s ion  
products released. i s  varied t o  determine the  e f f ec t s  of coneentraiton on 
the behavior a f t e r  re lease,  such as a e r o s d  agglomeration, chemical 
changes, a,nd d-eposition. %th i.n-pile and out-of -p i l e  experiments a re  
being conducted t o  demonstrate the e f f ec t  of method of nee1ting on f iss?: .on 
prod-uc-t behavior. 
fue l  and of  high-teinperature surfaces surrounding the  fuel a r e  being 
studied., as well as the e f f ec t s  of environments of steam, no'ole gases, 
e t c .  Slow in-p i le  mel.ting i s  accomplished a t  the  Oak Ridge Research Re- 
ac to r  (Om), and f a s t - t r ans i en t  mel.ting i s  effected a t  the  Transient Test 
Reactor F a c i l i t y  (TRBAT) i n  Idaho i n  order t o  cover the range oT rneltjng 
r a t e s  t h a t  co idd  occur i n  accidents.  

The Nuclear Safety Pilot P l a d t  (NSPP) at  OHNL provides for  nonnuclear 
heating, oxidation, meltdo%n, and vaporization of i r rad ia ted  fuel elements 
and pe-mits t he  study of fission-product re lease and t ransport  on a sur- 
f i c i e n t l y  large georne-trical sca,l.e t o  veriTy laboratory experimesbs - The 
t ransport  of a broad enough range of f i s s i o n  products t o  bracket tnose 
t h a t  might be expected i n  a r e a l  axcident w i l l  be studied i n  a imdel con- 
tainment vessel  under r e a l i s t i c  cond.iti.ons. The var iables  will include 
the type of c a r r i e r  ga.s and convecti.on current,  type o f  a"mosphere, and 
the  amount, temperature, and chemical composition of avai lable  surfaces.  
Methods vi11 be tes ted  f o r  t'ne c o n t r o l  of released fissi.on products within 
contaimwnt vessels .  These w i l l  include f i l t e r s ,  water sprays, and sub- 
inferon-particle conditioning by vapor condensation techniques. 

The Nilclear S f e t y  Information Center a t  Oak Ridge co l lec ts ,  eva1.u- 
a tes ,  s tores ,  and disseminates infixi-nation on the containment of nuclear 
f a c i l i t i e s  and fission-product re lease,  tra.nsport, and removal. Among 
the Center's functions i s  the  preparation of staff s tudies  of s-Late-of - 
the-ar t  reports  on toplcs  withi-n the scope of i t s  in t e re s t .  Two of these 
repor-ts a r e  l i s t e d  i n  the  following references.  

Involved a z e  determinations of (1) the  

The e f f e c t s  of high-temperature tra.nspor.t of f i s s ioning  
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12.6 AIMS OF FUTURE CONT'ATNMENT RESEARCH PROGRAMS 

Contai-ment, research progmms have as a broad objective the deter-  
mination of infor.m:ction on abnormal reactor  behavior t h a t  w i l l  a l low an 
analy t ica l  predict ion of the  ef'fects of an  accident on the reactor  con- 
tainment sys-Lems. 'Fnese programs w i l l  not o i ~ l y  es tab l i sh  the degree of 
re l iance t h a t  can be placed. on par t icu lar  engineered safeguards bu t  will 
a l so  inciTcate the  number and degree of these engineered features  t h a t  
a r e  required f o r  .the locat ion of a particul-ar reactor  and containment 
vessel on a par t icu lar  s i t e .  It i s  therefore of interest ,  t o  view the  
aims of t he  future  AEC sa fe ty  program as expressed by the clilef of the 
AEC's Nuclear L%fety Research and Bvclopment Branch a t  a recent, meetling 
of the American Nu.cI.ear Society. * Vater ia l  from t h i s  presentation forms 
the  basis f o r  the balance of t h i s  chapter. 

In s?,udying accident e f f ec t s  in .  a s c i e n t i f i c  manner, i t  i s  us1~3.l. t o  
s ta r - t  with small experimental r i g s  where a wide number of tes-i; var iables  
can be convenicnt,l.y evaluated. Ilove'srer, extrapolating from laboratary- 
scale  data t o  fu l l - s ca l e  reactor condi-Lions cannot a lmys  be achieved 
with a high degree of confidence. It seeins necessaxy t o  conduct experi- 
ments where scal ing parameters can be evaluated by taking inLo account 
differences th.a,t ex i s t  between small and Large inasses, di-fferent surface- 
to-mass o r  surface-to-volume ra t io s ,  o r  d.ri.fferent bomdary eonditj.oxis" 
F'uel subassembly mockups a n d  even ful l -scale  core tests of reactor  ac-  
cident e f f e c t s  appear necessary t o  confirm the theory arld laws derived 
from the  1aborato:ry data.  The f i n a l  conviction t h a t  nuclear accident 
phenomena a r e  predictable i n  the i r  rmgnitude and controllable i n  terms 
of t'neir u.Ltim-Le consequences can bes t  be demonstra-Led by the perfor- 
nnnce of experiments a t  sui table  scal ing l eve l s  

Ehfety pro jec ts  planned. f o ~  the  next few years w i l l .  therefore in- 
clude, i n  addi t ion t o  laboratory-scale investigations,  mockup and full- 
scale reactor  experiments f o r  the  study of accident phenomena. A de- 
scription of some of 'ihese plans follows. 

Jc S. A. Szswlewicz, Current Tr.cnds i n  Nuclear Safety Research and 
Development, a p p e r  given a t  the annual meetirzg of American Nuclear 
Society, JLXE 1963. 
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12 .6 .1  'Banslent,  Tests 
l_l_l ..-- 

Work on t h e  study of' energy rele;zses an.d pi-essure generat ion Pr-om 
'Ae meltdom of t h i n  and thick aluminum-clad- f u e l  plates w i 1 . l  be per-  
formed using capsl.il.es dr iven by neutron bursts from a s ta inless-s teel . -  
cl-ad-UOz core i n  SPERT I. The purpose of these  tes~ts  i s  t o  ge t  a better 
undzrstanding of the SPERT 1, SJ>-l, and B0RA.X I des t ruc t ive  pressu.re 
pulses .  During i h e  ca-i)sule expex*i.i.neilts, pins 3.ikc those of  t he  oxide core 
wi1.l. be encapsiil.ated and taken t o  des-Lruction t o  observe the  maximum b u s t  
energy and minimum reac to r  per iod  t h a t  a r e  attari nable wi-Ziout serio1i.s con- 
seq i i~nces  and t o  d.etei-mine what 'ihe threshold  energy f o r  viol~ent pressure  
surges and f u e l  damage might be.  

v i o l e n t  pressures  a s sock ted .  wi.th a. nucleai- excursion ar? condixted by 
t h e  Sbace T'echimlogy Laborator ies  usihg 'die ICEWB r eac to r  t o  thermally 
d r ive  a srmll. ixra-rii-uiii p l a t e  i n  a w a t e r - f i l l e d  capsule in order  t o  de t e r -  
mine the  dyiiamics of skam-void growth i.17 r eac to r  t rans ienbs  down Lo a 
1-msec excurslon peri-od. The end ob jec t ive  is Jr,o be able t o  p r e d i c t  pres-. 
sure  t r a n s i e n t s  i n  a v i o l e n t  excursioii through t h e  s p e c i f i c a t i o n  of 
sur~ace- . tempera ture  h i s t o r y  and kxowledze of  t h e  ra- te  a t  which new s i x -  
Cace a rea  i s  c rez ted  when -fuel. i s  r ap id ly  heated beyond the  mel.ti.ng tern- 
pera ture .  

Gilier experi.meiits di-rected t o  the fuidxnien-tal. underst,anding of t h e  

12  -6.2 Metal.-Wat;er Keacti-ons 

Most o f  t h e  ikndamental data requi red  f o r  t he  p red ic t ion  o f  t h e  r a t e  
and exten t  of metal.-wa'icr. reactions during post,iiJ.ated r e a c t o r  acc idents  
have been obtained, al..though SOMC work on the e f f e c t  of  p-cessure on reac-  
t i o n  r a t e  remains t o  be done. However, t h e r e  appears t o  be no p m c t i c a l  
theore t ica l .  approach t o  t h e  problem of p red ic t ing  what p a r t i c l e  o r  drople-i  
sizes w i l l  be produced during core des t ruc t ion  o r  t h e i r  ra-Le of  fo rua t ion .  
3rhus an  exten.sive experimental  program of pa i t i c l e - s i . ze  measurements i s  
under way that involves i n - p i l e  me1.tdow-n of specimens under var ious accri - 
dent coi?di.t,ions. Most o f  t h i s  work is ~IGW c a r r i e d  out  ri.n t h e  TRFAT reac-  
t o r .  Since t h e  TREAT t e s t s  adre l..Smited t o  r e l a t i v c l y  small. sample sri~zes 
aad -to reactor periods o f  A0 msec or longer, addi t ional .  experriments are 
planned t o  extend t h e  da t a  t o  per iods of 3 t o  4 msec using l a r g e r  scal-e 
p in -c lus t e r  specimens. These ' i es '~s  will be car-ried out 5.n t h e  Power Burst  
F a c i l i t y  (set? below). It i s  a n t i c i p a t e d  tha'i large-sca?.e si.m.u.l.ations of  
loss-of-coolant  acc idents  (wi th  s l o w  heatup) wi1.1- a l s o  be c a r r i e d  out i n  
t h e  Powe-r Burst  Faci 1.i. t y  . 

1 2 . 6 . 3  Power Burst Facl i l i - iy  

E:xtension of  acc iden t - e f f ec t s  studies t o  l.asge 
sub jec-ked t o  short damaging nuclear  excursions w i l l  

f u e l  suba s s embl i e s 
be possib1.e w i t h  the 
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de-vel-opment o f  an advanced pulsed-neutron reactor  nsmed t k i e  Pot.rer Hurst 
Facility [PBF). The objective is -to ob-txin a core w?..i;h a s e l f - l Y r f i t t i n g  
cxcu.rsion response t o  resc tor  yeri.od.s a,s shor'i as 1- msec. 
regtor?. 8 ii1. i n  diameter in the center of t t e  core worilild be f i t t e d  wi th  
an experimentmS. loop t o  accormodste fuel t e s t  sarfi.pl.es c ~ ~ n s i s t i n g  of rod 
bundles plates o r  other power-reactol- coni" Lgui-ations, incl1.1.d.l.ng theriiazl- 
arid fas t - reac tor  rfiockups "lie Power 'Burst Fa.cil i ty WOLIXI permit experi- 
mental s t i x l y  of the microscopic and. gross effects assocria"cd with slow 
or rapid heating t o  meltd.oiin of reactox- rc"uiels sii'ojected -to a povm t,ran- 
s i e n t  j. ScalFng effects could. be studied d . i r ec t ly  by melting sm., l . I .  50.m- 
p k s ,  i n i t i a l l y ,  and extending the t e s t s  to iiaclu.d.e large fuel. cl.usters 
haTling ra,ss-to-coolant ra trios and geonieixic configurat-ions equim1en-t to 
those of a full-scale reactor .  

A cyl.i.nrlrieal 

Considerable inforwati  on has been obtaTned on the f r a c t i o n a l  release 
of Tission isotopes from s m l l  fuel saniples wtth many different; terjt vari-  
a'ol.es, si~clz azs temperature o:f melt, time a t  m e l t  temperatiire, burnup, %yp 
of environment, ty lpc of fuel, arid e f f ec t  of cladding. 

The work t o  da te  has l a r g e l y  been performed with sal-flples 111. -the l - n g  
t o  39-g range and. lournups i.n some cases up t o  11,000 Mwd/ton. 
has fo r  most tests been accomplished by elm-trical indue tion hea-t;i_ng or  
by an a r c - h i ~ g e  furnace, but ~ecent1.y work has been started. with the 1~se  
of electri.ca.1 resistance and in-core heati-rig of capsules i.n i:.he (hk R-idge 
Research Reactor a t  0.PWL (see  see.  l2,5.4.). At BrooMlaven Plational. LaIio- 
ra.tory, other e.xperiments ? m e  bering perforifled t o  ab ta in  an u~dm-s'l;n.rding 
of react ion kine1;ics a t  the time of  fiiel melting and to prgvide a basts 
f o r  predict ing the chemical. and physical form of  t he  released f i s s i o n  
products  i n  reac'cor acci-dents ( s e e  see.  32.5.1).  Work a t  Atomics In te r -  
national concevris the b?hsvri.oi- of flisslcn products re1.eaat.d i n  a sodium 
en-virorment ( see  see.  12.4~ 2) a 

Extension. of t e s t i n g  to other than s m l l  samples a n d  to cond.i.-ti.ons 
more close1.y approximating those  of real meltdowns i.s now planned, 
dovn experiment,s f o r  stud.yirig f iss ion-~rr jduc. t ; - re lease behavior have re- 
cent ly  been sta.rted at OIU\TI ssl.t,h a cl-uster of seven s m L L  f u e l  pins.  
Reductions in the release of iodine by a factor of  2 com-pi-ed with -the 
re lease  in the s m a l l .  sample mel-Ldo-Fms have been noted.. Capsiile t e s t s  
have been performed in TREAT to d.etemine t h e  release of acti .vity due t o  
t rans ien t  nuclear heat ing.  These tests have yielded s igni f icant  resu.l ts  
i.n that they have s'iiowri that the  amounts of aeti.vl.-t-y relea,sed-  are much 
less than i n  ou.i;-of-p,i.l.e or other in-pi.l.e t e s t s  where the te1ny)era-tui.e 
t r a n s i e n t  i s  much slower and longer-. When the Power k r s t  F a c i l i t y  i s  
completed, f ission-product re]-eases f ron  the Ineltdom of  large f u e l  cSu.s- 
t e n  w i l l  be stutli.ed. 

For pressurized reactors ,  the maxjmnum credible accident i s  cui:rently 
ass-wmed- t o  start with the ccmplete severance or rupture of -Lhe prj.rc%ry 
coolant, l i n e ,  leadirig to l o s s  of coolant, possible core meltdown, and 

Meltiilg 

Melt- 
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r e l e a s e  o f  a c t i v i - t y  t o  t h e  containment. Bcth the  po r t ion  of  re leased  
ac t ivLty  tha t  remains avail-able Tor leakage t o  t h e  atmosphe:re and. the 
i n t e r n a l  pos-taccident pressures  avai-lable f o r  d r i v h g  such leakage axe 
o f  considerable intei-es'i.. I n  t he  Nuclear SafeLy P i l o t  P lan t  a t  ORNL, 
:x la t i -ve ly  large f u e l  specimens of a l l  types  up i o  1000 c u r i e s  of ac- 
t i v i t y  will be melted t o  determine t h e  natural t r a n s p o r t  e f f e c t s ,  such 
as pl-ateout, agglomeration, and d i f fus ion ,  i n  a 1500-ft ' simula-Led con- 
tainment ves se l .  In 'die vessel i t  will a l s o  be poss ib le  t o  examine some 
of t h e  engineering safeg.;.s.rds r e fe r r ed  to earli-er, such as t h e  effect i -ve-  
ileSS of sprays, steam, o r  o ther  scavengers i.n removiEg a i rborne  a c t i v i - t y  
from t h e  contaimment atmosphere as R func t ion  of time, coilcentration, 
ae roso l  s i z e ,  e t c .  A?., r e c i r c u l a t i o n  systems using charcoal.-f i l t e r  com- 
binat ioi is  will. a l s o  be s tudied.  

for the  l13tein-CGO~ed syL m s  of nizjor cur ren t  i n t e r e s t ,  ;2 mul.iipuu.pose 
conkirunent t e s t  faci-Li ty  called the  Containmeni; ,System Experiment ( CSE) 
i s  being buj.1-t ( s e e  sees .  1.2.3.3 and 1 2 . 5 . 2 ) .  The f a c i l i t y  i.s e s s e n t i a l l y  
a nonnwlear  s imulator  of pressur ized-  and bo i l ing -va te r  systems, i n  which 
t h e  dynamics of vesse l  blowdowj, t he  pi-essu.re- Lime h i s t o r y  with and with- 
out suppressj-on systems, leakage meam-rements, and t r anspor t  of simulated 
f i s s i o n  products call be determined. Cornparj-son of real.. and. simulated 
f i ss ion-product  r e l e a s e s  w i l l  f i r s t  be -mad.e i n  NSPP t o  develop f i s s i o n -  
product sirnd-ants 'ihat can safe ly  be handled i n  the  I-arger CSE. 

f o r  quick dernonsiration of  Containment c a p a b i l i t i e s ,  can be used -io per-  
form lllong-.terrnll parametric s t u d i e s  Ikading t o  opt imizat ion of contain- 
ment c h a r a c t e r i s t i c s .  The facil i- ty can sirnull-atc the coolant i nven to r i e s  
and  i n i t i a l  pressu-x-es and temperature of bo i l i ng -  and pressurized-w.ter  
r eac to r s  up t o  1000 m~ e l e c t r i c a l  output a t  about one-fif ' ih l i n e a r  s c a l e  
and be used t c  mock up t h e  mzximim c red ib l e  accid.ent f o r  water r eac to r s ,  
i.e., t h e  double-ended rupture of a main coolant  pipe which would lead. 'io 
sudden l o s s  of coolant .  In additi-on, a range of ruptures  of t h e  primary 
system smaller than the  nmximixn c red ib l e  rupture  and up 'LO twice t h e  maxi- 
mum c red ib l e  rupture  can be developed t o  examine the  -trend o f  containment 
response and. t hz  pargins  o f  s a f e t y  inherent  i n  d e s i - g n .  The r e l e a s e  of 
sirnulateed f i s s i o n  produc-'cs w i  ihi-n t h e  model's primary sysiem would also 
be u d e r t a k e n  in  amouiits, a t  r a t e s ,  and a t  t imes during t h e  l o s s  of cool.- 
a n t  sequence t,hat could bracke t  ranges of t hese  va lues  i n  opera-ting re-  
ac tors. The - i ransport  of such ac t iv i - ty  wi.thin -the pr i rmry system and 
wi-thin the  outer  containment shell, with leakage as a func t ion  o f  internal.  
pressure,  concentrat ion and type of aerosol ,  t j v e  of atmosphere, and s i z e  
of l e a k  could a l s o  he stud-ied over wid.e ranges o f  condi t ions.  Leaka2ge 
coi-d.  be si-multaneously measured by several d i f f e r e n t  techniques whose 
r e l a t i v e  accuracy and d e s i r a b i l i t y  could then  be determined. 

probl. ern o f  p ipe  rupture  i n  pressurized reector-cool3nt  c i r c u i t s .  Pipe 
rupture  i s  u sua l ly  pos tu la ted  as the i n i t i a t i n g  evenc that l eads  t o  cor? 
uncovzrir:g, core  meltdown, a n d  f i ss ion-product  r e l ease  f o r  water reac-  
t o r s .  An est imate  of the p robab i l i t y ,  the maximum s i z e  of rupture ,  Lhe 
crack growth r a t e ,  a.nd t h e  in i t l i a t i ng  r?.echanisms foi. pipe fa iLure can 
be  determined^ arid understood by a s u i t a b l e  research  program; t h i s  can lcad 

To study Lhe consequences of' r e a c t o r  acc idznts  fwther ,  partlcularly 

The CSR, i n  add i t ion  'GO i t s  a b i l i - t y  t o  perform "short-term1' tes ts  

Another containrtent study t h a t  was s t a r t e d  r e c e n t l y  dee.ls >Jrith t h e  
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t o  design measires and inaterials inspection thaA could r e a d i l y  he appI..ied. 
t o  the prevention o f  such acclden-ts. The mechanisms of b r i t t l e  a,nd duc- 
t i l e  pipe failure f o r  pressurized-reactor p lan ts  will be studied with ex- 
perimental loops by subjecting pipe secti-ons t o  cycl ic  loads o f  tempera- 
ture,  pressure, btmting romen’Ls, and other s.tr s es  slrnu7.a-i;ing umisua7. 
operating cond..i.ti.ons. 

Care w i l l  be .taken t o  cha.mcterize the riietallurgy and physical. 
s t rength of the  piping mater ia l  properly before starti.ng -the - tes t  cycles.  
‘Die e f f e c t  of mteria1.s defects  upon crack i n i t i a t i o n  and propagation 
will 7)e observed. 
beads, t r a n s i t i o n  zones, velds, e t c .  

the Nuclear Safety- Engineering T e s t  9r.a3nc1i i.n the AEC’s Division of Re- 
ac tor  Developinent. 
of-f lmr t e s t s )  which w i l l  be operated f o r  the , U C  by the P h i l l i p s  Petro- 
leum Compa,ny 8’i. t h e  National Xeactor T e s t  S i te  i n  Idaho (see see.  1-2.3.4). 

LOFT T d i l l  be used t o  cond.ui3.t; loss-of-coolant t e s t s  1ea.di.ng ’GO the 
ultimate meltdown of the core for a 5O-Mw( therma.1) pressurized-water re -  
acJmr s A f u l l - s c a l e  containment s h e l l  constitutes a p a r t  of t h i s  Pacl.1.ity. 

C r i t i c a l  zones t o  be examined w i l l  i:ncl_ud.e nozzl.es, 

Full.-sc3.l.e t e s t s  of reactor-accident e f f e c t s  a r e  being planned by 

They w i l l  he conducted In the  LOFT f a c i l i L y  (loss- 

12.6.5 Conclusion 

Nuclear-safety projects sponsored by f;hc ComnissI.on during t h e  coni..ng 
years will emphasize reactor-accident modeling, prevention, and control.  
The programs planned are based on the awareness that the  causes) conse- 
quericii:s, and f e a r s  associated with major ni-iclear accidents can b e s t  be 
resolved by ~mdertaking I.arge-scale and engineering-type expel-inents to 
corr1plemen.t; the  basic  research progrmis undertaken i n  the laboratory.  

The t r a n s i t i o n  from laboratory l e v e l  t o  large-  scale  experinental  
tes- ts  of accident e f f e c t s  i s  a necessary s - k p  t h a t  rust he "taken to place 
safe ty  i n  desigii, s i t i n g ,  and hazards evaluation upon a firmer technical  
foot; i.11.g. 
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Appendix A 

Pursumnt t o  the  Administrative Procedures Act and the Atomic Energy 
Act of 1954, as amended, t h e  following guide i s  published. a.s n docunent 
subJect t o  codification, t o  be e f fec t ive  30 days a f t e r  publication i n  Lhe 
2FEDERIUL REGISTER. 

Commissj-on published i n  the  FEDERAL RECISTXR a not ice  of proposed ru l e  
makfng t h a t  s e t  fo r th  general c r i t e r i a  i n  the  forrn of guides and. Sac-tors 
t o  be considered i n  t'ne evaluation of proposed si tes f o r  power mid t e s t i n g  
reactors .  The Commission has received many comments from :individuals and 
organizations, including several. from foreign countries, re f lec t ing  Lhe 
widespread s e n s i t i v i t y  and importance of the  subject of s i t e  select ion 
for reactors .  Formal comunications have been received on the  pu.blished 
guides, includ.ing a proposed comprehensive revis ion of t h e  guides i n to  
an a l te rna te  form. 

Cornmission's proposal. t o  issue guidance i n  some form on s1:.te selec-Lions, 
and acceptance of the basic fac tom included i n  the proposed guides, par- 
tiei.Li.arly i n  the  proposal. t o  issue exposure dose values which could be 
used for reference in the evaluation of reactor  s i t e s  w i t h  respect t o  po- 
t e n t i a l  reactor  accidents of exceed-ingly l o ~  probabi l i ty  of occu.rrenee. 

O n  t he  other hancf, rnany fea,ix.res o f  t he  proposed guides were s ingle2 
out f o r  c r i t i c i sm by a l a rge  proportion of the  coi-resyoncl.eri-t;s. This was 
par t icu lar ly  the  case for the  appendix sect ion of the proposed. guides, 
i n  which was included an example calcidat ion of environmental distance 
cha.racter is t ics  for :3 hypthetj .caI.  reactor .  In t h i s  appendix, spec i f ic  
nunierica.l. values were employed i n  the  calculations I The choice of these 
numerical values, i n  some cases invol-ving simplifying assumptions o-r" highly 
com1.ex plienomc-115, rep;:es ent types of  considerations present ly  applied. 
i n  s i t e  calculat ions and r e s u l t  i n  environmental distance parameters i n  
general. accord with present s i t i n g  pract ice .  Devertheless, these pa.rticu.- 
Lar numerical values and the  use of a s ingle  exa.mple calculat ion were 
widely objected to ,  bas ica l ly  on the grou.nds t h a t  they presented an as- 
pect of i n f l e x i b i l i t y  t o  the  guides which otherwi;3e aplieared t o  possess 
considerable f l e x i b i l i t y  and teiided. Lo emphasize u-nduly t h e  concept of 
environmen-ta.1 i so l a t ion  f o r  reactors  with minimum possib3.l.lty being ex- 
tended for eventual subs t i tu t ion  thereof of engineered safebmard. 

t h e  proposed guides have been rewrit ten,  with incorporation o f  a riu.niher 
of suggestions for  c l a r i f i c a t i o n  and s implif icat ion,  and elimination of 
t he  numerical values and example calculat ion foymerly constitutLng the  
appendix t o  t he  guides. In  l i e u  of the a.ppend.ix, some guidance has been 
incorporated i n  the  t ex t  i tsel f  t o  indicake i2ie cons id.eral;i.ons -that l ed  
t o  estriblishing the exposure values s e t  for th .  However, i n  recognition 
of' -the advantage of example calculat ions i n  providjmg preliminary guid- 
ance to appl icat ion of t he  pr inciples  s e t  for-t'n, the  AEC w i l l  publish 
separately i n  the  form of a technical. information document a discussion 
of these calculat ions.  

Statement of consideratiocs.  On February 11, 196l, the  Atomic Energy 

In -these communications there  128s almost imanimous support of the 

In  consequence o f  these many comments, c r i t i c i sms  and recommendations, 
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These guides and t h e  technical. information document a re  intended t o  
r e f l e c t  past  p rac t i ce  aild. current, pol..ri.cy of t h e  Coinmission of keeping 
s t a t i o n a r y  power and t e s t  reac-Lars away from densely populated cen te r s .  
It should be equal ly  understood, however, t h a t  appl icants  aye f r e e  a:nd 
indeed. encouraged t o  demonstrate to t he  Commission t h e  appl icabi l - i ty  and 
signifi .cance of conslderat ions o-i;'ner than those set f o r t h  i n  t h e  guides. 

exposure dose t o  l a r g e  numbers of people as a consequence o f  any iluclear 
accident should- be low i n  comparison with vhat might be considered rea,-, 
sonable f o r  total .  population d.ose. F7rthcr, s ince  accj.d-ents of g rea t e r  
p o t e n t i a l  hazard than  those commonly postu1xt;ed a s  represent ing an upper 
l-lmit a r e  conceivabl.e, although hi-ghly ri:mp!robah.l.e, it was considered, de- 
s irab3-e t o  provide f o r  protec-tion agarinst excessive exposure doses t o  
people i n  l a r g e  centerrs, where e f f e c t i v e  protect3.w rlile8sures might not 
be f eas ib l e .  Neither of t hese  objecti.ves were reaciTly ael?i.evable by a 
s i n g l e  c r l t e r i o n .  iierlcc the  population cen te r  d i s tance  was ad-ded as a 
si-Le requi.rernent when it was found for seve-i-a1 p ro jec t s  evaluated tha t  
t h e  specif ica t io i i  of such a d is tance  requirement wad-d approximately 
f u l f i l l  -the des t red  objec t ives  and r e f l e c t  a mow accurate  guide t o  c i i r -  
r e n t  s i t i n g  p rac t t ces .  In an e f f o r t  Lo develop more s p e c i f i c  guj.d.ance 
on t h e  t o t a l  man-dose concept,, t h e  Commission intends t o  give further 
study t o  -the subjec t .  Meanwhi.l.e, i n  some c8ses where very l a r g e  c i t i e s  
a r e  involved, t h e  populaLion center  d i s tance  may have t o  be g r e a t e r  than  
those suggested by these  guides.  

inc3-uded considerat ions of population d . i s t r ibu t ions  and land use sur-  
rounding proposed sri.t,es but  d id  not i i ldicate  how futime popul.ation growLh 
might a f f e c t  s i t e s  i n i . t i a l l y  approved. To t h e  ext,ent possible ,  AEC r e -  
view of t h e  land use surrounding a proposed s i t e  includes considerat ions 
of po ten t i a l  r e s i d e n t i a l  growth. 'ITe @?r.i.d.es tend toward requriring suf- 
f i c i e n t  i s o l a t i o n  t o  preclude any immedia-te problem. I n  t h e  meantime, 
operat ing experience t h a t  will.. be acqutred from plants  al.:ready Licensed 
t o  operate  should. provide a more d e f i n i t i v e  b a s i s  f o r  weighing t h e  ef- 
fec t iveaess  of engineered safegilards versus plant; isolat i -on a s  a pub1.i.c 
safeguard.  

These c r i t e r i a  a re  bssed upon a weighing of f ac to r s  c h a r a c t e r i s t i c  
of conditions in t h e  United S t a t e s  and may not  represent  t h e  most, appro-- 
p r i a t e  procedure nor 0 -p t t rmm emphasis on t h e  var ious interdependent fac- 
t o r s  involved i n  se lec t io i l  of s i t e s  f o r  r eac to r s  i n  other countr ies  where 
nat iona l  needs, resources,  p o l i c i e s  and other f a c t o r s  may be g r e a t l y  dif- 
f e ren t .  

One basic  objec t ive  of t h e  c r i t e r i a  i s  t o  assure  -that t h e  curmlative 

A number of  comiiients received poinixd out t h a t  AEC s i t i n g  f a c t o r s  

Sec. 

100.1. Purpose. 

100.3 &f i n i - t  ions. 
1.00.2 Scope. 
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SITE hTALUA!I'ION FACTORS 

100.10 Factors t o  be considered when evaluating si tes.  
100.11 Determination of exclusion area, low population zone, and 

population center distance.  

AUTHORITY: Pars. 100.1 to 100.1-1 issued under sec. 103, 68 Sta t .  936, 
sec.  104, 69 Sta t .  937, sec. 161, 69 Sta t .  948, see. 182, 68 Sta t ,  953; 
42 U.S.C. 21.33, 2134, 2201, 2232. 

SouRm: Pars. 100.1 -to 1.00.1.1. appear a t  27 F.R. 3509, Apr. 12, 1962. 

100.1 Purpose. ( a )  It i s  t l e  purpose of t h i s  par t  t o  describe c r i -  
t e r i a  which guide the  Commission i n  i.ts evaluation of t he  s u i t a b i l i t y  of 
proposed sLtes f o r  s ta t ionary  power and t e s t i n g  reactors  subject, t o  Pdrt 
SO of t h i s  cha.pter. 

ing of detail-ed standards -that would pr.ovide a quant i ta t ive cor re la t ion  
of a l l  fact,ors significarit  t o  t'ne question of acceptdj-i l i ty of reactor  
s i t e s .  'This par t  is  intended as  an i r r t e r i t n  p i d e  t o  id.e!zti.fy a nlxnbcr of 
Tactors considered by the  Commission i n  the  evaluation of reactor  si tes 
and the  genera.1 c r i t e r i a  used. a t  t h i s  time as guides i n  approving or  d i s -  
approving proposed s i t e s .  Any applicant who believes t h a t  fac tors  other 
than those set  fo r th  i n  th.e guide should be considered- by the  Commission 
w i U  be expected to demonstrate the  app l i cab i l i t y  and significance of 
s~trsh fac tors  e 

100.2 Scope. ( a )  This par t  applies t o  applications filed. under 
Par t  50 and 115 of . this chapter f o ~  s ta t ionary  power a.nd. t e s t i n g  reactors .  

( ' 0 )  The s i t e  c r i t e r i a  contained i n  t h i s  pari; apply prrimarily t o  re- 
ac tom of a general type and design on whi.ch experience has been developed, 
'out can a l s o  be applied t o  other reac.tor ty-pes. I n  particul-ar, f o r  re -  
actors  tha-t are  novel. i.n design and unproven as prototypes or pilo-f; plants,  
it is  expected. t h a t  these basic  c r i t e r i a  w i l l  be applied in a manner t h a t  
takes in to  account t he  l a c k  of experience. In  -the appl icat ion of these 
c r i t e r i a  which are deli.berately f lex ib le ,  the  safeguards provided - e i t h e r  
s i t e  i so l a t ion  o r  engineered Ceatures - should r e f l e c t  t he  lack of cer-  
taini;y t h a t  only experience can provide. 

( b )  Insuf f ic ien t  experience has been accumulated t o  permit t he  w r i t -  

100.3 Definit ions.  A s  used i n  t h l s  par t  : 
(a) i'Exclusion area" nieans t h a t  area surrounding the  reactor,  i n  

which the  reactor  l icensee has the  au thor i ty  t o  determ-ine a l l  activi-t ies 
including exclusion or removal of personnel and property from the  area.. 
This area may be traversed by a highway, ra i l road,  or  waterway, provided 
these are  not so close t o  the  f a c i l i t y  as t o  in t e r f e re  with normal opera- 
t ions  of t he  f a c i l i t y  and provided appropriate and ef fec t ive  arrangements 
are  made t o  control  t r a f f i c  on the  highway, railroad, or  waterway, i n  case 
of emergency, t o  protect  the  public heal th  and safety.  
the  excl-usion area s h a l l  normally be prohibited. In  any event, res idents  
s h a l l  be subjec-t; t o  ready removal i n  case of necessity,  Acl;ivi%ies unre- 
l a t ed  t o  operation of %he reactor  may be permitted i n  an exclusion area 
under appropriate l imitat ions,  provided t h a t  no s ignif icai i t  hazards t o  %he 
public heal th  and safe ty  . w i l l  result. 

Residence within 
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( b  ) "Low po-pul-at ion  zone ' I  means Lhe area  immediatel-y surround-i-ng t h e  
exclusion a rea  which contains  residen-ts,  t h e  to-La1 immber and dens i ty  of 
which are such Lhat t h e r e  i s  a reasonable p robab i l i t y  t h a t  appropriate  
pro tec t ive  measures cou1.d be taken i n  t h e i r  behalf  rin t h e  event of a se-  
r ious  accident .  These guides do not  spec?-fy a permissihlk popula-ti-on 
dens i ty  or t o t a l  populatjon wi th in  t1ii.s zone because t h e  s i t u a t i o n  may 
vary from case Lo case.  Whether a spcci-fic number of people can, for 
example, be evacuated from a s p e c i f i c  area,  o r  i n s t ruc t ed  t o  take  s h e l t e r ,  
on a Li.me1.y b a s i s  will depend on many f a c t o r s  suc1-1 as  loca t ion ,  number 
and s i z e  of highways, scope and ex-Lent of advance planming, and ac-tusl. 
d i s t r i b u t i o n  of yesidents  wFt1i-i.n t he  area.  

t o  t h e  neares t  boundary of a densely popda ted  center  containing more than 
about 25,000 resid-ents .  

(d) "Power r eac to r "  means a nuclear r eac to r  of a type described i n  
Par. 50.21(b)  o r  50.22 of t2Iri.s chapter  &signed t o  produce e l e c t r i c a l  o r  
hea t  energy. 

( e )  "Testing rea.c-i;or" means a "tes.ti.ng facility" as  d.efined i n  Par. 
50.2 of this cha-ptes. 

( c  ) "Popula-Lion center  d i s tance  I'  means t h e  d-i-stance froui t h e  i-eactor 

1-00.10 Factors t o  be consid-ex-ed when evs1.u-ating sites. Factors  
considered. Ti3 t h e  eval.uation of s i t e s  include those  r e l a t i n g  both t o  t h e  
proposed reac-Lor design and the c h a r a c t e r i s t i c s  pecul ia r  t o  t h e  s i t e .  
It i s  expected tha'c r eac to r s  w i l l  ref']-ect through 'cheir design, cons tmc-  
t i o n  and opera:;ri.on an extreme1.y low probabill-i-Ly for accidents  t h a t  could 
r e s u l t  i n  r e l e a s e  of s i g n i f i c a n t  qua i i t i t i es  of rad.ri.oactive f i s s t o n  pro- 
duets .  I n  ad-dttion, t h e  sri.te l o c a t i o n  and t h e  engineered f ea tu res  i n -  
cluded as  safeguard-s aga ins t  'Lhe hazardous consequences of a.n accident,  
should one occui?, shou1.d. insure  a low risk of publ7.c exposure. In par- 
t i c u l a r ,  t h e  Coinmi-ssion wi1.l- take t ine following f a c t o r s  i n t o  considera- 
t i o n  i n  determining t h e  accepta'oil.l.'iy of a s i t e  for a power o r  t e s t i n g  
r e a c t o r  : 

el-uding : 

l e v e l  and. t h e  nature  a.ad rinventory of contained yadi.oactive rna~teria1-s; 

a r e  applied. t o  t h e  desi-gn of t h e  reac-Lor; 

f ea tu res  having a s i g n i f i c a n t  bear ing on t h e  p robab i l i t y  or consequences 
of acc identa l  r e l ease  of radioa-ct ive mater ia l s ;  

( 4 )  '-fie s a f e t y  f ea tu res  t h a t  a r e  t o  be engineered i n t o  Lhe f a c i l i t y  
and those barrriers t h a t  must 'oe breached as a resul ' i  o f  an accident be- 
forre a r e l ease  of rad ioac t ive  ma te r i a l  to the environment can occur. 

including t h e  exclusion area,  low population zone, and population center  
d i s tance .  

_____ 

( a )  Charac t e r i s t i c s  o f  r eac to r  d.esign and proposed opcra t ion  in-  

( I)  Intended use  of t h e  r eac to r  including t h e  proposed ma.ximum power 

( 2 )  The exbent t o  which geae ra l ly  accepted engineering s tandards 

( 3 )  The exten t  t o  which t h e  r eac to r  incorporates  unique or unusual 

( b )  PopulaLion dens i ty  and use c h a r a c t e r i s t i c s  of t h e  s i t e  environs, 
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( c  ) Physical charac te r i s t ics  of t he  s i t e ,  including seismology, 
meteorology, geology and hydrology. 

(l) The d.esign f o r  t h e  f a c i l i t y  should conform t o  accepted building 
codes o r  standards f o r  areas having equivalent earthquake h i s to r i e s .  No 
f a c i l i t y  should be located c loser  than one-fourth mile from t he  surface 
loca t ion  of a known act ive earthquake f a u l t .  

area should. be considered. 

s i t e  may have a bearing on the  consequences of an escape of radioactive 
material  from the  f a c i l i t y .  Special  precautions should be planned i f  8 
reactor  i s  t o  be located a t  a s i t e  where a s ign i f icant  quantity of radio- 
act ive e f f luent  might accidental ly  flow i n t o  nearby s-treailis or r ive r s  or 
might f ind  ready access t o  underground water tables .  

t he  proposed s i te  ma.y nevertheless be found t o  be acceptable if -the de- 
s ign of t he  f a c i l i t y  includes appropriate and adequate compensating engi- 
neering safeguards. 

100.11 Determination of exclusion area, l o w  population zone, and 
(a.) As an a id  i n  evaluating a proposed s i t e ,  

:n applicant shoiLd assume a f i s s i o n  product re lease l  from the  core, t he  
expected demonstrable leak  r a t e  from the  containment and the  meteorologi- 
c a l  conditions per t inent  t o  h i s  s i t e  t o  derive an exclusi.on area, a l o w  
population zone and population center distance.  For the -purpose o f  t h i s  
amlys i s ,  which s h a l l  set fo r th  the  bas i s  for the  numerical values used, 
the applicant shou-ld determine the  following : 

point on i-ts boundary f o r  two hours immediately following onset of t he  
postulated f i s s ion  product re lease  would not receive a t o t a l  rad.iation 
dose -to t he  whole body i n  excess of 25 r e m 2  or a - to ta l  rad ia t ion  dose in 
excess of 300 rem’ t o  -the thyroid- from iodine exposure. 

( 2 )  Meteorological conditions a t  t he  s i t e  and i n  the  surrounding 

( 3 )  Geological and hydrological charac te r i s t ics  of t he  proposed 

((3.) Where unfa.vorable physical charac te r i s t ics  of t he  s i t e  ex is t ,  

opulation center distance.  

(l) An exclusion area of such s i z e  tha-t an individu.al located a t  any 

’The f i s s i o n  product re lease assumed for t’nese calculations shou1.d 
be based upon a major accident, hypothesized f o r  purposes of s i t e  analy- 
sis  or  postulated. from considerations of possible accidental  events, t h a t  
would r e s u l t  i n  po ten t ia l  hazards not exceeded by those from any accid-ent 
considered credible.  Such accidents have generally been assumed t o  r e -  
s u l t  i n  subs tan t ia l  meltdown of t he  core with subsequent re lease  of appre- 
c iab le  qvant i t ies  of f iss ioi i  products. 

c a l l y  -to .the once i n  a l i f e t ime  accidental  or emergency dose f o r  radliation 
workers whi-ch, according t o  NCKP recommendations may be djsregarded i n  the 
determination of t’neir rad ia t ion  exposure s t a tus  ( see  NBS Handbook 69 
dated cJune 5, 1959). However, nei ther  its use nor t h a t  of t he  300 rern 
value f o r  thyroid exposure as  se t  for th  i n  tliiese s i t e  c r i t e r i a  guides a re  
intended t o  imply tha t  these numbers cons t i tu te  acceptable l i m i t s  f o r  
emergency doses -to the public under accident coiidltions. Rather, t h i s  
25 r e m  whole body value and the  300 rern thyx-oid valse have been s e t  fo r th  
i n  these guides as reference values, which can be used i n  -Vne eval.uation 
of reactor  s i t e s  wi-th respect t o  poten t ia l  reactor  accidents of exceedingly 
low probabi l i ty  of occurrence, and low r i s k  of public exposu-re t o  radiat ion.  

The idio1.e body dose of 25 rem referred t o  above corresponds numeri- 2 
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( 2 )  A low population zorw o f  such s i z e  Ynat an ind.ividua1 loca ted  
a t  any point  on i t s  outer  boundary who is  exposed to t h e  rad ioac t ive  cloud 
i-esil l t ing from the postulated f i s s i o n  prod.iict r e l e a s e  (during {;he e n t i r e  
period of i t s  passage) would not rece ive  a to-LaJ. r a d i a t i o n  dose t o  t h e  
whole body 3.n excess of 25 rem o r  a to ta l .  r a d i a t i o n  dose i n  excess of 300 
rem to t he  thyr0i.d fimm iodine exposure. 

(3 )  A population cen te r  d i s tance  of a t  leas-L one and one-third times 
t h e  d is tance  from t h e  r eac to r  Lo t h e  outer 'o0und.al.y of Lbe low popil.ation 
zone. En applying 1;hi.s guide, due cons idera t ion  should be given t o  t h e  
popu.J.ation d i s t r i b u t i o n  wi th in  tile population center .  

e s sa ry  becaiuse of t o t a l .  in tegra ted  populak3.on dose considerat ion.  

be giveii t o  t h e  fol.l.owing: 

i n  one r eac to r  wou1.d not i n i t i a t e  an accI.dent i i z  another,  t h e  s i z e  of t h e  
exclusion area,  low population zone and p o p l a t i o n  cen te r  d i s tance  s h a l l  
be f i i l . f i l led wi-th respec t  t o  each r eac to r  ind iv idua l ly .  The envelopes of 
t h e  p1a.n. overlay of t he  areas s o  ca lcu la ted  sha1.l- Ynen be taken a s  t h e i r  
respec t ive  boundaries. 

( 2 )  If t h e  :reactors a r e  interconnected t o  t h e  ex-LcnL t h a t  an accident  
i n  one r eac to r  co1rrl.d. a f f e c t  t h e  safe-Ly of 0perai;Toil of any other ,  t h e  si.ze 
of t h e  exchis ion mea ,  low popii1.ation zone and population cen-Ler d is tance  
shall. be based upon 'che assump'cion t h a t  a l l  interconnected I-eactom emit 
t h e i r  pos tu la ted  f i s s i o n  product r e l eases  simultaneously.  'Viis requi re -  
menl; may be reduced il l  r e l a t i o n  t o  the  degree of coupling between reac tors ,  
t h e  p robab i l i t y  of concomitant acc idents  and t h e  prnbabili ' iy Ynat an i.n.d.i- 
v tdua l  woul-d not be exposed Lo t h e  r a d i a t i o n  e f f e c t s  from simult,aneous 
r e l eases .  The appl icant  would be expected Lo j u s t i f y  t o  t h e  s a t i s f a c t i o n  
of' t h e  AEC the basi-s f o r  such a reduct ion J.n t h e  source term. 

ti.on of multiple r eac to r s  al; a si.te w i l l .  not rrsu1.t rin t o t a l  rad ioac t ive  
e f f  1-uent r e l eases  beyond t h e  allowable 1 i i n i l ; s  of appl icable  regrl .ations . 

Where very- l a r g e  c i t i e s  a r e  invol-ved, a grea-Lei- dis-Lance may be nee- 

( b )  For s i t e s  for mult iple  r eac to r  f a c I l - i t i e s  considerat ion should 

(1.) I f  t h e  reeac-tors a r e  independent t o  t h e  ex ten t  Ynat an accid-ent 

(.3) The app.lican2; i s  expected. -to show t h s t  t h e  simultaneous opera- 

NOTE : For f'urtlier guidance i n  developing the  excI..us i on  
ares ,  t h e  low popul.ation zone, and the population center  d i s -  
ta:nce, reference is  madk t o  Technical Ini'or-mation Dociimezlt 
lL844, dated March 23, 1962, which contains  a procedural mctiiod 
and a samp1.e ca l cu la t ion  -that result i n  distances rov.gh1.y 
ref]-ect ing ciirrent siting prac t i ces  of t he  Commission. The 
calcul-at ions described i n  Technical Information Document 1..4844 
may be used as a point  of departure  for considerat ion of par- 
t i c u l a r  s t t e  requirements which may result from eva lua t ion  of 
t h e  charactes-i-sties of a p a r t i c u l a r  reac tor ,  i t s  purpose and 
method of operation. 

t a ined  Tram t h e  Commission's Public Docmient Room, 1.73.7 H 
SLreet N w . ,  Washington, D. @. , o r  by h r r i t i r g  t'ne Director ,  
Division of Licensing and Kegulatioa, U .  S. ALoit1j.e Energy 
Commission, Washington 25, D. C. 

Copies of Technical Information Document 14844 may 'ue ob- 



Appendix B 

DESCRIM'ZON OF CONTAINPENT SYSmM 
IN F m  SAJ'En- ANALYSIS REPORT 

The containment system desc r ip t ion  i n  t h e  final ssfeLy ana lys t s  re- 
po r t  should provide information appropriate t o  a d.eteri~lj.na-tion of t h e  
e f fec t iveness  of t he  contairimerit systeiii i.n l i m i t i n g  t h e  r e l ease  of  ra.dio- 
a c t i v e  mater ia l s .  To t h e  ex ten t  tha t  t h e y  mmy be appl.i-cable, t he  follow- 
ing  guides are suggested as i l l u s t r a t i v e  of t h e  types of  informt,i.on %hat 
should be considered f o r  inc lus ion  i n  t h i s  s ec t ion :  

containment syst&%i, including, f o r  example : 

* 
A. Description of Contairmerrt System. A general  descr ip t ion  of -the 

A descr ip t ion  of the  design bases f o r  t h e  con-Lairmcnt system 
including a concise discussion of any provisions f o r  t h e  venting, 
suppression, or- redueti-on of pressure.  
A descr ip t ion  of Llie circumstances and conditions under which 
t h e  con-tuinment system i s  t o  be sealed f r o m  the atmosphere, t h e  
methods used t o  detec.1; .these circumstances and conditions, and 
t h e  sequence of events following the signal. f o r  closure, inchid- 
ing  the  operation of c losure  devices and ac tua t ion  of eiiiergericy 

A statement as t o  the p r i n c i p a l  di.mensions and approximate gross 
and. net volumes of Yne contaiiunent system. 
A discussion, pref txably  supported by sketches, descrlbing t h e  
containmait system, arid serv ice  xnd a u x i l i a r y  f a c i l i t i e s .  
The exten-t of occupancy of the con'cainment system which w i l l  
be permitted dui*ing operation, maintenance, t e s t i n g  and experi- 
men'ca-Lion; and. measures t o  con t ro l  such occupancy. 
An explsnation of any a c t i v i t i e s ,  other than r eac to r  operation, 
that a r e  t o  be conducted within the contaimient system. 
??le extent 'GO which t h e  contaim-ent system i.nLegri-t;y i s  COM- 

promised, i f  a-t a l l ,  d - u r i n g  refuel.i.ng o r  other m.intena.nr:e ac- 
t i v i t i e s ,  arid t he  condition of  the reac tor ,  including degree of 
shutdovn, and ternperature and pressu-re l e v e l s  dinring these  pe- 
r-iods, 
A discussion of any planned l i m i t a t i o n s  on. opera1;ion o r  main- 
tenance t h a t  a r e  prohiblited whenever t h e  design i n t e g r i t y  of 
the containment system i s  not es tab l i shed .  

sys-t;ems. 

0. Design h a d i n g .  A tabula t ion  of t he  design loading f o r  the con- 
tainment ves se l  iiiclu.d.ing, f o r  example : 

(1) The i n t e r n a l  pressure load.. 

I_ 

-E 
A s  taken from Aug. 28, 1962, d r a f t  of AEC Licensing Guide e n t i t l e d  

"Purpose, 0rga.nl.zatioii and Contents of Fh..zar.ds sllmnlary Reports f o r  Power 
Reactors. " 
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( 2 )  Thermal loads,  inc luding  t r a n s i e n t  loads  occurrj-ng i n  the even-L 
of acc ident ,  and due t o  condensation o f  ho t  vapors on i n t e r n a l  
sur faces ,  hea t  tyransfer through t b e  system w a l l s ,  and temperature 
d i f f e r e n t i a l s  t h a t  may exisL a t  p o i n t s  of embedment o r  r e s t r a i n t .  

( a )  
(b)  Loads due t o  support ing niembers, components, and-  equipment 

( e )  

( a )  

(e) 

(a) Seismic e f f e c t s ;  
(b) 
( e )  Wind, snowp and i c e  lbads ;  
( a )  

( e )  Vacuum condi t ions  due to i.ntei:nal. deple  Lion of oxygen 

( f )  
(g) 

(3)  Concentrated loads ,  such as:  
Impact loads  from i n t e r n a l  c r ed ib l e  m t s s i l e s ;  

connected .Lo t h e  system; 
I i v e  loads  from cranes  and. f l o o r  loadiiigs t r ansmi t t ed  dj.- 
r e c t l y  t o  the  containment system walls; 
The dead load due t o  t r a n s f e r  of t h e  containment sys’icrn 
waig’nt t o  t h e  support ing s t r i ic ture ;  
Loadings from i n t e r n a l  f looding  of the system. 

( 4 )  External. loads ,  such as : 

Loads due t o  nonimi.form s e t t l i n g  o f  fowida.tions; 

Vacuum condi t ions  due -to e f f e c t s  of barometr ic  and ambien”i 
temperature f l .uctuat ions on a sealed. system; 

through combus t i on ;  
Loadings from z x t e r n a l  s o i l  and hydr0stat i .c  p re s su res ;  
Impact loads  from e x t e r n a l  c r ed ib l e  m i s s i l e s  ~ 

C.  Pk ter ia l - s  oi” Construct ion.  A descr j -pt ion of t h e  ma- te r ia l s  OB 

(1~) 

( 2 )  The e x t e n t  t o  which amenclmfients, supplements, o r  waivers have 

~ . . ~  ____l___ll_...___. 
constructj.on, incl-uding, for example : 

A 3 3  st of 2.p-plicahle m t e r i . a l s  specj.ficati.c:)ns for t h e  pr inc i -pa l  
ma. t 2 r i a. I s of c ons t r u c  t i. on. 

been app l i ed  t o  s-Landard material s p e c i f i c a t l o n s ,  inc luding  any 
modi f ica t ion  of t h e  p rov i s ions  ~ C J T  hea’i trea’iment, chenii.ca1 corii- 
pos i t l on ,  mechanical. p rope r t t e s ,  o r  r m t e r i a l  inspecti-ons,  tests, 
and in spec t ion  s tkndards.  

(a) 
(3) A descrip-Lion of no tch-due Li.l_ity p rope r t i z s ,  i.nc1udin.g: 

Resul t s  of Charpy V-notch 5.mpact t es t s  on v e s s e l  m;it;erial, 
weld specimens, and componen-t; weldmeilts; speci-f ied a i  par -  
t i c u l a r  t e s t  temperatures;  
A d e s c r i p t i o n  of  any hea-L trea,tment appl ied  t o  enhance t h e  
notch- due L i l i t y  p r o p e r t i e s  . 

(4 . )  A d e s c r i p t i o n  of corrosi-on p r o t e c t i o n  f e a t u r e s ,  includi-ng mate- 

( b )  

r i a l  all .ow~~.nces,  provided f o r  -the c o n t a i n m n t  system. 

D. S t r u c t u r a l  Design. A descr ipbion  of s t r u c t u r a l  des ign  c r r i t e r i a  

(3.) 

and f eat,ures , i n c l i i d i n g ~ f o r  example : 

Codes observed i n  t h e  design and cons t rue t io i l  of t h e  contain-  
ment system, and any exceptions,  rcvis i -ons,  addenda, case in- 
t e r p r e t a i i o n s ,  o r  s p e c i a l  r u l i n g s  by which t h e  a p p l i c a t i o n  of 
codes has been q u a l i f i e d .  
The design s t r e s s  limits f o r  combinations of primary and secon- 
dary  s t r e s s  i n  terms of the al.lowabJ-e stress va lue  f o r  the con- 
tainment sys tern ve s s e l  mater i.al . 

(2) 
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(3) The method of suppor-Ling t h e  contaiiment system, incl.iiding the 
means employed i n  t r a n s f e r r i n g  t h e  v e r t i c a l  dead loads from 
wlithin t h e  system t o  t h e  foundation. 

(a) Location a.nd ident i :Ficat ion of m jor compon.erzts wi-thin the  
system; 

(b)  &%sic system dimensions and i m l l  th icknesses ;  
( e )  Allowable dev ia t ion  from c i r c u l a r  o r  spineri.cal form; 
( d )  GeometriciZ1. conf igurz t ion  of the  systern; 
( e )  Identifica,t i .on,  loca t ion ,  and. s i z e  of  connect,ions a n d  penc- 

t r a t i o n s ;  
(r) Internal or  extei-nal attac’mmnts; 
( g )  Vessel support ing s’cr.ucture; 
( h )  Lclca,tioii of rmjor velding joints; 
( 2 )  Transi.ti.ons between sect,i.ons of uneginal thickness;  
( j )  Grade level ;  
(k)  Areas of ernbedmen’i i n  concrete,  and rel.ation. t o  grade Level. 

(5) A b r i e f  descr j -pt ion of fabri-cation and welding procedixees, and 
o f  s p e c i f i c a t i o n s  f o r  shop arid s i t e  f a b r i c a t i o n  and of’ welding 
employed i n  t h e  con-tainmen’c system imnufac-i;v.re and. not  included 
i n  app l i cab le  codes or s p e c i f i c a t i o n s .  

(6) h c p e c t i o n  procedures, such. as : 
(a) Yaterial  inspec t ions ;  
(b)  Inspect ions during shop fab r i ca t ion ;  
( e )  Bispecl;ions during s i t e  e rec t ion ;  
( d..) 
( e )  Welding procedures inspec t ions ;  
( f j  zea,t t rea tment  p r a c t i c e s ;  
( g )  Appliea.i;liori of, and acceptance s L:inda.rds a.n.d procedures 

( 4 )  Containment system drawings i n  s u f f i c i e n t  detai l .  t o  incl.ude I 

Weld operator  q u d i f i c a t i o n s  inspec t ions  ; 

f o r  radi.ographic, u l t m s c n i c ,  rmgnetic p a r t i c l e ,  and l i q u i d  
pene t ran t  inspec1;ions; 

(h)  Records of inspec t ions .  
A copy of the vesse l  data r e p o r t  prepared by t h e  nw.nufac-tu-rer o f  
t h e  c onts.i.nrnent system ve 6 s e l  . 
Details of t h e  desigy and sea l ing  of j o i n t s  i n  t h e  containmea.t 
system. 
Provisions made t o  integra-Le p ip ing  and duc-Ling penet ra t ions  
wi th  -iiie contai:orment system wall i n  order t o  preclude a rupture  
be.txeen t h e  wall and . t h e  cl.osure va lves  providefi f o r  t he  pene- 
tra‘i ing l i n e s ,  o r  of t he  w i L l -  itsel.?. 

(10) ‘The dimensions, locatj.on, methods of support ,  8.1~1 miterials of  
cons t ruc t ion  of any secondary o r  containmerit ra,d.j.Lt.t, j.o:n sh ie ld ing  
a s soc ia t ed  wi-th t h e  containment system, and of any thermal o r  
weather insilla Lion 

cons t ruc t ion  of any missile b a r r i e r s  a s soc ia t ed  wi’ch t h e  con- 
tainment system. 

p o r t  of equipment. 

( ‘7)  

( 8 )  

(9) 

(11) ‘The dimensions, loca t ion ,  methods o f  support ,  and r i m - t e r i a l s  o f  

(12) IJses xnade, i f  any, of t h e  conta.fmiienS, system struct;ure for sup- 
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E. 
s y s t em, 

(1) 

( 3 )  

Pene-Lrations. An a n a l y s i s  o f  y e n e t r a t i c n s  o f  the conia.lnmei-l.t, 
including,  for exa.mp1.e : 

-̂_I_ ___. _ _  
The numbers and b 2s cf pene t r a t ion  of tile contai-mmnt system 
Icr the  entry- o r  e x i t  of cleckrical. wiring, f l u i d  piping,  tubing,  
and clii.cts, and. all- a.i.rl.ocks and access por'is __ 
Sign i Tic  "1 !I L de t a  i.1 s of de s 127. ; cons i; i-uc i, inn,  :?nd ope rat i on o f  
pene t ra t ions ,  inc! i~cl.i~ig: 

(2) 

(b)  

Lcc%t,ion and grsuping of pene t r a t ions ;  
Methods aix5 ma-t,ei-ials C o r  seal i r -g  pene tmticms t o  the con- 
t a i n m e n t  S ~ S  Lc;n L3.s and an.ticipatcd requ.i.rements of main- 
tenance, i.ncluding r a n o v v l  and -c-eplacemcnt of  Lhe seal  ing.  

A d e s c r i p t i o n  .=f valves  and. dampers i n  pi-pes, tu'htes, o r  duc t s  
n+,z,hnenL systern, i.ncluding : 

snd types o r  v a l v e s  and d.arnpers; 
(b) The c l c s i n g  Limes of valves  and dampers; 
( e )  ~ e i k i o j  (3.C a c t u a t i o n  cf vaI.v:es and dampers. 
A d e s c r i p t i o n  ol" ai-pl.ocks and access ports pene t r a t ing  the  con- 
tainment s y s t , ? m ;  i rx luding ,  Tor exanple : 
(a) 
(b )  
( e )  
((3) 

( e )  

A descripLLon o f  pene t r a t ions  f o ~ '  a i r  saiiir,TI ing: and conneckions 
f o r  ma.i.n'i enaLice serv ices .  
A de s c r' i.1)tJ-L oil of any t cmpera-'L ur e , p ~ e  s s 1J.r e 
or clie-rriicaJl coricentrati  on d e t e c t i o n  o r  noni.Loring system used 
i n  conjuncflon with pene t ra%ions  - 
A descript,i.cn o f  t h e  me1,hods; rninirnwn acceptance s tandards,  and 
frequency 'cjf b s p e c t i o n  and testi.np; i)f components and systems 
e s s e n t i z l  t o  r e l i a b l e  opera t ion  of  t h e  con-tai nrment, system i n  
evenJ; o€ nn acc ident ,  inc luding:  
( a )  
( b )  Detcct,ion and mxii.toring system; 
( e )  Ai.rl.ocXs; 
(d) Sprsy systems; 
( e )  Emergenc j r  cco1in.g syst,erns. 

D'immsicns of a i  rl ocks and access po:r'r,s; 
0pera.tiv.g meiliods ?or ari-flocks and access  poyts; 
Frequency OC opera t ion  of airl..ocks and m c e s s  pcrts; 
Tnter lock and bypass provisions i n  connect lon with a i r l o c k s  
and access ports; 
A a e ' n i l d  descri.yi,ion of any emergency escape ports a,nd 
tlie cccesions f o r  whic :k  i,hey are provided. 

huini d i t y  , r a d i  a,-;, i. on, 

Autxmti-calI.y ac tua t ed  va lves  and. dampers; 

I?. Ventils-L-7~ . A d e s c r i p t i o n  of  p?rc,vi.si.ons f o r  v e n t i l a i i o n  of t h e  
contzinment system, and for other  a i r  pur i f ica t i .on  - f a c i l i t i e s  s e rv i c ing  
t h e  con-Laimfient system under normal. and. emergency ccndition.s,  i.ncI.uding, 
for exafiiple : 

(1.) Method of  venLi I.aLi.cm, whether opera t ion  i s  continuous o r  i n t e r -  
mi t t en t ,  and the b a s i s  f o r  s e l e c t i c n  of .the type of operat ion;  

( 2 )  Ventilakirm fi.ow rates and t h e  b a s i s  f o r  s e l e c t i o n  o€ these fl-ow 
r a t e s ;  

(3) The :TJ.ow paths o f  ventiiatAing air7 major pressure  gradi-ents, and 
the  I .ocati im of fans snd bl.owers; 
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A descr ipt ion of f i l t e r  systenis and other  a i r  p u r i f i c a t i o n  equip- 
men-L, including types of equipment, purpose, location and e f f i -  
c iencies  of  f i l t e r s  as i n s t a l l e d ,  t e s t i n g  of f i l t e r  effi.ciency, 
inspection and servicing requirements, and a.ccessibj.lity. 
Require-meiits of , nzid provisions fo r ,  separate v e r t i l a t h n  o f  the  
shieldiEg, o r  any other individua,l com.ponen'c o r  system wi-thin 
t h e  containment system, in.cl.iiding .the r e l a t i o n  of t h i s  vent i la -  
t i n g  sys-tem t o  t h e  vain contai.nment system vent i la t ing  system. 
1Eixim.u.m a i t i c i p n t e d  r a t e  of hea-t release t o  the con"kxi.nment sys- 
tem air ,  during normal operatton, from systems and equi.:pment in- 
sba l led  within the contai.nrflent system. 
A descr ipt ion of Lhe a i r  condit,ions r e l a t i v e  t o  temperature, 
humtdity, and rad ioaxt iv i ty  t o  he m i n t a i n e d  In the contalnment 
system dwing  peri-ods of normal operation, and of the  a i r  t r e a t -  
ment systems provided t o  maintain these conditions, and t o  de- 
humidify stagnant regions  here corrosion i s  of concern. 
A descr ipt ion of t h e  f a c i l i t i e s  provided and. the inethocls used t o  
exhaust, monitor, and fil.t,er t h e  v e n t i l a t i o n  aA.r from t h s  con- 
tainment system i.n a sa.fe min.ner, includi.ng provisions mde .to 
di-sperse the exhaust so  as t o  preclude re-entry t o  tine f a c i l i t y  
through any a i r  intake 
A descr ipt ion of design fea tures  potentia1l.y capa>ble of a l l e v i a -  
-ti:ng t h e  hazards associated with an accident, i.nclu.dii1g any pro- 
vis ions f o r  rec i rcu la t ion  of the containment system air  through 
a. f i l - t e r  un i t  followj-ng an accident releasing ra,diosctiv-i.ty t o  
the  con Laimient syskrn. 

B s i g n  Pressure. Ari anqlysis of tine contairment system iiite-mal 
des i gn pres  sue, including , f o r  example : 

(1) The b a s i s  of  choice of tbe containment, system fflternal desi-gn 
pres :;urre value , i.nclLding, :Cor example : 
(a )  Sources and amounts o f  energy and material  released t o  the  

containment system as the  resul t  of cred.ible nnptures of 
various s i z e d  pipes i n  the primary coolant system, and the 
secondary coolarit syst,ern i f  a rupture . therein could cred- 
i b l y  involve the pyimary system, t h e  time dependeizcies as- 
sociated with these releases ,  j u s t i f i c a t i o n  f o r  the type 
of re lease  selected f o r  desigii purposes, and. a coiflparison 
of the ef-fects r e s u l t i n g  from t h i s  re lease  with those which 
would. result ,  from a re lease  due t o  a circunferen-tLal. rup- 
t w e  of the l a r g e s t  pipe i n  the pyimary coolant system with 
both ends o f  t h i s  pipe, at the poin-t o f  rupture, f r e e  and 
open; 

(b)  Mechanisms 03 energy absorp-Lion a n d  t ransfer ,  and the as- 
sociated ilirile dependency of the absorption and t ransfer ;  

( e )  Graphical presentation of the pressure and temperature 
within the  containment system as a functi.on o f  time follow- 
i.ng the  assumed maximum credible  accident, with and. without 
emrgcncy cooling and spray systems functioning, and. ex- 
tefided i n  -{;<.me t o  include all. maxima; 
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( d )  

(e) 

Discussion o r  a3.J. p r i n c i p a l  p re s su re  and tempemtilre maxima, 
inc luding  t h e i r  cause and e-ffect;  
A desc-r<.pii.cn a n d  anal-ysis  of any condi t ions  t h a t  could 
subject t h e  cci i tahment  system t o  a nega-'Live pi-essiirej the 
provisi-ons made for r e l i e f  of nega t ive  pressures ,  t h e  means 
o f  p r o t e c t i o n  a g a i n s t  e x t e r i o r  blcclii-ng of the re1.i.e-C I-ine, 
and the  methocis, and. f m q u e m y  of  pe r iod ic  Lesting of tile 
r e l i e f  mechanism. 

Pressui-e t e s t s  and i-nspectio-0.s for s t m c t u r a l  ini,eg:ri.<;y-7 inc lud-  
ins : 
(a) Methods of  presslure t e s i . , i n ~  the  conteTmient system p r i o r  

t o  rou t ine  r e a c t o r  operat ion,  and pressures  a t  whi-ch t,est.- 
i ng  wil~l. be cciiducted.; 

( b )  Descr ip t ion  oI" llie mz-thods Tor pe r iod ic  r e t e s t i n g  f o r  
strength af ter  i-miticine cperatj-o-n of  the r eac to r ;  

( e )  14etiiod.s a n d  ii't3qi.umcy of inspec Lion of  t h e  containment sys- 
t e m  fer s t ruc tu ra l .  i n t e g r i t y ,  inc lud  i~ng the  extent, and 
s tandards  o-f  i .nspection appliec?, and the extent 'io which 
both  s i d e s  of t h e  containment system r.rzlls a r e  a c c e s s i b l e  
1. 
*. i-n s pe c t 5. oil . 

H. Design Leakage Rate .  An a n a l y s i s  of t h e  coctainment system desi-gn 
1 pakafie r a t e ,  i ncl iidi ng: Tor exarql e : 

(1) The basis of choice o f  t h e  containrfiejit, system design leakage 
rate, ikel.udi-ng : 
( a )  The design leakage r a t e ;  
( b )  The r e l a t i o n s h i p  between leakage rate and contai.nment sys- 

t e n  and. envi.romienta,l.~ pressure .  

i k s c r i p t i o n  of I.ea,k r a t e  tes ts  to be performed y i ' i o r  to 
rou t ine  rezc'wr opera-Lion s.ia Ling f o r  e x h  tes - i ,  t he  extent 
of cons t ruc t ion  completed, t h e  ccnd i t ion  of pene t r a t ions ,  
tile pressure  a-t w h i c h  'ihe -Lesi; w i l l  be conducted, th:: l i m i -  
t a t i o n s  of' t h e  a l lowable leak r a t e  and a d e s c r i p t i o n  of 

a.nd accuracy of t es t s ,  and correct j -ons made j-n the redlieti-on 
of Les-t d a h  'LO T i n a 1  values;  
Descr ip t ion  o f  t i le  methods of retesting f o r  l e a k  t i g h t n e s s  
a f t e r  r o u t i n e  opera t ion  of ti?e r e a c t o r ,  i-nc1.udd.n.g f:requeney, 
dura?;i.on, pi.ecisim, and.  accuracy of tes-Ls, -the mne-Lhods of 
da'ia reduct ion ,  and provis ions  made f o r  1ea.k t e s t i n g  i n d i -  
vidual. pene t r a t ions .  

1. Miscellaneous.  A d i scuss ion ,  inc luding  appropr i a t e  desc r ip t ions  
and ana lyses ,  of nx-scel-laneous f e a t u r e s  and c0nsi.d 
wri-th t h e  coniainmen i; syskem, including,  for exa.mp1 

(2) Leak ra-Le Loots,  inc luding:  
(a) 

I 3  brie method of testing7 incl-.udi.ng the dura t ion ,  precisi .on,  

(b) 

t i.l.)ns a s s oc j.at ed 

(1) 

( 2 )  

The methcds and c r i t e r i a  used i n  t h e  s t r e s s  a n a l y s i s  o f  t h e  
con'ia i.;mrtt?n i; system.. 
An a n a l y s i s  of sourccs  of imissiles having a capahi - l i ty  of darn- 
aging t h e  con.t;ainment sys I I t'ne p r h a i - y  cool-ant -rd a s s o c l a t x d  



high pressure a u x i l i a r y  systems, o r  emergency systems e s s e n t i a l  
t o  t h e  i n t e g r i t y  of the containment system. 
A descr ipt ion of the types, anitnunks, locations,  and charact,eris- 
tics of nBterial.s, i n  and about Yne containment system, t h a t  
a r e  i n f l a m ~ t b l e  o r  explosive i n  nature under the conditions .that 
may preva i l  during normal operation and i n  event of accident.  
A descr ipt ion of  design fea tures  provided t o  prevent o r  capable 
of preventing penetration of t h e  contai-nmenl; system by the worst 
credible  core mel-tdown. 
A descr ipt ion of desri.gn features  provided f o r  decontaminsti.on of 
the containment system and of equipment there in  under noma1 
opera-Ling conditions and i n  event of accident.  
Provisions f o r  preserving the i n t e g r i t y  of the contailmen-t system 
i n  t h e  event of f i r e ,  flood, e l e c t r i c a l  storm, earthquake, o r  
other emergency, including, f o r  example : 
(a) 

(b) 
( e )  

( a )  Programs for es tab l i sh ing  the re l iab i l i -by  of,  and f o r  t e s t -  

A descr ipt ion of -the means provided f o r  determination of pos-t- 
accident conditions w i  Lhin t h e  containment system, including 
pressure, temperature, and rad ioac t jv i ty  leve ls ,  and the s t a t u s  
of c r i - t i c a l  components and systems. 
A d.escription of provisions made to maintain equipment, and corn- 
poiients within the  containment system i n  a f a i l - s a f e  condition 
following an accident,  including protection of valve operators 
a-gainst collapse due -to pressure, protect ion against  wet cable 
runs ,  protect ion aga ins t  wrong-way operat ion of a i r  actua-ted 
valves due t o  pressure, and protect ion of e s s e n t i a l  emergency 
equipment s.gainst damage. 
Provisions f o r  secondary methods of actuation, includFng manual 
actuation, of sa fe ty  devices, components, equipment, and systems 
essenti-a1 .to the continued i n t e g r i t y  of  the containment system 
i n  the  event of accident, and the  times required for such emer- 
gency actuat ion under coiiditions when normal actuat ion does not 
occur. 

An analysis  of t h e  extent  t o  which such provisions a r e  re- 
quir ed; 
Systems and equipment t o  be employed; 
Methods of actuat ion of these systems a,nd equipment, and 
an analysis  of -Yne adequacy of the  methods of actuat ion;  

ing these systems. 

(10) A descr ipt ion of t h e  containment. system eormunication fnci.lj.ti.es. 
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CRITERIA O F  SECTION TIT 

OFTHE ASME E3orLE 

AND PRESSURE VESSEL COT) 

FOR NUCLEAR VESSELS 

1. ~ N T R ~ ~ i . ) ~ l ~ ~ l ~ ~  

‘rhe design philosophy of the present  Section T (Power Uoilers) and Section VITI (Un- 
fired P res su re  V e s s e l s )  of the ASME Roilcr Code may Le inferred from a footnote which 
appears  in Section. VI11 on page 8 of the 1962 editiorr. 
in Par.  UG-23 (c) which s t a t e s ,  in effect ,  t ha t  the wal l  t h i ckness  of a v e s s e l  shal l  be such  
that the maximum hoop s t r e s s  d o e s  not exceed  the allowable s t r e s s .  The footnote s a y s :  

It is recognized that  high local ized and secondary bending s t r e s s e s  may e x i s t  in 
v e s s e l s  designed and fabricated in accordance with Lhese rules .  Insofar as  practi-  
ca l ,  des ign  rules  for de t a i l s  haw been written to  hold s u c h  s t r e s s e s  a t  a safe level  
cons i s t en t  with experience.” 

T h i s  footnote refers  t o  a sen tence  

What t h i s  means is that  Sec t ions  I and Vi11 do  not  cal l  for a detai led stress a n a l y s i s  hut  
merely s e t  the wall  thickness  necessa ry  to keep the bas i c  hoop s t r e s s  below the tabulated 
allowable stress. T h e y  do not require a detai led evaluat ion of the higher, more local ized 
s t r e s s e s  which a rc  known to e x i s t ,  but instead allow for t hese  by the sa fe ty  factor  and a 

set of des ign  rules .  Examples  of s u c h  rules are  the ininimuni allowable knuckle radiiis for 

a tor ispherical  head and the ‘‘area replacement” rules for reinforcement of openings.  
l he rma l  s t r e s s e s  are given even l e s s  consideration. T h e  only reference to  them is in 

par. UG-22 wherc “the effect  of temperature gradients”  is l i s t ed  among the loadings 
to  be considered.  The re  i s  n o  indicat ion of how th i s  consideration is to be given. On the 
other hand,  t he  P ip ing  Code (ASA-B31.1) does give al lowable va lues  for the  thermal 
s t r e s s e s  which are  produced by the expansion of piping s y s t e m s  and even va r i e s  t hese  
allowable s t r e s s e s  with the number of cyc le s  expected in the system. 

The Spec ia l  Committee to Review Code Stress Basis w a s  originally e s t ab l i shed  to  in- 
vest igate  what changes in Code des ign  philosophy might permit u se  of  higher allowable 
s t r e s s e s  without reduction in safety.  It soon Lecame c l ea r  t ha t  one approarh would be to  
make bet ter  u s e  of modern methods of s t r e s s  ana lys i s .  Detai led e v a h a t i o n  of actual  
s t r e s s e s  wouId permit subst i tut ing knowledge of local ized s t r e s s e s ,  and assignment  of 
more rational margins,  in p lace  of a larger factor  which real ly  ref lected lack of knowledge. 

The simplified procedures of Section VIII may be  in error e i the r  on the s ide  of over- 
conservat ism or on the s i d e  of being inapplicable for the  more seve re  types of service.  
Detailed ana lys i s  of a lmost  any  Code v e s s e l  would show wht:rc the design could be opti- 
mized to conserve material .  On the other hand,  v e s s e l s  designed to minimum Section VIlI 

r ,  
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s t a n d a r d s  may not  be s u i t a b l e  for h ighly  c y c l i c  t y p e s  of opcratiilii  or for n u c l e a r  s e r v i c e  
where  per iodic  i l lspect ion is u s u a l l y  d i f f icu l t  a n d  s o m e t i m e s  i m p o s s i b l e .  

thoughts  whi rh  led to t h e  wr i t ing  of t h e  N u c l e a r  C a s e s ,  par t icu lar ly  N-12'72 a n d  N-1273, 
and f inal ly  t o  t h e  prepara t ion  of S e c t i o n  111. 

T h e  developnient  of a n a l y t i c a l  and  expcrirnental  t e c h n i q u e s  h a v e  made it p o s s i b l e  t o  

detesiriine s t r e s s e s  in c o n s i d e r a b l e  d e t a i l .  When t h e  s t r e s s  p ic ture  is brought  in to  f o c u s ,  
i t  is not  r e a s o n a b l e  t o  re ta in  t h e  sanie va l i i c5  of allowahlc s t r e s s  for t h e  c l e a r  d e t a i l e d  

picture  as bad previous ly  b e c n  u s e d  for the  l e s s  d e t a i l e d  one .  

merely to  r a i s e  the  allowilhle s t r e s s e s  t o  reasursdble  v a l u e s  for  t h e  peak  stresc; 

p e a k  s t r e s s  by i t se l f  i s  no t  an a d r q u a t e  c r i te r ion  of s a f e t y .  A c a l c u l a t e d  va lue  
m e a n s  I i t t l c  unt i l  i t  is a s s o c i a t e d  with i t s  loca t ion  a n d d i s t r i b u t i o n  i n  t h e  s t r u c t u r e  and  

with t h e  type  of l o a d i n g  which  produccd i t .  Di f fe ren t  t y p c s  of s t r e s s  h a v e  d i f fe ren t  d e -  

g r e e s  of s i g n i f i c a n c e  a n d  ninst ,  therefore ,  h e  a s s i g n c d  d i f fe ren t  a l l o w a b l e  v a l u e s .  For  
example ,  t h e  averagi ;  hoop stic through t h r  t h i c k n e s s  of the  w a l l  of a v e s s e l  d u e  to in- 

te rna l  press i i rc  niust be he ld  to a lower  v a l u e  than  t h e  s t r e s s  a t  the root  of a notch  in t h e  

w a l l .  I , i k e w i s c ,  a thrrnial  s t r e s s  c a n  of ten b e  a l l o w d  to reach  a h i g h e r  value than o n e  

which is produced b y  d e a d  weight  or p r e s s u r e .  'I'hercfore t h e  S p e c i a l  Commit tee  d e v e l -  

oped  a ncw s e t  of d e s i g n  c r i t e r i a  which s h i f t e d  t h e  e m p h a s i s  a w a y  from t h e  u s e  of s t a n d -  

ard conf igura t ions  and  toward the  d e t a i l e d  a n a l y s i s  of s t r e s s e s .  'I'he s e t t i n g  of a l l o w a b l e  

s t r e s s  v a l u e s  requi red  d i v i d i n g  s t r c s s e s  in to  c a t e g o r i e s  a n d  a s s i g n i n g  d i f fe ren t  a l l o w a b l e  

v a l u e s  t o  d i f fe ren t  groups  of c a t e g n r i e s .  

I J I ,  V e s s e l s  in N u c l e a r  S e r v i c e ,  a n d  w i l l  be  d e s c r i b e d  here .  

It was t h e s e  

N e i t h e r  i s  i t  s u f f i c i e n t  

'These c r i t e r i a  were  u s e d  in prepar ing  S e c t i o n  

I)& i t ions 

Whcn d i s c u s s i n g  var ious  c o m b i n a t i o n s  of s t r e s s e s  produced  b y  v a r i o u s  t y p e s  of load-  

i n s ,  i t  is inipoiictnt t o  u s e  t e r m s  which  a r e  c l e a r l y  d e f i n e d .  For e x a m p l e ,  t h e  t e r m s  "mem- 

brane s t r e s s 7 '  a n d  " s e c o n d a r y  s t r e s s 7 '  a r e  of ten u s e d  s o m e w h a t  loose ly .  
a Iiiiiit is t o  b? p l a c e d  on membrane s t r e s s ,  i t  is imperat ive t h a t  tlier-: m u s t  be  n o  q u e s t i o n  

a b o u t  what  is meant .  

t ime in prepar ing  a s e t  of d e f i n i t i o n s .  

t ion 111. 

I Iowever ,  when 

'Therefore t h e  S p e c i a l  Commit tee  s p e n t  a c o n s i d e r a b l e  amount of 

Thesc d e f i n i t i o n s  a r e  g iven  in Par. N-412 of S e c -  

Strength 'Theories 

'I'he s t r e s s  s t a t e  a t  a n y  point  in  a s t r u c t u r e  may be  comple te ly  d e f i n e d  by g i v i n g  t h e  

magni tudes  a n d  d i r e c t i o n s  of t h e  t h r e e  p r i n c i p a l  s t r e s s e s .  When t w o  or three  of t h e s e  

s t r e s s e s  a r e  d i f fe ren t  from z e r o ,  t h e  proximity t o  yieldi i ig  i u v s t  h e  de termined  by m e a n s  of 
a s t r e n g t h  tlieorj.. 'I'he t h e o r i e s  m o s t  commonly u s e d  are t h e  maximum s t r e s s  theory ,  t h e  

maximum s h e a r  s t r e s s  theory  ( a l s o  known as t h e  T r e s c a  c r i te r ion) ,  a n d  t h e  d i s t o r t i o n  

energy theory ( a l s o  known as  the  o c t a h e d r a l  s h e a r  theory  a n d  t h e  M i s e s  c r i te r ion) .  I t  has 
been  known for i n a n y  years  t h a t  t h e  maximum s h e a r  s t r e s s  theory  and t h e  d i s t o r t i o n  e n e r g y  

theory a r e  ba th  much b e t t e r  t h a n  t h e  maximum s t r e s s  theory  for p r e d i c t i n g  both y i e l d i n g  

a n d  fa t igue  fa i lure  in d u c t i l e  m e t a l s .  S e c t i o n s  I a n d  VIIl u s e  t h e  niaxiirllniri s i r e s s  theory ,  

by impl ica t ion ,  bu t  S e c t i o n  II1 u s e s  the maximum s h e a r  theory .  Most  e x p e r i m e n t s  s h o w  

t h a t  thc  d i s t o r t i o n  energy  theory  i s  e v e n  more a c c u r a t e  t h a n  t h e  s h e a r  theory ,  b u t  the 
s h e a r  theory  was c h o s e n  b e c a u s c  i t  is a l i t t l e  more c o n s e r v a t i v e ,  i t  i s  e a s i e r  to  a p p l y ,  
a n d  i t  offers  soiile a d v a n t a g e s  in s o m e  a p p l i c a t i o n s  of t h e  f a t i g u e  a n a l y s i s ,  as w i l l  be  
shown l a t e r .  

1 h e  maximum s h e a r  s t r e s s  a t  a poin t  i s  d e f i n e d  as  one-half  of t h e  a l g e b r a i c  d i f fe rence  

be tween t h e  l a r g e s t  a n d  t h e  s m a l l e s t  of t h e  t h r e e  pr inc ipa l  s t r e s s e s ,  'I 'hus, i f  t h e  pr inci-  
pal  s t r e s s e s  a r e  0, , u2 , a n d  u3, a n d  0, > o2 > u3 (a lgebra ica l ly) ,  t h e  maximum s h e a r  s t r e s s  

i s  + (u, --u3). T h e  maximum s h e a r  s t r e s s  theory  of fa i lure  s t a t e s  t h a t  y i e l d i n g  in  a compo- 

nent  o c c u r s  when t h e  maximum s h e a r  s t r e s s  r e a c h e s  a v a l u e  eqcal t o  t h e  maximum s h e a r  

- 2 -  
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s t r e s s  a t  the yield point in a t ens i l e  test. In the t ens i l e  t e s t ,  a t  yield,  0, = S, , a2 := 0, 
and c = 0; therefore the maximum shenr  s t r e s s  i s  S,/2. Therefore yielding in the corn- 
ponent occurs  rvheri 

t (0, - a,) f s, . ( I )  

In order t o  avoid the unfamiliar and unnecessary operation of dividing both the calcu-  
la ted and the allowable s t r e s s e s  by two before coinparing them, a new term ca l l ed  “eyuiv-  
d e n t  intensi ty  of combined s t r e s s ”  or, m o r c  briefly, “ s t r e s s  intensi ty” h a s  been used .  
The s t r e s s  intensi ty  i s  defined as twice the maximum s h e a r  s t r e s s  and i s  equa l  t o  the 
largest  a lgebraic  difference between any two of the three principal s t r e s s e s .  T h u s  the 
stress intensi ty  i s  directly comparable t o  s t rength values  found from t ens i l e  t e s t s .  

For Lbe s imple a n a l y s e s  on which the th i ckness  formulas of Sect ion I and Vll l  are 
based ,  i t  makes l i t t le difference whether the maximum stress theory or the maximum shea r  
s t r e s s  theory i s  used.  For example,  in the wall  of a thin-walled cylindrical  pressure 
v e s s e l ,  remote from any  discont inui t ies ,  the hoop s t r e s s  i s  twice the a x i a l  s t r e s s  and  the 
radial  s t r e s s  on the inside is compressive and equa l  t o  the internal pressure,  p. If the 
hoop s t r e s s  is  CT, the principal s t r e s s e s  are:  

ff, = u 

.- P 0, = 

According to the maximum s t r e s s  theory, the controll ing s t r e s s  i s  u, s i n c e  i t  is the 
largest  of the three principal s t r e s s e s .  According to  the maximum s h e a r  s t r e s s  theory,  
the controll ing s t ress  i s  the s t r e s s  intensi ty ,  which is (a  + p). Since p is sma l l  in com- 
parison with CT for a thin-walled v e s s e l ,  there is l i t t le  difference between the two theories .  

When a more detai led s t r e s s  a n a l y s i s  is made, however,  the difference between. the two 
theories  becomes important. A good example i s  the knuckle region of a dished head ,  
where the largest  s t r e s s  i s  a meridional tension on the inside su r face .  T h i s  s t r e s s  i s  
accompanied by a circumferential  compression,  s o  that  the s t r e s s  intensi ty  is larger than 
the highest  s t r e s s  component. F o r  one particiilar c a s e  of a 2 : 1 e l l ip so ida l  head on a 48- 
inch diameter v e s s e l  des igned  for 133 ps i ,  the  maximum s t r e s s  was 23,489 p s i  and the 
highest  s t r e s s  intensi ty  w a s  33,360 ps i .  The nominal hoop s t r e s s  in the cyl inder  was 
20,000 psi; t hus  the maximum s t r e s s  theory would indicate that the local ized secondary 
s t r e s s e s  only exceeded the b a s i c  des ign  s t r e s s  by 17 per  cen t ,  but the maximum shea r  
s t r e s s  theory shows that  the b a s i c  des ign  s tres s  w a s  exceeded  by 67 per  cent.  

As mentionrd previously,  different types of s t r e s s  require different l imits,  and before 
e s t ab l i sh ing  these limits it w a s  n e r e s s a r y  t o  choose  the s t r e s s  categories  to  which l i m i t s  
should be  applied.  The ca t egor i r s  and  sub-categories  chosen were a s  follows: 

A. Primary S t r e s s .  
(1) General primary membrane s t r e s s .  
(2) 1,ocal primary membrane s t r e s s .  
( 3 )  frirnary brnding s t r e s s  ~ 

R. Secondary S t r e s s .  
C. Peak Stress .  
Definit ions of these terms are  given in T a b l e  N-414 of Sect ion 111, but some  just i f ica-  

t ion for t he  chosen categories  is  in order. l’he major s t r e s s  categories  are primary, sec- 
ondnry, and  peak. The i r  chief cha rac t e r i s t i c s  may be desc r ibed  briefly as follows: 

(a)  Primary s t r e s s  is a s t r e s s  developed by the imposed loading which i s  necessa ry  
to s a t i s f y  the l aws  of equilibrium between external  and internal  fo rces  and  moments. 
The  b a s i c  character is t ic  of a primary s t r e s s  is t h a t  it is not self-l imiting. If a primary 
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s t r e s s  exceeds  the  yield strength of the  material  through thc cntirc t h i ckness ,  the pre- 

vention of failure i s  en t i re ly  dependent on the  strain-hardening properties of the  rnate- 

r ia l .  

(b) Secondary- s t r e s s  i s  a s t r e s s  J eve loped  by the se l f - cons t r a in t  o f  a s t ruc tu re .  It 
m u s t  s a t i s fy  a n  imposed s t ra in  pattern ra ther  t h a n  be ing  in equilibrium 1Qith an  exter- 

n a l  load. T h e  b a s i c  charac te r i s t ic  of a secondary  s t r e s s  is tha t  it i s  self-lirrriiing 
s i n c e  minor d is tor t ions  can  sa t i s fy  the  discontinuity condi t ions  or  thermal expans ions  

which c a u s e  the StFeHS to occur.  

‘I‘he bas ic  ( c )  P e a k  -, tress i s  the  h ighes t  s t r e s s  in the region under consideration. 
charac te r i s t ic  of a peak s t r e s s  is tha t  it ca i i ses  n o  s ign i f icant  d i s tor t ion  and  is objcc- 

t ionahle mostly a s  a poss ib l e  sou rce  of fatigue failure.  
The need for dividing primary stress  into iiieiiibrane and  bending components i s  obvious 

sirice,  a s  w i l l  be  shown later,  limit des ign  theory shown tha t  the  ca lcu la ted  va lue  of a 

primary bending  s t r c n s  iflay be allowed t o  go higher than the  ca l cu la t ed  value of a prima- 

ry membrane s t r e s s .  The plac ing  in the primary category of l oca l  membrane s t r e s s  pro- 

duced  by mechanica l  l oads ,  however, requi res  some explanatinn b c c a u s e  t h i s  type of 

s t r e s s  really has the  b a s i c  cha rac t e r i s t i c s  of a secondary  s t r e s s .  It i s  self-l imiting and 
when i t  e x c e e d s  y ie ld ,  the  external load wi l l  be r e s i s t ed  by other par t s  of the s t ruc ture ,  

but th i s  sh i f t  may involve intolerable d is tor t ion  and it was  f e l t  tha t  it  niust be liniitcd t o  

a lower value than o ther  secondary  s t r c s s e s ,  s u c h  as  d iscont inui ty  bending  s t r e s s  and 

thermal s i r rss.  
Secondary s t r e s s  could be divided into rnenibrane and bending coinponents, j u s t  a s  was  

done for primary s t r e s s ,  bu t  a f te r  the  rcnroval of loca l  meinbrane s t r e s s  to  the primary cat-  

egory, i t  appeared  tha t  all the  remaining secondary  s t r c s s c s  could  be controlled by the  

same l i m i t  and  th i s  d iv is ion  was  unnecessary .  

Thermal s t r e s s e s  a re  ncver c l a s s c d  as primary s t r e s s e s ,  but they appear  in both of the  

other ca t egor i e s ,  secondary  and  peak .  Thermal s t r c s s c s  which can produce d is tor t ion  of 
t h e  striacture a re  placed in the  secondary  category and thermal s t r e s s e s  which resu l t  from 

almost complete suppres s ion  of the d i f fe ren t ia l  expans ion ,  and  thus  c a u s e  no s ign i f i can t  

distortion, a r e  c l a s s e d  as peak s t r e s s e s .  

a smal l  ho le  or a f i l l e t .  The phenomenon of s t r e s s  concentration is well-known and re- 

qu i res  no further explana t ion  he re .  
Many c a s e s  arise in which it i s  not obvious which category a s t r e s s  should  be p laced  

in, and  cons iderable  judgement i s  required.  In order to s tandard ize  th i s  procedure and u s e  
the judgement of the writers of the Code rather than t h e  judgerneriL of individual des igne r s ,  

a tahlc was prepared covering rnost of the  s i t ua t ions  which arise in pressure  v e s s e l  des ign  

a n d  spec i fy ing  which category each  s t r e s s  must be placed in. T h i s  tab le  appea r s  as’l’able 
N 4 1 3  of Sec t ion  111. 

T h e  grouping of the s t r e s s  ca t egor i e s  for the  purpose of apply ing  l imits t o  the s t r e s s  

i n t ens i t i e s  i s  i l lus t ra ted  in Fig. N-414 of Sec t ion  111. T h i s  diagram h a s  been ca l l ed  the  

“hopper diagram” because  it provides a hopper for each  s t r e s s  ca tegory .  h e  ca lcu la ted  

s t r e s s e s  are made to  progress through the  diagram in the  direction of the  arrows. When- 

eve r  a sec tangular  box appea r s ,  the  sum of all the s t r e s s  coniponents which have  entered 

the box a r e  used to ca lcu la te  the  s t r e s s  in tens i ty ,  which is then compared to  t h e  a l lowable  

limit, shown in the c i rc le  ad jacen t  to the  rec tangle .  The following points should  be noted 
in connection with th i s  diagram: 

One of thc coinmuriest types  of peak s t r e s s  is tha t  produced by a notch, which might be 

(a) T h e  symbols  P,, P , ,  P b ,  Q and P do not represent  s ing le  quan t i t i e s ,  bnt each 
represents  a s e t  of s i x  quant i t ies ,  three d i rec t  s t r e s s  and  three s h e a r  s t r e s s  cornpo- 

nents .  The  addition of s t r e s s e s  from different ca tegor ies  must  b e  performed a t  the 

coniponent leve l ,  not a f t e r  t rans la t ing  the s t r e s i  components into a s t r e s s  in tens i ty .  

Similarly,  the ca lcu la t ion  of membranc s t r e s s  in tens i ty  involves  the averaging  of 

s t , resses  a c r o s s  a sec t ion ,  and  t h i s  averaging  must d l s o  be performed a t  the  cornpo- 
nent leve l .  

- 4 -  
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(b)  ’The s t r e s s e s  in Category Q a re  those parts of the total  s t r e s s  which are catego- 
rized as secondary,  and do  not include primary s t r e s s e s  which [nay a l s o  e x i s t  at the 
s a m e  point. It should he  noted, however, that  a detai led s t ress  a n a l y s i s  frequently 
g ives  the combination of primary and secondary s t r e s s e s  direct ly ,  and th i s  calculated 
value represents  the total  of Y (or P L )  + Pb -1- Q and not  Q alone.  I t  i s  not  necessa ry  
to  calculate  Q sepa ra t e ly  s i n c e  the s t r e s s  limit ( to he descr ibed later)  app l i e s  t o  the 
totnl s t r e s s  intensity.  Similarly, if the s t r e s s  in Category F is produced by a s t r e s s  
concentration, the quantity F i s  the additional s t r e s s  produced by the notch, over and 
above the nwninal s t r e s s ,  but i t  is not necessa ry  to ca lcu la t e  F sepa ra t e ly .  

Basic Strrss Intensi ty  L i m i t s  

The  choice of the bas i c  s t r e s s  intensi ty  l imits for the s t r e s s  categories  desc r ibed  
above w a s  accomplished by the appl icat ion of limit design theory tempered by S O I I I ~  engi- 
neering judgement and sortie conservat ive s implif icat ions.  T h e  prirlciples of l imit  design 
which were used can be descr ibed briefly a s  follows. 

‘The assuniption i s  made of perfect  plast ic i ty  with n o  strain-hardening. T h i s  means 
that  an ideal ized s t ress-s t ra in  curve of the type shown in P’ig. 1 i s  assumed.  Allowable 
s t r e s s e s  based  on perfect plast ic i ty  and l imit  des ign  theory may be considered as a floor 
below which a v e s s e l  incide of a n y  suff ic ient ly  dnct i le  material  wil l  be safe. T h e  a c t u a l  
strain-hardening properties of spec i f i c  mater ia ls  will  give them larger or smaller  margins 
above t h i s  floor. 

In a s t ructure  as s imple as a s t ra ight  bar  in tension,  a load producing yield s t r e s s ,  S,, 
r e su l t s  in “col lapse”.  If t he  bar  i s  loaded in bending, co l l apse  does  not  occur until  the 
load h a s  been increased by a factor  known as the  “ s h a p e  factor” of the  c r o s s  sec t ion ;  at 

that time a “p la s t i c  hinge” i s  formed. T h e  shape  factor  for a rectangular s ec t ion  in bend- 
ing is 1.5. When the primary s t r e s s  in a rectangular  s ec t ion  c o n s i s t s  of a combination of 
bending and ax ia l  tension,  the value of the col lapse load depends  on the ratio between 
the t ens i l e  and  bending loads.  F ig .  2 shows the value of the maximum calculated s t r e s s  
a t  the outer f iber of a rectangular s ec t ion  which would be required to produce a p las t i c  
hinge, plotted a g a i n s t  the average t ens i l e  s t r e s s  a c r o s s  tlie sect ion,  both va lues  ex- 
pres sed  as multiples of the yield s t r e s s ,  S,. When t h e  average t ens i l e  s t r e s s ,  Pm, is ’ zero, 
the failure s t r e s s  for bending i s  1.5 S,. When the average t ens i l e  s t r e s s  i s  S,, no addi- 
t ional  bending s t r e s s ,  P b ,  may be  appl ied.  

STRAIN 

IDEALIZED STRESS - STRAIN RELATIONSHIP 

F I G U R E  1. 

-. . . . . . . 
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FIGURE 2. 

Figure 2 w a s  used  t o  choose  a l lowable  va lues ,  in te rms  of the  y ie ld  s t r e s s ,  for genera l  

I t  irray primary membrane s t r e s s ,  Pm,  and primary membrane-plus-bending s t r e s s ,  P, + Pb.  

be s e e n  tha t  l imiting l',n to (2 /3 )S ,  and P, <- pb to S 
ty Factnr is not cons t an t  for all combinations of ten:ion and  bending, but a des ign  rule t o  
provide a uniforin sa fe ty  fac tor  would be need le s s ly  conpl ica te r l .  

to  twice the y ie ld  s t r e s s  has  a very s p e c i a l  s ign i f icance .  It de tc rmines  the  borderline br- 
tween loads  which, when repe t i t ive ly  appl ied ,  a l low the s t ruc ture  to " shake  ~ O W R ~ '  to 

e l a s t i c  ac t ion  and  loads  which produce p l a s t i c  ac t ion  each  timu they a re  appl ied .  
theory of l imit  des ign  provides rigorous proof of th i s  s ta tement ,  but the va l id i ty  of the 
concept can  e a s i l y  be v isua l ized .  Cons ider ,  for exaiuple, t he  outer  f iber of a hzam which 
is s t ra ined  in t ens ion  to  a s t r a in  value e , ,  somewhat  beyond the  y ie ld  sixain as shown in 
F i g .  3 (a )  by the path OAB.  
we are  cons ider ing  the c a s e  of a secondary  s t r e s s ,  we shall a s sume  tha t  the  nature of the 
loading is s u c h  as to cyc le  tbe  s t r a in  from zero  to c 1  and back t o  zero,  ra ther  than cyc l ing  
the s t r e s s  from zero to  S,, and  back t o  zero.  When the beam i s  returned to  its undeflected 
pos i t ion ,  0,  the  outer f iber has a r e s idua l  compress ive  s t r e s s  of niagnitude S, -Sy . On 
any subsequen t  loading, t h i s  res idua l  compression must be removed before the s t r e s s  
goes into t ens ion  and  thus  the  e l a s t i c  range has  been increased  by the quaiitiey S, - S,. 

If S, = 2Sy ,  the  e l a s t i c  range becomes  2S,, bu t  if S, > 2 S y ,  the  fiber y ie lds  in coriipres- 
s ion ,  as shown by E F  in Fig," 3 (b)  a n d  all subsequen t  c y c l e s  produce p las t ic  s t r a in .  
Therefore ,  2S, i s  the  maximum value  of ca lcu la ted  seconda iy  e l a s t i c  stress which will  
"shake down" to  purely e l a s t i c  ac t ion .  

provides adequate  s a f e t y .  'I'he s a f e -  

In the  s tudy  of a l lowable  secondary  s t r e s s e s ,  a ca l cu la t ed  e l a s t i c  s t r e s s  range equal  

The 

?'hc ca l cu la t ed  e l a s t i c  s t r e s s  would be S : S, E c , .  Since  

6 -- 
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STRAIN HISTORY BEYOND YIELD 

F I G U R E  3 .  

An important point to note from the foregoing d i scuss ion  of primary and secondary 
s t r e s s e s  i s  t ha t  1 .S S, is the  failure s t r e s s  for primary bending, whereas  for secondary 
bending ZS, i s  merely the threshold beyond which some p la s t i c  ac t ion  occurs .  Therefore 
the al lowable des ign  s t r e s s  for prirrrary Lending must be reduced below 1.5Sy to ,  s a y ,  
1.0S,, whereas  2S, is a safe design value for secondary bending s i n c e  a li t t le plast ic  
act ion during overloads i s  tolerable.  The  same  type of a n a l y s i s  shows  that  2Sy is a l s o  a 
safe design value for secondary membrane tension.  As descr ibed previously,  local  mem- 
brane s t r e s s  produced by mechanical  load h a s  the cha rac t e r i s t i c s  of a secondary s t r e s s  
but h a s  been arbitrari ly placed in the primary category. In arder t o  avoid excess ive  dis-  
tortion, i t  h a s  been a s s igned  an  allowable s t r e s s  level  of S,, which is 50 per cent  higher 
than the allowable for general  primary membrane s t r e s s  but precludes e x c e s s i v e  yielding. 

We have now shown how the al lowable s t r e s s e s  for the f i r s t  four s t r e s s  categories  
l i s t ed  in the previous sec t ion  should be  related to the yield s t rength of t he  material. The 
last category, peak s t r e s s ,  is related only to fa t igue,  and wil l  he d i s c u s s e d  later.  In Sec -  
tion 111 the al lowables  a re  not expres sed  in terms of the yield s t rength,  but rather as mul- 
t iples  of the tabulated value S, , which i s  the al lowable for general  primary memhrane 
s t r e s s .  In a s s ign ing  al lowable s t r e s s  va lues  to a variety of mater ia ls  with widely varying 
duct i l i t ies  and widely varying strain-hardening properties,  the yield s t rength alone is not 
R suff ic ient  crit.erion. In order to prevent unsafe  d e s i g n s  in  nidlerials with low ductil i ty 
and in mater ia ls  with high yield-to-tensile r a t io s ,  the Code has  a lways  considered both 
the yield s t rength and the ultimate t ens i l e  s t rength in a s s ign ing  allowable s t r e s s e s .  T h i s  
principle h a s  not been changed in Sect ion 111 but the chosen fract ions of the mechanical 

- 7 -  



properties have been i n r r e a s r d  t o  two-thirds yield strength and  one-third ult imate strcngth 

instead of five-eighths y ie ld  strength (for ferrous mater ia l s )  and  one-fourth ult imate 

strength.  The Specia l  Committee be l ieved  t h a t  t h i s  i nc rease  was  qui te  s a f e  because  the  
de ta i led  s t r e s s  a n a l y s i s  required by Section I i I  e l imina tes  the  need for a large safe ty  f ac -  

tor to  cover unanalyzed a r e a s .  The  s t r e s s  intensity l imits for the  various ca t egor i e s  given 

in Section 111 arc  such  tha t  t h e  multiples of yicld s t rength  desc r ibed  above  are  never ex- 

ceeded .  'I'ahle I surrimarixes the bas i c  s t r e s s  l imits of Sec t ion  111 and  shows  the multiples 
of yield strength and ult imate strength *hich these  l imits do  not exceed .  

T A B L E  I 

BASIC STRESS ItJITEkBSITY LIMITS 

_ _ _ _ _  ~-~ _ _ _ ~ ~  __ -~ 

~- Stress intensi ty  L r m l i  In Terms of: 

I obulated I-Yield(:;..." Ul t lmoie  T e n s l l e  
S, value Strength (S,L) 

Cotegor ies 

(;encral p r i m a r y  iiicmbranc 
\ tress i n t e n s i t y  

(P,) 
___- ~ .... . 
1,ocal primary membrane 
stress intensity 

( P l )  

___ 

1.5 S, / < s, 

4 5s. 

, < s, 

e s  .4how Yie ld  Strcngth 

r 3  I he primary cri terion of the  s t ruc tura l  adequacy  of a des ign ,  accord ing  to the  ru l e s  of 

Section 111, i s  tha t  the s t r e s s e s ,  a s  determined by ca lcu la t ion  or exper imenta l  s t r e s s  ana l -  
y s i s ,  sha l l  not exceed  the  spcc i f ied  a l lowable  l imits.  It frequently happens  tha t  both the 

ca lcu la ted  s t r e s s  and  the  a l lowable  s t r e s s  exceeds  the  yield s t rength  of the  ntaterial. 
Never the less .  un le s s  s t a t ed  spec i f i ca l ly  o therwise ,  i t  i s  expec ted  tha t  ca l cn la t ions  be 

made on the  assumption of e l a s t i c  behavior.  

s t r e s s  and  in the fatigue cu rvcs .  In the  c a s e  of the  former, t h e  jus t i f ica t ion  for a l lowing  

ca lcu la ted  s t i c s s c s  higher than yield is tha t  the  l imits a re  s u c h  as  t o  a s s u r e  shake-down 

to e l a s t i c  ac t ion  a f te r  repea ted  loading h a s  e s t ab l i shed  a favorable pattern of residual 

s t r e s s e s .  Therefore the assumpt ion  of c l a s t i c  behavior i s  jus t i f ied  b e c a u s e  i t  really 

e x i s t s  in all load c y c l e s  subsequen t  to shake-down. 

of t he  v c s s e l ,  arid the  jus t i f ica t ion  for t he  spec i f ied  procedure i s  somewhat different.  

Repet i t ive  p las t ic  ac t ion  occur s  only a s  the  r e su l t  of peak s t r e s s e s  in re la t ive ly  local-  

ized regions and  these  reg ions  a re  intimately connected to larger reg ions  of t he  v e s s e l  
which behave e l a s t i ca l ly .  A typ ica l  example i s  the  peak  s t r e s s  at the root of a notch, in 
a f i l l e t ,  or a t  the  edge  of a sma l l  ho le .  'I'he inaterial in t h e s e  smal l  reg ions  is s t r a i n -  

cycled rather than s t r e s s -cyc led  (as will  be d isc iassed  la te r )  and  the  e l a s t i c  ca lcu la t ions  
give numbers which have the d imens ions  of s t r e s s  bu t  a r e  rea l ly  proportional to  the  s t r a in .  
I h e  factor of proportionality for uniaxial  s t r e s s  i s ,  of course ,  t he  modulus of e las t ic i ty .  

The  fatigue curves  in Section IiI have  been spec ia l ly  des igned  to  g ive  numbers comparable 

t o  these  f ic t i t ious  ca lcu la ted  s t r e s s e s .  

Allowable s t r e s s e s  higher than yield appca r  i n  the va lues  for primary-plus-secondary 

In the c a s e  of fatigue a n a l y s i s ,  p las t ic  ac t ion  can ac tua l ly  pe r s i s t  throughout the  life 

r ,  

The  c u w e s  are Ossed on s t ra in-cyc l ing  da ta .  and  
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the s t ra in  values  have been multiplied by the modulus of e l a s t i c i ty .  Therefore s t r e s s  in- 
t eus i t i e s  calculated from tlie familiar formulas of strength-of-rtlaterials t e x t s  a r e  directly 
comparable to  t h r  allov"ah1e s t r e s s  va lues  in the fatigue cnrves.  

H I .  FA'I'IG~JE ANALYSIS 

One of the important innovations in Section 111, a5 compared t o  Sect ions I and VIII, i s  
the recognition of fatigue a s  a possible  modc of failure and the provision of specif ic  rules  
for i t s  prevention. Fat igue h a s  been a ninjor consideration for many years  in the design of 
rotating machinery and aircraft ,  where the expected number of cyc le s  i s  in the mill ions and 
can usual ly  be considered infinite for all pracl ical  purposes.  For the c a s e  of large num- 
bers of cyc le s ,  the primary concern i s  lhe endurance limit, which is the s t r e s s  which can 
be appl ied an infinite number of t imes without producing failure.  In pressure v e s s e l s ,  
however, the number of s t r e s s  c y c l e s  appl ied during the specif ied life seldom exceeds  l o5  
and is: frequently only a few thousand. Therefore ,  in order t o  m a k e  fatigue ana lys i s  prac- 
t i ca l  for pressure v e s s e l s ,  it w a s  necessa ry  to develop some new concep t s  not previously 
used in machine design [l, 21. 

In Section III there a r e  some differences between the procedures for fatigue ana lys i s  
which are  specif ied for mater ia ls  with t ens i l e  s t r eng ths  belOlV 100,000 p s i  and those spec -  
if ied for materials with t ens i l e  s t rengths  of 100,000 p s i  and greater.  In v e s s e l s  covered 
by Section 111, the la t ter  mater ia ls  apphar only in high-strength bolting and one searinless 
heat-treated forging on which no welding is permitted af ter  hea t  treatment.  Jn the course 
of studying the fatigue problem: the Special  Committee f i rs t  developed a s e t  of procedures 
appl icable  to all duct i le  mater ia ls  and found later that  for the lower-strength types,  with 
the lower yield-to-tensile ra t ios ,  some conservat ive s implif icat ions of t hese  procedures 
were both feasible  and advisable .  T h u s  the complete form of the procedure i s  only used 
for high-strength h o l t h g  and  most components are  evaluated hy the simpler method. In 
order to understand the simpler method, however,  i t  i s  f i rs t  necessa ry  t o  understand the 
complete method. Therefore the following d i scuss ion  wil l  f i rs t  descr ibe the complete pro- 
cedure and then show how i t  w a s  simplified to  the form recommended in Section 111, Par .  

N-415. 

Use of Strain-Controlled Fatigue Data 

T h e  chief difference between high-cycle fatigue and low-cycle fa t igue is the fact  that  
the former involves l i t t le  or no p l a s t i c  act ion,  whereas  failure in a few thousand cyc le s  
can be produced only by s t r a ins  in e x c e s s  of the yield s t ra in .  In the p l a s t i c  region large 
changes i n  st rain can be produced by sinal1 changes  in s t r e s s .  Fa t igue  damage in h e  
plast ic  region h a s  been found to  be n function of p l a s t i c  s t ra in  and therefore fatigue curves 
for u s e  in th i s  region should be based  on t e s t s  in which s t r a in  ra ther  than s t r e s s  is the 
controlled variable.  As a matter  of convenience,  the s t r a in  vali ies u s e d  in the tests are  
rriultiplied by the e l a s t i c  modulus to  give a f ic t i t ious s t r e s s  which i s  not the ac tua l  s t r e s s  
appl ied but  h a s  the ndvantage of being direct ly  comparable to  s t r e s s e s  calculated on  the 
assumption of elas t i c  he havioc. 

1 lie use  of s t r a in  instead of s t r e s s  and the consideration of p l a s t i c  ac t ion  have neces -  
s i t a t ed  some additiotial departures  from the conventional methods of s tudying fatigue 
problems. I t  has been common pract ice  in the p a s t  to use lower s t r e s s  Concentration fac- 
tors for small  numbers of c y c l e s  than for large numbers of cyc le s .  T h i s  i s  reasonable  
when the allowahle s t r e s s e s  are  based  on s t ress-fat igue data ,  but is not adv i sab le  when 
strain-fatigue da ta  a re  used .  F i g .  4 s h o w s  typical  re ta t ionships  between s t r e s s ,  S, and 
cycles-to-failure,  N ,  from (A) s t r a in  cycl ing t e s t s  on unnotched spec imens ,  (E) s t r e s s -  
cycl ing t e s t s  on unnotched spec imens ,  and (C) s t r e s s -cyc l ing  tcsts on notched specimens.  
The  ratio between the ordinates of curves (Hj and (C) d e c r e a s e s  with dec reas ing  cycles-  
to-failure, and th i s  is the b a s i s  for the commonly-accepted pract ice  of u s ing  lower values  

... 9 - 
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of K ( s t r e s s  concent ra t ion  fac tor )  for  lower  v a l u e s  of ili. In (C),  however ,  a l t h o u g h  nomi- 

na l  s t r e s s  is t h e  cont ro l led  parameter ,  t h e  m a t e r i a l  in t h e  root  of t h e  notch  i s  r e a l l y  b e i n g  

s t r a i n  c y c l e d ,  b e c a u s e  t h e  sur rounding  m a t e r i a l  i s  a t  a lowcr s t r e s s  a n d  b e h a v e s  c l a s -  

t i c a l l y .  Therefore  i t  s h o u l d  be e x p e c t e d  t h a t  t h e  ratic b e t w e e n  c u r v e s  ( A )  a n d  (C) s h o u l d  

be independent  of !V ai,d e q u a l  t o  A. For t h i s  r e a s o n  i t  i s  recommended in Sec t ion  111 t h a t  

the  s a m e  va lue  of K be w e d  r e g a r d l e s s  of t h e  number of c y c l e s  involved .  

and  Sec t ion  111 g i v e s  s o m e  g u i d a n c e  in t h i s  a r e a .  

known geometry ,  i t  is s a f e  t o  u s e  t h e  t h e o r e t i c a l  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  found in 

s u c h  references a s  [3] and [41, even though s t r a i n  c o n c e n t r a t i o n s  c a n  s o m e t i m e s  e x c e e d  t h e  
t h e o r e t i c a l  s t r e s s  concent ra t ion  f a c t o r s .  The u s e  of t h e  t h e o r e t i c a l  f a c t o r  as a safe upper  

limit is j u s t i f i e d ,  h o w e v e r ,  s i n c e  s t r a i n  c o n c e n t r a t i o n s  h i g h e r  t h a n  t h e  s t r e s s  concent ra -  

t i o n s  only o c c u r  when gross y i e l d i n g  is p r e s e n t  in t h e  sur rounding  m a t e r i a l ,  a n d  t h i s  s i t u -  

a t ion  i s  prevented  by t h e  u s e  of b a s i c  s t r e s s  limits which  a s s u r e  shake-down to e l a s t i c  

a c t i o n .  For very s h a r p  n o t c h e s  i t  i s  w e l l  known t h a t  t h e  t h e o r e t i c a l  f a c t o r s  g r o s s l y  over-  

e s t i m a t e  t h e  t rue w e a k e n i n g  e f f e c t  of t h e  notch  in t h e  low a n d  medium s t r e n g t h  m a t e r i a l s  
u s e d  for  p r e s s u r e  v e s s e l s .  T h e r e f o r e  no  f a c t o r  h i g h e r  t h a n  5 n e e d  e v e r  b e  u s e d  for a n y  

configurat ion a l l o w e d  by t h e  d e s i g n  r u l e s  a n d  a n  upper  l imit  of 4 is s p e c i f i e d  for s o m e  

s p e c i f i c  c o n s t r u c t i o n s  s u c h  a s  f i l l e t  w e l d s  a n d  s c r e w  t h r e a d s .  When f a t i g u e  t e s t s  art: 

made t o  find t h e  appropr ia te  f a c t o r  for  a g i v e n  m a t e r i a l  a n d  conf igura t ion ,  t h e y  s h o u l d  be 
made with a ma;er ia l  of comparable  notch  s e n s i t i v i t y  a n d f a i l u r e  s h o u l d  o c c u r  in  a r e a s o n -  

ab ly  large number of c y c l e s  (>  1000) s o  t h a t  t h e  t e s t  d o e s  not  involve  gross  y ie ld ing .  

The c h o i c e  of :In appropr ia te  s t r e s s  c o n c e n t r a t i o n  f a c t o r  i s  n o t  a n  e a s y  one  t o  make  

["or f i l l e t s ,  g r o o v e s ,  h o l e s ,  e t c .  of 

Effect of Mean Stress 

Another  d e v i a t i o n  from common p r a c t i c e  o c c u r s  in t h e  c o n s i d e r a t i o n  of f l u c t u a t i n g  

s t r e s s ,  which is a s i t u a t i o n  w h e r e  t h e  s t r e s s  f l u c t u a t e s  a round a m e a n  v a l u e  d i f fe ren t  
from zero ,  as  s h o w n  in  F i g .  5. 
accompl ished  by u s e  of t h e  modi f ied  Goodman d iagram,  as  s h o w n  in  F i g .  6, w h e r e  mean 

T h e  e v a l u a t i o n  of t h e  e f f e c t s  of m e a n  s t r e s s  i s  commonly 
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FIG. 5.  STRESS FLUCTUATION AROUND A MEAN VALUE. 

s t r e s s  is plotted as the a b s c i s s a  a n d t h e  amplitude (half range) of the  fluctuation i s  plotted 
as the ordinate.  The: s t ra ight  line j o i n i n g  the  endurance limit, S,, (where S N  = S,) on the 
ver t ical  a x i s  (point F )  with the ult imate s t rength,  S,, on the horizontal  a x i s  (point I ) )  i s  a 
conservat ive approximation of the combinations of mean and al ternat ing s t ress  which pro- 
duce failure in large numbers of cyc le s .  A l i t t le  consideration of t h i s  diagram shows  that  
not all points  below the "failure" l ine,  E D ,  are  f eas ib l e ,  Any combination of niean and 
alternating s t r e s s e s  which r e su l t s  in a s t r e s s  excursion above the yield s t rength wil l  pro- 
duce  a s h i f t  in the mean s t r e s s  which keeps  the maximum s t r e s s  during the cycle  a t  the 
yield value.  T h i s  sh i f t  has already been i l lustrated by the s t r a in  history shown in Fig.  3. 
The feas ib l e  combinations of m e a n  and al ternat ing s t r e s s  are all contained within the 45 
degree tr iangle AOB or on the ver t ical  a x i s a b o v e  A ,  where A is the yield s t rength on the 
vertical  a x i s  and R is the yield s t rength on the horizontal  ax i s .  Rega rd le s s  o f  the condi- 
t ions under which any t e s t  or s e rv i ce  cycle  is s t a r t ed ,  t he  true conditions a f t e r  the appli-  
cation of a few c y c l e s  must fall within th i s  region because  all combinations above A B  
have a mnximurn s t r e s s  above yield and there i s  a consequent  reduction of mean s t r e s s  
which sh i f t s  the conditions to a point on the l ine A B  or all  the way to the ver t ical  ax i s .  

It may be  s e e n  from the foregoing d i s c u s s i o n  that  the value of mean s t r e s s  to be used 
in the fatigue evaluat ion i s  not a lways the value which i s  calculated directly from the im- 
posed loading cycle .  When the loading cyc le  produces calculated s t r e s s e s  which e x c e e d  

5 a 

0 sb 
MEAN STRESS 

FIG. 6 .  MODIFIED GOODMAN DIAGRAM. 
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C.14 

the  y ie ld  s t r e n g t h  a t  a n y  t ime.  i t  i s  n e c e s s a r y  to  c a l c u l a t e  a n  a d j u s t e d  v a l u e  of mean 

s t r e s s  before  co lnple t ing  t h e  f a t i g u e  e v a l u a t i o n .  

v a l u e  may be surnniar ized as  fo l lows .  

.I'he r u l e s  for c a l c u l a t i n g  t h i s  a d j u s t e d  

L e t  S',,,,, = h a s i c  v a l u e  of mean s t r e s s  ( c a l c u l a t e d  d i rec t ly  from l o a d i n g  c y c l c )  
= a d j u s t e d  v a l u e  of m e a n  s t r e s s  
= ampl i tude  (half  range)  of s t r e s s  f luc tua t ion  

S,,,, 
S n i t  
Sr yie ld  s t r e n g t h  

If S,l, + S',,,, 'i s,, s,,,,, ~ S',,,,, 

If S,lt + S',,,, > S, a n d  SUh < S,, S,,,, - S, - S a l t  

If  S u i c  9 S,, S,,,,, = 0.  

I'he fa t igue  c u r v e s  arc b a s e d  on t e s t s  involv ing  coniplete  s t r e s s  r e v e r s a l ,  t h a t  is, 

S,,,, = 0. S i n c e  t h e  p r e s e n c e  of a mean s t r e s s  Component d e t r a c t s  from t h e  f a t i g u e  re- 
s i s t a n c e  of t h e  m a t e r i a l ,  i t  i s  n e c e s s a r y  t o  de te rmine  t h e  e q u i v a l e n t  a l t e r n a t i n g  s t r e s s  

component  for z e r o  mean s t r e s s  before  e n t e r i n g  t h e  f a t i g u e  c u r v e .  T h i s  q u a n t i t y ,  d e s i g -  

n a t e d  S,, , i s  t h e  a l t e r n a t i n g  s t r e s s  cornponcnt  which  p r o d u c e s  t h e  s a m e  f a t i g u c  da.ma?gc a t  

z e r o  mean s t r e s s  a s  t h e  a c t u a l  a l t e r n a t i n g  s t r e s s  component ,  Sal l  , p r o d u c e s  a t  the  e x i s t i n g  

v a l u e  of mean s t r e s s .  I t  c a n  b e  o b t a i n e d  g r a p h i c a l l y  from t h e  Goodman d iagram by project-  

ing a l ine  a s  s h o w n  in Fig. 7 from S, through t h e  poin t  (S,,,, ~ S a l t )  to  the v e r t i c a l  a x i s .  

It i s  u s u a l l y  e a s i e r ,  however ,  t o  u s e  t h e  s i m p l e  formula 

sa It seq 7 - ..~ 

Smenn 

s u  

S e ,  i s  t h e  v a l u e  of s t r e s s  t o  be c s e d  in e n t e r i n g  t h e  f a t i g u e  c u r v e  to f ind  t h e  a l l o w a b l e  

niiniber of c y c l e s .  

ing o c c u r s  l e a d s  t o  a n o t h e r  n e c e s s a r y  d e v i a t i o n  from s t a n d a r d  p r o c e d u r e s  which  is u s e d  

in S e c t i o n  111. 
i t  h a s  b e e n  t h e  common p r a c t i c e  t o  apply  t h e  f a c t o r  to  only t h e  a l t e r n a t i n g  component .  

t h i s  i s  no t  a l o g i c a l  procedure ,  however ,  b e c a u s e  t h e  m a t e r i a l  wi l l  r e s p o n d  in t h e  s a m e  
way to  a g iven  load r e g a r d l e s s  of w h e t h e r  thc  load wi l l  l a t e r  turn o u t  to  b e  s t e a d y  or f luc-  

tua t ing .  

1 -__ 

0 

T h e  foregoing  d i s c u s s i o n  of irlean s t r c s s  a n d  t h c  s h i f t  which  i t  u n d e r g o e s  when y ie ld-  

In a p p l y i n g  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  t o  t h e  c a s e  of f l u c t u a t i n g  s t r e s s ,  

,- 3 

It is more l o g i c a l  t o  a p p l y  t h e  concent ra t ion  f a c t o r  t o  both  t h e  rilean a n d  t h e  a l t e r -  

S m e a n  
MEAN STRESS 

FIG. 7 .  G R A P H I C A L  DETERMINATION OF S,, . 
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IDEALIZED STRESS VS STRAIN HISTORY 
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nating component and then consider  the reduction which yielding produces in the mean 
component. It is important t o  remember that the concentration factor  must be appl ied be- 
fore the adjustment for yielding i s  made. The  following example s h o w s  that  the common 
pract ice  of applying the concentration factor  t o  only the al ternat ing component gives  a 
rough approximation to  the r ea l  s i tuat ion but can sometimes be unconservative.  

and 3ox loe p s i  modulus made into a notched bar with a s t r e s s  concentration factor  of 3 .  
The  bar is  cycled hetwecn nominal t ens i l e  s t r e s s  va lues  of Oand20,OOOysi. Common prac- 
t ice  would c a l l  SnLeanr the  mean s t r e s s ,  10,000 ps i  and  Sa l t ,  the  al ternat ing component, 
(1 /2 )x3x20,000-30,000~s i .  T h e  s t r e s s - s t r a in  his tory of the material  at  the root of the 
notch would he,  in  ideal ized form, as shown in F i g .  8. The  calculated maximum s t r e s s ,  as- 
suming e l a s t i c  behavior,  i s  60,000 psi .  The basic: value of mean s t r e s s ,  Stmcon ,  is 30,000 
psi ,  but s i n c e  Salt +S'me,,, -60,000psi>Sy and Sub -30,000 p s i  <: S,, 

'Take the c a s e  of a material  with 80,000 ps i  t ens i l e  s t rength,  40,000 p s i  yield s t rength 

S,,,, = S, - S a l t  = 40,000 --. 30,000 = 10,000 p s i  

and 

30,000 
= 34,300 ps i .  

10,000 
s e ,  - 

1-- 
80,000 

It so  happens that ,  for the  c a s e  chosen ,  the common pract ice  g ives  exact ly  the same 
resu l t . a s  t he  proposed method. T h u s ,  the yielding during the f i rs t  cycle  i s  s e e n  to  be the 
just i f icat ion for t he  common pract ice  of ignoring the s t r e s s  concentration factor  when de-  
termining the mean s t r e s s  component. T h e  common pract ice ,  however,  would have given 
the same  re su l t  regardless  of the yield s t rength of the material ,  whereas  the proposed 
method g ives  different mean s t r e s s e s  for different yield s t rengths .  For example,  if the 
yield strength had been 50,000 ps i ,  S,,,,, would have b r e n  20,000 p s i  and S,, would 
have been 40,000 psi .  'The common pract ice  would have given 34,300 ps i ,  an unconserva- 
t ive resul t .  

- 13 - 
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As was ment ioned  p r e v i o u s l y ,  t h e  c o m p l e t e  procedrzre for fatigue a n a l y s i s ,  a s  out l ined  
a b o v e ,  is u s e d  in S e c t i o n  IT1 only for  t h e  c a s e  of h igh-s t rength  bol t ing .  
t h e  s t r u c t u r e ,  par t icu lar ly  i f  w e l d i n g  is u s e d ,  t h e  residual s t r e s s  m a y  produce  a v a l u e  of 
mean s t r e s s  h i g h e r  than  t h a t  c a l c u l a t e d  by t h e  procedure .  T h e r e f o r e  i t  :*inuld be a d v i s a -  
b le  a n d  a l s o  much e a s i e r  t o  a d j u s t  t h e  f a t i g u e  curve downward enough to a l l o w  for t h e  

maximum p o s s i b l e  e f f e c t  of mean s t ress .  

s m a l l  for t h e  c a s e  of low a n d  iiicdium.-strcngth m a t e r i a l s  bu t  t h a t  i t  is unduly c o n s e r v a t i v e  
for mater ia  Is with h i gh y ie  Id-t o -t e n s  i le ra t ios .  

the m e a n  s t r e s s  a f f e c t s  the ampl i tude  of a l t e r n a t i n g  stress w h i c h  i s  r e q u i r e d  to  produce 

fa t igue  fa i lure .  In t h e  modif ied Goodman d iagram of F i g .  6 i t  may be  s e e n  tlnilt a t  z e r o  
mea i i  s t r e s s  the  i e q u i r e d  ampl i tude  for fa i lurc  in N c y c l e s  is d e s i g n a t e d  S N .  A s  t h e  mean 
s i r c s s  i n c r e a s e s  a l o n g  OC',  t h e  rcqui red  ampl i tude  of a l t e r n a t i n g  s t r e s s  d e c r e a s e s  a l o n g  
t h e  l ine  E C .  
nieaii s t r e s s  r e v e r t s  to C ' .  T h e r e f o r e  C' r e p r e s e n t s  t h e  h i g h e s t  v a l u e  of mean s t r e s s  
which  h a s  a n y  e f f e c t  on f a t i g u e  life. S i n c e  S,v' in b'ig. 6 i s  t h e  n! ternat ing s t r e s s  r e -  
qu i red  t o  produce  f a i l ~ r e  in IV c y c l e s  when t h e  m e a n  s t r e s s  i s  a t  C ' ,  SN' is t h e  v a l u e  to  
which t h e  point  on  t h e  f a t i g u e  curve  a t  N c y c l e s  m u s t  b e  a d j u s t e d  i f  t h e  e f f e c t s  of mean 

s t ies5 ace t o  be ignored.  From t h e  geometry  of Fig. 6,  it c a n  be s h o w n  t h a t  

For o t h e r  parts of 

I t  wi l l  be shown here  t h a t  t h i s  a d j n s t n c n t  i s  

,As a f i r s t  s t e p  in f ind ing  t h e  requi red  ad jus tmei i t  of the  f a t i g u e  c u r v e ,  l e t  us  f ind how 

If we try to  i n c r e n s c  the  mean s t r e s s  beyond C' ,  y i e l d i n g  occur5  a n d  t h e  

When N d e c r e a s e s  to t h e  poin t  where  S,y 3 S,, t h e n  .Sy' ~ S, a n d  n o  a d j u s t m e n t  of t h i s  
region of t h e  cwcve is requi red .  

I.'igurcs 9 ,  10 a n d  11 s h o w  t h e  f a t i g u e  d a t a  which  w e r e  u s e d  t o  c o n s t r u c t  t h e  d e s i g n  fa- 
t igue  c u r v e s  of S e c t i o n  III. In e a c h  c a s e  t h e  s o l i d  l ine  is t h e  bes t - f i t  fa i lure  c u r v e  for 
z e r o  mean s t r e s s  a n d  t h e  dot ted  l i n e  is t h e  c u r v e  a d j u s t e d  in  a c c o r d a n c e  with (4). F i g .  11 
for s t a i n l e s s  s t e e l  a n d  n icke l -chrome- i ron  a l l o y  has  n o  d o t t e d  l i n e  b e c a u s e  t h e  f a t i g u e  
limit i s  higher  than  t h e  y i e l d  s t r e n g t h  over  t h e  whole  r a n g e  of c y c l e s .  In S e c t i o n  I I i  a 

s i n g l e  d e s i g n  curve  is u s e d  for carbon a n d  low-al loy s t e e l s  b e c a u s e ,  as  may b e  n o t e d  

froin b'igs. 9 a n d  10, the  a d j u s t e d  c u r v e s  for t h e s e  c l a s s e s  of ina te r ia l  were  n e a r l y  i d e n t i c a l .  

10 102 I03 IO" 1 0 5  106 N 
- CARBON STEELS. FIG. 9 .  FAl - IGUE DATA 
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FIG. 10. FATIGUE DATA - LOW-ALLOY STEELS. 

For the c a s e  of high-strength, heat-treated,  bolt ing mater ia ls ,  the hea t  treatment in- 
c r e a s e s  the yield s t rength of the matprial much mora than it i nc reases  e i ther  the ultinmte 
st rength,  S,, or the fatigue limit, ,S,. Inspect ion of (4) shows  that  for such  c a s e s ,  S,' be- 
comes a s m a l l  fraction of S N  and thus  the correction for the maximum effect  of mean s t r e s s  
becomes  unduly conservat ive.  Furthprmore, bolts are  not apt  t o  have  uncontrolled residual  

LU 
0 
3 

J 
a 
r- 
E a 

IO I02 103 I 04 1 0 5  
CYCLES TO FAILURE 

FIG. 11. FATIGUE DATA - STAINLESS STEELS. 
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s t r e s s e s  s u c h  as a r e  produced  by c a s t i n g  u r  wc!d ing  p r o c e s s e s ,  a n d  t h u s  the  e x t r a  con-  

s e r v a t i s m  is not  w a t n n t c d .  
For t h e  fa t igue  a n a l y s i s  of h igh-s t rength  b o l t s  t h e  d e s i g n  f a t i g u e  curve  is rep!aced by 

t h e  a n a l y t i c a l  approxirilaiion 

where  S, = s p e c i f i e d  minimum t e n s i l e  s t r e n g t h  ( p s i )  

This e x p r e s s i o n  r e p r e s e n t s  a f a t i g u e  c u r v e  which has  t h e  s a m e  s a f e t y  f a c t o r s  as t h e  fa- 

t igue  c u r v e s  for lower  s t r e n g t h  mater ia l  ( t o  be g i v e n  la te r )  b u t  which h a s  no t  b e e n  cor rec ted  

for the  maxinium e f f e c t  of incan s t r e s s .  

the  appl ied  loading  c y c l e  m u s t  be  c o n s i d e r e d .  'I'he e x p r e s s i o n  W R S  de.;iv(:d from t h e  follow 
ing a s s u m p t i o n s ,  a l l  of which  h a v e  b e e n  j u s t i f i e d  by a c o n s i d e r a b l e  amount  of exper imenta l  

d a t a :  

T h u s  t h e  e f f e c t s  of t h e  mean s t r e s s  produced  by 

(1) The r e l a t i o n s h i p  bct*.veen S ( s t r a i n  aiiiplitode tirircs e l a s t i c  iilodulus) a n d  ,$' 
(cyc les - to- fa i lure)  c a n  he r e p r e s e n t e d  a s  a func t ion  of t h e  d u c t i l i t y ,  t h e  modulus ,  a n d  
t h e  e n d n r a n c e  l imit  as  fo l lows  [SI: 

E 100 s - In ~ + S, 
2 . f i  100 -R i i  

where  E ~ e l a s t i c  modulus(ps i )  

K r l  = p e r  c e n t  reduct ion  of a r p a  in t e n s i l c  t c s i  

S, : e n d u r a n c e  l imit  (ps i )  

(2) T h e  ininirnnm reduct ion  of a r e a  of t h e  b o l t i n g  i n a t r r i a l s  covered  is 45 per cent .  

(3) T h e  e n d u r a n c e  l imit  of t h e  bol t ing  ina te r ia l s  covered  is approximate ly  40 per  c z n t  

of the u l t imate  t e n s i l e  s t r e n g t h .  

Precdure  for F'atigu:. Rvaluation 

r ,  1 h e  s t e p - b y - s t e p  procedure  for d e t e r m i n i n g  w h e t h e r  or n o t  t h e  f iuc tua t ion  of s t r e s s e s  a t  

a g iven  point  i s a c c e p t a b l e  is g iven  in  d e t a i l  in Par. N-415.2 of S e c t i o n  JII.  
dure  i s  b a s e d  on  t h e  iliaximum s h e a r  s t r e f i s  theory of fa i lure  and  c o n s i s t s  of f ind ing  the  arn- 

pl i tude (half  fu l l  range)  through which  t h e  maximum s h e a r  s t r e s s  f l u c t u a t e s .  . Jus t  as in t h e  
c a s e  of t h e  b a s i c  s t r e s s  l i m i t s ,  the s t r e s s  d i f f e r e n c e s  a n d  s t r e s s  i n t e n s i t i e s  ( twice  maxi- 
mum s h e a r  s t r e s s )  a r e  u s e d  in placc of t h e  s h e a r  s t r e s s  i t s e l f .  

,At e a c h  point  on t h e  v e s s e l  a t  a n y  g i v e n  t ime t h e r e  a r e  t h r e e  p r i n c i p a l  s t r e s s e s ,  u1 , g2, 
a n d  a, a n d  three  s t r e s s  d i f f e r e n c e s ,  S , ,  , S,,, a n d  S,, . T h e  s t r e s s  i n t e n s i t y  is t h e  l a r g e s t  
of t h e  three  s t r e s s  d i f f e r e n c e s  a n d  is u s u a l l y  c o n s i d e r e d  t o  have n o  d i r e c t i o n  or s i g n ,  j u s t  

a s  for t h e  s t r a i n  e n e r g y  of d i s t o r t i o n .  'Then c o n s i d e r i n g  f l u c t u a t i n g  s t r e s s e s ,  however ,  
t h i s  c o n c e p t  of non.-direct ional i ty  c a n  l e a d  t o  e r r o i s  when t h e  sign uf t h e  s h e s r  s t r e s s  

c h a n g e s  dur ing  t h e  c y c l e .  Thercforc  t h e  range  of f luc tua t ion  m u s t  be de te rmined  from t h e  

s t r e s s  d i f f e r e n c e s  in aider t o  f ind  t h e  fu l l  a l g e b r a i c  r a n g e .  'l'he a l t e r n a t i n g  s t r e s s  i n t e n -  

s i t y ,  S a l t ,  i s  the  l a r g e s t  of t h e  a m p l i t u d e s  of t h e  t h r e e  s t r e s s  d i f f e r e n c e s .  T h i s  fea ture  of 
b e i n g  a b l e  to main ta in  d i r e c t i o n a l i t y  a n d  t h u s  f ind t h e  a l g e b r a i c  r a n g e  of f luc tua t ion  is 
one  r e m o n  why t h e  maximum s h e a r  s t r e s s  theory  i a t h e r  t X R n  the s t r a i n  energy  of d i s tor t ion  
theory w a s  c h o s e n  for  S e c t i o n  111. 

When the  d i r e c t i o n s  of t h e  p r i n c i p a l  s t r e s s e s  c h a n g e  d u r i n g  the c y c l e  ( r e g a r d l e s s  of 
whether  the s tres s  d i f f e r e n c e s  c h a n g e  s i g n ) ,  the non-d i rec t iona l  s t r a i n  e n e r g y  of d is tnr t ion  

T h e  proce-  
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theory breaks down completely.  T h i s  has  been demonstrated experimentally by Firidley 
and h i s  a s s o c i a t e s  [51 who produced fatigue failures in a rotating specimen compressed 
ac ross  a diameter.  The  load w a s  fixed while the specimen rotated.  Thus  the principal 
s t r e s s e s  rotated Lilt the s t r a in  energy of distortion remained constant .  T h e  procedure out- 
l ined in Par. N-415.2(b) i s  cons i s t en t  with the r e su l t s  of Findley’s  t e s t s  and uses  the 
range of s h e a r  s t r e s s  on a fixed plane as  the criteriou of failure.  T h e  procedixe: brings in 
the effect  of rotation of the principal s t r e s s e s  by consider ing only the changes in shea r  
s t r e s s  which occur in each  plane between the two extremes of the strt:ss cycle .  

Cumulative Damage 

In many c a s e s  a point on a v e s s e l  wil l  be subjected t o  a variety of s t r e s s  cyc le s  
during its l ifetime. Some of t hese  cyc le s  will  have amplitudes below the endurance limit 
of the material  and  some will  have  ampli tudes of varying amounts above the endurance 
limit. T h e  cumulative effect  of t h e s e  various cyc le s  is evaluated in Section IJI by means 
of a l inear  danioge relat ionship in which it is assumed that  if N ,  cyc le s  would produce 
failure at a s t r e s s  level  S, , then n, cyc le s  at  the same  s t r e s s  level  would use  up the 
fraction n, / N ,  of the to t a l  l ife.  Fnilure occurs  when tlie cumulativc usage lactor ,  which 
is  the sum n, /A‘, + n, / N ,  t~ n3 / N ,  I- . . . . is equa l  t o  1.0. Other hypotheses  for estimating 
cumulative fatigue damage have been proposed and some have been showri to he more a c -  
curate  than the l inear  damage assumption.  Bet ter  accuracy could be obtained,  however, 
only if the sequence of the s t r e s s  c y c l e s  were known in considerable  detai l ,  and th i s  in- 
formation i s  not a p t  to be known with any certainty at the time the v e s s e l  i s  being de-  
s igned.  T e s t s  have shown [61 that  tlie l inear  assumption i s  quite good when cyc le s  of 
large and sma l l  st ress  magnitude a rc  fairly evenly distributed throughout the l ife of the 
member, and therefore th i s  assumption w a s  considered to cover  the majority of c a s e s  with 
suff ic ient  accuracy.  I t  i s  of i n t e re s t  t o  note tha t  a concerrtratinn of the larger  stress 
cyc le s  near  the beginning of life t ends  t o  acce le ra t e  failure, whereas  if the sninller 
s t r e s s e s  a re  appl ied f i rs t  and followed by progr 
usage factor  can be “coaxed”  up to  a value a s  high as  4 or 5 .  

it i s  important t o  identify correctly the range and  niiniher of repet i t ions of each  type of 
cycle .  I t  must be remembered that  a s m a l l  increase in s t r e s s  range can produce a large 
dec rease  in fa t igue l ife,  and t h i s  re la t ionship var ies  for different portions of the fatigue 
curve.  Iberefore  the effect  of superposing two s t r e s s  ampli tudes cannot he evaluated by 
adding the usage factors  obtained from each  amplitude by i tself .  T h e  s t r e s s e s  m u s t  be 
added before calculat ing the usage factors .  Consider ,  for example,  t he  case  of a thermal 
transient which occurs  in a pressurized v e s s e l .  Suppose tha t  at a given point the pressure 
s t r e s s  is 20,000 p s i  tension and  the added s t ress  from the thermal t ransient  is 70,000 p s i  
tension.  If the thermal cycle  occurs  10,000 t imes during the design l i fe  and the ves se l  i s  
pressurized I000 times,  the usage factor  should he based on 1000 c y c l e s  with a range 

from zero t o  90,000 p s i  and 9000 c y c l e s  with a range from 20,000 ps i  to 90,000 psi .  
Another example,  i s  given in N-415.2(d) (1). 

ively higher s t r e s s e s ,  the cumulative 

When stress c y c l e s  of various frequencies  are  intermixed through the life of the ves se l ,  

! 1  

Exemption from Fatigue Analys i s  

The fatigue ana lys i s  of a v e s s e l  is qu i t e  apt  to be one of t he  most laborious and time- 
consuming pmts of the des ign  procedure and th i s  engineer ing effort is not warranted for 
v e s s e l s  which are  not sub jec t ed  to  cyc l i c  operation. However,  there  is no obvious border- 
l ine between cycl ic  and non-cyclic operation. No operation is completely non-cyclic,  
s ince  s tar tup and shutdown i s  i t s e l f  a cycle .  Thewfare, fat igue cannot  be completely 
ignored, but Par. N-415.1 g ives  a s e t  of rules  which may l e  used  to just i fy  the by-passing 
of t he  detai led fat igue a n a l y s i s  for v e s s e l s  in which the danger of fatigue failure is re- 
mote. The appl icat ion of t hese  ru l e s  requires  only t h a t  the designer  know the specif ied 
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pressure  fluctuations and that  he have some knowledge of the temperature differences 
which will exis t  between different points in the v e s s e l .  He d o e s  not need t o  determine 
s t r e s s  concentration factors or to calculate  cycl ic  thermal s t r e s s  ranges.  

ever,  be s u r e  that  thc bas i c  s t r e s s  limits of N-414.1 t o  N-414.4 are  met, which m a y  in- 
volve some calculation of the most s eve re  thermal s t r e s s e s .  

servative and some of which are not conservat ive,  but i t  i s  believed that  the conservatisms 

outweigh the unconservatisms. T h e s e  assumptions are:  

He must, how- 

The r u l e s  of N-415.1 arc  based on a s e t  of assumptions,  some of which are highly con- 

(1) The worst geometrical  s t r e s s  concentration factor to be considered i s  2 .  T h i s  
assumption is unconscrvative s ince  K = 4 i s spec i f i ed  for some geometries.  

(2) ‘I’be concentration factor of 2 occurs  a t  a point where the  nominal s t r e s s  is 3S,, 
the highest  allowable valrie of primary-plus-secondary s t r e s s .  T h i s  i s  a conservative 
assumption. ‘I‘he net  r e su l t  of assumptions 1 and 2 i s  that  the peak s t r e s s  due to pres- 
sure i s  assumed t o  be  6 s,, which appea r s  t o  be a safe assumption for a good design. 

( 3 )  A l l  signif icant  pressure cyc le s  and  thermal cyc le s  have the same s t r e s s  range 
as  the mosl seve re  cycle .  T h i s  i s  a highly conservative assumption.  
cyc le  i s  defined a s  one which produces a s t r e s s  amplitude higher than the endurance 
limit of the material) .  

(4) The highest  s t r e s s  produced by a pressure cycle  does  not coincide with the 

highest  s t ress  produced by a thermal cyc le .  T h i s  i s  unconservative and must be bal- 
anced against  the conservatism of assumption 3 .  

( 5 )  The calculated s tres s  produced by a temperature difference AT between two 

points does not exceed 2EaA7‘,  but t he  peak s t r e s s  i s  ra ised to  4EaAT because  of the 
assumption that a K value of 2 i s  present.  T h i s  assumption is conservat ive,  as evi- 
denced by the following examples of thermal s t r e s s :  

(a) For the c a s e  of a l inear thermal gradient through the  th i ckness  of a v e s s e l  
wall, if the temperature difference between the inside and the outs ide of the wsl l  
is AT’, the s t r e s s  is  

(A Li significant” 

EaA T 

2 0  --I/) 
0 2 ~ 2 .715 EaAT (for u = 0.3) 

(b)  When a v e s s e l  wall  is subjected to a sudden change of temperature,  A T ,  s o  
that the temperature change only penetrates  a short  d i s t ance  into the wall thick- 
nes s ,  the thermal s t r e s s  is 

0 = FA.? 1.43 EaAi’ (for u - 0.3) 
1 - V  

(c) When the average teniperature of a nozzle i s  AT degrees  different from that of 
the rigid wall t o  which i t  is  a t tached,  the upper limit t o  the magnitude of the discon- 
tinuity s t r e s s  is 

a = 1.83 EaAT (for u = 0.3). 

T h u s  the coe f f i c i en t  of EaAT i s  a lways  less than t h e a s s u m e d v a l u e  of 2.0. 
When the tw0 points in the  v e s s e l  whose temperatures differ by AT a re  s e p ~ r a t e d  from 

each other by more than 
produce a s ignif icant  reduction i n  thermal s t r e s s .  Therefore only temperatiire differences 
between “ad jacen t“  points need be considered. 

there i s su f f i c i en t  f lexibil i ty between the  two points t o  

Experinrental Verification of Design Fatigue Curves 

The  design fatigue curves of Figs. N-415 (a) and (b) a r e  based primarily on strain- 
controlled fatigue t e s t s  of small  polished specimens.  A best-fi t  to the experimental  data  
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NUMBER OF CYCLES 
I 0 5  

FIG. 12. PVRC FATIGUE TESTS. 

was obtained by applying the method of least  squares  to the logarithms of the experimental 
values. The design s t r e s s  values were obtained from the best-fit curves by applying a 
factor of two on s t ress  or a factor of twenty on cycles ,  whichever was-more conservative 
at each point. These frrctors were intended to  cover such effects as  environrnent, s ize  
effect, andscat ter  of data ,  and thus it is not to be expected that a vesse l  will actually 
operate safely for twenty times i t s  specified life. 

The appropriateness of the chosen safety factors for fatigue has recently been demon- 
strated by t e s t s  conducted by the Pressure Vessel  Research Committee [79 81. In theso 
tests 12-inch diameter model. vessels and %foot diameter full-size vesse ls  were tested by 
cyclic pressurization after a comprehensive strain gage survey was made of the peak 
stresses. Fig. 12 &raws a surnrriary of the PVRC test resul ts  compared to  the recommended 
design fatigue curve of Section I11 for carbon mid low-alloy s tee l .  It may be seen  that no  
cri-tch initiation was detected a t  any s t r e s s  level below the allowable s t ress ,  and no crack 
progressed through n vessel  wall in less lhan three tinies the allowable number of cycles. 
The large scat ter  of the data does indicate that further research on specific materials and 
further s tudies  of nozzle sLresses could eventually lead to less restrictive rules for some 
materials and some nozzle designs. 

1V. CHEEP AND STRESS-RUP'I'UKE 

It is an observed characteristic of pressure vesse l  materials that in service above a 

certain temperature, which varies with the alloy composition, the materials undergo a con- 
tinuing deformation (creep) at a rate which is strongly influenced by both stress and tem- 
perature. In order to  prevent excessive deformation and possible premature rupture it i s  
necessary to limit the allowable s t r e s s e s  by additional criteria on creep-rate and s t ress-  
rupture. In this creep range of temperatures these criteria may limit the allowable s t ress  
to substantially lower values than those suggested by the usual factors on short  time ten- 
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sile and yield s t rengths .  Satisfactory empirical  l imits for creep-rate and stress-rupture 
have been e s t ab l i shed  and used in Section T and Section '4111. 

111, because  the distribution of s t r e s s  will  vary with time as  we l l  a s  with the  applied 
loads.  T h e  difficult ies a re  particularly not iceable  under cycl ic  loading. I t  h a s  not yet  
been possible  for the Special  Committee to  formulate complete design criteria and rules 
for Section 111 in the creep range, and  the present  appl icat ion of Section 111 i s  restricted 
to  temperatures a t  which creep will  not be s ignif icant .  T h i s  has  been done by limiting the 
tabulated allowable s t r e s s  intensi t ies  t o  below the temperature of creep behavior. 

Creep behavior complicates the detai led s t r e s s  ana lys i s ,  which i s  the b a s i s  of Section 

The design criteria of Section 111 differ from those of Sect ions I and VI11 in the follow- 
ing respects :  

(a)  Section 111 u s e s  the maximum s h e a r  s t r e s s  ( ' r r e sca )  theory of failure instead of 
the maximum s t r e s s  theory.  

(b )  Section III requires the detai led calculat ion and classif icat ion of all s t r e s s e s  
and the application of different stress l imits t o  different c l a s s e s  of s t r e s s ,  whereas  
Sect ions I and VI11 give formulas for minimum allowable wall  t h i ckness .  

( c )  Section 111 requires  the calculation of thermal s t r e s s e s  and gives  allowable 
values  for them, whereas  Sect ions I and VI11 do not.  

(d) Section I11 considers  the possibil i ty of fatigue failure and gives  rules  for i t s  
prevention, whereas  Sect ions I and VI11 do not.  
The s t r e s s  limits of Section 111 a r e  intended to prevent three different types of failure,  

as follows: 
(a) Bursting and  g ross  distortion from a s ing le  appl icat ion of pressure a re  prevented 

(I)) Progressive distortion is prevented by the limits placed on primary-plus- 
by the limits placed on primary s t r e s s e s .  

secondary s t r e s s e s .  These limits a s su re  shake-down to  e l a s t i c  action af ter  a 

few repeti t ions of the loading. 

'['he design criteria descr ibed here were developed by the joint  efforts of the members of 
( c )  Fatigue failure is prevented by the l imits placed on peak s t r e s s e s .  

thc Special  Committee to  Keview the Code S t r e s s  B a s i s  and i t s  T a s k  Groups over a period 
of s eve ra l  yea r s .  It is not t o  be expected that  t h i s  paper will  answer  a l l  the  quest ions 
which will be a sked ,  but it is hoped that  i t  wi l l  give suff ic ient  background to justify the 
rules  which have been given.  

F A B M I C A T I O  N A N  D I N S P E C T I O  1 

'The rules  of t h i s  Section of the Code were divided to cover the various c l a s s e s  of 
v e s s e l s  that  might be required in a nuclear instal la t ion.  T h e  rules  covering fabrication 
and inspection of C l a s s  A v e s s e l s  for  reactor or primary service were developed for a 
single  quali ty,  including 100 per cen t  radiography of a l l  butt welds ,  keeping in mind that  
periodic inspection or maintenance might be difficult  or even impossible.  

T h e  appl icable  rules  from Section VI11 for pressure v e s s e l s  in lethal s e rv i ce  were 
tightened where it w a s  f e l t  necessa ry ,  and the spec ia l  requirements of the Code C a s e s  for 
nuclear v e s s e l s  were incorporated.  Some of the spec ia l  requirements are:  

(a)  Emphasis  h a s  been placed upon repairs during construction. 
(b)  Specific requirements have been spe l l ed  out ,  including material  and welding re- 

(c) The tolerance rules  in Section VI11 for external pressure v e s s e l s  were extended 
quiremcnts for a t tachments  to pressure par ts .  
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t o  cover  sphe r i ca l  and conical  s h e l l s  as wel l  as cylindrical  shells and were made ap- 
pl icable  to internal pressure v e s s e l s  as well  as  external.  

(d) Rules covering methods and evaluat ion for noudestructive t e s t ing  other than rn- 
diography include magnetic par t ic le  examination, liquid penetrant examination and ul- 
t rasonic  examination. T h e  manufacturer must  certify a s  to the qual i f icat ions of h i s  
operators who conduct t hese  examinat ions and the authorized inspector  must s a t i s fy  
himself that  proper personnel and procedures a re  used.  

( e )  Post-weld heat treatment of completed v e s s e l s  i s  required for carbon and low- 
alloy mater ia ls  s imilar  to Sect ion I. However,  the preheat  ru l e s  follow the non- 
mandatory appendix of Section VIH. 
Qualification of welding procedures and welders  ninst be in accordance with Section 

I X .  The  most important (based upon the d i s c u s s i o n  i t  received)  addi t ional  requirement is 
the v e s s e l  t e s t  p l a t e s .  
quirements in Section I and in Par. UG-84 of Section VI11 for impact t e s t ed  material .  
The  weld and h e a t  affected zone should be comparable to  the mater ia l  in the v e s s e l .  

T h e  philosophy of weld examination h a s  been based  principally upon radiography 
during the normal fabrication sequence .  I t  w a s  fel t  that  it would be impractical  to re- 

quire radiography a f t e r  a l l  fabr icat ion or a f t e r  postweld treatment and  pressure t e s t ing  
has been completed,  As a f inal  check,  however,  subsequen t  t o  the  pressure t e s t  or its 
equivalent,  a l l  weld su r faces  of the v e s s e l  j o in t s ,  where physical ly  possible ,  a r e  to he 
subjected to magnetic particle examination or t o  l iquid penetrant examination. In t hose  
c a s e s  where the weld s u r f a c e s  are  not a c c e s s i b l e  in completed v e s s e l s ,  such su r faces  
sha l l  be examined immediately prior t o  the operation which r e su l t s  in th i s  inaccessibi l i ty .  

The v e s s e l  tes t  p l a t e  requirements are  an  extension of the re- 

MA T E €i I A I, S 

Safe operation of v e s s e l s  constructed under th i s  Code h a s  been the primary goal in 
es t ab l i sh ing  the requirements for the mater ia ls  t o  be used  in the construction of such 
v e s s e l s .  The s p e c i a l  requirements for v e s s e l  mater ia ls  given in th i s  Section a re  in ad- 
dit ion to  the nornial requirements for the mater ia ls  employed for v e s s e l s  in non-nuclear 
service a t  equivalent  temperatures and p res su res .  The  addi t ional  t e s t s  and examinations 
specif ied are  to provide addi t ional  a s su rance  of qual i ty  and  uniformity which i s  consider- 
ed necessa ry  b e c a u s e  the  v e s s e l s  are  generally inaccess ib l e  for future internal inspection. 

I t  i s  intended that these s p e c i a l  rcquireinents may Le removed from th i s  Se r t ion  a t  s u c h  
t ime as  the material  specif icat ions are modified to  provide equivalent  assurai ice  of quali ty 
and unifornrity, particularly s i n c e  tho v e s s e l s  a r e  generally inaccess ib l e  for future internal 
inspect ion.  

Some may consider  t hese  requirements t o  be unduly restr ic t ive and  not required or 

justif ied t o  provide adequate  a ~ s u r ~ i i c e  of s a fe ty ,  and others  may consider  the require- 
ments t o  be inadequate  and that  the goal  should be perfection in s t ead  of adequacy.  T h e  
Committee has considered these  a s p e c t s  of the problcrrr and i t  i s  ag reed  tha t  if, in some 

c a s e s ,  the requirements may be  unduly restr ic t ive or overly conservat ive,  t h i s  i s  because 
it i s  bet ter  to err  on the safe s i d e ;  but in no case are  these  requirements considered in- 
adequate  to  provide mater ia ls  of adequa te  qual i ty  for v e s s e l s  des igned  and constructed to 
the ru l e s  of t h i s  Section of the Code,  based  on our abi l i ty  to  examine and t e s t  mater ia ls  
with the too l s  that  a r e  avai lable  today. 

T h e s e  requirements for mater ia ls  niay be  supplemented by addi t ional  t e s t s  and exami- 
nat ions t o  sa t i s fy  spec i f i c  design requirements for spec i f i c  appl icat ions as deemed neces -  
sary or des i r ab le  by the designer .  

- 21 - 
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Appendix D 

AFiTICLE I OF SECTION III OF THE 
&!E: BOILER AND PmSSlm VESSEL 

CODE FOR IIIJCTZXI3 VESSELS 

ARTICLE I 

General- Requirements 

IT-11.0 SCOPE 

The ru les  l r i  t h i s  Section of t he  Code cover minimum coristruction 
requirements f o r  the materials,  design, fabr icat ion,  iiispectrion and tes t -  
ing, and cer t i f icah ion  of vessels f o r  use i n .  riuclear power. plants. 

The C0d.e rules provide minimum safe-ty requirements f o r  new construe - 
t i o n  and f o r  mechanical and. thermal stresses d u e  t o  cycl-ic operation. 
They do not eovei- de te r iora t ion  which may occ?ir i n  service as a r e s u l t  
of rad ia t ion  e f fec ts ,  i n s t a b i l i t y  of the  material ,  01- the e f f ec t s  of 
mechanical- shock or vibratory loading. These e f f ec t s  s h a l l  be taken in-Lo 
account wi-th a vi.ew t o  obtaining the  d-esign or t h e  specif ied I.ife of the 
vessel.  

It i s  rcc:oninen.ded. t ha t  'cine increase i n  the 'nrittLe f rac ture  t rans  i- 
t ion temperature cTm t o  neutron i r r ad ia t ion  be checked periodica.lly by 
aeans of surveil lance specrimens of t he  same material  wlirich receive a.p- 
proxirna~tely the  salme neidxon f l u x  as the  vessel- wall a t  abou.t the  same 
temperature and neutron energy spectrum. T'he combined e f f ec t s  o f  fabrl -  
ca t  ion, stress, and. iritegi-ated neutron P l im s21.ould be cons i.d.ered. 

N-120 PARAGRAPH .REFERETJCES 

The main divisions of t h i s  Section of the  Code are  designated as  
Az-ticles. These a re  given a ni.mber and t l t l e ,  as f o r  examplk, Art ic le  
4,  DESIGN. The maim division, o r  subart ic les ,  under these are desig- 
nated by a three-  or four -d ig i t  number ending i n  zero; t h i s ,  p;I-410, 
Design Cr i te r ia .  A reference -to one of these siubarticles i n  the t e x t  of 
t%le Section includes a l l  of t he  applicable rules i n  t h a t  subar t ic le .  
Thus, reference t o  N-4.10 inel ides  all the  rules i n  N-41.0 through N-417.7. 

T'ne major subdivisions (paragraphs ) under subar t ic les  are  designated 
by three-d ig i t  nunfoers which do not end i n  zero.  Further subdivisions 
(sub-paragraphs ) are  indicated by a three -d ig i t  number followed by a. 
dec5.mal point and a di.git other than zero. Further divisions,  where 
necessary, are represented by letters, then by f igures ,  i.n parentheses. 
In  every case reference t o  a paragraph includes a l l  t he  subdivisions 
under tha-t paragraph. 
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N-130 CLASSIFICATION OF PRESSURE VESSELS 

Vessels covered by t h i s  Sect ion of 'ihe Code' a r e  defined. and c l a s -  

N-1-31 Class A Vessels - Vessels ( o r  chambers of v e s s e l s )  not direc-Lly 
s i f i e d  and a re  x l a t e d .  t o  t h e  Subsections of t h i s  Sect ion as follows: 

open t o  the  atmosphere t h a t  have the  funct ions or pos i t ions  i n  a nuclear 
power system defined h e r e i n a f t e r  a r e  designated a s  Class A vesse ls  and 
sha l l  be designed and construc.i;ed i n  accordance with the  rules i n  Sub- 
sec t ion  A of thri.s Section. 

( a )  Any vessel. o r  t ubu la r  element t h a t  fo rms par t  of t h e  r eac to r  
cool.ant system and within which nuclear f u e l  i s  present  and a nuclear 
chain i-eaci;ion may take  place.  Examples of such vesse l s  a r e  those com- 
m0o.J-y r e fe r r ed  t o  a s  r eac to r  ves se l s .  

t o  nuclear f u e l  embraced wi th in  i.t t h a t  a nuclear  r eac t ion  may take  
place.  Examples of such vesse l s  a r e  those conlmonly r e fe r r ed  t o  as calen-  
d.ria vessels .  

d ioac t ive  substance during normal opeyation and whose func t ion  i s  such 
t h a t  a1.J. of the  group cannot s a f e l y  be removed from se rv ice  when nuclear  
chain r eac t ion  heat ing i s  tak ing  place i n  t h e  system. 

( d )  Any v e s s e l  which may contain rad ioac t ive  substance during nor- 
mal. operat ion n:nd f o r  which t h e  spec i f i ed  operat ion oi" l oca t ion  i s  such 
a s  to prevent any required per iodic  examination from b e h g  made during 
pl.ant down time . 

( e )  Any v e s s e l  f o r  which t h e  spec i f i ed  operat ion i s  such t h a t  t he  
r u l e s  i n  N-415.2 for t h e  ana lys i s  f o r  cycl_ic operat ion are required -Lo 
be appl ied t o  t h e  ves se l  o r  p a r t  Ynei-eof. 

than  5 p s i  t h a t  have 'ihe func t ion  of pos i t i on  i n  a nuclear power system 
defined h e r e i n a f t e r  a r e  designated a.s Class B vesse ls  and  shall. be de- 
signed and constructed i n  accordance w i t h  t h e  r u l e s  ri.n Subsection R of 
t h i s  Section. 

s t ruc- tures  t h a t  enclose vesse ls ,  piping, and./ o r  o ther  components of a 
nuclear system and which a r e  provided f o r  o r  serve t h e  primary purpose 
of s a f e l y  containtng or channelling for containment o r  d i sposa l  rad io-  
a c t i v e  o r  o ther  hazardous e f f l u e n t  which may be re leased  Prom the vesse l s  
o r  o-Lher components so  enclosed. Examples of such vesse1.s a r e  those 
commonly r e fe r r ed  t o  as  containment, ves se l s .  

t h e  Code t h a t  have the  funct ions o r  pos i t ions  i n  a nuclear power system 
defined he re ina f t e r  are designated a s  Cl.ass C vesse.7.s and s h a l l  be de- 
signed a n d  constmc-ted i n  accordance w i t h  the  r u l e s  i n  Subsection C of  
t h i s  Sect ion. 

( b j  Any v e s s e l  t h a t  con-Lai.ns l i q u i d  r1ioderai;or s o  dtsposed r e l a t i v e  

( e )  Any v e s s e l  Oi" each of a group of ves se l s  Tdllch may conta3.n ra- 

N-132 Class B Vessels .- Vessels having a design pressure greatei- 

MeLal vesse ls  t o  operate under posit i-ve internal-  pressure whkh form 

N - 1 3 3  Class C Vessels - Vessels wi th in  t h e  scope of Sect ion VI11 of 

'Specif ical ly  excluded from considerat ion i n  t h i s  Sect ion of' t h e  
Code a re  tubes or  o ther  forms of sheat,hing used olily for claddifig nuclkar 
Fuel ,  and a l s o  instrumeiit connections 1/2 inch pipe s i z e  o r  l e s s .  
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( a )  Any vesse l  f o r  which no par t  i s  covered. by t h e  d-eftnitions of 
N-131 and N-132.  

( b )  Vessels which are not covered by the  def in i t ions  of N-131 but 
which a r e  o r  may be connected t o  the  reac-tor coolant o r  moderator sys- 
tem du.ring operati-on. 

ered by the  def in i t ions  o f  N-131, any chambers not; so  covered- may be 
designed and constructed as Class C vessels .  

constructed, and stani-ped i n  accordance with -the rules f o r  Class A ves- 
sells. 

( e )  I n  a multichainber vessel  i n  which one or more chambers RE cov- 

N-134 Mixed Classes - Any Class H or Class C vessel. niay %e designed, 

N - 140 RES PONSIBIL ITY 

The various p a r t i e s  involved i n  t h e  work of producing vessels  under 
this Section have d e f i n i t e  :responsibilitLes in meeting Code requirements. 
The r e s p o n s i b i l i t i e s  set  f o r t h  here inaf te r  relate oi1l.y t o  Code co-mpl.i.- 
ance and are not to be constTued as involving contrac’mal relatioris or 
l e g a l  l i a b i l i t i e s .  

TJ- lLl  Design Specif icat ion - The o ~ m e ~  requ.Lring t h a t  a .vessel or 
vessels  be designed, comtnicted., t e s t e d  and c e r t i f i e d  t o  be a Code  ves- 
se l  i n  compl.iance with these rid-es s h a l l  provide o r  cause t o  be provid-ed 
for each such vesse l  a spec i f ica t ion  of functions and. desFgn r-eqiiire- 
ments including i t s  c l a s s i f i c a t i o n ,  r e l a t e d  t o  operating conditions i n  
such detai.1. as w i l l  provide a complete bas i s  For &?sign., construction, 
and inspection i n  accordance with these  rules. 

wi-th the above requirements bjr a reg is te red  Professional Engineer experi-  
enced i n  pressure vesse l  desi.gn. 

( b )  A copy of the &sign Specif icat ion shall. be f i l e d  with the  en- 
forcement suthori-ty respons i h l e  a.’~ t h e  point of i.nstal.l.atioa. 

N-142 Stress  R e p o ~ t  - Tle structural .  irskegrity of a Class A or  
Class B vesse l  o r  p a r t  thereof including i-ts a b i l i t y  t o  contain pre:;sure 
i s  the responsi l i i l i ty  of t h e  mai?ufact,urer of t h e  pressure par-t. A mini- 
mum requirement i s  compl-iance w t t h  t h e  r u l e s  of b l i i s  Section. As part  
o f  t b e  design r e s p o n s i b i l i t y  f o r  pressure containmenl;, the  rmnufacturer 
or  a design agent responsribl.e t o  him s h a l l  make a complete s e t  of‘ stress 
a.nal.ys i s  calculatilons establ ishing t h a t  -the design as shown by the  draw- 
ings complies with t h e  reqz3:rements of - this Sec-Lion f o r  t h e  design con- 
tli:tions t h a t  have been spec i f ied  by the  user i n  t h e  Tksi.gn Specifics-Lion. 
A Stress Report shall be prepared -trhic!i s h a l l  include stress cal.c~i.l.ati.ons 
and. pressure p3rt  design drawings and which s h a l l  be certiried by a reg- 
i s t e r e d  Professional Engineer, experienced i n  pressure vessel  destgn. 
Copies of . this Stress  Report skiall be filed with -the qua l i f ied  Inspector 
a-L %he manufactuxw- ‘ s  plant  and with t h e  enforcement au thor i ty  a t  1;he 
point of i n s t a l l a t i o n  of the  equipment. The f i l i n g  of t h i s  Rzporl; shal.1- 
not r e l i e v e  the  manufacturer of respons i b i l i - t y  fur t h e  s t r u c t u r a l  integ- 
~ i t y  o f  t h e  vessel .  The manufacturer i s  also respolisible for use of 
materials, fabr ica t ion  methods, and. inspec-bion techniques in accordance 
w-ith t h e  requirements of t h i s  Section. The manufacturer s h a l l  c e r t i f y  

(a) T~E &sign Specif icat ion s h a l l  be c e r t i f i e d  as -to compliance 
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t o  compliance with these  requirements by t h e  execut ion of t h e  appropri-  
a t e  Manufacturer Is Data Report. 

N-143 Inspec t ion  Performance - It is  t h e  duty of t h e  authorized 
Code Inspector  t o  make a l l  t h e  inspec t ions  spec i f i ed  by t h e  rules of 
this Section and i n  add i t ion  such o ther  inspec t ions  a s  i n  h i s  judgment 
a re  necessary t o  v e r i f y  that, t h e  equipment i s  f a b r i c a t e d  i n  accordance 
with t h e  requirements of t h i s  Sectj.on of -the Code, including all s p e c i f i c  
design d e t a i l s  necessary f o r  complia-nce with t h e  requirements of this 
Sect ion as  called. for by t h e  design spec i f i ca t ions  and t h e  design draw- 
in.gs. The Inspector  s h a l l  s o  cer t i - fy  on t h e  Manufacturer 's  Data Report. 
The Inspector  shaJ.1- not be he ld  resporisi.ble f o r  t he  completeness or 
correctness  of t h e  design ca l cu la i ions  as se t  f o r t h  i n  'ihe S t r e s s  Report. 
The enforcement au.-Lhority may r equ i r e  t h e  manufacturer t o  c l a r i f y  any 
detai-ls of such r epor t  iC it be l i eves  t h e r e  i s  reason t o  do so. 

N-150 BOUNDARY- BETWEEN VESSELS AND PIPING 

The jur i sd_ic t ion  of t h i s  Sect ion of t h e  Code i s  intended t o  include 
only t h e  ves se l  and. i . t s  appurtenances and t o  terminate  a t  t h e  fol.l.owing 
poin ts  where connections a r e  provided for attachrnent 'IO piping which i s  
exLernal t o  the vesse l :  

weld i n  welded connections.  
( a )  The firs-i; c i rcumferent ia l  j o i n t  exc3.u.sive of Lhe connecting 

( b )  The face  of t h e  f irst  f lange  i n  bo l t ed  f lange  connections.  
( e )  "ne f i r s t  threaded joini; i n  screwed connections.  
Where t h e  e x t e r n a l  piping d i f f e r s  from Class A vesse l s  i n  nominal 

th ickness  o r  i n  c o e f f i c i e n t  of thermal expanston, t h e  j o i n t  s h a l l  be 
analysed f o r  compl.iance with t'ne stress requirements of t h i s  Sect ion of 
t h e  Code. 
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SAFETY ST.ADD&RD FOR DESIGN, FABRICA!I'IOI\T AND MtZICN'TENANCE 
OF STEEL CONTAimUNT STRUC'I'UfiE S FOR STN'IONMY 

NKJCI3ALI POW-ER REACTORS" 

INTRODUCTION 

Mozt power reac-t;ors are provided with a reactor  vessel  which encloses the  
reactor  c o ~ e .  This reactor  vessel- i s  surrounded by rad ia t ion  shicsl-ds f o r  
biological  protection of personnel. 

In  addition t o  t h i s  biological- protect ion of personnel., it may be nixes- 
sa ry  t o  locate ce r t a in  reactor. types and par t s  o r  all o f  t h e i r  associated 
plants,  i n  contai-meit  s- tmctures  s o  'chat even under conditi0n.s of acci-  
d.enta.1 v io la t ion  of primary plant; integri-Ly, t h e  radioactive material. 
canrrol; be dispersed i n .  a ma.nner which wil.1.. harm the  publica 

The design of such reactor  contalnmerk must be adapted -to each reactor  
t n e ,  as well as Lhe plant locatio:n. Present American pract ice  has almost 
exclusively uti l ized- a s teel containment s h e l l  for power reactors,  and 
t h i s  s tmdard  i s  therefore  1.Irnited t o  wel.d.ed s t e e l  shells 

rnCTION 1 - SCOPE 

101 - Whe1-e it i s  detmmined. by considerations beyond L'ne scope of t h i s  
standard that a welded s t e e l  p r e s s u ~ e  contain.mei~t, s h e l l  is needed 
t o  enclose t h e  reac tor  i.nstall..ation, t h i s  contairiment strmcture 
s h a l l  be designed, constructed, t e s t ed  and. iiiaIntained accordl.ng t o  
th.e requ5rrements of t h i s  standard. 

tu re ,  voLu.me, conf igurati-on and allowable leakage laate have been 
establtshed- a f t e r  due cons iders t ton  of a l l  fac tors  involved.. (See  
Section 4 )  

vessel  reyu.ireiiients, spec ia l  requirements i.rnposed by sexvice, s t ruc-  
t u r a l  conditions, and loadings which rmst be given consid,eration by 
the  designer. Minimum requirements and t h e i r  application are set 
forth i n  t h i s  sZ;an.d.ard. 

1.02 - This standard assumes t h a t  an appropriate design pressure, tempera- 

10.3 - Large c:o:rrtainment s-Lmctures ha-Ye, ri.n ad-dition t o  normal pressure 

201 - Steel con-tairment shel.1-s having n design pressure i n  excess of 5 
psig s h a l l  be designed i n  accordance with the requirements of t'ne 

-This s taad.ard was approved by the Amertcan Standards Association 
on April 21, 1965. I'c was prepared by Subcommj:t;iee N6.2, Contaimnent, 
of  ASA Sectional Committee N6, lieactar Safety Standards. 
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202 - 

203 - 

201, - 

205 - 
206 - 
207 - 

ASME Boi le r  and Pressure 
Nuclear Vessel s, 1-963, yi 

sha l l  be m e t .  
Steel  co_ntaiment s h e l l s  
ing 5 ps ig  s h a l l  a l s o  be 

Vessel Code, Subsection 
Add i t tona l  r e  yu i r  e men+; s 

having design pressures  

B of Sect ion IT1 
o f  t h i s  s tandard 

up t o  and includ-  
designed t o  meet t h e  requirements of t h e  

Nuclear Vessel Code except as  otherwise provided i n  t h i s  s tandard.  
(See SecLion 1.1.) 
SLate aid. local.  regula-Lions may be more r e s - t r i c t i v e  than t h i s  s t an -  
dard and t h e  codes and s tandards named i n  Paragraphs 204, 205, 206, 
and 207 must be consid-ered i.n t h e  design where -they are applicab1.e. 
American I n s t i t u t e  of S t e e l  Construction, Spec i f ica t ion  f o r  t he  
Design, Fabr ica t ion  and Erec t ion  of S tmct i ra1 .  S t e e l  f o r  Bui-ldings, 
1961. 
hei-i.can Standard Buil-d.ing Code Bequirements for M i n i m u m  Design 
Loads i n  Building and Other S t ruc tures ,  M A  A58.1-1955. 
National F i r e  F’rotection Association, Standard, NFPA No 802, 
Nuclear Reaci;or, 1960. 
American Standard Code f o r  Pressure Piping, ASAB 31.1-1955 with 
1-963 ,4ddendum and. t h e  case ru l ings  i n  e f f e c t  as of May, 1.963. 

Miss i le  prokct - ion  of the containiiient s h e l l  s h a l l  be provided where there 
a r e  reasonabl.e possibil_i.ti.es t h a t  -the rupi;ure or f a i l u r e  of any assoc i -  
a-ked equipment, intei-na.1 or adjacent t o  t h e  s h e l l ,  may c rea t e  mis s i l e s  
rwhich would damage t h e  containment s h e l l .  Such prol;ectioa may be coin- 
hined with the  b io log ica l  sh i e ld .  

SECTION 4 - COP;TAIW>NT PRESWJXZ AND LOADING ON CONTALl!DENT STRUCTITRF: 

The pressures  and temperatures which mlight be developed wikhin a contain-  
ment enclosure a f t e r  an accident w i l l  o r ig ina t e  from di f fe ren t ,  soui“ces. 
The -mles  f o r  the  determination of appropriate  design pressures  and tem- 
peratures which have included considerat ion of equi.l.ibrium and dynamic 
condi t ions,  may appear i n  o ther  Reactor Safe ty  Stand-ards. 

401 - Ii1 add i t ion  t o  the  s t r e s s e s  c rea ted  by t h e  i n t e r n a l  design pressure,  
t h e  containment s t r u c t u r e  shal l .  be designed for any add i t iona l  load-  
ing where appl icable  such as: loads induced by d i f f e r e n t i a l  move- 
ments caused by varriatri.ons i n  temperature between shell .  and. ad-jacent 
mater ia ls ,  thermal. g rad ien ts  wei&it of t h e  s t r u c t u r e ,  pipe loadi.ngs 
and o-Lher concenLrated loads,  dead loads such a s  insu la t ion ,  l ad -  
ders ,  platforms, e t c . ,  and spec i f i ed  l i v e  loads such as  maxrimiim 
loading for  floors, ai.? locks, cranes, etc. 

I._.- 

++Herei.naj”-i;er Section III, NucI..ea:r Vessels, 1.96.3 i-s r e fe r r ed  t o  
as t h e  Nuclear Vessel Code. 
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4.02 - The ex terna l  loads (311 the  containrnent s t r i x t u r e  s h a l l  include ti?e 
following, when app1icabl.e : t h e  maxl.miim pressure d i f fe ren t ia l .  'oe - 
tween i n t e r i o r  and ex ler ior ,  specified- wind or earthquake loads, 
snow loads, weight o f  insu la t jon  and weight of s t ructure ,  pressure 
from external. ground water an.d ear th ,  and con.centrated loads.  Values 
for wind loads arid snow loads s h a l l  be taken i n  accordance with -the 
requirements of Paragraph 205. 

403 - Where in any foreseeable conditions, such as rapid changes i n  a t -  
mosphere or  changes i n  t h e  interna.1. temperature within t h e  s h e l l ,  
t h e  ex terna l  pressure may exceed the  i n t e r n a l  pressure by an amount 
not covered i n  t h e  design. Vacu-um relief devices, of a type such 
t h a t  there  i s  no r i s k  of breach of containment under i n t e r n a l  pres- 
sure conditions, should be employed. 

501 - Since t h e  containment s h e l l  i s  usual.1.y t h e  outer housing, the metal. 
temperature i s  l a r g e l y  dependent on t h e  amiblient temperature, and 
only those materials which rematn. du.ct5.l.e a t  the  lowest expected 
metal temperature and a l l  expected operating conditions and con- 
form t o  t h e  Nuclear Vessel Code, s h a l l  be used f o r  design press-u.res 
i n  excess of 5 ps ig .  For design pressures of 5 psig and under, see 
Section II. f o r  exceptions al1owin.g t h e  use of o-t'ner s u i t a b l e  iiia- 

t e r i a l s .  

601 - The primary and secondary s-tresses resul-Ling from t h e  establ ished 
combination of loadings as outl ined i n  Section 4 s h a l l  be limi.ted 
t o  th.e allowable stress values given by t h e  Nuclear Vessel Ccde. 

menr-1; s h e l l  pressure o r  exbernal. pressure s h a l l  be d-esigned ei-ther 
according t o  the Nuclear Vessel Code o'r" according t o  t h e  standard 
specified. in Paragraph 204. 

s h a l l  be limi-ted as provided by Paragraphs 1-1120, 1-1130 and 1-1140 
o f  the  Nuclear Vessel Code. 

Li02 (except t h e  ex terna l  pressure loads f o r  heads and spher ica l  
s h e l l s  covered i n  Pamgraph 704) s h a l l  be l imi ted  as  provided. by 
Paragraph 1-1150 of t h e  Nuclear Vessel- Code. 

602 - Stmctuiial. members which do not obtain t h e i r  load from t h e  contain- 

603 - Maximum compressive membrane s t r e s s e s  d.u.e t o  e x t e m a l  pressure 

604 - Maximum compressive membrane s t r e s s e s  due t o  loadings i n  Paragraph 

SECTION 7 - SllELL AND EBAD DESIGN 

701. - The minimum thickness f o r  a shell. s h a l l  be determi-ned i n  accordance 
with t h e  rules prescribed. i n  the  PJuclear Vessel Code, for eitl-ie:r 
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702 

703 

704 

705 

706 

i n t e r n a l  o r  e x - k r a a l  pressure whichever r e s u l t s  i n  the g r e a t e r  
Ynickness. I n  those  areas  where s t r eng th  requirements a r e  increased 
by a combination of 1oad.i.ngs l i s t e d  i-n. Sect ion A, above those r e -  
quired t o  r e s i s t  primary membrane s t r e s s e s  due t o  i n t e r n a l  o r  ex- 
t e m a l  pressures ,  t h e  p l a t e  thicknesses  s h a l l  be i-ncreased s o  as -to 
l i m i t  t h e  combined s t r e s s e s  t o  t h e  values  given i n  See-Lion 6; o r  as 
an a l t e r n a t i v e ,  where condi t ions warrant, s u i t a b l e  reinforcement 
a:nd/or s t i f f e n i n g  members may be employed. i n  l i e u  of increas ing  
t h e  p l a t e  thickness  e 

Individual  s e c t  ions ( cy]. indr  i c a l ,  spher ica l ,  c oriica.I.., t Oi-O i da l ,  
e t c .  ) s h a l l  be analyzed sepa ra t e ly  f o r  the membrane s t r e s s .  
junct ion of two such sec t ions  may be t r e a t e d  a s  a d i scon t imi - ty  
using t h e  method of beams on e l a s t i c  foundations t o  determine t h e  
m a x i m u m  iiiernbrane s - t resses .  
P l a t e  thick.msses f o r  heads s h a l l  be determined u~idei- t h e  same con- 
d i t i o n s  as spec i f i ed  i n  Faragraph 701.. It, should be recognized 
t h a t  t h e  thickiiess of a l l  dished. (excep-i; hemispherical)  and conica l  
heads subjected t o  i n t e r n a l  pressure may be governed by high circum- 
f e r e n t i a l  compressive s t r e s s  a t  t h e  knuckle o r  sharp in t e r sec t ion .  
I n  addi t ion  t o  t h e  provisions i n  Paragraphs 701. and 703, t h e  design 
of a head o r  sphe r i ca l  s h e l l  s h a l l  be checked a s  follows: The mem- 
brane s t r e s s e s  due t o  the  worst cornbination of 1.oadings as l i s t e d  
i n  Paragraphs L k O l  and 402 s h a l l  be computed.. When boLh p r i n c i p a l  
s t r e s s e s  are compressive, i h e i r  numerical differel ice  s h a l l  be divided 
by t h e  allowable conipressive s t r e s s  given by Paragraph 1-1-1.50 of t h e  
Nuclear Vessel Code assuming a cy l inder  having a rad ius  equal t o  
t h e  sphe r i ca l  radius ,  and t h e  smal.l.er of t h e  b i a x i a l  compressive 
s t r e s s e s  shaL1. be divided by an allowable s t r e s s  equal 'GO one-half 
of t h e  value of B obtained from Paragraph 1-1.1-50 of the Nuclear 
Vessel Code. The sum of these 2 frac-Lions s h a l l  b= less  than  one. 
TEJhe1-e iiitel-nal s Lructures bear ing d i r e c t l y  aga ins t  the containment 
s h e l l  provide adequate support ,  t h e i r  use t o  resist e l a s t i c  buck- 
ling of t h e  s h e l l  i-s permissible .  
For s t r u c t u r e s  l e s s  than  f i f t y  f e e t  i n  diameter, t h e  minimum thi-ck- 
ness of s h e l l  and head p l a t e s  shall. be 3/16 inch. 
with diameters from f i f L y  fee-t t o  one hundred twenty f e e t  inc lus ive ,  
t h e  minimum thickness  s h a l l  be l / 4  inch t h i c k  and f o r  vepp ,,e3.s wri.th 
diameters more than one hundred twenty f e e t  but  less  than  two hun- 
dred f e e t ,  t h e  minimum th ickness  s h a l l  be 5/16 inch. 
t u r e s  with di.ameters two hundred f e e t  and over, t h e  minimum thi.ck- 
ness s h a l l  be 3/8 inch. 

The 

For s t m e t i i r e s  

For s t r u c -  

707 - Where heavy loads a rc  appl ied t o  r e l a t i v e l y  t h i n  s h e l l s ,  adequate 
provis ion should be made t o  d i s t r i b u t e  these  loads .  Consideration 
should be given t o  t he  use of re inforc ing  pads under s t r u c t u r a l  
aiiachments. 

SECTION 8 - DESIGN OF OPENINGS AND PEP@T9ATIONS 

801 - All openings shall .  be designed i n  accordance with the  requirements 
of t h e  Nuclear Vessel Code. Where reinforcement i s  required,  t he  
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reinforcement area. s h a l l  be calculated using the  s h e l l  thickness 
required for dead and l i v e  loads as wel.l as those f o r  in te rna l  and 
external pressure. Openings s h a l l  preferably be c i rcu lar ,  bu.t may 
be e l l i p t i c a l ,  obroua.d, or rectaiigular, i f  required. 

fomaly around the  edge of the opening for c i r cu la r  openings, or  f o r  
e l l i p t i c a l  or obround. openings vhere tlie ra- t io  of the l a rger  -to :;he 
smaller dimension of the opening i s  not greater  than l.5. 

803 - In addition t o  meeting the  requirerrients outl ined above, the  foll.osi~- 
ing l imi ta t ions  s h a l l  a-lso apply for l a rge  openings w i t h  a dimension 
i n  excess of 4.0 inches. 

I n  spherical. o r  e l l i p so ida l  surfaces : 

802 - The maxil-rrurn required area of reinforcerneat shall be applied uni- 

Openings s l ia l l  prei”era’o2.y be c i rcu lar .  If the  openings arc? not 
c i rcu lar ,  they s h a l l  be e l l i p t i c a l  or obround and. the r a t i o  of 
t he  maximum diameter t o  miniim.ni s h a l l  not exceed 1.50.  

In cylindrj.cal o r  conical. she l l s  : 
Reinforcement f o r  rectangular openings, or e l l ip t ica .1  or obround 
openings having a r a t i o  of t he  l a rge r  to  the  smal.l.er dimension 
gresker than 1.5,  s h a l l  be analyzed as a. r i g i d  frame. Tne r e su l t -  
ing bending moments sha1.l ’ne combrined with the iJ. i r e c t  stresses  
due t o  the  pressure loads t o  determine tlie reinforcement require- 
ments. 3ecaixe these forces do not l i e  i n  a common plane, it is  
sometimes necessary t o  add web s t i f f ene r s  transverse t o  the  shell 
around -Lhe edge o€ the opening. 

The minimum corner radius of rectangular openings shall be one- 
t h i r d  of t h e  m a x i m u m  dimension o r  20 inches, whichever i s  the  
smaller. 

following : 
( a )  Openings f o r  use clu.ring po ten t ia l ly  hazardous operating or non- 

operating periods, when tile f u l l  design pressure may occur, 
s h a l l  be i n  the  form of a i r  locks with two doors i n  series. 
Tnese doors sha.l.1 be provided with inter locks t o  prevent open- 
ing of inner and ou-ter doors at; t h e  same time- Both doors s h a l l  
be designed for full design preu; -cure. 

(’0) Openings which will be used only during poten t ia l ly  hazardoum 
periods when t he  fiiI.1 design pressure cannot be attained, but 
when a lesser pressure may be at,iained, shal.1.. al.so be constructed 
as  a i r  locks with i;wo doors i n  series, bui; t h e  ciooi+S may he 
of d i f f e ren t  tyyes. 1:nner doors s h a l l  be des?-gned for t he  f u l l  
design pressure. The outer door may be designed for t he  l e s s e r  
pressure. T’nese doors are t o  be provided with interlocks t o  
prevenl; unintentional- 0penin.g of both doors a t  the  same time o r  
t o  prevent t he  opening of the  iriner door when conditions ex i s t  
t h a t  could r e s u l t  i n  an accident generating a pressu-re i n  ex- 
cess of t h a t  for  whLch the  ou-ter door i s  desT.gn.ed. 

804 - Access openings for personnel and equipment shall conforni t o  t he  
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( e )  Openimgs which wj-1-J.. be used ordy a t  t i n e s  when hazardous con- 
d i t i o n s  cannot occur may be constructed.  a s  a single door o r  
access  panel .  Such panel  or door shall .  be designed f o r  t h e  
f u l l  des ign  pressure .  

805 - €’ene-l;>:ati.ons through shel l .  wal l s  f o r  e l e c t r i c a l  connections s h a l l  
be r e in fo rced  and loca ted  i n  accord-ance with the  pr i i lc ip les  gov- 
erni.ng o the r  pene t r a t ions .  Spec ia l  cons ide ra t ion  s h a X  be g iven  
t o  t h e  des ign  of seals  which wj.11 permit t h e  passage of e l e c t r i c a l  
power, c o n t r o l  and ins t rumenta t  ion  ca’oles through t h e  shel.1- w a l l  
while remaining l e a k - t i g h t  for t h e  pressure  and. temperature  c0nd.i.- 
t i on .  Considerat ion s h a l l  be given t o  the p o s s i b i l i t y  of leakage 
between t h e  cable  sheath and. t h e  containment shel.1, between t h e  
conductor and- t h e  cable  insul-ation, and along the i n t e r s t i c e s  of 
s t randed  coiductors .  

t o  t h e  shell s h a l l  be designed i.n accordance with t h e  requirements 
02: this s tandard .  The j u r i s d i c t i o n  of s tandard  shall .  cover p ip ing  
or ducts  between t h e  pene~txat ions i n  t h e  shel.1. and t h e  f i r s t  c losu re  
outs ide  .the s h e l l  which can be used t o  i s o l a ~ t e  tine containment sbel-1. 
i n  cast? of an  acci.dent,. ‘chis p ip ing  and. d-uctwork s h a l l  meet t h e  
requirements of t h e  American Standard Code f o r  Pressure  Piping, 
ASA H31.1955 wit’n 1-963 Addendum arid the case  r u l i n g s  5.n e f f e c t  as 
of May 1963. 
pene t r a t ions  s h a l l  inc lude  consid.erat ion of :  mal;eri.al which d i f f e r s  
from t h e  c o n t a i m e n t  s h e l l  material., d i f f e r e n t i a l  movements, opera- 
t i n g  .t;e-rriperature, shi.eld.ing, type  of welds and poss ib l e  m e  t,hod.s of 
inspec t  ion.  

807 - All pri.pi.ng and due-t;s which penetra-Le -the containment shel.1- s h a l l  be 
designed -Lo prevent hazardous r e l e a s e  of  radioacl;i.ve m a t e r i a l  -to the 
a”imosphere i n  t h e  event, of a f a i l u r e  of t h i s  p ip ing  and duc t s  or an 
inc iden t  insi-de OP -the containment s h e l l .  The pi.ping and duc ts  
which are open ’GO -?;be atmosphere a:cd pene t r a t e  t h e  coiitain-ment s h e l l  
must tres-Led. a s  v e n t i l a t i o n  duc ts ,  covered i n  Sec t ion  18. 

806 - All pene t r a t ions  Pos piping and duc ts  passing through or connecting 

The des ign  of piLping and duc t s  passing through -these 

SECTPON 9 - SPACING OF OPENINGS 

901 - T’ne d i s t ance  between t h e  cen’rxrs of adjacen‘i, i n d i v i d u a l l y  r e in fo rced  
openimgs s h a l l  be a t  l e a s t  equal  Lo t h e  s l i m  of t h e  two f ini-shed 
opening dimensions which l i e  i n  -the same t r a n s v e r s e  plane.  Where 
so-ca l led  i n s e r t  f i t t i n g s  are used such t h a t  t h e y  r e q u i r e  b u t t -  
welding i n t o  t h e  s h e l l  i n  -the f i e l d ,  t h i s  dimension s h a l l  be i.n- 
creased an a d d i t i o n a l  12 inches.  

902 - Cornoil r e i n f o r c i n g  pl.ates may be  used i f  stress r e l i e v e d  as a u n i t .  
Trie spacing between t h e  cen te r s  of ad jacent  openings i n  a cornon 
inser’i; s h a l l  be not; less t han  3/)+ t h e  sum. of t h e  two f i n i s h e d  open- 
ing  dimens ions.  

in any dimension., t h e  weld around 5 . t ~  ?.:sei-t reinforcement, s h a l l  be 
not  less  than  36 inches o r  t h e  diameter  of t h e  smal le r  opening 

903 - When one of the ad-jacent f i n i s h e d  openings i s  greaker  t han  40 inches 
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whichever i s  smaller from t h e  weld around- -tine i.nsert reiiifoi-cement 
of t h e  adjacent penetration. 

ma.in vesse l  5reld.s by 1 2  inches or more; where such clearance is  not 
possible i n s e r t s  mist be located. so  tha t  the  weld shall. cross main 
welds with an in te rsec t ion  o f  the  i n s e r t  weld and any main weld at; 
an angle of not l e s s  than 30 degrees. 

o r  between a f i l - l e t  weld and a main seam o r  a discon1;inuily (head. 
to s h e l l  jii.nction or  s t i - f fener )  shall. be eight  t i m e s  the  noiuinal 
f i l l e t  weld s i z e  (where two f i l l e t  welds a r e  involved, the  l a r g e r  
sha.1-1 apply) or 6 inches whichever is grea te r .  

904 - Field welds around insert:; s h a l l  preferabl-y be located. t o  c l e a r  

905 - The distance between ad.jacent fi l lel ;  welds a.ttaching doubler pln-Le?s 

1001. - 

1002 - 

1003 - 

1101 - 

1102 - 

The welding and weld-ing inspection s?ml.l. meet, the  recpirements of 
both t h e  Nuclear Vessel Code and Section IX of t h e  ASl@ Bojler nnd 
1S.essu.re Vessel Cod-e, Welding Qualificatioiis, 1.962 w i - L h  case rul.i.ngs 
i n  e f f e c t  a:; of Ma.y 1.96.3. 
Because these s h e l l s  are usua1.l.y field erected., t h e  weld.ing proce- 
dure qua l i f tca t ions  include a va.riety of -Lhe w e l d  t1-g posit ions de - 
f ined i n  t h e  above secttoils of t'ne Code, as  well  8.6 various t n J e s  
of' joint,s and may include 'oO1;h automat ic  and. maiu,~al w e l d - i u g  ~ 

When making field. b u t t  welds betwem i n s e r t  weldnents and. shell, 
spec ia l  procedure may be requiyed t o  prevent dl:.si;ortion. These 
may include preheating and temporary s h e l l  st ifferi ing.  

S t e e l  containment s h e l l s  having design pressixres u p  t o  and t.ncl-ud.- 
ing 5 psig s h a l l  meet t h e  requirements of' other  pal-agraphs i n  t h i s  
sta.nd-ard, except as  modified i n  t h i s  section. 
1~aci~ographj:ng of longl.ti.~dlnal and circu.mferentia1 welded joini;s and 
reinforcements may be reduced- t o  spot examination of welded j o i n t s  
as covered i n  Paragraph UW-SF- of Section V-III o f  k71.e A S M E  B o i l e x .  
and. PI-essure Vessel Code, Unfired. Pressure Vessels, l962 ( refemed.  
t o  as t h e  U W  Cod.e), using t h e  appropriate j o i n t  effTciency. %he 
acceptab i l i ty  of welds examined by spot; rad.iogra.phy s?l.all be judged 
by -the I-equirements or' Paragraph UW-52 except t h a t  the requirements 
of Paragraph UW-5l-(-m)(2) arid (m>(3) covering l i m i - L s  on slag in-  
clusions s h a l l  replace the  reqiiirements of Paragraph IJW-52 ( c  ) ( 2 )  
covering slag inclusions and. c a v i t i e s .  

'*References bo paragraphs beginning w i - i h  U are t o  the UW Code. 
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1103 - ? la t e  mater ia l  accordirg t o  ASME Spec i f ica t ions  SA-201 ordered t o  
fj:ne g r a i n  prac t ice ,  SA442 ordei-ed bo f i n e  g ra in  prac t ice ,  or 
ASTIvI Spec i f ica t ion  A 133..-59 Grade C, may be used for design metal  
temperatures and thl.cknesses a s  follows: 

Plate Design Metal 
Thickness Temp era t UT’ e 

-5 OF 
-_.-___ __I.- 

~ o t  over I 3/8” 
~ o t  over I/Z” -2‘3°F 

Note t h e  design metal temperature may be assumed t o  be 15°F highe- 
than the lowest recorded one day mean temperature as showL? i n  Ap- 
pendix A. 

mater ia l  s h a l l  be 12,650 p s i  f o r  temperatures between 650°F and Lhe 
minimum spec i f i ed  i n  Paragraph 1103. 

1105 - Forgings, p-j_pzs and tubes according t o  ASME speci . f icat ions SA-183-, 
or  SA-106 which form par-t of t h e  containment s t r u c t u r e  may be used 
f o r  design metal temperatu.res and thicknesses  as  spec i f i ed  i n  Para- 
graph 1103. 

1.104 - The allowable s t r e s s  v-alue f a r  ASTM Specif ica . t ion A 131-59 Grade C 

1106 - Minimum. p l a t e  thickness  s h a l l  follow t h e  requirements of Paragraph 

1107 

1108 

1109 

706. - Openings s h a l l  meet the requirements of Sections 8 and 9 of th3.s 
standard and t h e  f 01-lowing, whichever results i n  t h e  rnaxirtmn rein.- 
forcemenl;. Openings s h a l l  be re inforced  50 percent based on t h e  
nominal p l a t e  thickness  :required f o r  s t a b i l i t y  as required i n  Para- 
graph 60.3 or  706. Openings smaller than 1-2 inches need not meet 
t h i s  50 percent requirement. 

- For mater ia l s  permitted by Paragraphs 1103 and 1105, impact tests 
on vesse l  t e s t  p l a t e s  s h a l l  be mad.e f o r  t he  weld metal only. 

- IUI welded frames f o r  openings shall. p referab ly  be s t r e s s  re l ieved  
before welding i n t o  the she1.l. ‘This i s  mandatory when any p l a t e  
i n  the  fra-me, used f o r  reinforcement, exceeds 5 /8  inch. 

SECTTON 12 - STEEL LININGS FOR PARTS OF CON’lXlnlMEMII‘ 
STRUCTURES b W E  0)’ OTiUK PATEKIALS 

1201 - For p a r t s  of containment s t r u c t u r e s  where t h e  s t e e l  p l a t e  serves  
primari1.y as a membrane l i n e r  t o  reduce l e a k a ~ e  and where s t r e s s e s  
due t o  pressure o r  temperature a r e  not a considerat ion,  s ing le  h p  
wel.ds up t o  3/8 inch thtckncss  may be used. 

1.202 - Weld-able q u a l i t y  s t r u c t u r a l  p l a t e  ma te r i a l  i s  s a t i s f a c t o r y .  
1203 - Radiographing of seams i n  1.iner p l a t e s  w i l l  not be reqilired. 

l 3 e  bene f i t  of thermal in su la t ion  w i l l  vary f o r  each i n s t a l l a t i o n  and 
should be deiermined f o r  each case.  I n  a cold climate ex te rna l  insu la-  
t i o n  w i l l  prevent i n t e r n a l  condensation on t h e  walls,  reduce the heat ing  
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or  a i r  conditioning load and 1-educe thermal s t r e s s e s  due t o  var iable  
weather exposure, and RI-30 reduce t h e  p o s s i b i l i t y  of b r i t t l e  f rac ture .  

Precaution shall be taken t o  prevent corrosion of t h e  s h e l l .  

,SECTION I4 - F O U N D N I O N  ANI) SUPPORT REQTJIREiXENTS 
IIIJEINC ERECTION ANI) OF%RATION 

1401. - Due t o  t h e  c r i t i c a l .  nature of a nuclear i n s t a l l a t i o n ,  more than 
t h e  usuml  amount o f  a t t e n t i o n  must  be given t o  the  evaluation of 
normal s t r u c t u r a l  def lect ions and s l i g h t  movements of the  s t ruc-  
t u r e  and .the load. Par t icu lar  a t t e n t i o n  sha1.l. be given t o  t h e  
p o s s t b i l i t y  of ea-rthqiiakes and d.i .fferential  sett lement.  

1402 - Water pressure from exteriial. ground- water o r  i n t e r n a l  flooding 
shoii1.d. 'Le consid-ered i n  both t h e  found.ati.on design and the  s h e l l  
design. 

under the shell., extreme care must be taken t o  el-iminate, as f a r  
as possible, any gap between t h e  s l a b  and. the  contacting siirfa.ce 
o f  t h e  shell.. t o  mLnimize disixx-Lion and movement. 

sui.-table corrosion protee-t;ion s%ia. l l  be provided. 

1403 - Where t h e  permanent foundation ccjnsists o f  3 concrete slab poured 

1.404 - Where s o i l  backf3-U. i s  placed d i r e c t l y  against  the  s t e e l  s h e l l ,  

1.503.. - Contaimei-lt s h e l l s  sha1.l be presswe t e s t e d  i n  accordance with 

1502 - N o  permanent d i s t o r t i o n  shall.. occur as a 1-esu1.t of the t e s t .  
1503 - R11 penetrations and seals on t h e  containment s h e l l  shall with- 

the Nuclear Vessel Code. 

stand a pressi~.re t e s t .  
For access openings havlng two cl.os.ures i n  s e r i e s  whi.ch 
a r e  interlocked s o  t h a t  ne i ther  can be opened. unl-ess 
t h e  other if fiil-ly closed and secured, i n  accordance 
with Section 8, each closure shall be pressine tested. 
separately t o  demonstrate t h a t  each can  withstand i t s  
appropriate t es t  pressure. 

1504 - %ile pressi~re tes t  shall. be cal-rted out  a f t e r  completion of al.1.. 
cons t ruc t ion  a f fec t ing  the containment s h e l l  unless pouying of 
concrete OT other  c o n s t m c t i o s  would make portions of the  she l l  
inaccessible  fox- t e s t i n g  and repa i r .  

In. cases where subse qiient construct ion may af f ec t s h e l l  irttegr i t y  
8 f i n a l  t e s t  shal-l he car r ied  out, a f t e r  completion. 

If tShe work on t h e  contatnment shell- subsequen:t t o  the  i n i t i a l  
pressui-e t e s t  i s  of such l i rui ted.  scope t h a t  it can be r e l i a b l y  
sh0-i.m by engineeri.ng analysis  t h a t  it does not affect t h e  integ- 
rI.ty of the  o v e r d l  shel.1, it i s  prmissJ .ble  t o  omit tine second 
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pressu.re -Lest provfded t h a t  any new welds and s e a l s  a r e  separa-tely 
inspecked f o r  soundness and t i g h t n e s s  by code-recognized methods. 

SECTION 16  ..- LEAK.AGE TESTING 

1601 - The following kinds of leakage t e s t s  s h a l l  be performed: 
( a )  Local leakage t e s t s .  
( b  ) In tegra ted  leak-ra-Le tests.  

Tile funct ion of' t h e  I-ocal t e s t s  i s  t o  loca-Le any leaks  of detect- 
ab le  s i z e  a t  any of t'ne places  where leakage could reasonzbly occur.  

The funct ion  of t h e  h t e g r a t e d .  1-esk-rate tes-'i, i s  -io make sure  t h a t  
t he  ove ra l l  l eak - ra t e  does not exceed t h e  allowable value.  

1.602 - Local Leakage Tes-ts: All welds, s e a l s  and o ther  types of joinLs 
s h a l l  be t e s t e d  f o r  leak-t igh-tness  hy t h e  soap bubble method o r  
o ther  method with a t  l e a s t  equival.ent s e n s i t i v i t y .  Use of a ha.2.o- 
gen compound vapor linside t h e  containment s h e l l  with halogen de- 
t e c t o r s  used t o  exmime each weld, s e a l ,  o r  o ther  j o i n t s  i s  an 
example of such an a l t e r n a t i v e  method. A cciiabinatioi? of such meth- 
ods may a l s o  b? used. 

If t h e  l o c a l  leakage tes t  i s  c a r r i e d  out as  an inkernal  pre,,, 7ure 
test ,  then  a pressu.re of a t  leas-i 5 ps ig  s h a l l  be used if  t h e  de- 
s ign  pressure of t h e  containment s h e l l  i s  above 10 psig;  axid a t  
l e a s t  1./2 of t h e  design pressure i f  t he  design pressure i s  10 ps ig  
o r  less. 

r a t e  t e s t  cons i s t s  o f  pneumatic pressur iza t ion  of t h e  contarinrnent 
s h e l l  t o  between 85 percent and 100 percent of i t s  design pressure 
aizd observation of the changes of t h a t  pressure wi th  time, t o  de- 
termine how much a i r ,  i f  any, leaks  out of t h e  ves se l  i n  a given 
time . 
The pressure during t h i s  t e s t  s h a l l  be measured with s u f f i c i e n t  
accuracy and over a long enough period of - t i m e  t o  i.nsure tha-t  t h e  
amount of leakage t h a t  has taken place i s  l e s s  than  t h e  allowable 
leakage r a t e .  In  determining whether t he  al-lowable leakage r a t e  
has not been exceeded, allowances must be made f o r  t h e  e f f e c t s  of 
temperature and humidity varia-Lions on t h e  pres:$uTe readings.  

ii-ig . 
( a )  Pressure,  temperature and humidity measurements a t  a number 

1603 - I n i t i a l  In tegra ted  Leak-Rate Tes t :  The i n i t i a l  in-Legrated leak-  

1604 - Ei the r  of t h e  following methods may be used f o r  leakage r a t e  t e s t -  

of po in ts  i n s ide  t h e  containmen-i s h e l l  s h a l l  be taken over a 
long enough period. t o  ob ta in  adequate r e l i a b i l i t y .  

may be taken wiYn respec t  -to a reference system cons is t ing  of 
o m  o r  seve ra l  containers  d i skr ibuted  wi-thin t h e  containment 
s h e l l .  A t  t h e  beginning and end of t h e  se l ec t ed  t e s t  period 
f o r  determina-tion of leakage, t h e  average temperature of t he  
a i r  i n  t h e  reference system and of t he  a i r  i n  t h e  containment 

( b )  Determination o f  any przssiire changes i n  t h e  contai-n-men-i s h e l l  
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s h e l l  s h a l l  he approximate1.y equ-8.1. 'The period from midnight 
t o  dawn usual ly  of fe rs  t h e  most s t ab le  temper8ture C O T X E ~ F O K X .  
If such a reference systein is used, t he  degree of leak-tightness 
of t he  reference system i t s e l f  must be established. 

1605 - Penetrations and sea l s  on t h e  containment s h e l l  shall be sduJected 
t o  t h e  l o c a l  leakage t e s t s  and s h a l l  normally be exposed t o  the  
integrated leak-rate  tes t .  When there  a re  two operable sea ls  i n  
s e r i e s  on a penetration, such as access and vent i la t ion  openings, 
then one s e a l  s h a l l  lx? open d.uri.ng the  leak-rate  t e s t  and the  other 
shall 'be closed. The integrated leak-rate  t es t  need not he re- 
peated witi? t he  open-and-closed s i t ua t ion  reversed i f  bc3th the 
seals in t he  series have successfu.lly withstood the  pressure t e s t  
and revealed no imperfections i n  t h e  l o c a l  leakage tests. M.inor 
penetrations added as a r e s u l t  of izew work s h a l l  be subjected t o  
local. lealrage tes t  but need not be subjected t o  integrated leak- 
r a t e  tests. 

SECTION 17 - PERIODIC INSPECTION AND TESTIDTG 

1701 - The purpose of periodlic inspection and t e s t i n g  i s  -to insure t h a t  
the allowable leakage r a t e  i s  not; exceeded during the  l i f e  of t he  
plant .  

The psessure used f o r  periodic leakage t e s t i n g  s h a l l  be as close 
as possible t o  t h a t  used for t h e  I n i t i a l  Leak-Rate T e s t  but it is  
of ten l imited by the  f a c t  t ha t  j-t i s  d- i f f icu l t  t o  subject t he  f i n a l  
i n s t a l l a t i o n  t o  full pressure tests because some instrumentation 
and equipment might suf fe r .  

1702 - Most leakage will normally occur through large access openings, 
a i r  locks, valves, e t c . ,  which are subject t o  use during normal 
operations, and it i s  reconmended t h a t  these be tes ted  a t  l e a s t  
once a year. It is  recommended t h a t  other removable cove~s be 
t e s t e d .  a f t e r  each period of use i n  which they are  removed. 

Integrated leakage r a t e  r e t e s t  s h a l l  'ne required on ly  af tev  s i g -  
n i f ican t  repa i rs  on .Lhe containment s t ruc ture  have been made, o r  
i f  excessive corrosion o r  other de te r iora t ive  processes are e-vi- 
dent from the  anmal  rimspection. Such a t e s t  s h a l l  be performed 
a t  l e a s t  once vithi-n the first  f ive  years of reactor  operation. 

1703 - The con-Liniuous s t r u c t u r a l  i n t eg r i ty  and. leak-tightness mighi; Ise 
jeopardlzed by the  fol.l.owing coldi t ions which should be subject 
to an annual inspection: 
( a )  Unequal sett lement of the  foundations. 
(b  ) Corrosion. 
( e )  Deterioration w i t h  consequent leakage a t  a connection, door, 

( d )  New work on -the containment she l l .  
( e  ) Mechani c a l  impact, damage 
( f )  Cracking a t  poi.jn-t;s of s t r e s s  concentrations. 

t h i s  sect ion.  

or removable cover. 

1704 - I-Zecords s h a l l  be kept of all inspections and tests required by 
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1801. - Ventilatri.on ducts penetra’ii-ng the contai.nment s h e l l  s h a l l  be de- 
signed. for t he  same conditions, i. e. ,  pressure, temperature, leak- 
age, e t c . ,  as t he  containment she l l .  

Where ven-i;il.ation ducts penetrate Lhe shell. and f o r  cases where 
the veiitj.lation sys tern operates during periods when potenkkl-ly 
hazardous conditj.ons ex is t ,  bot‘l inlet, and exhaust ducts shall- 
contain automatjs qiurick-closing isola”iion valves. For cases where 
such a venti.lati.on system w i l l  never be operated during such po- 
ten t ia l - ly  hazardous periods, i so l a t ion  valves rnay be e i the r  au-to- 
matic or manua.1, but s h a l l  be interlocked t o  prevent reactor  opera- 
t i o n  or other po ten t ia l ly  hazardoim a c t i v i t i e s  unless a l l  such 
valves are  f u l l y  closed. 

s h a l l  be s o  designed t h a t  the faj.l.ure of any siinglc component, 
which has a reasonable probabil-ity of failul-e, cannot a f f ec t  the  
in t eg r l ty  of t he  Containment vessel .  A s h g l e  valve system w i l l  
be sat isfactory,  i f  an a l te rna te  emei-gency arrangement i s  pro-vided 
t o  e a s w e  t’nat ’ihe system meets t h i s  requirement. 

ard.ous perj.ods shall be controlled to close automatically i n  case 
any of various indications of abnormal behavior within the  con- 
tainmen-t exceeds a permissible leve l .  

Interlocks shall prevent the  accidental  reopening of t h e s e  valves 
by operating personnel. u n t i l  cond.i.t,ions make i-t safe  t o  do so. 

The leakage through a closed vent i la t ion  i so la t ion  valve wtth con- 
tainment a t  design pressure s h a l l  be included i n  t h e  integrated 
r a t e  for the  en t i r e  containment she l l .  

1802 - ?%e operating system f o r  automatic quick-closing i so la t ion  valves 

1.803 - I so la t ion  valves which are  norma3.l.y open during potent ia l ly  haz- 

,SECTION 19 - FIRE PROTEC’TION .MID GENERAL SAm’m 

1.901 - For consideration of f i r e  protection, reference is  t o  be niade t o  
National Fire Protection Association Standard, NFTA N-802, Nuclear 
Reac-Lors, 1960. 

1902 - Some means of communication shall be provri-ded between ai:? lock and 
control. room (or appropriate outside a rea)  t o  preveii’i t he  possible 
trapping of personnel i n  the  a i r  lock should doors fail .  t o  i’unction 
properly. 
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Appendix F 

SGar?.d.ard accounts f o r  a l l  si.gnifican-t cos t  items i n  a nu,cl.ear p l a a t  
a r e  presented i n  the  M C  documeni; TID-7025, Guide t o  Ninclear Pomr Cost 
Evduat ion.  Account 219, Reactor Contairm-ent Structure, from t h i s  docu- 
iiient i s  reproduced below: 

219 Reactor Containment I.I Structure 
-__I.-..- 

This account. i s  applicable f o r  nuclea- p o ~ e r  plants  u t i l i z i n g  
pressure coritaimiient type s t ruc tures .  Refer t o  Account 212G, 
Reactor Buri.l.ding, f o r  plants  t h a t  do not  come ~ m d e r  this ea-Le- 
gory . 
(Expand subdivisions as necessary). 

.I Excavation and b a c k f i l l  
Excava”iion 

Earth 
Rock 

E@, c kf ill. 
,%ee-Ling and shoring 
Dewatering 

.2 Bearing piles and caissons 

.3 Substmxture cGZrete -- 

LI l.__.___l 

-- 

~. 
Form 
R e  in f  oi“c ing 
Concrete 
Waterproofing 
B t c h  and finish 
Miscell.aneoi~s anchor bolt,s, sleeves, e t c .  , 
est-bedded i n  concrete 

.4 Su.perstru-ctuye -- 
.4l St,ru.ctural s t e e l  
.42 Coni;airime:mt shel l  

Shel l  
TestLng 
A i r  locks 

.43 Exterior insu la t ion  and paint ing 

.44 Floors, barr ie rs  and i n t e r n a l  concrete, 
excluding b io]. o Q i ca.1 s h i  e I d  ing and e qinipmeii t 
foundations 

.45 InLer ior  f i n i s h  
Mtscellaneous teen and mc‘caal. 

Stairs and platf ornis 
Grating aind checkei*ed p l a t e  
Tihibedded iron 
?&i.scellaneous metal 

. 5  (Reserved) 
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.6 Buil-dri.ng se rv ices  

P l m k  i ng 
Drainage 
Sump pump 

... . . .. _.... . .- ___ 
Pl.imbing and drainage system 

Hestiiig system (c1.osed) 
Vent i la t ing  sys-iem 

Closed cooliiig system ( u s u a l l y  combiiied wi- th  
c losed hea Ljhg system) 

Fans 
DlC twork 
Service water 
Steam piping, including valves 
Pipe covering 

Pu.rgi.ng system 
Fans 
Valves 
Ai.r f i l t e r s  and c o i l s  
Due -Lwork 

Ai i -  condi t ioning system ( n o t  u sua l ly  provided) 
Elevatoi-s ( opt i -mal ,  not usual-ly provided) 
Light ing and service condui-L and wi*.i.ng, including 

F i r e  p ro tec t ion  (water l i n e s ,  hose, sprinklers, e t c .  ) 
con t ro l  panels  



BEHAVIOR OF IOJ I INE IN REACTOR COPSTAIITMENT SYSTHMS 

(Editor's note:  This  q p e n d i x  was ad.opt,ed Trom a repor t '  o f  
t h e  sa.rre title r e c e n t l y  r e l eased  by the Nucl.car* Sa fe ty  In.- 
Poma-Lion Cente:r; the r epor t  was prepared by G. W .  Kei lhol tz  
and. C .  J. Barton of t h e  OHVL Reactor Chem?str.y Div-i.si.on. The 
excerpted rnateri a . l  i.s preceded by an in t roduct ion  w r i t t e n  by 
E. R. Newton o f  the TJSABC Divis.i.on of Reactor Development and. 
Technology. ) 

1 . INTRODUCTION 

One of  t h e  major c r i t e r i a 2  used i n  the si-Ling r-)f  

01's today i s  the potenti-a,l hazard o f  the f i s s i o n -  oduct release t1ia.f; 
t, e L' - c o o .?.e d powe 1: 

could. r e s u l t  from a loss-of-coo.l.an.t acciden-L. The l a c k  o f  de fj.niti.ve in- 
foi-mation on this s u b J e c t ,  forces 11s to use conservat lve assumpLions t h a t  
impose economic p e n a l t i e s  on power r e a c t o r s  by s i t i  11% tliem .l.a.rge d is tances  
from t h e  popul-ation cen.te:rs they a re  t o  serve. Two approaches a re  being 
taken t o  reduce this penal.ty. The f ? i r sL  i s  t o  he- t te r  cha rac t e r i ze  t h e  
them-i ca.l  and physi.cal forms of ac.cidel-i-i;-rclea:;e(3. Tiss ion products, toge ther  
with t h e i r  behavioi, ( t r a n s p o r t ,  p lakeout ,  &e.  ), i n  ordel- t o  minimize 
what may be unduly coi iservsi ivc sssumnpLi.ons . The second i~s t o  d-evelop 
an? t e s t  bo-t;h "passivei' and "acti.ve" engineered safeguardk -'in l..i.cri-it the 
conseciueilces of a serio12.s a,ccir?.eiit. 

Rl.tiiou.gh all- types of r e l eased  ra.d.ioactiviLy- are of  some concern i.n 
s a f e t y  an'dyses, it j.s genei-ally consi.d.ered t h a t  t h e  ch ie f  hazard t o  Yne 
pi.Lolic from a catas.tr.ophlc acci-dent ( i n  a water-cooled <and -moderated re-- 
a c t o r )  wou1.d b e  clue t o  f iss ion-prod-uct  iodine; hence t,he bf:hs,vi.or of  
a,cc.ident-relcased fission-product,  i odine con t ro l s  t h e  presen-i; sit? c r i t e r i a .  
'l'lie p o t e n t i a l l y  high hazard ~.ssoczi.a.Leii wi.th flssion-product,  iodine i s  due 
t o  (1) the h5.gh f i s s i o n  y i e l d s  of  Lkie rad io iodines ,  ( 2 )  the high - r e l e a s e  
.Fractions of iod ine  found on [;he des t ruc t ion  of  f u e l ,  ( 3 )  t h e  high degree 
o€ iriobi.l.j.ty o f  moleculzr iodine and mariy iodine compoumds of  i-nterest ,  
and ( 4 . )  the high r ad i~o tox i - c i ty  of rad io iodine ,  especial1.y 13' 1. 

product, i odj.:ne i s  exceedingly ~ : o m p l . e x . ~ - ~ ~  
los s -o f -coo lan t  accident  wou1.d r e s u l t  i n  a v a r i e t y  of physic.a_l. and clierni- 
cal. f o m s  o f  f i ss ion-product  ioi1.i.m tl-la-t wou ld  depend on the  exact, na iurc  
oT t he  acc ident  
of environrtxxi-Lal condi.i;i ons t h z t  might e x i s t  at a given l o c a t i ~ o n  a t  a 
gi-v-en time. For example, a pipe rupture  that al.l.owed f a i r l y  r ap id  ai.i- In-  
leakage iii'c;o Lhe core region would tend t o  cause 1-srger frac-ti.o-ns o f  the 
re l~eased  f ission-p:codiuc.L iodfine $0 appeai- as molecul.ar iod ine .  Alter- 
nat . lvely,  a top -p i l e  rupture seve ra l  f ee t  from t h e  p-ressure v e s s e l  wall 
could promote t h e  production of IJT a t  b h e  expense of o the r  f o m s , 1 2  s ince  
the  condi t ions  of high core tempera-Lure and. residual coolaa t  rerna-i.ni.ng 
aftel. t h e  top rupture w0ixl.d l e a d .  to considerable  hydro 

Experiments have shown I A m t  the  'nebavi.or of accrideni;- released i ' i ss ion-  
Even f o r  R gj~ven rea,cto-c, a 

i~nc1ud.i ng the complex arid. cons ta ,nt ly  chansing cOii1.bi m,tions 

1. production v7.a 



::ietxL-water i-eactiorls . 'The re.' a t i v e  mounts  of  12 and HI cou3.d be iinpor- 
L a i t ,  s i nce  T I 1  j~s more sol.inble i n  wzter Lhen I-, nnC: tiius more suscen t ib l e  
t o  bein:? c a r r i e d  by f o g  drcpl e t s  or t o  bej  ng scavenged by en-gi-neered 
water-spray sa?eguai-tl.s than  i s  T2 . A s  3.~1 .nJLcation o f  t h e  coagl.exl t y  cf  
the pyobLeItl it sl.iou.ld be noted t h a t  t k e s e  conJ i t i .ons  (ox id i z ing  and r e -  
ducing envi ronrnents) a r e  not rrlutualiy e x c ~ u s i v e  ~n iAe core region;  tliese 
and o t h e r  ccndi t i o n s  can occur sini1i.ltaneousI.y. Also, si.zable f r a c t i ~ o n s  
cf zcc ident - re leased  tod lne  would tend  t o  phys i ca l ly  adsorb ( b o t h  r c -  
v e r s i b l y  md. i r i ~ e ~ e r s f b l y ) ~  d 3  en a i rbc rne  Garticull a t e s  ( ae roso l s  ) present 
ei lher as n o m d  condensation r.ucl.ei c;: cs r i e l  tdorm debri-s. Lilicwi-se, 
cher.lica.1. reac Lions wi.ti.1 ihese par t fcu l .a tes  could b e  r e v e r s i b l e  and ir- 
r e v e r s i b l e .  

i rmediaiely a f t e r  i t s  relea,;e ~rroull.d no t  n e c e s s e r i l y  be i t s  f i n a l  f o r m .  
F u r t h e r ,  'ci-ie i n i  ti~nl Pot*ril  would ne t  n e c e s s x i l y  be the f o r m  that woiild 
i i ;~vc  t h e  r.ost si:i.ni-fi - ca rce  reI.atlv:_. $0 t h e  tr, ._nsport c h a r a c t e r i s t i c s  , t h e  
e r r ec t iveness  oC e ineere5 safegurrds ,  o r  t h e  ovc - r i l l  "hazard" of t h e  
acciden.t .  It i s  n s s a r y  L o  knew tiie changes ' ~ l r o i g b .  .?Jhicki i.odine f o r m  
111ay proceed as a r'uncti-on of time and condi t lons  i n  order t o  remove pos- 
s i b l e  unG:ie pessimism - ~ - ' e ~ ; ~ r Y n g  ciderit consequences and t o  design a.nd 
t e s t ade qmt; (3 en, <. ne e r e  d s a,f e i;u. s .  it ::lust b:, considered tha t  t h e  
i,'r*ohable inf . t i  a1 foi-tn of  r e l e a s e  iran t h e  core  (vcqr  high teniperature 
zone) is ztcr?ic ioCir?_e. 
Ic::iperaturc G i ~ n  d i f f e r e n t  envi ro  ures  of sLeain, hycirogen, 
a i r ,  a m i  other  zz~secus coriipoiind.s and ae roso l s .  The c::sc'c ratu-1r.e of tne 
enviromient tk.e lod-Lnc: could see wouI.2 depend on i- ts  p o i n t  of r e l e a s e ,  
t h e  exact  p a s t  course o f  t h e  scc ldent ,  and the pheno:rer:a t h a t  had pre-  
vi.ously cccurred and were sirnultanecusly o u-rring in 0th-er pa-rts o€ t h e  
cax'e. Fcr i n s t ance ,  the core tcrr;pera.ture zd ien t  :?.is'cit cause l o d i - n e  t o  
be r e l eased  froa r:ieltlng fuel. a t  a, Lime wh othei- p a r t s  o f  thc. core were 
sn1.y h o t  enough t o  contribu'Ge aerosols t o  t h e  environment by melt ing t h e  
cJ_add.i.ng. It should al-sc be no-led. t h a t  t h e  i odine form cou-ld denend upon 
t h e  rel.ense tcrnperature, wh? ch, i n  tii-:-n, wou.ld 'ce deGefident on both  t h e  
pos t t i c t i  o f  t h e  Cuel p in  and the time s ince  the acci.dent was i n i t i a t e d .  
For i r s t w - c e ,  tiie core  heatup enviimnr-ent would not  be horncgeneous ; a 
given l o c a t i o n  cou1.d go Lhroug'n ilic €allowing: heatup up t o  about 1500°C 
t o  1:ielt -the cladding,  iod ine  rel-eas- IJ rily by d i f f u s i o n  up t o  the icnel  
inelt i  ng teriipe-ea,ture o r  2750°C , aIiir,ost t i t a t i v c  release o€ r e m i n i n g  
io5.ine Proirl 'did ::iolten f'u-el., and ;-el ease by oxida t ion  once t h e  local t en-  
pel-ature f e l l -  baci. beI.ow 1500°C:. Release vie oxLdaLion could be p a r t i c u -  
larly i .:rportant t'or fuel p ins  t h a t  r e x h e d  cladMing-meliing hut noL f u e l -  
mel t ing temperatures .  D i f f e ren t  Ghases of  such sequences could occur a t  
d i f f e r e n t  eo-e l o c a t i o n s  a t  any  given t ime.  In add i t ion ,  meltiris and 
ouidn,l;Ion o f  cl-adding o r  f u e l ,  fol.lowed by r u n - o f f ,  pucld.?.ing, c r  s3-irmpin~;, 
:light s h i f t  core r m t e r i a l s  t o  d i f f e r e n t  temperatLire  zonzs d u c i  ng 'Lire course 
of an acci~dent. 

A t  Lhe p r e s m t  t h e ,  core  mel.tdown anzlyses  and hence f i ss ion-product  
-elease model-s are based l a r g e l y  on s p e c u l a t i o n ,  since t h e r e  i s  not  even 
much qua.3.itaiive i.nforrriati~on ava i l ab le ,  and ihus r.ay rcsul t i n  unduly con- 
s c r v e t i v e  s i t - i ng  requirements .  It i s  not  knoTm, for example, t o  what 
tent, r?oltcn claddin2 ( o r  cladding oxide due t c  metal-steam reac t ions  ) 
r e s u l t i n ?  f'ror:: a I.oss cP coo1ant in 3 water-cooled power r e a c t o r  wou.ld 

It skiculd be noted a t  t h e  ~i n i i i a l l -  f o r i  t o  !:!hi ch iod ine  would tend  

T'nis i o d i n e  would beco:::e exposed t o  d i f f e r e n t  
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Gignifi.cantly "wet" t h e  UO, f u e l .  
oxide-UOz eutec- t ic  formation that  lowers t h e  f u e l  melting-point over 
800°C. Such nel t ing-point ,  lowering could s i g n i ~ f i c a n t l y  increase  the rate 
of i.odlne evol.ution. There i s  o the r  evidence15 which i n d i c a t e s  t h a t  a t  
some hea,ting ra tcs  -ti^le s 6 a i n l . e ~ ~  s tee l .  oxi.de tha t  Forms v i a  r e a c t i o n  with 
s-tern i s  mu.ch l e s s  dense than  the  original. s t a i n l e s s  steel.. Thus "swe.l.J.- 
ing" of  s t a i n l e s s  s t e e l  core conponents u.pon oxidati.on might tend t o  keep 
the core iii p lace  f o r  a longer  Lime a f t e r  bl.oxdown than i s  curren-bly as-  
siuled; thz'k i s ,  core  slumpi.ng could occ i i r  a t  a much l a t e r  -time. The 
. f o ~ m a t i o n  of a "fluffy-" oxide m i g h t  a c t  as a. f i s s ion-product  t rapping  
medium. Fur ther ,  it i s  cii.rrently assumed t h a t  i'ne c ladding a t  t h e  peak 
f lux area of  a gj.ven f u e l  rod would be t h e  first t o  melt ( e i t h e r  as the 
rnetal o r  the oxide)  . 
p e l l e t s  above 'chis area t o  SI-id.e ou t  of t h e  cladding (e i - ther  metal o r  
m e t a l  oxide o r  bo-Lh) a,t t h i s  po in t ,  o r  thaf;  t hey  wou.l.d re:main i n  the 
s'riea,th because of S O E ~  s o r t  of chernicd i n t e r a c t i o n  be-tween f u e l  pel..l.ets 
o r  be-Lween t h e  fuel. and t h e  cladding (o r  c ladding ox.ide); d i f f u s i o n a l  rc- 
l..ease of f i s s i . on  products would be higher  froffl unclad fuel. than  il.o:m f u e l  
t h a t  remai.ned i n  i.ts sheath.  If very hot UOz fuel were -Lo fall out of  
i t s  sheaih and thus be exposed .to s t e m ,  there  i.s some evidencel6 that 
i t  rhiou1.d be par  Lial3.y oxidi.zed wi-Lh a. further evolu-tion of hydrogen ( a d  
presuriabl-y fi ission products). 
unknown i s  t h e  e f f e c t  of past opera-ti-ng temperatiire o f  - the f u e l ;  1;ti.e 
c r e a t i o n  of void spaces for. fri.ssi.on-pi.oduct-~as pressure  bui ldup via dif- 
fus ion  could cause cladding t o  b u r s t  fol.l.o.wi.ng a hl.owd.ovm accid.ent . Again 
we must spcu3.ate on what ;fould happen t o  t h e  fu.el pel le t ,s  and .  gase0u.s 
Yission products .  This ty-pe of beh3vio.r could a l s o  r e su l t  i n  ex tens ive  
f-ragrccn'iation that would thi.1.s increase  the ex ten t  and r a t e  of  metal-water 
r eac t ions .  A1.I. these events  would probably tend t o  produce ex-Lrernely 
c~mplex m?xtures of iod ine  forms i n  t'nc core regioii .  

bei11, ?'.nte:rchanges of  iod?: JX could o c c i ~ . ~  as .tile envii-omen-t changed to t h e  
predominently ste,uii-ai.r lower temperature ( t o  300°C) volume of the  contain-  
i~ient,. Consequently, chs,ric<es of form with 'ciiiie may be expected. Indeed, 
even -iorl.-i ne t ha t  p la tes  out c a n  experience chemical. changes wi'6i-i sur face  
imter ia l s  and. inpuri 'cies (as ~ 1 . 1  as normal. atmospheric i.mpu.ri t i e s  ) and. 
reevol-ve from the sur face  for f u r t h c r  trxispor-t . ' 7  

co~~pou1id.s~ J 8917 have, i.n f ac t ,  been observed; one group i s  composed p r i -  
niar i ly  of Slkyl  iod ides ,  w h i l e  -i;he o the r  i s  as yet wiiden.trifj.ed. (T'nese 
oi-gan-i.c i-odides have p a r t i c u l a r  s i g n i f  icance becau-se of  their a b i l i t y  Lo 
pene t r a t e  charcoa l  f i l t e r s  under c e r t a i n  coniliti.ons. ' - 7 ~  18) Much of  the  
anor al.. o 11 s b e h avi. o I- o f ac c i d en t - r el. sed.  i-odine i s  r1.m t o  i t s  1 .e la t ive ly  
high chemi.ca,l rcac  I;ivi.ty, coupl.ed with 4;b.e re1at ivcl .y  low concentrat ions 
of  j odine invol.ved. kJera,ge f ~ ~ L a 1  j odinr  concentrat ions between v i r t u a l l y  
z e r o  and 500 mg/m3 of contai.:oment volume would be possible rollowing a 
lo s s -o f -con lmt  acc ident  i n  a 1.ar.ge power r eac to r ,  depencli.ng on such as- 
sumljl;:iorts as -the degree o f  burnup a!id t h e  exten-t of r e l e a s e  from t h e  pri-- 
mary system. The f:ra,rttion o f  iod ine  converted -Lo o-r-ganic forms (such as 
~ 1 - 1 3 1 )  seems t o  decrease w i t i i  i . o ~  ine  concrnt:rs,tion, at; least i n  cI.esn 
l abora to ry  systems. 

'There i s  some evidence"4 of c ladding 

However, it i.s no t  clear t h a t  .Lhi s would al.1.o~ fuel 

Yet an other^ f a c t o r  that i s  still l a r g e l y  

As Lhe i.odine plated out; or  was tramspo.r.ted. ou t  of t he  primary sys- 
I .  . 

TWO groups o f  orgart-iic 
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It i s  important t o  l e a r n  how t h e  r e l a t i v e  x.ounts ol" t h e s e  varioixs 
i.odine spec ies  vary  as  a f u n c t j o n  of  (1 ) Pcsj-ti.on i n  both t h e  contaLruilent 
s h e l l  and pri.mary systelr and ( 2 )  ti.iric-ef+,er-release f o r  var ious  rei-ease 
condl;tions f o r  the foll .owing reascns:  

I.. The physi-cal and chemical fcrir! asswned by the i .od.iw w i 1 . i  de t e r -  
mine i t s  Lranspor i and a?.a.teou? c h e r a c t e r i . s t i c s  i n  the  Frinlary sys-i;em arid 
containment s h e l l  and hence determine t o  what ex ten t  it reniai n s  ava-i l a b l e  
f o r  leakzge -to iiie environs.  One of  t h e  important questions i s  Lhe re- -  
ver s ib i  I-iYty o r  i r r e v e r s i b i l i t y  of absorpL~.en of t'ne various f o r m  on sur- 
f aces  ol" 1'nl;erest. Unless i r r e v e r s i b l y  adsorbed, material mey be ava.i.labl-e 
f o r  subsequcn-l; re le -se  a.s accid-ent condi t ions  change. 

2 .  'The Fhysical md chemical form assumed 'oy t h e  iod ine  r u s t  be 
known as a fimctj~nn of' t jm i n  order t o  develop e f f e c t i v e  englneered sa-fe- 
guards, such as a i r  c l e m u p  systems. 
e;iaiy:ie, t'ri,zt cu r r en t  a i r - c l ean ing  s y s t e m  do not  have hi~zh rernovel e f -  
f i c i e n c i  es Tor methyl iod ide ,  p a r t l c u l  a-el.y a t  in te rmedia te  t e q c r z t u r c s  
and i n  steam atxos. e r e s  (e i ' f i c iency  epparen'i1.y ckanges as a func t ion  of 
terriperature ) . 

3.  l"ne phys ica l  and cnemicd  forn of tlie iod ine  rel-easeil t o  t h e  
envi rons deternlines iLs deFos i t ion  vel-oci t,y2' and hence i.ts concontyation 
lp:.of i l e  . 

/+. The Ghysical a d  chemical ~ o n  of' rad io iodine  3el;ermlnes i t s  
b i o l c g i c a l  hazard. 
r e s t r i c t e d  
p c/ml f o r  insolubl.  c forms . 

'There i.s sone evi 3 e n ~ e , ' ~  J'.' f c r  

For exzrqile, t h e  W C  ( r e f .  2 1 )  of '''1 i n  waker j.n a 
i s  only 9 x p . ~ / m l  For soluble Pci-ms b u t  '2 x 
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2. PHYSICAL AND CHE ICAL PROPERTIES OF IC) 

2.1 PHYSICAL PROPERTIES 
OF ELEMENTAL IODINE 

Iodine i s  a black solid with a slight metall ic 
luster. Gaseous iodine d i s soc ia t e s  more readily 
than the other halogens. Free enerpa values for 
the dissociation are  given in Table  2.1. Under 
1 a t m  of pressure, dissociation i s  sa id  (7) to be- 
come perceptible at 60OoC, 5.2% is dissociated 
a t  80O0C, 19.7% a t  lOOO"C, and 74.8% at 1400OC. 

Iodine melts a t  113.6OC and boils a t  184.49 The  
vapor pressurc of the solid i s  represented (8) by 
the equation 

log Pati:, = -3512.8/T + 2.013 log T + 13.3740 . 
Natiiral iodinc ( l Z 7 I )  has  an absorption cross 

sect ion of 6.3 barns. The principal fissiori-product 
isotopes of iodine are l is ted in Table  2.2. AJI are 
beta emittcrs. 

Table 2.1. Calculated Free Energy Values 
for the Reaction WI, + I  (7) 2.2 CHEMlCAL PROPERTIES OF IODINE 

Temperature (OK) A F  (kcal/mule) 
...... ............... __ -- ..................... 

298 t 14 .44  

500 t11.98 

1000 +5.74 

1500 -0.62 

2000 -7.10 

Table 2.2. Isotopes of lodine 

Produced in Reactors ( 1 )  

... 

Activity per Unit 
F i s s i o n  Thermal  Power 

Isotope Half-Life Yielda (ki locuries  /Mw) 
..... 

("id At 1 Day 

Shutdown After Shutdown 
___._ I 

I 3 l I  8d 3.1 25 23 

1 3 2 ~  2.31, 4.7b 3 8' 0 

1 3 3 1  21h 6.9 54 25 

1 3 4 ~  5 2 m  7.8 63 0 

1 3 5 ~  6.7h 6.1 55 4.4 

Information in this  sect ion is drawn mainly from 
reference books on nonradioactive iodine or on the 
halogen family (7-8, IO). Certain a spec t s  of iodine 
chemist-ry that are more or less unique to the field 
of fission-product behavior, mainly because of the 
radioactivity and the  small m a s s  amounts of material 
involved, are treated in the following sect ions.  

Iodine, along with the other members of the 
halogen family, i s  placed iii Group VIM of the 
Mendeleev periodic char!. I t s  outermost electron 
s h e l l  has seven  electrons,  but i ts N shell has only 
18 electrons out of the maximum of 32. It h a s  the 
lowest electronegativity among the naturally occur- 
ring halogens,  and it exhibits valence s t a t e s  of 
.-I, $1, f 3 ,  t 4 ,  f5, and -17 in various compounds. 

2.2.1 Molcculrar Iodine, I ,  

The  chemical activity of iodine is less than that 
of the other halogens. There is no appreciable 
reaction with either hydrogen or oxygen a t  ordinary 
temperatures. Its reaction with rnt:tals is d i scussed  
in Sect.  2.2.2. The standard redox potential ( E , , ,  
volts) for the reaction 

I, i- 2e-  - ~ ,  21- 

53 0 is 0.5345, a s  compared with 1.087 for Br2: 1.3583 
for CI,, and 2.85 for F,. 

When 1, i s  dissolved in water (0.029 g per 100 g 
of H,O a t  2WC) s l ight  hydrolysis occurs according 
to the equation 

1361 86s 3.1 

'Fiss ion yield va lues  from Katcoff ( 9 )  for thermal 

'Yield of 13*Te. 

'Amount of 13,1 generated in the reactor  by decay of 

~~~ 

neutron f i s s ion  of 2 3 5 ~ .  

13'Te and yield of t h i s  isotope.  I, + H Z O  .-+ H I 0  + H t  t I- ; 

*'The references c i t e d  in -thJ.s excerpied material are to be found i n  the 
appendix Bibliography. 
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the  hydro lys is  cons tan t  for t h i s  equat ion  h a s  b e e n  
c a l c u l a t e d  t o  be  4.6 Y lo- '  

Iodine oxid izes  th iosu l fa te  ion,  S 2 0 , ' - ,  to  
S,O,*^- in a bicarbonate-buffered so lu t ion  or to  
SO,2- in a s t rongly a l k a l i n e  so lu t ion .  T h e s e  
reac t ions  a r e  t h e  b a s i s  for proposa ls  to add  thio- 
s u l f a t e  t o  dous ing  so lu t ions .  

a t  25'C. 

2.2.2 Metol Iodides 

Fiss ion-product  iodine r e l e a s e d  in  reactor  acci- 
d e n t s  i s  l ikely t o  come in to  c o n t a c t  with metal  
s u r f a c e s ;  consequent ly ,  the  s tab i l i ty  of meta l  
iod ides  is of in te res t .  T h i s  s u b j e c t  h a s  b e e n  
d i s c u s s e d  a t  some length by Rols ten  (8). T h e  
fol lowing e lements  form suf f ic ien t ly  vola t i le  i o d i d e s  
t o  be  amenable  t o  production in a pure form by 
the  iodine process :  Y ,  Ti, Zr,  Hf ,  Th ,  V, Ni ,  U,  
Nb, T a ,  Cr, W,  Cu ,  Ag, Fe, B, Ge, P a ,  a n d  Si. 

I t  wi l l  be  noted tha t  t h e  t h r e e  pr incipal  components  
of s t a i n l e s s  s t e e l ,  i ron,  n icke l ,  and  chromium, a r e  
included in this l i s t .  'This i s  important b e c a u s e  
s t a i n l e s s  s t e e l  i s  a common mater ia l  of cons t ruc t ion  
in  nuc lear  reactors ,  e s p e c i a l l y  of priiiiary reactor  
v e s s e l s  in pressur ized  water  reac tors .  'The s tandard  
h e a t s  of formation of anhydrous  iron, chromium, a n d  
n i c k e l  iod ides  a r e  -30.0, -54.2, and -20.5 k c a l /  
mole,  respec t ive ly  . 

Ear l ie r  work on reac t ions  of iodine with meta l  
s u r f a c e s  i s  summarized by Mellor (1 0). T h i s  s u b j e c t  
is be ing  re-examined a t  the Oak Ridge  Nat iona l  
Laboratory by u s e  of t racer  techniques ,  with s p e c i a l  
e m p h a s i s  on interact ion of g a s e o u s  iodine with 
s t a i n l e s s  s t e e l  sur faces .  Prel iminary r e s u l t s  of 
t h i s  cont inuing  inves t iga t ion  h a v e  been reported 
(11-13). Iodine vapor d e n s i t i e s  var ied from ^V 0.001 
t o  1000 mg/in3, and  the  temperature  of the  meta l  
s u r f a c e  ( types 302,  304, and 3 2 1  s t a i n l e s s  s t e e l )  
var ied f r o m  24 to 700°C. No d i f fe rence  in behavior  
toward iodine vapor w a s  exhib i ted  by the  three  
different  t y p e s  of s t e e l  employed.  I t  a p p e a r s  t h a t  
the reac t ion  probably o c c u r s  a t  po in ts  on t h e  s t e e l  
s u r f a c e  where imperfect ions e x i s t  in t h e  thin o x i d e  
c o a t i n g  tha t  normally c o v e r s  s u c h  s u r f a c e s .  T h e  
resu l t ing  iodide product d e l i q u e s c e s  in  &lie p r e s e n c e  
of moist  a i r  and  wi l l  eventua l ly  l o s e  iodine with 
the  product ion of oxide.  Surface c o v e r a g e s  of u p  
t o  60 monolayers (a monolayer  i s  approximately 
0.3 p g  of I, per c m z )  were observed ,  but la rge  
var ia t ion in the sa tura t ion  coverage  w a s  a l s o  noted.  
R e s u l t s  of exploratory exper iments  (11-13) a r e  

summarized in T a b l e  2.3. T h e  information in t h i s  
tab le  i n d i c a t e s  t h a t  iod ine  r e a c t s  with s t a i n l e s s  
s t e e l  s u r f a c e s  over  the  temperature  range 25 t o  
700°C and t h a t  two components  e x i s t  in t h e  ad-  
sorbed  p h a s e ,  o n e  iiiore readi ly  reinovable than  
the  other .  Data  (14) on t h e  k i n e t i c s  of iod ine  sorp- 
t ion  by s t a i n l e s s  s t e e l  a r e  summarized in 'Table 
2.4, a n d  adsorp t ion  by preoxidized s t e e l  i s  com- 

pared with t h a t  by as - rece ived  s t a i n l e s s  i n  T a b l e  
2.5. T h e  la t te r  d a t a  s h o w  t h a t  the  oxid ized  s t e e l  
adsorbed  only 3% a s  much a s  the 3s- rece ived  
s p e c i m e n s  with a 1000-fold i n c r e a s e  in I ,  concent ra -  
t ion.  R e a c t i o n s  occurred in a n  e s s e n t i a l l y  oxygen-  
free a tmosphere  in t h i s  work, a n d  appl ica t ion  of 
t h e  r e s u l t s  t o  a c c i d e n t  s i t u a t i o n s  where  oxygen 
and  s t e a m  wil l  probably be  present  i s  not  c lear .  
R e a c t i o n s  of iod ine  with metal. s u r f a c e s  in t h e  
p r e s e n c e  of oxygen and  s t e a m  a s  w e l l  a s  reac t ions  
of iod ides  on s u r f a c e s  with oxid iz ing  a tmospheres  
will be of inore d i r e c t  i n t e r e s t  for h a z a r d s  a n a l y s e s .  

2.2.3 Hydriodic Acid,  MI  

i lydro lys i s  of molecular  iodine,  ment ioned in 
Sec t .  2.2.1 above ,  r e s u l t s  in production of HI and  
1110. P r o p e r t i e s  of hydrogen iodide  a r e  cons idered  
briefly in  t h i s  s e c t i o n .  It i s  a s t r o n g  reducing 
a g e n t  a n d  i s  ex t iemely  s o l u b l e  in water .  Sol id  M I  
mel ts  a t  -50.8OC, and  t h e  l iquid boi l s  a t  --35.4OC. 
A iiiaximum boi l ing mixture of a q u e o u s  131 c o n t a i n s  
53% 111 a t  1 atm and  127OC. Thermal. decomposi t ion 
accord ing  to  the  equat ion  2HI + H 2  t I ,  i s  repre- 
s e n t e d  (7) by t h e  formula 

log K H I  2 -10,03O/T i- 0.5 log T i 13.001 . 
It i s  a s t r o n g  a c i d  but no t  a s  s t r o n g  a s  I-IBr or HC1. 
It r e a c t s  with a c t i v e  meta ls ,  o x i d e s ,  hydroxides ,  
and  c a r b o n a t e s  to  f o r m  iod ides .  

2.2 .4  O x y  Compounds of lodine 

Hypoiodous a c i d ,  €$IO, is formed by hydro lys is  of 
I ,  a s  indicated in Sec t .  2.2.1, and  i t  i s  a l s o  formed 
when iodine i s  d i s s o l v e d  in c o l d  d i l u t e  a l k a l i  
so lu t ions .  On s t a n d i n g  or on hea t ing ,  the  hypoiodi te  
ion d e c o m p o s e s  t o  give t h e  more s t a b l e  ioda te  ion. 

T h e  amphoter ic  na ture  of H I 0  is represented  by 
the  equat ion:  HIO,=+H* + O I - ~ O H -  + I+ .  
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Table  2.3. Experiments Conducted on Iodine Adsorption (11-12) 

Adsorbent  

T y p e  of Experiment  I 2 Vapor D e n s i t i e s  Temperature Pr inc ipa l  F indings  

(mg/m3 ) (OC)  

Closed  loop; hel ium carr ier  gas; and I O 2  24-700 

in s i t u  gamma-ray de tec t ion  of 

1311 t racer  on type  304 s ta in-  

less s t e e l  

Metal coupons in  evacuated  glass  to  io3 24-500 

apparatus;  intermit tent  removal  

of coupons and  chemica l  ana ly-  

sis for  iodine i n  leached  

depos i t  

Metal coupons  in evacuated  g l a s s  'v10'-3 to 10' 

apparatus;  in s i t u  gamma-ray 

de tec t ion  of 1311 t racer  on 

sur face  

Type  304 s t a i n l e s s  s t e e l  tube  to  i o 2  
coupled  to  g l a s s  vacuum- 

source  sys tem;  i n  s i t u  gatntna- 

ray de tec t ion  of 1311 t racer  

on SS sur face  

24-260 

300-500 

Temperature  grad ien t  imposed and  1 24-380 

a long  type 321  s t a i n l e s s  s t e e l  

tube coupled  t o  g l a s s  vacuum- 

source  sys tem;  in  s i t u  gainma- 

ray de tec t ion  of I 3 l 1  t racer  on 

SS sur face ;  de tec tor  on moving 

platform s o  a s  to t raverse  t h e  

temperature grad ien t  region of 

the tube  

Indine ini t ia l ly  reac ted  i r reversibly 

with SS s u r f a c e s  and was  not  fur- 

ther  t ransported,  even  during 3 

weeks '  operation. 

Water-soluble iod ides  formed on SS 

sur face  u p  to  approximately 60 

monolayers. Introduction of a i r  

s e e m e d  to  cause l o s s  of iodine 

from the  s u r f a c e  deposi t .  T h e  

amount of depos i t  of iodine on 

t h e  meta ls  v a r i e s  in  the order 

C u  > Fe > Ni. 

Act ivi ty  sorbed on t h e  g l a s s  sur -  

f a c e  masked  act ivi ty  on t h e  SS 
a t  low vapor concentrat ions.  Two 

components  in the  adsorbed  phase ,  

one readi ly  reversible  and one 

rather  i r revers ihle ,  a r e  observed  

a t  higher  pressures  of I 

Revers ib le  fraction d e c r e a s e d  

with time. 

2'  

Sorption of only a few monolayers ,  

revers ib le  t o  some exten t ,  l eav ing  

SS sur face  p a s s i v e  toward re -  

adsorpt ion.  Eventua l ly  pass iv i ty  

w a s  overcome a t  higher  iodine 

pressures .  A second t e s t  sec t ion  

was passive toward iodine ad-  

sorpt ion from the s t a r t  of the e x -  

periment. Invest igat ion on t h i s  

sample  i s  in progress .  M a s s  

spec t rographic  a n a l y s i s  of source  

i n d i c a t e s  presence  of nonele-  

mental  forms of iodine. 

Maximum adsorpt ion a t  l jO°C; no  

sorpt ion in hot  zone  e v e n  on 

cool ing  (pass iva t ion  h a d  appar-  

en t ly  taken  place). On changing  

the  temperature  profile along tube. 

mater ia l  moved so  a s  t o  maintain 

t h e  maximum in  the 15OoC region 

of the  tube. 



T a b l e  2.4. Summary of Experimental Informution on K i n e t i c s  of ladine Sorption by Stainless Steel 

Iodine Concentration 
R a t e  Coefficient,  a 'Time Range Number 

Surface Temperature Above Sorfacc 
(monolayers-') (io in) of Monolayers 

(OC) (m g /m ) 

70 

70 

180 

180a 

500 

0.006 

0.164 

0.126 

0.99 

0.00270 

40 

9 

2.7 

0.7 

9 

1 .5  

10-100 0.06 

100-400 0.26 

100-1 000 2.1 

90.-40@ 3.0 

1-100 0.09 

10-100 2.3 

aSurface pretreated t o  have  an  oxide layer 200-.3@0 A thick. 

T a b l e  2.5. E f f e c t  of Stainless Steel Surface Oxidat ion 

on Sorption of Iodine Vapor a t  a Surface 

Temperature of 150'C 

Surface oxide 

cha rac t e r i s t i c s  

Iodine pressure 

(mi11 Hg) 

Time exposed  

(hr) 

As-Received Preoxidiaed 

S ta in l e s s  S ta in l e s s  ~___ -. ~ ... 

Amorphous, undeveloped, 200-300 A ,  

probably th in  crystal l ine 

1.4 1 0 - ~  1.1 x 10-2 

8.1 12  

Monolayers 

so:hed 

4.5 0.14 
. - . ~  . ........................... -. .. _ _  ...... . .. ....... . . . 

Hypoiodous a c i d  i s  a very weak  a c i d ,  a s  shown by 
i t s  ionizat ion c o n s t a n t ,  2 x IO-". 

ac id ,  IIIQ3, with a h e a t  of formation of 
56 kcal /mole,  i s  more s t a b l e  than e i ther  HC10, 
(24 kcal)  or MBrQ3 (12.5 kcal). Iodic  a c i d  s o l u t i o n s  
c a n  be concent ra ted  unt i l  c r y s t a l s  prec ip i ta te .  

Iodic  

2.2.5 Methyl Iodide 

A number of organic  compounds a r e  apparent ly  
formed when rad ioac t ive  iodine is  r e l e a s e d  i n  t h e  

a tmosphere  of containment  v e s s e l s  and  when 
molecular  iod ine  is genera ted  in laboratory t e s t s  
(see Secf. 3.6). Methyl iod ide  fo rms  the  major 
portion of t h e  group of a l i p h a t i c  iod ides  tha t  h a v e  
been ident i f ied,  and i t  i s  the  only one  of t h e  group 
tha t  i s  cons idered  here .  

Methyl iodide ( iodomeihane)  boi l s  a t  4 2 . 5 T  
(760 111111) and  f r e e z e s  a t  -66O. It i s  a v a i l a h l e  
corotnrrcially tagged  with ' I  and poss ib ly  c a n  
b e  obtained with other  radioiodine i s o t o p e s ,  so 
i t  i s  unl ikely t h a t  many i n v e s t i g a t o r s  wil l  make  
their  own tagged  methyl  iodide.  f lowever ,  s e v e r a l  
methods for t h i s  s y n t h e s i s  a r e  d i s c u s s e d  in t h e  
l i terature .  Sirice 3 1 1  i s  most  readi ly  a v a i l a b l e  
in t h e  form of N a I 3 ' I ,  poss ib ly  t h e  m o s t  convenient  
method i s  e x c h a n g e  of t h i s  compound with C H , l z 7 1  
in  e thanol  (15). 

Methyl iodide i s  sl ight ly  s o l u b l e  in  water  (1.4 g 
per  100 g of water  a t  20'C). T h e  s tandard  f ree  
energy of formation of t h e  compound from i t s  e l e -  
ments  (AFf,-,) a t  25OC i s  l i s t e d  (16 )  a s  ---5.3 k c a l /  
mole. 

Gover and  Willaid (17 )  h a v e  s t u d i e d  t h e  e f f e c t  
of short-wavelength light (1849 A) on t h e  reac t ion  
of hydrocarbons with iodine,  but  s imi la r  s t u d i e s  of 
the  e f fec t  of radiat ion on s u c h  reac t ions  h a v e  not  
come t o  t h e  a t ten t ion  of t h e  au thors .  
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3, GENERATION AND CHARACTERIZATION OF FISSION-PRODUCT 

IODINE AND OF PARTICLES 

The characterization of fission-product iodine 
from a fuel melt i s  difficult because of the wide 
ranges of temperatures, fuels,  contaminants, and 
environments which may ex i s t  in a particular 
accident si tuation. The  physical and chemical 
forms of the released iodine may change signifi-  
cantly as  the result  of a change in but one of the 
many paraiiieters involved. Nevertheless,  an 
understanding of transport and removal phenomena 
i s  needed in order to predict the extent  of iodine 
release in a variety of environments as  well  as 
the conditions under which i t  would condense,  
become adsorbed on particles,  react,  or remain in 
the vapor s t a t e .  

. . . . . . . . . . . e . . . .  

3.3 PARTICLE SIZE 
AND NUMBER DETERMINATIONS 

Radioactive particles generated by overheated 
reactor fuel in reactor accidents  may vary in size 
from near-molecular dimensions (+ 20 A in diameter) 
to s i z e s  large enough to fall rapidly. The latter 

group will  not t ravel  far enough to const i tute  a 
hazard outs ide of the building that houses  the 
reactor. The small  particles,  however, are  e s s e n -  
tially unaffected by gravity and may remain air- 
borne for hours or days  before they diffuse to a 
surface and remain there. Such small particles 
are not easi ly  collected by conventional filrration 
equipment, and the amounts and types of radioactive 
fission products associated with them are conse- 
quently a matter of concern to hazards  analysts .  
Much effort has ,  therefore, been devoted to de- 
velopment of methods for characterizing s u c h  

particles and to collection of information about 
their behavior in simulated reactor accidents.  
Techniques for determining sizes and numbers of 
particles are discussed in th i s  sect ion;  collected 
da ta  are summarized in Sect.  3.4. 

3.3.1 Diffusion Channel Technique 

Diffusion is an  important mechanism in aerosol  
deposit ion,  and, s ince  the diameter of a particle 
is related to  i t s  diffusion coefficient,  it is possible  
to  measure the s i z e  of par t ic les  and to  identify 
molecular vapors by means of their diffusion coef- 

f icients.  A method of determining diffusion coef- 
ficients of fine particles and of radioactive vapors 
such a s  iodine by measuring the distribution of 
radioactivity on the wal ls  of cylindrical  and rec- 
tangular channels  previously exposed to gas car ry-  
ing radioactive materials and flowing under laminar 
conditions was described (49-51). Since cylindrical  
tubes are currently being employed exclusively in 
this  work,  an equation corresponding t o  deposition 
of a given s p e c i e s  in a cylindrical  diffusion chan- 
nel, obtained from the equation of Gorinley and 
Kennedy (52), w a s  presented (50): 

In th i s  equation, ns = number of particles deposited 
per unit length, N o  = number entering the channel,  
D - their diffusion coefficient,  Q = volumetric flow 
rate of carrier gas ,  and 2 = distance from channel 
entrance. For the c a s e  of multiplicity of spec ie s ,  
the deposit ion would be given by a summation of 
expressions of the form of this  equation. The 
diffusion channel method w a s  tes ted witb a narrow 
@mil )  rectangular channel and a 2G-ml/min flow 
rate using radioiodine vapor, 311-labeled 0,004-p 
aluminum oxide particles,  and 311-1abeled 0.25-p 
tobacco-smoke particles;  the particle s i z e s  and/or 
diffusion coefficients of these  three materials 
w e r e  obtainable by independent means. In all 
three cases, good agreement between theory and 
experiment was  observed, indicating that this  
method is applicable over the range of interest .  
The  practical  upper size l imi t  under conditions 
currently employed (3/8-in. tubes,  lOO-ml/min flow 
rate) is approximately 100 A (0.01 p), 
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Examinat ion of the  above  equat ion  s h o w s  t h a t  i t  
d e s c r i b e s  a s t r a i g h t  l ine  only under  condi t ions  
t h a t  permit t h e  s e c o n d  and  third terms t o  be ne- 
g lec ted .  C a l c u l a t i o n s  (53) s h o w  t h a t  under  t h e  
condi t ions  l i s t e d  above ,  t h e s e  terms drop out  a 
few cent imeters  from t h e  e n t r a n c e  of the  diffusion 
tube  for par t ic les  smal le r  than  50 A ,  but for 1 0 0 4  
p a r t i c l e s  t u b e  lengths  greater  than 100 cm a r e  
required t o  give a l inear  depos i t ion  r a t e  and  dif- 
ferent  condi t ions  s h o u l d  probably be employed.  
One fundamental  assumpt ion  of t h e  diffusion chan-  
ne l  method i s  t h a t  the  w a l l s  a r e  a “per fec t  s i n k ”  
for t h e  par t ic les .  T h e r e  seem to be  a d e q u a t e  indi-  
c a t i o n s  in  t h e  l i t e ra ture  t h a t  t h i s  assumpt ion  i s  
val id  for t h e  par t ic le  s i z e s  of g r e a t e s t  i n t e r e s t ,  
s m a l l e r  than  0.1 p. Wall mater ia l s  for iodine c o l -  
l ec t ion  a r e  cons idered  in  Sec t .  3.5. 

3.3.2 Fi l ter  Analysis Techniques 

Silverman and  Browning (54) h a v e  developed  a 
method for charac te r iLing  rad ioac t ive  a e r o s o l s  by 

determining the i r  d i s t r ibu t ion  as  a funct ion of 
depth  in  f ibrous f i l t e rs  under  carefu l ly  cont ro l led  
condi t ions .  T h e  method d i s t i n g u i s h e s  t h e  contr ibu-  
t ions  of three  major p r o c e s s e s  of f i l t ra t ion:  diffu- 
s i o n ,  in te rcept ion ,  and  iner t ia l  impact ion.  For 
exper iments  with a i r  v e l o c i t i e s  in the  range where 
diffusion w a s  t h e  cont ro l l ing  mechanism,  par t ic le  
sizes in t h e  r3nge of 40 to 300 A t h u s  de te rmined  
coinpared favorably with t h o s e  obta ined  from con-  
cent ra t ion  and  flow d a t a  and from e lec t ron  photo- 
micrographs.  T h i s  technique  h a s  not  k e n  u s e d  
to d a t e  i n  f i s s i o n  -product  r e l e a s e  exper iments .  
Browning et a!. reported ( I O )  t h a t  t h e  s w e e p  gas 
from in-pile f u r l  mel t ing  a n d  burning exper iments  is 
p a s s e d  through a s e r i e s  of f i l t e rs  t o  obta in  informa- 
t ion about  t h e  par t icu la te  mater ia l  which i s  formed. 
F igure  3.15 s h o w s  t h e  f i l ter  asseriibly which  w a s  
d e s i g n e d  for t h i s  purpose.  I t  i n c l u d e s  a roughing 
f i l ter ,  an HV-70 a b s o l u t e  f i l ter ,  and  a 10-mp 
membrane f i l ter .  T h e  s i z e s  of p a r t i c l e s  c o l l e c t e d  
on t h e  var ious  f i l t e r s ,  the i r  s t a t e s  of aggrega t ion ,  
a n d  c e r t a i n  other  information about  them c a n  be 
determined by e lec t ron  microscopy.  ‘The gross 

Fig. 3-15. F i l ter  Assembly and Charcoal Trap Used in  In-Pi le  F u e l  Destruction Experiments. 



amounts of f iss ion products col lected ate deter- 
mined by radiochemical analysis .  

3.3.3 Deposition Techniques 

Both thermal and electrostat ic  precipitators have 
been employed to collect  small  particles generated 
in simulated reactor accidents.  The electrostat ic  
method requires u s e  of a high-voltage device in 
order t o  impart a charge to the particles and to 
permit efficient collection of the charged particles.  
A device of this  type (55-56) was  employed in the 
Containment Mockup Facil i ty (25) but i t s  efficiency 
was not evaluated. Two types of thermal precipi- 
tators have been described, the hot-wire (57) and 
the hot-plate (58) type. Qualitative t e s t s  (57) 
indicated a high efficiency for the hot-wire precipi- 
tator, and i t  appears  t o  offer fewer operating prob- 
l e m s  than the electrostat ic  precipitator and may he 
the preferred type for that  reason. Samples can be  
collected in a form sui table  for size determinations 
with a n  electron microscope. The Andersen Air 
Sampler (59) is useful for collecting par t ic les  
larger than about 0.6 p ,  and it has  the advantage 
that particles in different s i z e  ranges are separated 
and can  be submitted for radiochemical ana lyses  
or for s i z e  evaluations by electron microscope 
techniques. Other types of inertial  samplers have 
been described (60). One that makes u s e  of centrif- 
ugal forces up to  26,OOOg has been described by 
Goetz and R e i n i n g  (61).  'These investigators s t a t e  
that  the aerosol spectrometer, which is commer- 
cially available,  separates  quantitatively airborne 
particles in the diameter range 3 p t o  0.03 p from 
the atmosphere in a continuous band-shaped deposit .  
They applied the instrument to  the ana lys i s  of 
natural and artif icial  aerosols  in the submicron 

range. Craig (62) a l s o  employed th i s  type of 
spectrometer to study the interaction of the Na'" 'I  
vapor with labeled iron oxide particles.  

3.3.4 Counting Techniques 

The number concentration of particles (population) 
in aerosols  result ing from the overheating of reactor 
fuels is of interest ,  and several  techniques have 
been used or are  avai lable  for use for particle 
counting. These  rangc from a simplc, relatively 
inexpensive instrument (63) for manual counting 
of the total  number of condensation nuclei  t o  more 

elaborate and m o r e  expensive instruments (64)  
that provide counts of the number of particles of 
various s i z e s  ranging from 0.3 to 16 p in diameter. 
The condensation-type instrument has  a maximum 
s c a l e  reading of IO7 nuclei/cm3, and i t  permits 
s i z e  discrimination to a limited degree. The lat ter 
instrunients use the light-scattering principle, and 
they have counting rates  up to 30,000 particles/  
min. 

3.4 SIZE AND ACTIVITY DISTRIBUTION 
OF PARTICLES FROM OVERHEATED FUELS 

Information on the size and, to a lesser extent,  
the s h a p e  and density of particles evolved f r o m  
overheated fuels in expected reactor environments 
is needed i r i  order to estimate the hazard of reactor 
accidents.  Aerosols having a high concentration 
of small  particles are highly unstable, and rapid 
agglomeration occurs until the number concentration 
is reduced to such a degree that col l is ions of 
par t ic les  become infrequent. Both theoretical  and 
experimental s tudies  of particle agglomeration have 
been made, but the effect  of radioactivity has  not 
been determined to date  a t  the high specific activity 
levels  that  would result from nuclear accidents .  
Furthermore, the agglomeration process  resul ts  in 
large particles with irregular shapes and, in many 
cases, particles having unknown amounts of void 
s p a c e  within them. Methods of relating microscopic 
observations of particle agglomerates to probable 
deposit ion rates  apparently remain to be developed. 
Experimentally measured particle sizes are reported 
in this sect ion,  a long with some information on 
amounts of iodine and tellurium associated with 
particles of different s i zes .  Tellurium i s  of interest  
to this study because of the 1 3 2 1  daughter of 77-111 
I3'Te. 

3.4.1 Oxidation of Uranium in  Air  

The temperature a t  which uranium metal oxidizes 
in a i r  was found to  have a pronounced effect  on the 
size of particles transported (65). Less than 4% 
of the oxide formed at temperatures ranging from 
400 to 120QOC was in the s i z e  range below 10 p. 
At a i r  veloci t ies  of 8.3 cm/scc and lower, the 
quantity of oxide particles,  primarily agglomerates 
of particles 0.015 to 0.5 1' in diameter, col lected 
20 in. from the sample,  w a s  greatest  a t  1200nC; 
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a t  400 to  8OO0C, the  a v e i a g e  diameter  of p a r t i c l e s  
c o l l e c t e d  under  t h e s e  condi t ions  w a s  2 to  5 ( 1 .  

Assuming tha t  the  smal le r  p a r t i c l e s ,  found a t  both 
1000 and  1200"C, a r i s e  froiii t h c  condensa t ion  of 
subl imed UO,, one  would predic t  a la rge  d e c r e a s e  
in  the i r  concent ra t ion  with d e c r e a s i n g  temperature ,  
as observed .  As a i r  v e l o c i t i e s  a r e  i n c r e a s e d ,  
aerodynamic entrainment  of larger  par t ic les  over-  
s h a d o w s  r e l e a s e  by d i rec t  volat i l izat ion.  Rapid 
cool ing  of oxidized s p e c i m e n s  resu l ted  in projec-  
t ion of microscopic  and macroscopic  par t ic les  a t  
high v e l o c i t i e s .  Qual i ta t ive ly ,  s a m p l e s  w i t h  
higher  burnup were  found to exhib i t  an a c c e l e r a t e d  
par t ic le  r e l e a s e  (66). R e s u l t s  of prel iminary 
s t u d i e s  (67) showed tha t  I3'Te was car r ied  on 
p a r t i c l e s  wi th  d iameters  greater  than  200 A,  whi le  
t h e  majorit-y of I 3 ' I  w a s  car r ied  on  p a r t i c l e s  h a v -  
ing a bimodal s i z e  d is t r ibu t ion  with p e a k s  a t  15 
and  60 A (67). In other  s t u d i e s  (68) ,  a lso  with 
meta l l ic  uranium h e a t e d  in a i r ,  l e s s  than 2% of t h e  
Te, C s ,  Zr ,  a n d  Ba was found t o  b e  a s s o c i a t e d  
with par t ic les  larger  than 1 p in  mean d iameter ,  
whi le  6% of t h e  I depos i ted  with p a r t i c l e s  larger  
than  1 / I  (68). I t  w a s  reported (69-70) t h a t  agglom- 
e r a t e s  of 1- to ?-EL par t ic les  w e r e  formed when 
uranium w a s  oxid ized  a t  a temperature  of 1800°C 
or h ighe  r. 

3.4.2 Part ic les Formed from Yaporizotian of UQ, 

Signif icant  f rac t ions  (up t o  25%) of s m a l l  UO, 
s p e c i m e n s  vaporized when melted in hel ium, a i r ,  
and CO,, a l though most of the  vaporized mater ia l  
d e p o s i t e d  in hot  reg ions  (71). Most of the  p a r t i c l e s  
formed w e r e  in the  0.01- to 0.1-{I. s i z e  range ,  a s  

s h o w n  in Fig. 3.16. Iodine,  Te, C s ,  a n d  Hu were  
the  iilajor f i s s i o n  products  t ranspor ted  o u t  of t h e  
h e a t e d  reg ions  by a i r .  S t a i n l e s s  s t e e l  c l a d d i n g  
a l te red  t h e  par t ic le  s i z e  d is t r ibu t ion  (37), a s  s h o w n  
in  F ig .  3.17. When Zi rca loy-c lad  UO, was melted 
under  t h e  same condi t ions ,  t h e  amount  of uranium 
c o l l e c t e d  on f i l t e rs  w a s  reduced  by a fac tor  of 800 
a s  compared with t h e  s t a i n l e s s - s t e e l - c l a d  fue l .  
E ighty-seven  percent  of t h e  par t ic les  t ransported 
from unclad  UO, in out-of-pile t e s t s  were  l e s s  
than 0.5 u in d iameter ,  but  when s t a i n l e s s - s t e e l -  
c l a d  UO, w a s  h e a t e d  in-pi le  with a helium a tmos-  
phere,  two s i z e  groups were found: one  centered  
about  22 A, t h e  other  about  30 A (39). Thir ty-nine 
percent  of t h e  iodine car r ied  out  of t h e  furnace 

was a l iac i ied  to  t h e  22-A. par t ic les .  Some c e s i u m ,  

struntiurn, te l lur ium, and  barium were  a l s o  found 
on t h e s e  par t ic les .  When a re la t ive ly  la rge  quant i ty  
(35 g) of unirradiatcd UO, w a s  maintained a b o v e  
i t s  mel t ing point for 5 rnin in a hel ium a tmosphere ,  
10% of the  UO, vaporized but  approximately 9% 
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deposited in the furnace tube and most of the 
remaining 1% stopped in a low-velocity region. 
Only about 0.005% reached the filters. 

The  distribution of released f iss ion products and 
urarrium deposited from a gas  flowing lamiiiarly 
through a diffusion tube was  analyzed to  yield 
information about vapors, gas-borne particles in 
the range of 10 to 100  A in diameter, and the 
amounts of released material associati:d with 
these forms (41). In most of the experiments in 
which stainless-steel-clad UO, specimens were 
heated in-pile, the data indicate that particles hav- 
i n g  an average diameter of about 35 A were re- 
leased. Considerable arnounts of released ' s 'I ,  

le,  and '37Cs are  always carried by these  
fine particles.  Particle s i z e  distribution da ta  
obtained Fran filters in t w o  of these  experiiiients 
ate shown in Fig. 3.18, along with some data on 
particles from uraiiiuui carbide burning experiments 
disi:ussed in the following section. Similar data 
obtained in experiments (72) to determine f i s s i o n -  
product re lease f rom s ta inless-s teel-clad UO, 
urder transient reactor conditions are i l lus  trated 
by Fig. 3.19. The data indicate that an  oxidizing 
atmosphere resulted in a larger number of small  
particles than were produced (73) in helium (experi- 
ments 1 and 2). 
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Fig. 3.18. Size Distribution of Particles Retained on 

F i l ters  in In-Pile Fuel Destruction Experiments. 
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Fig. 3.19. Sizes of Particles Collected on F i l ters  

During In-Pile Melting of Stoinless-Steel-Clad UO Un- 

der Transient Reoctor Conditions. 
2 

3,4.3 Particles Formed hy Oxidation 
of Urcnnium Carbide 

Li t t l e  information seems to b e  available on 
particle distribution result ing f rom exposure of 
uranium carbide to oxidizing atmospheres. Two 
experiments have been reported (40) in which fuel 
specimens composed of pyrolytic-carbon-coated 
uranium carbide particles in  a graphite matrix were 
partially destroyed by exposure to a i r  in the OKN 
a t  temperatures ranging f rom about 890 to 1400OC. 
Varying amounts of iodine (13 or 58%) and of 
tellurium (8 or 32%) were found to be associated 

with particles in the 1.5- to , 3 0 4  s i z e  range. T h e  
size distribution of particles collected on two 
f i l ters  in  s e r i e s  during one of these experiments 

is shown i n  Fig. 3.20. The median particle diam- 
e t e r  of the particles collected on filter No. 2 (type 
E glass) was 1.2 p, while that  on filter No. 3 
(HV-70) w a s  S p. In another experiment of this 
type, particles collected on a 10-mp membrane 
f i l ter  af ter  passing through a n  W - 7 0  fi l ter  showed 
a median diameter of 0.01 p ,  but this  f i l ter  w a s  
broken, possibly during assembly of the fi l ter  
holder, so there i s  doubt a s  to the validity of the 
data. Size distribution da ta  obtained f rom this  
f i l ter  are included in Fig. 3.18. 
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~ ' i ~ ~ - p * ~  64.656 condi t ions  (45). T h e  fract ion of radioiodine of t h i s  
f o r m  observed  in  var ious  exper iments  h a s  var ied 
from a few t e n t h s  of a percent  t o  "230%. Elementa l  

iodine i s  coinparat ively e a s i l y  removed from g a s  
s t r e a m s ,  but t h e  organic  iod ine  compounds,  b e i n g  
less reac t ive ,  a r e  more diff icul t  t o  remove and  
ac t iva ted  charcoa l  i s  the only mater ia l  p resent ly  
known t o  be  c a p a b l e  of t rapping  them with a reason-  
a b l e  degree  of e f f ic iency .  A knowledge of the  1 [ ident i ty  of s u c h  compounds and  of the i r  behavior  

100 7-- 
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would be of cons lderable  v a l u e  in d e v i s i n g  bet ter  
iodine t rapping  s y s t e m s  and  in pred ic t ing  t h e  
probabi l i ty  of e s c a p e  of iodine in t h a t  form in 

1 
reac tor  acc idents .  I t  should  be recognized t h a t  
t h e  b io logica l  half- l i fe  of t h e s e  compounds h a s  
not been determined but i t  s e e m s  l ikely to bc much IIh shor te r  than t h a t  of e l e m e n t a l  iodine.  E s t a b l i s h -  

95 99 3 9 9  ment of a half- l i fe  va lue  for iodine in t h i s  forill 

I t  
' I  
i l  

PARTCLES 0-  S17E LESS THAN THAT I N L I C A T E O  ( % I  may mater ia l ly  reduce  requireinents for the i r  iTten- 

t i m  by reac tor  conta inment  s y s t e m s .  Methods 
employed (15) for t h e  s e p a r a t i o n  a n d  ident i f icat ion 
of the  organic  iod ine  coiilpounds are d i s c u s s e d  i n  

Fig, 3.20. Size Distribution of Par t ic les  Retained on 

F i l t e r s  in  Fueled Graphite Burning E x p e r i m e n t s .  

- 
t h e  fol lowing s e c t i o n s ,  a long  with some information 
on the i r  chemica l  behavior  in aqueous  s y s t e m s  and  
in a May Pack. 3.4.4 $articles Produced on Melting Irradiated 

Al umi  nuin-Uren i u ni A! loy s 

Some observa t ions  were made (25) of the  p a r t i c l e s  
produced when highly i r radiated (23.6% burnup) 
aluminum-uranium al loy s p e c i m e n s  were  melted in 
a s team-a i r  mixture a t  a b o u t  7S0°C. P a r t i c l e s  
remaining airborne in  t h e  CMF tank for 1 to  2 hr 
were  c o l l e c t e d  by a n  e l e c t r o s t a t i c  precipi ta tor  

and  examined by e lec t ron  microscopy.  T h e  s m a l l e s t  
par t ic les  noted were  approxirnately 1.50 A in diam- 
e te r ;  the  la rges t  had a n  a v e r a g e  diaineter  of about  
1500 A. A portion of t h e  a e r o s o l  w a s  s i rnul tane-  
ous ly  p a s s e d  through a 10-ft length of s i lver -coa ted  
diffusion tube,  and the  remaining par t ic les  c o l l e c t e d  
on  a membrane f i l ter  w e r e  found t o  range in diam- 
e t e r  from about  0.05 to 3.0 p .  T h e  la rge  p a r t i c l e s  
were aggloinerates  of s m a l l  par t ic les .  

3.6.1 Solution Studies 

Atkins  and Eggle ton  (45) found e v i d e n c e  of two 
d i s t i n c t  t y p e s  of iodine compounds (des igna ted  
fract ions A and B) present  in a n  a e r o s o l  formcd 
by oxidat ion of carrier-free N a I 3 ' I  a t  4OOOC in a i r  
purified by p a s s a g e  through a c h a r c o a l  t rap at  
-78°C. Elementa l  iodine and  par t icu la te  m a t t e r  
were f i r s t  removed from the e f f luent  a i r  s t ream,  
and i t  was then  bubbled through d i l u t e  c a u s t i c  or 
su l fur ic  a c i d  so lu t ions .  About 55% of the iod ine  
ac t iv i ty  w a s  reinovcd from the  air  s t r e a m  by e i ther  
reagent ,  most ly  in t h e  f i rs t  bubbler in  t h e  t ra in .  

When t h e  bubbler s o l u t i o n s  were  equi l ibra ted  
with benzene ,  f ract ion A ext rac ted  into t h e  organic  
phase  with a high par t i t ion coef f ic ien t  and  w a s  
not  back-extracted with NaOH solu t ion .  Frac t ion  
B, which was apparent ly  inore reac t ive  than fract ion 
A,  ext rac ted  into benzene  with a par t i t ion coef- 
f ic ien t  between 1 a n d  S and reac ted  i r reversibly 

Radio iodine  combined in a form now bel ieved to  with N a 0 H  t o  give a form inso luble  in benzene.  
Approximately equal  q u a n t i t i e s  of f rac t ions  A and 
B w e r e  found in t h e  bubblers .  

Oxidat ion of the  mixed f rac t ions  with ceric s u l -  
f a t e  resul ted i n  t h e  loss of b e n z e n e  so lubi l i ty .  

. . . . . . . . , . . . . . . .  

3.6 ORGANIC IODINE COMPOUNDS 

b e  organic  iodine compounds h a s  been observed  in 
the a e r o s o l  formed by h e a t i n g  both lightly i r radiated 
and  highly i r radiated uranium a n d  in  tha t  produced 
by u s e  of a rad io iso tope  s o u r c e  under  a var ie ty  of 



Srllfur dioxide reduction, with added iodide car- 
r ier ,  followed by oxidation of thc carrier to iodine, 
gave a form of the compound insoluble in benzene. 
Coprecipitation s tudies  showed that approximately 
5% of the mixed act ivi t les  was carried on the pre- 
c ipi ta te  in the s tepwisc precipitation of si lver  
iodate. The mixed act ivi t les  \vcw carried quanti- 
tat ively on silver iodlde following reduction with 
sullur dioxide. 

3.5.2 Gas-Liquid Chromatography 

A gas chromatography apparatus incorporating 
hoth a katharometer (apparatus for measuring ther- 
mal conductivity of gases) and a radioactivity 
detector (garnma-scintillation counter) was used 
to identify the compounds in fraction A. Columns 
2 rn long and of 6 mtn internal diameter containing 
s i l icone oil  or dinonyl phthalate on Cel i te  as the 
stationary phase were used with helium a s  carrier 
gas.  low rates of approximately 50 c!n3/min 
were maintained with column temperatures of 40 t 
l°C. Samples were collected by passing the  ef- 
fluent a i r  stream f r o m  the iodine generator through 
a liquid-oxygen-cooled trap after removal of molec- 
ular iodine, particulate material, and fraction B, 
the l a s t  by passing the air  through a inagnesiurn 
perchlorate drying tube. Fraction f3 has  apparently 
not been studied. 

Examination of fraction A showed i t  to cons i s t  
of several  compounds. The  radioacrivity detector 

gave evidence for seven compounds, with the rarlio- 

activity in  the first  (peak I )  comprising about 90% 
of the total ,  Since the retention volume for s table  
methyl iodide obtained us ing  the katharometer was 
foimd to be the same a s  that of peak 1. the ideritity 
of t h i s  compotmd was confirmed as  methyl iodide. 

Table  3.3 contains the measured reteniion vol- 
U!IPS for peaks 1-7, together with those obtained 
for the series of alkyl iodides arranged in order of 
their boiling points. The good agreement obtained 
should not be regarded as  final confirmation of the 
identity of peaks 2-7, but taken in conjunction 
with the known identity of peak 1, the evidence 
strongly suggests that  these substances a re  the 
higher alkyl iodides shown in the table. 

Oxidation of lightly irradjated utanium gave rise 
to  a compound having the same retention volume 
on a si l icone oil  column as methyl iodide. A more  
accurate comparison of the retention valume of 
th i s  compound with that for methyl iodide was 
made by a new method, a s  follows. A mixtiAre of 
the radioactive spec ie s  and an inactive sample of 
luethyl iodide W R S  passed onto the chromatography 
colutnn, and the peak as  indicated by the kathn- 
rometer was sp l i t  into two approximately equal 
parts, each of which was collected in a liquid- 
nitrogen-cooled trap. The masses  of the approxi- 
mately equal parts were determined from the peak 
areas obtained on passing each part separately 
through the column again. T h e  peaks ~)n emerging 
from the column were al?.wrbt:d in small. chnrcoal- 
loaded traps,  and their act ivi t ies  were measured. 

Table 3.3. Retention Volume (Uncorrected f o r  System Dead Space) for Simple A l k y l  
Iodides and for Peuks 1-7 of Fraction A. Si!icone oil (15 wt yo) on Celite. 

‘rempprature 40 f l0C. Flow rate 48 rm3/min  ( 4 5 )  
-. ... . . . _. . .. . . ....... . .. . . --I___ 

Boiling Point Retention Volume,  Peak from Organic 
“R 

Material 
Fraction 

( O C )  V K  

Methyl iodide 

Ethyl iodide 

b d p r q y l  icdide 

n-Propyl iodide 

tert-Butyl iodide 

sec-Butyl iodide 

n-Butyl iodide 

42.5 

72.2 

89.5 

102.4 

100 (d) 

117.5 

131 

214 

424 

690 

94 1 

962 

1614 

2370 

214 

422 

680 

897 

979 

1750 

2130 



From t h e s e  f igures  t h e  s p e c i f i c  ac t iv i ty  of e a c h  
par t  w a s  ca lcu la ted .  T h e s e  were found t o  a g r e e  
within 1%. T h e  column h a d  a n  eff ic iency of approxi-  
mately 1000 theore t ica l  p l a t e s  for methyl iodide.  
Calcu la t ion  shows t h a t  for a column of t h i s  ef- 
f ic iency ,  a difference in t h e  retent ion volumes of 
the  a c t i v e  and inac t ive  s p e c i e s  of only 0.1% would 
lead  to  a difference of more than  5% in t h e  s p e c i f i c  
a c t i v i t i e s  of the  two h a l v e s .  Consequent ly ,  t h e  
ident i ty  of t h i s  coinpound a s  rnct!iyl iod ide  w a s  
confirmed. 

3.6.3 M Q ~ ~ C I J ~ C J ~  Weight Dcterniination 

T h e  molecular  weight  of the  major cons t i tuent  of 
fract ion A was determined by a modif icat ion of 
the c l a s s i c a l  effusion method. For the g a s  e f fus ing  
through a hole  whose  diameter  i s  smal l  compared 
with t h e  mean  free path of the  &as, t h e  ra te  is pro- 
portional t o  the  pressure  and  inverse ly  proportional 
to  the  square  root of t h e  molecular  weight .  In 
the appara tus  cons t ruc ted  t h e  gas w a s  a l lowed 
t o  e f f u s e  through a s m a l l  hole in a platinum dia-  
phragm mounted in  t h e  s t o p c o c k  of a f l a s k  into a 
high vacuum. T h e  f lask  w a s  p laced  on  t h e  c r y s t a l  

of a gamma-scint i l la t ion counter ,  and the fract ion 
of t h e  radioact ivi ty  remaining af ter  var ious effusion 
tiiiies w a s  measured.  The amount remaining d e -  
c a y e d  exponent ia l ly  with time, the half- l i fe  be ing  
proportional to the  squarc root of t h e  molecular  
weight .  A ca l ibra t ion  curve  was  obtained for t h e  

appara tus  with ssKr and  ' 3 3 X e .  U s i n g  t h i s  c a l i -  
bration curve ,  the  measured value of the  molecular  
weight  of peak  1 in f rac t ion  A w a s  found t o  b e  152. 
Pure methyl  iodide w a s  labe led  with 1 3 ' 1  by a n  
e x c h a n g e  technique ,  and t h e  m e a s w e d  val.ue of 
i t s  molecular  weight  w a s  found t o  be  150 ( theoiet i -  
cal v a l u e  146), thus  confirming the ident i ty  of 
peak  1 as methyl  iodide.  

3.6.4 Retention of Mshyl Iodide 
by May Pack Components 

Fol lowing  the  ident i f icat ion of iiiethyl iodide a s  
the  major cons t i tuent  of fract ion A ,  Atkins a n d  
Eggle ton  (45) s tudied  t h e  behavior  of pure methyl  
iodide l a b e l e d  with I 3 ' I  in a May P a c k .  T h e  
resu l t s ,  summarized in  T a b l e  3.4, show tha t ,  with 
a flow ra te  of 10 l i ters /min,  a l l  t h e  methyl  iodide 

w a s  re ta ined  by t h e  pack,  with 92% of i t  b e i n g  
c o l l e c t e d  by t h e  charcoa l  bed. 

T a b l e  3.4. Retent ion of Methy l  Iodide nn May Pack 
Components ( 4 5 )  

May Pack  Component 

(in order of assembly)  

% Retent ion of 

Methyl Iodide 
_____ ........................ .......-. 

1. Copper gauze 1 1.5 

2. Copper gauze 2 1.7 

3 .  Wiegins T e a p e  cha rcoa l  paper 1.2 

4. Whatman ACG/B charcoal  paper 3.6 

5. C h a r c m l  pack (20 g )  92.0 

3.7 WET CklEMiCAL METHODS 
OF GODINE %RAC%!QNATIQN 

T h e  d is t r ibu t ion  of iodine between water  and  
organic  s o l v e n t s  and  other  wet  chemica l  t e s t s  
h a v e  been  u s e d  t o  determine v a l e n c e  s t a t e s  of 
iodine.  T h i s  technique  h a s  not  been widely appl ied  
i n  f i ss ion-product - re lease  exper iments .  T w o  in- 
ves t iga t ions  of t h i s  type  a r e  included here .  

3.9.1 T h e  Chemical State O B  Iodine 
Re leased  into Steam (78)  

T h e  chemica l  s t a t e s  of iodine r e l e a s e d  from 
meta l l ic  uranium s p e c i m e n s  i r radiated over t h e  
range 2.0 x i o L 4  to  5.4 x 1019 nvt and from UO, 
powder i i radiated u p  to 2.0 x 1 O I 6  nvt were s tudied  
wi th  f u e l  temperatures  in t h e  range 1000 to 135OoC, 
u s i n g  t h e  appara tus  shown in  Fig.  3.26. 

In th i s  appara tus ,  s t e a m  p a s s e s  over  the  induc- 
t ive ly  h e a t e d  fue l  sample  and c a r r i e s  r e l e a s e d  
f i ss ion  products  in to  the  condenser .  At  t h e  com- 
plet ion of a n  experiment ,  t h e  boi ler  and  condenser  
aqueous  so lu t ion  and  t h e  bubbler s o l u t i o n s  a r e  
individual ly  ana lyzed  us ing  w e t  chemica l  proce-  
dures .  T h e  dis t r ibut ion of iod ine  in t h e  var ious  
t raps  d e p e n d s  on t h e  boi l ing a n d  ref lux r a t e s  
within t h e  hea ted  c e l l ;  however ,  in gene ia l ,  more 
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than 90% of the released iodine is col lected along 
with the condensed steam in the condenser flask.  

Typical results for the release of iodine from 
metallic uranium are  l isted in the second column 
of Table  3.5 .  The majority of the iodine (av 84%) 
was found in the reduced s t a t e ,  while the remainder 
was primarily elemental; less than 1% was in the 
iodate and periodate s t a t e s .  Essent ia l ly  no dif- 
ference in the iodine chemical. s t a t e s  was found 
by varying the pH of the water initially charged 
to the cell between 5.9 and 6.8. Successive filtra- 
t ions through 1.2-;I., 0.45-11, 0..3-p, 100-m/i, and 
10-mp Millipore fi l ters showed that  none of the 
iodine was associated with particles larger than 

In contrast  t o  the metallic uranium experiments, 
an  average of 80% of the iodine released from UO, 
into s tcam was found to be elemental. T h e s e  
r e s u l t s  are shown in the third column of Table 3.5. 
Fil tration experiments similar to  those mentioned 
above also showed that none of this  iodine was 
associated with particles larger than 1 0  mp,  but 
dialysis  membrane retention s tudies  indicated 

10 mp. 

Table  3.5. Average Percentages of Chemical States 

of Iodine 

Fraction in Each State (70) _ ............... ~ ............ State uo -14 0 System 
2 2  

U-H 0 System 
2 

............ __ ......- 
Io 1 5  80 

I 84 

<1 7 +  

10 

<o. 5 

Other 1 10 

that up to 8% of the iodine may have been at tached 
to  smaller particles.  

During the course of an experiment the heated 
uranium metal reacts with the steam to form IJO, 
and evolve 1.1, and f iss ion products. The init ial  
reaction rate is rapid, and a plct of rate v s  time 
is a parabolic ciiive. Th i s  i s  followed by a linear 
reaction rate,  during which time an  oxide layer of 
constant thickness is maintained on the surface.  

O R N L - O W C  64-11507 

SIGHT GI..PSS OPTiCAL , 

Fig. 3.26. A p p a r a t ~ s  for Determining the Chemical F o r m  of Iodine Released from Irradiated Fuel in a S t e a m  

Atmasphere. 
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T h e  r e l e a s e  from the UO, powder s a m p l e s  i s  
primarily by diffusion,  perhaps  enhanced  by t h e  
l a t t i c e  e x p a n s i o n  resu l t ing  from the  convers ion  
t o  UO, . 2 ,  t h e  thermodynamically s t a b l e  oxide  under  
the  preva i l ing  condi t ions .  Only a s m a l l  quant i ty  
of 13, is formed by t h i s  oxidat ion p r o c e s s ;  t h i s  
i s  added  t o  t h e  smal l  quant i ty  resu l t ing  from the  
d i s s o c i a t i o n  of s t e a m  a t  t h e  fue l  ternperatures .  
B a s i c a l l y ,  then,  t h e  iodine i s  r e l e a s e d  a l o n g  wi th  
o ther  f i s s i o n  products  from a UO, s u r f a c e  in both 
t h e  meta l l ic  uranium a n d  UO, s t u d i e s ,  t h e  major 
d i f fe rence  be ing  t h e  quant i ty  of I ? ,  in t h e  a tmos-  
phere sur rounding  t h e  fuel .  hlost of the  iodine is 
d i s s o c i a t e d  t o  a tomic  iod ine  (I) a t  the  tempera tures  
used  (1000 to 135OOC). Although a tomic  I i s  q u i t e  
r e a c t i v e  b e c a u s e  of i t s  unpaired e lec t ron ,  highly 
exothermic  g a s  p h a s e  reac t ions  with atoiils of other  
f i s s i o n  products  t o  form simple molecules  are pre- 
c luded,  s i n c e  t h e  energy  of reac t ion  g c e s  to a 

v ibra t iona l  mode and  t h e  molecules  d i s s o c i a t e .  
Third-body c o l l i s i o n s  a r e  required to  s t a b i l i z e  
t h e  products .  R e a c t i o n s  with H,  should  proceed,  
however ,  s i n c e  one hydrogcn a t m i  removes t h e  
e n e r a  of react ion in t h e  form of the t rans la t iona l  
energy.  

T h e  importance of reac t ions  between 13, ( resu l t -  
i n g  from a metal-water react ion)  and  iod ine  w a s  
confirmed by introducing H ,  in to  t h e  r e l e a s e  c e l l  
dur ing  a UO, r e l e a s e  experiment .  T h e  f ina l  iodine 
chemica l  s t a t e s  were s imi la r  to  those  observed  in 
exper iments  with meta l l ic  uranium, and a g a i n  iilost 
of t h e  iodine w a s  in  the  reduced s t a t e .  'The im- 
portant  reac t ions  a r e  shown below. 

2EI,O + U(F.P) + U O ,  + 2H, + F.P. , (1) 

H, + 21 r:? 2HI , (2) 

21 e I, , (3) 

(4 i 

(5) 

21 + H,O= HI0 -t H ' + I -  , 

310-g IO,- + 21.- . 
T h e  f i s s i o n  products  a r e  r e l e a s e d  by react ion (1). 

T h e  r e l e a s e d  iod ine  r e a c t s  with t h e  I!, to  f o r m  111 
by (2). T h e  equilibrium e x p r e s s e d  in reac t ion  (3) is 
far to the le f t ,  s o  tha t  l i t t l e  molecular  iodine is 
present  within t h e  ce l l .  A s ina l l  quant i ty  of iod ine  
r e a c t s  accord ing  t o  equat ion  (4), but the  hydro lys is  
i s  very s m a l l  (see Sect .  2.2.1). Some dispropor-  
t ionat ion of IO- t a k e s  p lace  a t  e l e v a t e d  t e n p e i a -  
t u r e s  in so lu t ion ,  g iv ing  rise t o  i o d a t e s  a n d  per io-  

d a t e s  v i a  reac t ion  (5). T h e s e  la t te r  s p e c i e s  ac- 
count  for less than  1% of the  iodine.  Some of t h e  
iodine (about  1% from uranium a n d  u p  to  10% f r o m  
UO,) i s  not  in any  of t h e  above-mentioned s t a t e s  
and is probahly in  t h e  form of organic  iod ides .  
'The origin of t h e s e  s p e c i e s  is under  s t u d y .  

T h e  equi l ibr ium 'between i 1 2 ,  I, and HI was c a l c u -  
la ted  for the  iodine concentrat ion range lo- '  to  

ino le j l i t e r ,  11,  part ia l  p r e s s u r e s  ranging  
from 1 t o  l o p 5  atin, and temperatures  be tween 2 9 8  
and 200CPK. T h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  
a r e  shown in F ig .  3.27. In the exper iments  reported 
here ,  t h e  bulk average  cell temperature  vias between 
500 and l O O O O K  and  the  H, par t ia l  p i e s s u r e  w a s  
approximately atm. Referr ing to  F i g .  3.27, 
from 75 to 95% of the iodine should  be conver ted  
t o  HI under t h e s e  condi t ions .  All of t h e  irietallic 
uranium exper imenta l  r e s u l t s  to d a t e  fa l l  within 
t h i s  range. 

100 

7 g 75 
w 

L 0 

+ 5c 

0 II w 

25 

500 1000 1500 2000 
TEVPE~ATURE ("0 

Figi, 1-27. Hydrogen Iodide Equilibrium. 

3.7.2 Solubility Bt-hnvior of Volati le 
lodint Compounds (79)  

It h a s  b e e n  demonstrated b y  diffusion tube  a n a l -  
y s i s  t h a t  iod ine  s o u r c e s  nominally in  t h e  e l e m e n t a l  
form c a n  h a v e  a s m a l l  f ract ion of the  iod ine  e x i s t -  
i n g  in compound forms which a r e  ra ther  d i f f icu l t  
t o  remove from a i r  under c e r t a i n  condi t ions .  A t  
l e a s t  th ree  vapor  species h a v e  been  d i s t i n g u i s h e d ,  
and  workers  in England (45) h a v e  ident i f ied  one of 
t h e  forms of gas-borne radioiodine a s  methyl  iodide.  
F i g u r e  3 . 2 8  i l l u s t r a t e s  t h e  a p p a r a t u s  used  to per- 
f o r m  a n  expeririient t o  determine whether  methyl  
iodide is conta ined  in the  A f rac t ion  of iod ine  
s o u r c e s  prepared by the  pal ladium iodide  method 
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Fig. 3.28. Apparatus for  Invest igat ing Solubi l i ty  of Selected Iodine Vapor S p e c i e s .  

and a l s o  to investigate the applicabili ty of dif- 
ferential solubility as a tool to  characterize the 
volatile iodine compounds. Three experitiierits 
wen? performed. In the f i r s t  two experiments the A 
fractions werc separated from iodine sources by 
u s e  of different techniques,  were placed in inde- 
pendent containers,  and were introduced into the 
experiments. In the third, pure methyl iodide 
vapor, tagged with radioactive mekhyl iodide 
(tagged iiiethyl iodide obtained from Volk Radio- 
chemical Co., Skokie, Ill.; produced by the ex- 
change of CII,Br and Na1311 in acteone),  was in- 
troduced into the experiment. A gas sweep ,  con- 
taining the  volati le iodide compound, w a s  passed 
through a silver-lined t u b  and a rubber tu& prior 
t o  entering the separatory funnel containing non- 
radioacti>ie methyl iodide and water. In the f i rs t  
two experiments, the distribution coefficient be- 
tween tho two phases  ?ria8 about 55 in favor of 
methyl iodide. Th i s  corresponds approxirria tely 
to the expected distrihutirm considering the solu- 
bility of methyl iodide in water. The  distribution 
coefficient in the third experiment using tagged 
mefhyl iodide w a s  comparable. The results, pre- 
sented in Table  3.6, indicate that the mixture of 
iodine vapor species emanating from the iodine 
vapor source includes methyl iodide or a n  iodine 
compound of s i m i l a r  solubility. 

Table 3.6. Sorprion and Solubil i ty Behuvinr of Volatile 

I od i ne C om por~nvc! 9 

Sample -R~Iat ive Amount of Activitya 

(see Fig.  3.28) Ex?. I b  Exp. 2' Exp. 3' 

~ 

A - rubber tube 0.39 0.019 

E3 - silver tube 0.92 0.023 

C - nibber tube 0. b9 0.32 

D - methyl iodide 1.00 1.00 

E - w a t e r  0.02 0.015 

F - rubber tube 0.001 0.014 

G - charcoal 0.008 0.053 

€ I  ~- charcoal 0.007 0.003 

Distribution Coefficient (CH I/H Q )  
3 2  

49.5 61.9 

0.008 

0.G01 

0.92 

1.00 

0.017 

0.01 1 

0.073 

0.000 

46.2 

%ata in each column normalimd to  methyl iodide 

bExper i rnents  using A fraction cons i s t ing  of iodine 

sample =: 1.00. 

compounds volat i l ized a t  -7O'C. 

C ~ ~ x y e r i m e n t  using 131~-labelcd CH I. 



Natura l  phenomena a f f e c t i n g  t h e  t ranspoi t  be-  
havior  of re le3scd  f iss ion-product  iodine are con-  
s ider -d  in t h i s  s e c t i o n .  Induced removal a n d  
t rapping  methods a r e  t rea ted  in  Sec t .  5. 

A great d e a l  of effor t  h a s  been  d i rec ted  t o  t h e  
problem of def ining t h e  probable  behavior  of 
iod ine  in reactor  a c c i d e n t s .  Although s o m e  
a l l o w a n c e  i s  made ( . J - - - q  for d e p o s i t i o n  of iod ine  
in a conta inment  s h e l l ,  i t  i s  genera l ly  be l ieved  
t h a t  t h e  depos i t ion  fac tor  (0.5) employed in TID- 
14844 a n d  in inany h a z a r d s  ~ ~ i r n i i ~ a i y  repor t s  may 
b e  q u i t e  c o n s e r v a t i v e  and  t h a t  a much h igher  
a t tenuat ion  fac tor  could  h e  j ~ i s t i f i e d  by a v a i l -  
a b i l i t y  of more comple te  information on  iod ine  
depos i t ion  r a t e s  in conta inment  s y s t e m s .  T h e  
complex  chemica l  behavior  of iod ine  demonst ra ted  
i n  t h e  previous s e c t i o n  a n d  t h e  var ious  uncertain-  
t i e s  involved in  def in ing  a c c i d e n t  condi t ions  
combine  t o  make predic t ion  of the  exiei l t  of 
iod ine  depos i t ion  s u c h  a d i f f icu l t  problem t h a t  
i t  may b e  n e c e s s a r y  to a c c e p t  a c o n s i d e r a h l e  
d e g r e e  of unce i ta in ty  in  t h e  iod ine  depos i t ion  
factor .  B e c a u s e  of t h i s  fac t ,  cngineered  s a f e -  
guards  d i s c u s s e d  in  Sec t .  5 may h e  required to 
supplement  iodine a t t e n u a t i o n  in  containinent  
s y s t e m s  by natural  removal  methods.  Avai lab le  
information, including some d a t a  obta ined  under  
condi t ions  t h a t  a r e  unl ike ly  to prevai l  in  r, -actor  
a c c i d e n t s ,  i s  summarized h e r e  in a n  effor t  to 
prnvide a rcosonably  c l e a r  p ic ture  of t h e  p r e s e n t  
s t a t e  of knowledge i n  t h i s  f i e l d  ra ther  than f inal  
a n s w e r s  t o  t h e  problems involved.  

4.1 TRANSPORT ON PARTBCLES 

Fol lowing  i t s  r e l e a s e  from t h e  fue l ,  f i s s ion-  
product  iod ine  wil l  h e  t ranspor ted  in t h e  primary 
s y s t e m  and then  in to  t h e  conta inment  volume. 
Part of t h e  r e l e a s e d  iod ine  w i l l  d e p o s i t  i n  close 
proximity to  t h e  fuel  a n d  i s  of l i t t l e  c o n s e q u e n c e  
t o  t h e  overa l l  hazard.  ’The remainder ,  which may 
h e  in t h e  vapor  s t a t e  or  a t t a c h e d  to  par t icu la te  
mat ter ,  i s  t ransported out  of t h e  high-temperature  
region,  where  i t  may c o n d e n s e ,  agglomera te  a n d  
s e t t l e ,  or, i n  t h e  c a s e  of vola t i le  vapors  a n d  f ine  
p a r t i c l e s ,  remain a i rborne  for e x t e n d e d  per iods  of 

time. T h e  u l t imate  depos i t ion  of t h e  iodine de-  
p e n d s  not  only on  i t s  c h e m i c a l  a n d  p h y s i c a l  
p roper t ies  hut  also on the  propei i ies  of t h e  par- 
t i c l e s  to  which i t  may becoinc a t t a c h e d .  

l f igh concent ra t ions  of vapor ized  fue l  par t ic les  
in conjunct ion  with the s t a t i c  g a s  surrounding t h e  
h e a t e d  fue l  eleinerit 111ay resu l t  in formation of 
la rge  par t ic les  which wil l  s e t t l e  ou t  in a i c a c t o r  
prezsure  v e s s e l  and  carry much of t h e  r e l e a s e d  
iod ine  w i t h  them. 

4.1.1 Sotption on Purticles 

A s  Chamberlain (81) h a s  pointed out ,  pai- t ic les  
may remove iodine  from the a tmosphere  by p h y s i c a l  
adsorp t ion ;  a revers ib le  p r o c e s s ,  or by chemi-  
sorp t ion ,  which i s  i r revers ib le  (a t  l e a s t  a t  normal 
room temperatures) .  He a d a p t e d  F u c h s ’  equat ion  
(82)  for evcipcration from s m a l l  d rople t s  to give 
t h e  fol lowing equat ion  for t h e  r a t e  of removal of 
iod ine  f r o m  t h e  a tmosphere  by t h e  i r revers ib le  
p r o c e s s  : 

w h e r e  

t = t ime,  sec, 

C :: concentrat ion of iod ine  in a i r ,  

r : rad ius  of p a r t i c l e s ,  em, 

n - number of p a r t i c l e s  per  c m 3 ,  

D = diffusion coef f ic ien t  of iod ine  in a i r ,  

R = g a s  c o n s t a n t ,  

T = a b s o l u t e  temperatuie ,  

M = iiiolecular weight  of iod ine ,  

N : (RT/2nM)’’2 ( N  h a s  t h e  va lue  3913 cmisec 
at  20°C for 12), 

abi l i ty  of iod ine  on p a r t i c l e s ,  

(= 4.19 x IOe6 cm a t  2OOC) .  

.L = accorrimodation coef f ic ien t  or s t i c k i n g  prob- 

A = mean f ree  path of iod ine  molecules  in a i r  
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For very small  particles ( r  < < h), this equation 
reduces to: 

For particles of about micron s i z e ,  r > > A and 
r/r + A = 1. The first and second  term in the 
denominator on the right hand s i d e  of the more 
geneial  equation above may then be dominant, 
tleperidjng on whether D / r N a  i s  greater or less 
than unity. If r = lo-' cm,  TJ = 0.080 cm2/sec, 
and N = 3913 cm/sec, the condition D / r N u  i 1 
is equivalent to r7. < 0.2. Thus, i f  the aCCiJll1- 
modation coefficient is less than 0.2, its magnitude 
will determine the rate of adsorption of iodine. 
For 10-11 particles a must be less than about 0.02 
for the same to be true, and in general  the larger 
the dimensions of the snrface the  less inipor!ant 
is n in deteriniiiing the rate of uptake. 

In 'Table 4.1 is shown (81) the theoretical  rate 
of uptake of iodine for varicus aerosols  sccording 
to Eq. (l), with values of the half-life in the gas  
phase calculated for U: 1 and for a= 

In practice, the value of a i s  likely to depend 
on  the nature of the surface of the pa;ticle, and 
in particular on the amount of iodine adsorbed 
thew. Also  showii in 'Table 4.1 is the amount of 

iodine in pg per  m 3  of a i r  which would give a 
monolayer coverage on the particulate aerosols. 

Megaw and May (83) estimated accommodation 
coefficients of 4.7 x l o A 3  and 1.2 x for 
iodine adsorption on Aitken nirclei in two t e s t s  
performed in the Pluto reactor shell. They s t a t e  
that  i n  small-particle s tudies  accommodation 
coefficients of unity are gener.ally assumed, al- 
though Chamberlain s t a t e s  (81) that chemisoiption 
on such particles has  not been observed. Con- 
sequently,  they interpreted the low values ob- 
tained in these experiments, together with the 
observation that radioiodine adsorbed on s m a l l  
particles did not appenr to jiiterchange with in- 
act ive iodine, as  indicating that irreversible 
chemical adsorption of iodine occurred with only 
a small  fraction of the nuclej  p rmen t  in ;lie gas.  
'This theory is also supported by data obtained in 
the same experiments showing that the fraction of 
iodine attached to parficles dropped off m o r e  
rapidly than did the number of Aitkeri nuclei. 
The authors s t a t e  that the data avai lable  did not 
permit R decision a s  to whether the particulate 
fraction of the iodine is the result of attachment 
of iodine atoms to a relatively small proportion of 
chemically sui table  nuclei or the result of attach- 
ment t o  an  even smaller number of  much larger 
particles.  They favored the fiist alternative. 

Tobie  4.1. Theoreticol Rutr  uf Uptoke of Iodine on F ~ r t i c l e s  in A i r  (81) 

Aerosol  Type and Number 

Lead Fume Watcr I'og Raindrops 
Aitken Nuclei 

__ 
I I1 I11 IV V 

Particle radius, p. 

Par t i c l e  densi ty  

No, per c m 3  

T e r m i n a l  velocity, cm/sec 

 ass per i n 3  of a i r ,  rng/m3 

Surface area !ier m3 of a i r ,  cm2/1n3 

 ass of J to  give monolayer, itg/m3 

Half-life of I2 io gas phase, min  

a - 1  
a = 

0.01 

3 

105 

4 x 1 0 - ~  

1.2 x 10-4 

1.2 

0.4 

2.4 

2.4 x lo4 

0.1 

3 

l o 4  

6 X l o v 4  

1.2 x 

12 

4 

0.33 

2400 

1 

9 

i o 3  

7 x 10-2 

38 

120 

4 0  

0.1 3 
24 0 

10  500 

1 1 

102 10-4 

1-2 400 

420 52 

1200 3.1 

0.1 2 480" 
24 2000- 

eTheso figures inc lude  al lowance for the bcventilation factor" which  i s  the increased rate of transfer c a u s e d  by 
the fact  that large droplets  move rapidly throu& a ir .  
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Chambcrlain (81) reported tha t ,  i n  exper iments  
performed by Eggleton a n d  C o u s i n s ,  when uranium 
o x i d e  par t ic les  with a n  e f f e c t i v e  d iameter  of 
0.3 p (7 mg/m3) produced by burning uranium were  
in t ioduced  into a box conta in ing  0.09 pg of iod ine  
vapor  per  m 3 ,  equilibriuin w a s  e s t a b l i s h e d  in l e s s  
than  10 min wheil about  half of t h e  iod ine  w a s  
adsorbed  on par t ic les .  When a i r  w a s  p a s s e d  
through a f i l ter  paper  on which p a r t i c l e s  were  
co l lec ted ,  most of t h e  iodine v7as removed, indi- 
c a t  i n e revers ib le  a d s  or p t i on. Exper iments  with 
I <  Magiiox" oxide  (Magnox c o n t a i n s  a b o u t  99% Mg 
a n d  1% A l )  were s a i d  (81) t o  y ie ld  confus ing  
r e s u l t s ,  wi th t h e  fract ion of the  to ta l  iodine ad-  
s o r b e d  reversibly varying er ra t ica l ly .  A maximum 
adsorp t ion  of 1.5 /ig of I, per  ing of oxid? was 
a c h i e v e d ,  corresponding to  about  0.1% of a mono- 
l a y e r  coverage .  A d r a s t i c  reduct ion in  ra te  of 
depos i t ion  of iodine on s i l v e r  and  o ther  s u r f a c e s  
a f te r  t h e  introduction of MgO p a r t i c l e s  was noted.  
In o ther  exper iments  (81), a l s o  pcrformed with 
Magnox oxide ,  the amount  of iod ine  adsorbed  on 

the  oxide  par t ic les  cor rcsponded to  only 1% of a 
monolayer  with iodine concent ra t ions  (in a i r )  of 
5 pg/m3 and  13 mg/in3. The iodine appeared  t o  
b e  i r reversibly adsorbed  on t h e  o x i d e  a t  both 
icd ine  concent ia i ions .  T h e  a p t a k e  of iod ine  on 
Magnox wire  w a s  found t o  b e  roughly proportional 
to tho iod ine  concent ra t ion  in the  g a s  p h a s e  in 
t h e  range 40 , tg /m" t o  60 ~-,~g:'ii~~, with m o i  than 
a monolayer  amount adsorbed  a t  t h e  la t te r  con-  
cent ia t ion .  T h e  reason  for t h e  different  behavio i  
of t h e  two mater ia ls  might b e  a c c o u n t e d  for by 
t h e  f a c t  t h a t  t h e  wire  had  a n  MgO s u r f a c e  over  3 

metal  s u b s t r a t e ,  implying tha t  t h e  iod ine  vapor  
may penet ra te  t h e  oxide  c o a t i n g  a n d  react with 
t h e  inctal. 

Chamberlain a l s o  poin ts  out  (81) t h a t  normal 
methods of sampl ing  for iod ine  d o  not  perinit de-  
terminat ion of the  amount of iodine a d s o r b e d  
reversibly on  par t ic les  a n d  tha t  t h i s  becomes  
confused  with the  radioiodine vapor  f ract ion or 

t h e  iod ine  compound fract ion,  d e p e n d i n g  on t h e  
type  of sampler  used.  He a l s o  s t a t e s  tha t  both 
revers ib le  and  i r revers ib le  adsorp t ion  of iodine 
on par t ic les  wil l  resu l t  in  a much lower i a t e  of 
depos i t ion  than for iodin? vapor and  t h a t  i t  would 
therefore  be  unwise  t o  c o n s i d e r  t h e  rapid depos i t ion  
of iod ine  observed in  t h e  Dido-Pluto exper iments  
to  b e  typ ica l  of a l l  t y p e s  of reac tor  a c c i d e n t s .  

C r a i g  (62) h a s  sumiiiarized a v a i l a b l e  information 
on  interact ion of par t ic les  and  a i rborne  radio- 

a c t i v e  mater ia l s ,  and  h e  a lso reported the  r e s u l t s  
of a n  inves t iga t ion  of the  adsorp t ion  of sodium 
iodide  vapor  conta in ing  ' ' I  on iron o x i d e  par t ic les  
l a b e l e d  with 59Fe. H e  u s e d  t h e  Goetz  Aerosol  
Spectrometer  t o  charac te r ize  t h e  adsorp t ion  of 
NaI  molecules  on  t h e  iron oxide  a e r o s o l  a s  a 
funct ion of par t ic le  s i z e  with radionucl ide- to-  
a e r o s o l  concentrat ion ra t ios  of 3 x 10' to  3 x i o 5  
inolecules  per  p a i t i c l e  a n d  with mean in te rac t ion  
t imes  varying by a fac tor  of 2.5. I4is c o n c l u s i o n s  
mere: (1) cons iderable  q u a n t i t i x  of the  radio- 
nuc l ide  became a t t a c h e d  t o  the  a e r o s o l  but t h e  
adsorp t ion  p r o c e s s  w a s  not i r revers ib le ;  (2) 
variat ion of t h e  experiment  condi t ions  over  t h e  
above-mentioned range did not  s ign i f icant ly  a f f e c t  
the  r e s u l t s ;  and  (3) t h e  adsorbed  ac t iv i ty  w a s  
proport ional  to  a fuilction D(r)' ,  where  U ( I )  is t h e  
a e r o s o l  diameter  and  2 < Z < 3 ,  over  t h e  approxi- 
mate  s i z e  range 0.06 to  0.65 IL a n d  poss ib ly  up t o  
par t ic le  diaiiicters of 1 .2  /L. 

T h e  f i r s t  conc lus ion  i s  rather s u r p r i s i n g  con-  
s i d e r i n g  the  fac t  that  NaI  ( reported boi l ing point  
1300°C) undoubtedly has  a very low vapor  pres-  
s u r e  a t  room temperature .  T h e  au thor  appaiei l t ly  
fa i led  t o  examine  t h e  poss ib i l i ty  t h a t  impuri t ies  
in t h e  s t r e a m  of argon that  w a s  u s e d  t o  t ransfer  
the  radionucl ide vapor fruiil t h e  furnace where  
NaI w a s  h e a t e d  into t h e  a e r o s o l  chamber  might 
h a v e  produced soiiie molecular  iod ine  vapor  or 

o ther  vo la t i le  iodine coiiipounds. Therefore ,  h i s  
c o n c l u s i o n  concern ing  t h e  revers ib le  adsorp t ion  
of NaI molecules  
ques t ionable .  

4.1.2 Traitspar? on 

on iron oxide  par t ic les  seems 

Fuel and/or Cladding Part ic les 

Many experiments  o n  r e l e a s e  a n d  t ransport  of 
f i s s i o n  products  from irradiated Fuels have  been  
performed, bu t  t h e r e  seems t o  b e  l i t t l e  da ta  in  
t h e  l i t e ra ture  t h a t  wi l l  perliiit a val id  comparison 
of t ranspor t  of iodine l ibera ted  from c l a d  and  un- 
c l a d  fuel in  a i r  or s team-a i r  mixtures .  Conse-  
quent ly ,  no a t tempt  wi l l  b e  made in t h i s  s e c t i o n  
t o  def ine  t h e  e f f e c t  of par t ic les  of vapor ized  
c ladding  mater ia l s  on iod ine  t ransport .  

Data  (84) on t h e  amount of iodine l ibera ted  by 
h e a t i n g  AI-U a l l o y  fuel  t h a t  was car r ied  by par- 
t i c l e s  is g iven  in  T a b l e  4.2, as  a funct ion of fue l  
temperature  in  different  a tmospheres .  
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Table 4.2. Transport of f iss ion-Product  lodins 
Released from Alvminuni-Uronium Alloy  (84)  

Percent of Kodhe Inventory 

Fuel  TransDorted to  Filters 

by Particles Tempera ture  
___ ___ 

~ i r  Hcliurn Stearn-Aire 
(OC) 

.......... ~ 

700 2.8 0.3 

800 4.5 1.4 0.1 

400 4.2 1.5 0.7 

1000 0.9 13.3 4.1 

1100 3.9 17.4 3.9 

1150 9.2 
_l__ ............ __ 

a80% s t c a m  and 20% air, by volume. 

The experiments conducted in helium and in a 
steam-air mixture show some evidence of in- 
creased transport of iodine on particles with 
iiicreased temperature, but the a i r  experiment 
data show too great a sca t t e r  to demonstrate a 
definite trend. In one experiment, where the fue l  
specimen was heated tG llOO*C and 17% of the 
iodine was  caught on the particulate filter, the 
particles were found to vary in s i z e  from 0.04 
to 4 p .  The deposit  o n  the fi l ter  contained zinc 
(ari impurity in the fuel) and aluminum. When a 
helinm stream was passed over heated alloy ma- 
terial  in a quartz tube, a shiny deposi t  on the 
wall of the tub r  was observed and was identified 
a s  zinc.  ?'he deposit  contained rnore than 90% 
of the released iodine and almost half the cesiuin 
but very l i t t le  uranium. Diffusion tube s tud ie s  of 
the aerosol  produced in the steam-air  esperirnent, 
af ter  i t  had aged foi 1 t o  2 hr, showed that  9S% 
of the iodine prescni was  in the molecular fonn, 
while the other 5% V.IRS attached to par t ic les  with 
a calculated diameter of 26 A. T h e s e  figures 
conitspond to 17% and 10% of the original fuel 
iodine inventory. 

The  transport of iodine l iberated by heat ing 
UOz fuel,  especial ly  s ta inless-s teel-clad speci- 
rne~is, has  been examined i n  both in-pile and out- 
of-pile experiments. Data (40) on the s i z e  of small  
par t ic les  produced by heatiiig c l ad  U 0 2  in flowing 
helium with f iss ion heat in the Oak Ridge Re- 
search Reactor were obtained by using the s ta in-  
less s t e e l  exit  tiibe from the furnace a s  a diffusion 
device. The particles with which iodine (as well 

a s  other fission products) was associated were 
found to have an average diameter of about 20 A, 
and variable amounts of the iodine (3 to 56%, 
average 23%) were apparently carried by these  
small  particles.  Similar resnlts were obk ined  
when pyrolytic-carbon-coated uranium carbide 
par t ic les  i n  a graphite matrix were partially de- 
stroyed by burning in the OMR in-pile facil i ty.  

Out-of-pile s tudies  (85) of the aerosol produced 
by melting trace-irradiated, stainless-steel-clad 
U 0 2  fuel in a i r  after a 2- to 3-hr aging period 
showed that 80% of the airborne iodine w a s  in 
the molecular form, about 15% w a s  a t tached to 
par t ic les  with a n  apparent diameter of 25 A, and 
5% w a s  associated with particles 108 A or larger 
in diariieter. These  values correspond approxi- 
mately to 20%, 4%, and l'z, respectively, of the 
original iodine inventory of i'me Fuel. 

4.1.3 Agglomeaotion and Settling of Particles 

Data indicating that significant quantit ies of 
radioactive iodine wleased in nuclear accidents  
may be  at tached to particles are  discussed in the 
previous sectitons. It becomes of interest  to 
exainirre t he  rate a t  which such particles might 
disappear  froin the atmosphere of a reactor con- 
tainment shel l .  Stokes' law gives the velocity 
(in cm/sec) for thp fall of small  spheres  in a i r  as  

where r is the  particle mdius in ern, p is the 
particle density,  7 is the coefficient of viscosity 
of air ,  and g is the acceleration of gravity. Th i s  
equation i s  s a i d  (56) to hold within 5% for paiticles 
in the  I- to 5G-p range. At the lawei end of the 
sca l e ,  the calcu!ated velocity for a particle with 
a density of 5 (approximate value for iron oxide) 
is 0.6 min/sec, while the corresponding velocity 
for 1 0 y  partic1t.s is 6 cm/sec. Wiacn the aeiQsOl 
is stirred,  a s  by convection currents, the number 
concentration n of particles a t  a given time t is 
represented by the equation (S6): 

where i. is the velocity of fall of particles in a 
rectanEular box o f  height h. This equation shows 
that t he  number concentration of particles and the 
rate of sel l l ing (in t e r m s  of the number of particles 
p e x  secopd)  declease exponmtially with time. 
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T h e  different ia l  equat ion  governing t h e  d e c r e a s e  
in  number of par t ic les  d u e  to  coagula t ion  is (87): 

‘This equat ion  h o l d s  only for par t ic les  t h a t  a r e  
la rge  compared with t h e  mean free path 1 c m  
in a i r  a t  rooin temperature). For smal le r  par t ic les ,  
t h e  Cunningham s l i p  correct ion (88) must  be  
appl ied  a n d  t h e  cor rec ted  equat ion  is: 

dn 

dt 
.~... .. - K(1 + 0.9 I / r ) n 2  

T h i s  s h o w s  that  0.1-11 p a i t i c l e s  c o a g u l a t e  88% 
f a s t e r  t h a n  10-p p a i t i c l e s .  

S i n c e  K h a s  the  approximate v a l u e  5 x lo-”, 
it i s  obvious  tha t  coagula t ion  r a t e s  a r e  l ikely to  
be low for  par t ic le  concent ra t ions  be low 106/crn ’. 

Browning a n d  Fontana  (89)  h a v e  c a l c u l a t e d  t h e  
theore t ica l  ra te  of agglomeiat ion of par t ic les  in 
t h e  NS “Savannah” containment  sys tem.  The  
au thors  c h o s e  to  i l l u s t r a t e  the i r  method of c a l -  
cu la t ion  b y  u s e  of t h e  c o n c e p t  of iod ine  vapor  
agglomerat ing to  form iodine  par t ic les  of 0.3-{L 
diameter  and  c a l c u l a t e d  t h a t  235  sec would b e  
required for  t h i s  to  o c c u r  if a l l  t h e  iodine produced 
in t h e  69-Mw reac tor  during 600 d a y s  of opera t ion  
w e r e  io b e  uniforinly d i s p e r s e d  in t h e  sh ip’s  con-  
ta inment  sys tem.  Although t h e  au thors  termed t h e  
assumpt ion  t h a t  iod ine  agglomera tes  in to  par- 
t i c l e s  of pure iod ine  a n  a r t i f ice ,  the  fac t  t h a t  i t  
i s  ut ter ly  unrea l i s t ic  to  a s s u m e  tha t  iod ine  par- 
t i c l e s  l a r g e  enough t o  b e  ie ta ined  hy f i l t e rs  wi l l  
e x i s t  might be  overlooked by people  unfamil iar  
with iod ine  behavior .  

It should  b e  recognized that  t h e  e f fec t  of high 
s p e c i f i c  ac t iv i ty  l e v e l s ,  s u c h  a s  may b e  e x p e c t e d  
i n  vapor ized  fue l  par t ic les  produced in  reac tor  
a c c i d e n t s ,  on coagula t ion  r a t e s  remains to be de-  
termined. Some effor ts  in  t h i s  d i rec t ion  h a v e  
been  made, but  the  a c t i v i t y  l e v e l s  w e r e  t o o  low 
to g ive  s igni f icant  resu l t s .  

4.2 VARIATION OF AIRBORNE IODINE 
TiME 

4.2.1 Experiments in Reactor Shells 

Deposi t ion exper iments  in t h e  Zeni th ,  Dido, a n d  
P l u t o  reac tor  s h e l l s  h a v e  been reported by Megaw 

a n d  May (83) and by Croft and  Tles (90). T h e i r  
d a t a  s h o w e d  c h a n g i n g  depos i t ion  r a t e s  during t h e  
a g i n g  of a n  iod ine  a e r o s o l  r e l e a s e d  in i t ia l ly  a s  
molecular  vapor. T h e  in i t ia l  a i rborne  iod ine  con- 

cent ra t ions  in dry a i r  were  0.01 t o  14 , ig/m3 in  t h e  
Dido a n d  P l u t o  exper iments  a n d  0.3 t o  0.8 pg/m3 in 
t h e  Zeni th  s h e l l .  ’The maximum iodine concen-  
t ra t ions  u s e d  w e r e  lower than  p o s s i b l e  a c c i d e n t  
condi t ions  by a fac tor  of 100 or m o r e  and  t h e  
a b s e n c e  of vaporized fuel par t ic les  reduced  t h e  
degree  of a c c i d e n t  s imula t ion ,  but  t h e  r e s u l t s  
ob ta ined  are ,  n e v e r t h e l e s s ,  of c o n s i d e r a b l e  in- 
te res t .  Iodine-132 with normal iod ine  carr ier  w a s  
u s e d  in a l l  t h e s e  experiments .  T h e  var ia t ion of 
1 3 2 1  concent ra t ion  with t ime for s i x  P l u t o  ex-  
per iments  is s h o w n  in F ig .  4.1. Exper imenta l  
condi t ions  for t h c  Dido a n d  P l u t o  exper iments  a r e  
given in T a b l e  4.3. Deta i led  dis t r ibut ion d a t a  a n d  
Aitken n u c l e i  c o u n t s  a r e  s h o w n  in F i g .  4.2 for  

ORNL DWG 64-(1489 
to7 x- ~ --,-- 

‘A I 

0 1 2 3 4 5 6 

TIME AF-rER RELEASE (hr) 

Fig. 4.1. Variation of 1 3 2 1  Concentration with T i m e  

( 8 3 )  (Corrected for Radioact ive  D e c o y  from I = 0). 
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Table 4.3. Deta i ls  of Experimental Roleases ( 8 3 )  

............. .......... -I I__ ............. ... -.-__l I__ ......... I 

Maximum Measured 

(dpm/rn3) a t  

Qirantities of Iodine Calculated Added 
Released Concentration Concentration Remarks 

....... .......... Reactor Run II_._.__ 

I (mc) Q.dm3) (dpm/m3) Position 2 l Z 7 1 ( 4  1 3 1  

Didn 1 7 26 1.0 8.2 x 106 4.7 Y 106 Scrubbers 
operated 

2 1 31 0.14 9.8 x 106 2.8 x lo6 
3 7 31 1.0 9.8 x 106 2.9 x 106  

Pluto A 0.09 28.2 0.G13 8.9 x lo6 1.45 x lo6 
1.75 x lo6 D 0.95 22.9 0.14 

D 99 20.1 14.1 6.4 x l o6  3.0 x lo6 

7.2 x 106  

C 99 30.6 14.1 9.7 x 106 5.4 x 106 

E 7 2.7 1.0 8.S x l o 5  9.3 x i o5  Scmbhers 

F 9.9 48.9 1.4 1.5 x lo7 1.0 x 10’ 
G 10 39 1.4 1.2 x lo7 5.5 x 106 

operated 

one experiment (run D) where the initial. ca1cii- 
lated iodjtie concentration was 14.1 &m3. As 
shown in Table 4.3, the niaximum measured con- 
centrations were much less than the calculated 
concentrations (20 to 60%) except  i n  o n e  cxperi- 
ment. This w a s  asczibed to the fact h i  &out 
40 min  was required for unifoim mixing of gases 
in t h e  reac tor  s h e l l  under the prevailirig experi- 
mental  conditians.  Consequently, paat of the 
iodine diffused to the s h e l l  wall before mixirig 

The sha rp  breaks in  several of  the curves  S ~ Q W I ~  

in F igs .  4.1 and 4.2 are due t o  l iberation of 
qmnt i t i e s  of 271 vapor i n  the  slaell, 10 g i n  rnn  
G,  and 100 mg in A, B, a n d  U. The 1 2 7 1  vapor 
obviously interchanged w i t h  pa& of the deposited ’ 3 2 ~  and eaused i t  to became airborne.  

following the Millipore fi l ter  i n  the &y Pack in  
the  Pluto experiments;  Fig. 4.3 shows the ratio 
of iodine activity on the first  paper to tha t  on the 
second as a function of time. The ratio decreased 

Was complete. 

Two charcoal-coated fi l ter  p p e r s  were u s e d  

rapidly and  then became rr-.lalively constant a t  
about 20 to 60 af te r  2 %  hr. Iine authors ascrlbed 
this to an imknown vapor rotnpound of iodine, 
designated “compotlnd X” t h t  has subsequently 
heen identified as organic iodides ( see  Scct. 3.6). 
The  variation in the fraction ol airborne iodine 
collected on 7vlillipore paper is shoiiin i n  Fig. 
4.4. The  data show that this fraction increased 
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Fig. 4.3. Variation of the Rat io  of Iodine Act iv i ty  on 

the F i rst  Charcoal-Coated F i l t e r  Paper to That  on the 

Second with Time (83). 

rapidly during t h e  f i r s t  hour when molecular  iod ine  
was depos i t ing  rapidly and  t h e n  l e v e l e d  off, or 
d e c r e a s e d  a s  in  runs F a n d  G where  t h e  a i r  w a s  
b e i n g  c i r c u l a t e d  through a high-eff ic iency f i l ter .  

T h e  exper imenta l  condi t ions  t h a t  p reva i led  in 
t h e  Z e n i t h  exper iments  were  s i m i l a r  t o  t h e  Dido- 
P l u t o  condi t ions  e x c e p t  for t h e  nairower con-  
cent ra t ion  range  (0.3 t o  0.8 pg/m3), a n d  t h e  s a m e  
May P a c k  w a s  used .  I t  i s  n o t  surpr i s ing ,  there-  
fore ,  t h a t  comparable  r e s u l t s  were  obtained.  Data  
obta ined  wi th  s a m p l e s  taken  in  t h e  conta inment  
s h e l l  a r e  s h o w n  in  Fig. 4.5.  T h e  au thors  s a y  t h a t  
in t h i s  exper iment  (No. 2) t h e  f i r s t  charcoa l -  
impregnated f i l t e r  paper  (ACG/B) a n d  t h e  b r a s s  
holder  toge ther  c o l l e c t e d  a n y  molecular  iod ine  
present ,  wi th  the  b r a s s  c o l l e c t i n g  a b o u t  20% of 
t h e  t o t a l  reaching  t h e  sampler .  T h e y  concluded  
t h a t  from a b o u t  4 hr onward t h e  f i r s t  c h a r c o a l  paper  
w a s  s a m p l i n g  about  50% molecular  vapor  a n d  50% 
some other  form not  s a m p l e d  by t h e  May P a c k  a n d  
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IODINE SCRUBBERS INCdRPORATING A HIGH 
EFFICIENCY FILTER WFHE, OPERATING IN 

ARROW INDICATES POlNl OF RELE4SE OF 
ADDiTlONAL IN RUNS A,D, AND G 

RUNS F AND G 1 ;  1 

_ _ ~  
0 .I 2 3 4 5 6 

FlME AFTER RELEASE l h r )  

Fig. 4.4. Percentage of  Tota l  Iodine Collected by 
the Mil l ipore F i l t e r  Stages of the Sanpler (83). 

b e i n g  d e p o s i t e d  i n  t h e  containment  s h e l l  more 
s l o w l y  t h a n  iiiolecular iodine.  They  a l s o  s a y  
t h a t  t h e  amount  of iod ine  found on t h e  s e c o n d  
c h a r c o a l  paper  could  b e  a c c o u n t e d  for by a 95% 
eff ic iency  for t h e  vapor  form “coinpound X.” 

4.2.2. Experiments it1 Smaller Enclosures 

Croft, Iles, and  D a v i s  (91) d e s c r i b e  exper iments  
t o  de te rmine  t h e  depos i t ion  c h a r a c t e r i s t i c s  of 
a i rborne  iod ine  r e l e a s e d  in i t ia l ly  as  molecular  
vapor  in q u a n t i t i e s  appropr ia te  for power-reactor  
opera t ions  if a l l  t h e  iod ine  genera ted  during long- 
term operat ion i s  assul l ied t o  b e  re leased .  T h e  
release w a s  made in to  a r o o m  a b o u t  30 m 3  in  

volume. They measured  t h e  depos i t ion  charac te r -  
i s t i c s  from a n  a g i n g  a e r o s o l  in  both s a t u r a t e d  a n d  
unsa tura ted  a i r  a t  ambient  tempera tures  a n d  wi th  
dry and  w e t  s u r f a c e s .  F i g u r e  4.6 s h o w s  t h e  
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Fig. 4,5. Dir 
as 

.ibution of irbarne Iodine E x p r e s s e d  

Percentage ob the Total (90). 

1 YHARCOAL PLUS 2nd K G / B  
............. ....... ......................... -! 

O 5C 100 150 ZOO 250 300 

ELAPSED TIME FROW SOURCi REI CASE (mi") 

ORN! - D W G  64-414, ......................... , , ............ .................... 
0 TOTAL SAMP!.I;D IODlNF - Is1 RELEASE 

ioo 2 5 IO' z 5 z 5 lo3 2 5 
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Fig. 4.6. Total end Charcoal-Sampled Airborne Iodine Concentrations in the T w o  Dry Experiments (91), 
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variat ion of a i rborne  iod ine  with tiiiie dur ing  t h e  
dry exper iments ,  w h i l e  Fig. 4.7 g i v e s  r e s u l t s  of 
t h e  w e t  experiment .  T h e  genera l  pat tern i s  s e e n  
to  b e  s i m i l a r  in both c a s e s .  T h e  a i rborne  i o d i n e  

concent ra t ion ,  a f t e r  in i t ia l  d i spers ion ,  f a l l s  
s t e a d i l y  by depos i t ion  t o  -,1% of t h e  in i t ia l  v a l u e  
a f t e r  1 d a y ,  l e a k a g e  f r o m  t h e  conta inment  b e i n g  
negl igibly s m a l l  during t h i s  period. 

A log / l inear  plot ,  a s  i n  F ig .  4.8, s h o w s  t h a t  in  
e a c h  of t h e  three r e l e a s e s  t h e  t ime d e p e n d e n c e  

ORNL-DWG 64-1f495 

A i  0 1st AGC/B + BRASS P K K  [EFFECTIVE TOTAL] 

I 61 A $/HATMAP$ PAPER 
C )  9 C IARCOAL I 

( D J  0 SILICA GEL I 
E ) A  7nd  AGC/B PAPCR I I ' 

2 5 102 2 5 103 2 5 104 
ELAPSED TIME FROM SOURCE RELEASE Iminl 

Fig. 4.7. Airborne Iodine Concentratiuns a s  Sampled 

by the Separate Components of the Sampling Pock in the 

Wet Experiment (91). 

of iodine concent ra t ion  c a n  a d e q u a t e l y  b e  de- 
s c r i b e d  by a n e g a t i v e  exponent ia l  funct ion over  
a n  in i t ia l  per iod of approximately 8 to  10 hr, 
whereaf fes  t h e  r a t e  of a t tenuat ion  d e c r e a s e s .  
Evalua t ion  of t h e  three  exponent ia l  c u r v e s  s h o w n  
in  F ig .  4.8 i s  g iven  in T a b l e  4 .4 .  

T h e  measured  d e p o s i t i o n  v e l o c i t i e s  a r e  very 
c l o s e  to t h o s e  a t  re la ted  s t a g e s  of t h e  Zeni th ,  
Dido, and  P l u t o  conta inments  when t h e  airborne 
iod ine  concent ra t ions  w e r e  s e v e r a l  o rders  of 
magnitude (-10') l e s s .  T h i s  s u g g e s t s  tha t  t h e  
main fac tor  l imi t ing  s o r p t i o n  i s  g a s - p h a s e  dif- 
fus ion  t o  t h e  sur face .  

P a r k e r  et at. (46) g i v e  d a t a ,  shown in T a b l e  
4.5, on  t h e  var ia t ion  of a i rborne  iod ine  in a 
s m a l l  (6.7-ft3) s t a i n l e s s  s t e e l  t ank .  T h e  a e r o s o l  
was produced by melt ing in a i r  a s t a i n l e s s  s t e e l  

U02 fuel  s p e c i m e n  t h a t  had been  i r rad ia ted  t o  
7000 Mwd/ton. T h e  d a t a  s h o w  tha t  t h e  iod ine  
concent ra t ion  in t h e  tank dropped rapidly during 
t h e  f i r s t  few minutes  a f t e r  mel t ing,  a s  might b e  
e x p e c t e d  for molecular  iod ine  in  a v e s s e l  h a v i n g  
a la rge  surface- to-volume ratlo. T h e  concent ra t ion  
then remained re la t ive ly  c o n s t a n t  for a l m o s t  2 hr; 
then  a la rge  f rac t ion  of t h e  iod ine  tha t  had  de-  
p o s i t e d  on  t h e  w a l l s  of t h e  conta iner  was removed 
by p a s s a g e  of 1.5 tank  volumes  of a rgon  through it.  

Croft et al. (91) reported d a t a  ( T a b l e  4.6) show- 
i n g  tha t  t h e  e f f e c t i v e  depos i t ion  ve loc i ty  for 
iod ine  on different  s u r f a c e s  var ied  with t h e  tirile 
in te rva l  over  which  t h e  measurements  were  made. 

'The O---2C-min v a l u e s  of e f f e c t i v e  depos i t ion  
ve loc i ty  in  T a b l e  4.6 a r e  t h o s e  most near ly  ap-  
p l i c a b l e  t o  molecular  iod ine  vapor, in  which forrn 
a major par t  of t h e  source w a s  d e p o s i t e d  in  t h e  
ear ly  s t a g e s .  T h e  d e c r e a s e d  depos i t ion  ve loc i ty  
during t h e  f i r s t  500 min i n d i c a t e s  t h e  inf luence  
of forms o ther  than  molecular  iod ine  a f te r  t h e  
i n i t i a l  20-min period. T h e  d a t a  i n d i c a t e  t h a t  
equi l ibr ium w a s  very near ly  e s t a b l i s h e d  during 
t h e  f i r s t  500 min, with l i t t l e  c h a n g e  in  ra te  occur-  
r ing during t h e  f ina l  1000-min exposure  per iod.  

Data  on  t h e  d e p o s i t i o n  of iod ine ,  r e l e a s e d  a s  
molecular  iod ine ,  in an air-f i l led s t a i n l e s s  s t e e l  
t ank  (1350 ft3) a r e  s h o w n  in F i g .  4.9 (47).  T h e  
a j r  in t h e  tank  w a s  not  s t i r r e d  during t h i s  t e s t ,  
and  i t  w a s  unfi l tered,  with normal humidity. T w o  
different  depos i t ion  r a t e s  a r e  d is t inguishable ;  
t h e  s lower  ra te  s e e m e d  t o  b e  c o n s t a n t  over  a 
ra ther  e x t e n d e d  period. T h e  f i r s t  c u r v e  e x t r a p o l a t e s  
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to a n  injt ial  value of 1.25 mg/m3, about half the cally in Fig. 4.10. hlolec1~las iodine in this case 
value calculated assuming 100% transfer of iodine was  released into the tank filled with a steam-air 
from the  furnace to the containment tank and mixtiire a t  30 ps ig  total pressure. The half-life 
uniform dispersion in the  tank. of deposit ion varied froiii ail iriitial value of about 

Resul ts  of a simpler experiment (92) i n  a smaller 6 rnin to 2100 mixi aver the last 240 rnin of the  
(6.7-ft3) s t a in l e s s  s t e e l  tank are showii graphi- exposure period. 
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F i g .  4,8, Total Sampled Airborne ladine Concentration for the F i r s t  8 hr Fol lowing Eoch Release (91). 

Table 4.4. Evaluation of the  Exponent ia l  Attenuation of Airborne lod ine  Concentration ( 9 1 )  

Rxpvnentia 1 Funct ion Mass Re leased  
Experiment Environmental Mass . for eonceniraiiorr, c: Effect ive Deeos ition 

Velocity,' v 
(crn/sec) 

( ~ i r ~ / m  Against Conditions Re leased  Volunie of Conta inment  Number 

(id ( I t l e / r n 3 )  'l'ime, t (min) 

Dry 3.1 113 c =  yoe-0.693t/13Q 4.0 x 

c -  150e-0.593f/170 3.1 x 2 Dry 6.5 237 , ... 

5.2 190 @ -  140e-Q.69.3t/14Q 3.7 x 3 Wet 

1 

-The effect ive deposition velocity, V, is derived from the experimental exponent ia l  decay constant ,  h, by the re- 
lation h =: rA/V, where A is the  effect ive deposition surfaec area a n d  V i s  the  free voluinc of the containment. 
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90 

T a b l e  4.5. Variation o f  Airborne Iodine Released by 
80 Mclting Irradiated (7000-M#d/ton) S t a i n l e s s  

Steel U o 2  (16) w 
f 70 
0 

T i m e  After Melting P e r c e n t  of Iodine 5 

a 
0 

______- - - ~  

Inbentory Airborne w 6C (mln )  ~ 

_ _  
0 91" k 50 

t 

5 10 11 

25  21 
4 0  

a 

55 5 30 

HALF LlFC 6 min 

I 
1 

I 

Fig.  4.10. Deposit ion o f  Iodine in Steam-Air Fi l led ment v e s s e l .  

b C a l c u l a t e d  from t o t a l  amount  c o l l e c t e d  in t h e  f i l t e r -  
Sta in less  Steel Tank (6.7 ft3).  a b s o r b e r  s y s t e m .  

I *\* 

Table  4.6. Values o f  the Ef fect ive  Deposit ion Velocity fo r  Varying Exposure T imes (91) 

\*\ep-......--- HALF L FE 2100 m n ..... 115 G 

118 11 1 

1 0 '  ~~ 
300 72 - - 

20 

E f f e c t i v e  Depos i t ion  Veloc i ty  from t = 0 for  

K e l e a s e  No. 1 (ylx) ( c m / s c c )  E x p o s u r e  (x) T i m e  from Source 

R e l e a s e  (me min--' m m 3 )  
(min) Mild S t e e l  C o n c r e t e  P a i n t *  PTFE 

~ ~ ~ ~ . . . ~  . ..... . . .. . . . . . .. 
x l o 3  x 10-1 Y 10-2 Y 1 0 - ~  

0-20 1.5 6.2 6.7 7.2 5.0 

0-100 7.7 2.0 6.7 3.7 1.1 

0--500 17  1.13 6.7 2.7 0.68 

0-1 500 19  1.06 6.1 2.6 0.64 

eChlorinated-rubher-based p a i n t  on a hard  a s b e s t o s  s u r f a c e .  

bPolytetrafluoroethylene.  
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4.3 PARAMEYRBC EFFECTS ON DEP 
QF lODlMlE ON SURFACES 

A great deal  of attention has  been devoted to  
study of factors aEfeciing the rate of deposition 
of iodine on surfaces .  The  chemical form of 
iodine used for the s tudy obviously will de- 
termine, in part, deposit ion rates.  I-Iowever, 
atmospheric and  surface condjtions a lso affect  
this  rate,  and these  factors are discussed in this  
sect ion.  Interaction of variables undoubtedly 
occurs,  and the contrjbiition of such interactions 
to observed iodine behavior cannot be readily 
evaluated in  some c a s e s .  It should also be 
recognized that while t h i s  sect ion is devoted 
primarily to  deposit ion s tudies ,  desorption occurs 
sirriultaneously w i t h  sorption except for surfaces  
that  are a perfect sink for a l l  forms of iodine 
present during the experiment. Although some 
overlap resul ts  from treatment of desorption in a 
separate  section, this procedure can be justif ied 
on the bas i s  that  condiiions exis t ing during many 
desorption re asurements were different f r o m  those 
under which deposit ion occurred. 

4.3.1 Surface Cornpasition 

Croft et a]. (91) conducted experiments on 
deposit ion of high concentrations of iodine (100- 
200 mg/m3)  on various surfaces.  Deposition was 
found to b e  dependent on the nature of t h e  surface,  
with hare mild s t e e l  and concrete surfaces showirig 
higher deposit ion values than painted surfaces ,  
which i n  tu rn  were more receptive than the plast ic  
(P'rFE and polyethylene) surfaces  (Table 4.7). 
Oxidized or polished mild s t ee l  surfaces  were 
similar to each other in regard to deposition be- 
havior. The metal surfaces  were mpidly coated 
with a reddish corrosion layer. They w e r e  ab le  
to load surfaces  to  the high iodine levels  indi- 
cated below (in mg/1n2) without apparent satura- 
tion: mild s t e e l ,  2000; concrete, 1400; paint, 75; 
PTFE, 17. However, there was some evideiice 
of a reduced deposit ion rate a t  the higher loading 
levels .  

No significant differences were noted in deposi- 
tion on five s e t s  of dry painted surfaces,  This is 
in direct  contrast  to the measurements made under 
wet conditions,  which showed faster  deposit ion 

T-able 4.7. Effective Daposit ian V e l o c i t y  on Surfo~ces ( 9 1 )  

Surface 

Effect ive Deposi t ion Velocity for 

1500 min ( r m / s e c )  
................ ___ 

Dry Wet 

Room su r faces  

M i l d  s t e e l  

Concrete  

Wean of a l l  painted surfaces 

~ 

4.0 x 1 0 - ~  3.7 x I O - ~  

10.6 x lo'^' 5.8 x 

6.1 x 10 - 2  4.0 x IO-' (est.) 

2.6 x 

Mild s t r e 1  with  chlnrinated-rubber-based paint  8.0 x 

Concrete  with chlorinated-ruhb~r-based paint 

Hard a s b e s t o s  with chlorinateJ-rubbcr-based paint 

Mild s t e e l  wi th  epoxy-resin-based paint 

Concretes  ,with epoxy-resin-hssed paint 

Polytetrafsuurnethylene (PTFE) 

Polyethylene s h e e t  

3.3 x 10-3 

5.6 x 1 0 - ~  

1.6 X lo-' 

1.7 x IOw2 

1.9 x 

7 x 

480 c m 3  of wa te r  static in a vit reous enameled ex- 2.5 x 1 0 - ~  
perimental  dish,  su r f ace  a r m  680 cm2 

........... -. -. _- 
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Table 4.8. Sorption o f  Iodine in  Presence of A i r  ot Room Temperature ( 9 3 )  

___ 

- 

I Conc. 

in A i r  
Expt. 

No. 
Ma trrial 

Oie/m 3, 

Kate Coefficient of 

Sorption in Linear 

Amount of Sorbed 

Iodine at  Plateau 

Pa r t  of  Curve of Curve 

(crnlsec) ( p z / c m 2 )  

Concrete 4 

5 

Granite 4 

5 

Acrylate 4 

> 

Polyvinyl  chloride 4 

5 

20 

2500 

20 

2 500 

2 0  

2 500 

20 

2500 

0.1 

0.08 

0.020 

0.0032 

0.012 

0.003 

0.005 

0.0004 

r a t e s  on to  epoxy-resin-based paint .  This  wil l  b e  
d i s c u s s e d  fur ther  in t h e  s e c t i o n  on  e f fec ts  of 
moisture .  

Forberg  et al .  (93)  exposed  s m a l l  s a m p l e s  of 
grani te ,  p l a s t i c  mate i ia l s ,  and  concre te  t o  e l e -  
mental  iodine vapor. T h e i r  r e s u l t s  a r e  reported in 
T a b l e  4.8 (a rearrangement  of t h e  publ i shed  
table). T h e  rate  of sorp t ion  on c o n c r e t e  was in- 
dependent  of iodine loading  u p  to  50 g / c m 2 .  
Forberg 's  r e s u l t s  show re la t ionships  of t h e  var ious  
mater ia l s  which ar'e s imi la r  to  t h o s e  obta ined  by 
Croft  et a[. (91) ,  T a b l e  4.9, third column,  and  by 
Hudswel l  et al. (94). 

T h e  r e s u l t s  of a number of inves t iga t ions  a r e  
summarized in T a b l e  4 .10 (81).  The r e s u l t s  a r e  
arranged in t h e  order  of increas ing  d o s a g e  of 
iodine.  'The period of exposure  of the absorb ing  
s u r f a c e s  to  iod ine  w a s  60 min, e x c e p t  in  t h e  ex- 
per iments  referred t o  in columns 8 a n d  9 of T a b l e  
4.10, where  i t  was approximately 200 min. 

'The amount  of iodine sorbed  on t h e  copper  
s a m p l e s  var ied  by near ly  a fac tor  of l o 6  in t h e s e  
exper iments ,  but  t h e  ra te  coef f ic ien t  of uptake  
(veloci ty  of depos i t ion)  var ied by l e s s  than  a 
factor  of 10.  

In t h e  lower part of T a b l e  4.10, t h e  amount of 

iod ine  sorbed  in t h e  var ious surfaces. i s  e x p r e s s e d  
a s  a percentage  of tha t  sorbed  on  copper .  

The sorp t ion  OR s i l v e r  was  somewhat  higher  
than  t h a t  on copper ,  e x c e p t  in t h e  exper iments  
of colutnns 6 and  7, where  i t  was  rather  l e s s .  

7 0 ( 1 )  or higher 

2 

1.8 

0.2 

'roble 4.9. Velocity of Deposition o f  Iodine on 

surfaces i n  Contoinment Vessels  ( 8 1 )  

- 

Surface 

Velocity of Depositioil 

(cril / s  ec)  

Plutoa U'infrith' 

Copper 

Charcoal paper 

Mild s tee l  

Painted s tee l  

A lurri mu m 

Concrete 

Polyethylene 

PTE E 

0.30 

0.28 

0.24 0.22 

0.18 0.0039 

0.14 

0.055 

0.028 

0.0012 

a0.35 to 0.36 pg of I 

b7.8 X l o4  to 1.6 X 1;' pg of I 2  per m 3  of air. 

per m 3  of air. 

'The sorp t ion  on mild s t e e l  w a s  near ly  a s  high 
a s  t h a t  on s i l v e r  and  copper  in t h e  P l u t o  ex-  
per iments ,  a n d  t h i s  was a l s o  found in wind tunnel  
exper iments  in WhiCh t h e  iod ine  car r ie r  leve l  was 
low. 

At  higher  iod ine  concent ra t ions  a n d  e s p e c i a l l y  
a t  higher  tempeia turcs  3nd  in dry a i r ,  t h e  sorpt ion 
on mild s t e e l  w a s  only a few percent  of tha t  o n  
s i l v e r  and  copper .  
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Table  4.11. Iodine Sorption on Steel Surfaces in  

F i l tered Air a t  15  psig and Ambient Temperature (46) 
......___ 

Iodine Sorbed @pg/cm2)  

S ta in l e s s  Milde Pa in t ed  

___ ~~ . - Exposure 'Time 

(min) 

6 3 20 9 

14 4 114 58 

34 11 286 1 7 4  

74 11 529 267 

134 19 5 50 41 3 

214 35 678 53 5 

BPreoxidized by exposure to  s t eam a t  a high teiiipeta- 
iure to produce a b l ack  oxide f i l m  on t h e  su r face  typical  
of t ha t  found in high-temperature water  sys t ems .  

T h e  sorp t ion  on aluminum, magnesium, a n d  
graphi te  s u r f a c e s  a t  ambient  tempera tures  w a s  
a l s o  found to  b e  general ly  a fevi percent  of tha t  
on  copper .  'l'he r a t e  coef f ic ien t  for sorp t ion  on  
t h e s e  mater ia l s  w a s  of t h e  order  of 0.001 to  
0.005 cm/sec. 

A monolayer  c o v e r a g e  of iod ine  i s  about  0.3 
p p / c m 2 .  Copper ,  s i l v e r ,  charcoa l  paper ,  and  
concre te  apparent ly  s o r b  many monolayers  of 
iod ine  wi th  l i t t l e  reduct ion in  t h e  ra te  of depos i -  
tion. Mild s t e e l  a t  ambient  temperature  and  in 
moist  a tmospheres  inay be long  in t h i s  group. 

S t a i n l e s s  s t e e l ,  aluminum, magnesium, a n d  
graphi te  a d s o r b  about  a monolayer  of iod ine .  
G l a s s ,  pa in ted  s u r f a c e s ,  a n d  p l a s t i c s  a d s o r b  
from one t o  ten  monolayers .  

T h e  r a t e  of sorp t ion  of iod ine  from a i r  a t  ambient  
temperature  o n  different  types  of s t e e l  s u r f a c e s  
was determined  as  a funct ion of t ime,  a n d  t h e  
r e s u l t s  a r e  recorded i n  T a b l e  4 .11 (15). T h e  
uptake  of iod ine  i n c r e a s e d  over  the t ime per iod 
s tudied .  In c o n t r a s t ,  s i m i l a r  s p e c i m e n s  e x p o s e d  
in a s team-a i r  a tmosphere  a t  in i t ia l  t empera tures  
ranging from 100 to  12OOC s h o w e d  comparat ively 
l i t t l e  c h a n g e  in iod ine  sorp t ion  with exposure  
t imes  up to  5 hr, a n d  t h e  amounts  s o r b e d  on all  
th ree  t y p e s  of s u r f a c e s  were  much less than in  
dry a i r .  

4-3.2 Oxidation Conditions 

A comparison of t h e  loca t ion  of t h e  f i ss ion-  
product  iod ine  r e l e a s e d  from uranium-aluminum 

a l l o y s  in  three  a tmospher ic  environments ,  a i r ,  
helium, a n d  a n  80% steam-20% a i r  mixture, i s  
shown in  T a b l e  4.12 (81). T h i s  t y p e  of s t u d y  i s  
of v a l u e  a s  a measure  of t h e  t ransport  e f f ic iency  
and ,  in the c a s e  of t h e  s t e a m  a tmosphere ,  of t h e  
washout  e f f e c t  r e s u l t i n g  from condensa t ion  of 
s t e a m .  A compar ison  of t h e  apparent  c h e m i c a l  
e f fec t  of e a c h  a tmosphere  i s  also of in te res t .  
T h e  d a t a  s h o w  t h a t  u p  to  88% of t h e  iod ine  re- 
l e a s e d  in  a i r  w a s  apparent ly  in  t h e  molecular  form 
and  was  car r ied  through t h e  f i l t e r s  to c h a r c o a l  
absorbers .  In hel ium, on t h e  o ther  hand,  the per- 
c e n t a g e  of iod ine  reaching  t h e  charcoa l  w a s  
0.1% or l e s s  with t h e  bulk  having  depos i ted  in  
t h e  f u r n a c e  tube  and  on t h e  a b s o l u t e  f i l t e rs ,  
ind ica t ing  t h a t  a l m o s t  a l l  the  iod ine  w a s  in t h e  
reduced form. 

Davies  ef al. (95) found t h a t  s t a i n l e s s  s t e e l  
re ta ined iod ine  at tempera tures  up t o  300  t o  
400°C when helium or ni t rogen WAS u s e d  a s  t h e  
car r ie r  g a s  (see also Sec t .  2 of th i s  report). 

Cas t leman (96)  s t u d i e d  t h e  depos i t ion  of iod ine  
a s  a funct ion of s u r f a c e  temperature  ( d i s c u s s e d  
in t h e  next  s e c t i o n )  i n  different  a tmospheres .  H e  
found t h a t  most  of the  iod ine  d e p o s i t e d  on hot  
(25O-35O0C) s u r f a c e s  in  hel ium but  in air less 
than 3% depos i ted  a t  t empera tures  a b o v e  1QO"'C. 
Addit ional  exper iments  by Cas t leman (28) con-  
cern ing  t h e  c h e m i c a l  a n d  p h y s i c a l  behavior  of t h e  
r e l e a s e d  f i s s i o n  products  iodine,  cerium, bariuin, 
lanthanum, molybdenum, and  te l lur ium r e l e a s e d  
from meta l l ic  uranium i a  purif ied hel ium and  in  
a i r  a r e  descr ibed  in  Sec t .  3.4.2 of Chap.  3, 66Ha- 
dioac t iv i ty  Genera t ion ,  R e l e a s e ,  a n d  Transpor t , "  
of t h e  R e a c t o r  Containment  Handbook. 

R a i n e s  et al. (97) reported r e s u l t s  of experi-  
mental  a n d  theore t ica l  s t u d i e s  of f iss ion-product  
depos i t ion  from hel ium c i rcu la t ing  in a c l o s e d  
s t a i n l e s s  s t e e l  loop. T h e y  s t a t e  t h a t  correlat ion 
of iod ine  depos i t ion  d a t a  w a s  not  a t tempted  be- 
c a u s e  of the i r  complex nature .  

Cas t leman a n d  S a l z a n o  (98)  reported t h a t  iodine,  
r e l e a s e d  from uranium metal  in a helium a t -  
mosphere,  d e p o s i t s  on  gold, s t a i n l e s s  s t e e l ,  a n d  
quartz  s u r f a c e s  a t  2 5 0  to  350°C in a combined 
f o r m ,  probably as a uranium compound. T h e  
compara t ive  performance of p a i n t s  may depend on 
humidity, a s  w e l l  3s on s u r f a c e  temperature  a s  
d i s c u s s e d  in Sec t .  4.3.5. 

P a r k e r  e t  al. (92)  h a v e  compared t h e  sorp t ion  
of iod ine  on  pa in ted  s t e e l  a t  a b o u t  12OoC with 
t h a t  o n  preoxid ized  mild s t e e l  a n d  s t a i n l e s s  s t e e l  
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Table 4.12. Distribution o f  Fission-Product Iodine Released from Wraniwrn-Aluminum 

Al loys in Voriaws Atmospheres (84 )  

Transpot t Fraction 
Percent of Total  Inventory - Fuel  Temp. 

Steam-Air ("C, Air I fe l jum 

Total release 

Jn hot zone (iodide form) 

Transported to filters by particles 

Absorbed in charcoal traps 

(principally molecular iodine) 

In the steam condensate 

700 
800 
900 

1000 
1100 
1150 

700 
800 
900 

1000 
1100 
1150 

700 
800 
900 

1000 
1100 
11.50 

700 
800 
900 

1000 
1100 

700 
800 
900 

1000 
1100 

37.8 
78.6 
91.9 
97.3 
98.1 
94.2 

19.9 
30.6 

11,3 

38.2 
6.3 

17.4 

2.8 
4.5 
4.2 
0.9 
3.9 
3.2 

15.0 

44.2 
76.4 
59 "0 

88.0 

29.8 
52.8 
82.1 
82.4 

28.4 
51.3 
69.6 
65.8 

1.4 
1.5 

13.3 
17.4 

0.08 
0.03 
0.11 
0.06 

27.0 
76.8 
90.6 
95.6 

96.8 

17.0 
9.3 

12.9 
13.0 
10.3 

0,3 

0.1 
0.7 

4.1 
3.9 

0.002 
0.05 
0.7 
8.5 
9.6 

9.8 
66,9 

77.0 
69.8 
73.0 

a t  290 and 300aC in a steam-air atmosphere. N o  
difference was found in  the amount sorbed in the 
s t a in l e s s  s t e e l  surfaces  a t  the two temperatures 
(3 ppg/cm2) but the sorption on mild steel was  
slightly less a t  the higher temperature (22 ppg/cm2) 
and both had less iodine than the painted surface 
(90 ppHJcm '>. 

4.3,3 Temperature 

Croft et 31. (91) found that  concrete retained a 
high proportion of iodine at temperatures to  300°C 
and only lost 12% during a 24hr  test a t  200°C. 

Davies et al .  (95) f o l d  that carrier-free iodine 
w a s  retained on s t a in l e s s  steel a t  temperatures 
of 300-400OC when helium or nitrogen was used 
as a carrier g a s  (see also Sect. 2 ) .  The absence  
of oxygen appears  to b e  important in this ca3e. 

Copper and s i lver  adsorbed mole iodine at  higher 
temperatures than a t  room temperature a s  shown 
by the data (81) in Tab le  4.13 (a tearrangernent of 
the published table). This effect  was a l s o  noted 
by Browning (99). At higher iodine concentration 
levels  and especially a t  high temperatures in 
dry air ,  t h e  sorption on mild steel was only a 
few percent of that on s i lver  or copper. 
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I C o n c .  

(&/in 3) 

- ._ 

0. 50 

0.73 

37.2 

46.5 

Table  4, !3 .  Cornporison of Sorption of Iodine on Various Surfaces in A i r  a t  2OoC and 
2OO0C (Per iod of Sorption, 1 hr) (81) 

. -  

I on  Surface ( p g / c m Z )  
............ ................. .......... .... .... 

T e m p .  

(OC) G l a s s  M K G r a p h i t e  A I  Xild Steel c u  A g  

20 0.01s 0.031 0.075 0.037 0.50 0.90 0.81 

200 0.043 0.21 0.063 0.107 0.36 2.0 1.6 

20  0.40 1.96 1.32 1.1s 1.52 17.2 40 

200 0.45 1.83 1.00 1.32 5.7 108 90 

- 

4.3.4 Con e entw ti on 

Croft  et al. (91) s t a t e  tha t  in the i r  exper iments  
with high concent ra t ions  of iod ine  (100-200 mg/m3) 
t h e  measured  d e p o s i t i o n  v e l o c i t i e s  were  very 
c l o s e  t o  t h o s e  observed  at re la ted  s t a g e s  in t h e  
Zeni th ,  Dido, a n d  P l u t o  exper iments ,  where  t h e  
a i rborne  iod ine  concent ra t ions  w e r e  s e v e r a l  o rders  
of magnitude (approximately 10’) l e s s .  T h i s  sug-  
g e s t s  t h a t  t h e  main rate-determining fac tor  in  
sorp t ion  i s  t h e  r a t e  of gas-phase  diffusion to  t h e  
sur face .  

?‘he ra te  of s o r p t i o n  o n  pa in ted  s t e e l  s u i f a c e s  
a p p e a r s  t o  b e  inf luenced  by t h e  amount  of iod ine  
ava i lab le .  T h e  adsorp t ion  of copper ,  s i l v e r ,  
charcoa l  paper ,  a n d  c o n c r e t e  proceeds  with l i t t l e  
fa l l  in ra te  when hundreds  of monolayers  of iod ine  
h a v e  b e e n  adsorbed .  T h i s  is a l s o  t rue  for ad-  
sorp t ion  on  mild s t e e l  in  t h e  p r e s e n c e  of moisture .  
Some high-surface-area s y s t e m s  l o s e  adsorp t ion  
e f f ic iency  a t  h igher  iod ine  loadings  in  dry air .  
G l a s s ,  pa in ted  s u r f a c e s ,  a n d  p l a s t i c s  a r e  l imi ted  
t o  a few monolayers  of iodine.  

4.3.5 Moisture 

An a c c i d e n t  with a water-cooled and/or  -moder- 
a t e d  reac tor  l e a d i n g  t o  a major r e l e a s e  of v o l a t i l e  
f i s s i o n  products  would r e s u l t  in  t h e  s i m u l t a n e o u s  
r e l e a s e  of la rge  q u a n t i t i e s  of s t e a m  in to  t h e  
s e c o n d a r y  conta inment  a n d  in  heavy c o n d e n s a t i o n  
on  conta inment  s u r f a c e s .  T h e  r e s u l t s  of s o m e  
small-scale experiments  by Morris a n d  Nichol l s  
(100) on t h e  sorpt ion of iod ine  on various ma- 
t e r i a l s  at  150°C in  dry a i r  a n d  i n  a n  air-s team 

Table  4.14. Uptake of Iodine by Surfaces During 

4 hr o i  150°C (100) 
......... __ ..... .......... 

D e p o s i t i o n  V e l o c i t y  

( c m / s e c )  
Ma tei-ia I ~. ........ 

40% S t e a m  Dry 

~ 

C o p p e r  0.31 0.30 

Mild s t e e l  

S i l v e r  

0.12 0.0013 

0.47 0.43 

Aluminum 0.0060 0.00046 

S t a i n l e s s  s t e e l  0.054 0.0050 

P a i n t e d  m i l d  s t e e l  0.014 0.012 

G l a s s  0.0055 0.00001 

mixture a r e  summar ized  in terius of t h e  ra te  co-  
e f f ic ien t  (deposi t ion ve loc i ty)  in T a b l e  4.14. 
T h e r e  w a s  a much higher  depos i t ion  ve loc i ty  of 
iod ine  o n  mild s t e e l  in  t h e  p r e s e n c e  of s team.  
r h u s ,  unpain ted  mild s t e e l  i s  a n  e f f e c t i v e  ge t te r  
for molecular  iod ine  in t h e  15OOC temperature  
range  with s t e a m  a t m o s p h e r e s  (no w a t e r  condensa-  
tion). 

P a r k e r  et al. (84)  reported t h a t  s t e a m  washout  
in t h e i r  exper iments  a c c o u n t e d  for up t o  75% of 
t h e  iod ine ;  e v e n  with 20 vol  % a i r  p r e s e n t  in t h e  
s a t u r a t e d  s teani ,  only 10% of t h e  iod ine  remained 
vola t i le  enough to  reach  t h e  c h a r c o a l  f i l t e r  sys tem.  
T h e s e  workers  also compared the dis t r ibu t ion  of 
f iss ion-product  iod ine  r e l e a s e d  from i r rad ia ted  
aluminum-uranium a l l o y s  i n  s t e a m  and dry a t -  
mospheres  (89, and t h e  d a t a  a r e  given in T a b l e  
4.15. 
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Table 4.15. DistribuPion o f  Iodine Released from 

Molten Aluminum-Uranium A l l o y  in Moist and 

Dry (Ordinary Humidi ty )  A i r  (85) 
. __. . . ... .. . . . -- 

Percent of Released 

Iodine in Each 

Location 
Location of Activity 

Dry Air Moist Air 

Furnace tube 1 . 8  3.9 

Aerosol tank 82 .0  48.1 

Steam condensate (30 m l )  6.7 

‘rransite pipe (12 in. long) 1.2 3.1 

Filters 6.9 8.9 

Charcoal beds 8.0 29.2 

It was indicated in Sect.  4.3.1 that  there were 
no systematic  differences among the various 
painted su r faces  with dry conditions. Under wet 
conditions a ineasurably faster deposit ion rate 
onto epoxy-resin-based paints has  been observed. 
T h i s  behavior is consis tent  with measnrrments by 
Forberg et 3 1 .  (93) on epoxy and chlorinated 
rubber. 

4.3.6 Carries Gas Velocity 

The rates  at  which carrier gas flows past fuel 
samples  during r e l e s se  of iodine is generally con- 
sidered t o  have no effect  on the rate  of release.  
Browning et n l .  (40) reported data showing that 
varying the rate a t  which helium flowed past  
fuel samples  in  in-pile experiments from 60 to 
350 fpm did not affect  the r e l e a s e  of iodine from 
UO specinlens or from the high-temperature zone. 
However, flow conditions, whether laminar or 
turbulent, do affect  the deposition patterns of 
iodine in off-gas piping or duct systems.  L.aminar 
conditions a r e  applicable to the determination of 
the f a r m s  of iodine with diffusion tubes, a s  pre- 
viously described in Sect. 3. Higher deposition 
rates were ieported hy Raines  et al. t o  occw at 
bends and  rough surfaces  in loop eqiiipinent a s  a 
resuit of increesed gas turbulence (101). Be- 
havior of iodine on particulates will be influenced 
by the flow patterns in a reactor system. 

Resul ts  of experiments (102), showing distribu- 
t isn of iodine released into a s t a in l e s s  s t e e l  

2 

vesse l  in the  fo rm of rri<>leculai iodine, a r e  sum- 
marized in Table  1.16. Five release experiments 
(runs) were conducted: filtered air;  filtered air and 
steam wi th  two containment times; and filtered 
air and s team with two types  of organic gases  
added. In all f ive runs, the tank contained filtered 
air  at 15 psig. In all runs  except  5-11, the tank 
also contained 10  to  15 psi of steam. In four 
~ R S ,  pressure in the tank was released after 
5 hr; i n  run 8-4 the  pressure was held for 18 hr. 
’The resul ts  are tabulated below. In clean a i r  a 

fairly high percentage (80%) of the iodine rapidly 
plated out on the b r i k  wal ls .  Oniy 3.0% remained 
avai lable  then for leakage from the  pressurized 
tank. In th i s  c a s e ,  however, considerabls de- 
sorption occurred later, bringing the total  air- 
borne quantity to  13%. Th i s  amount decreased in 
the presence of steam to 3~-6%, while about 50% 
of t he  iodine was collectcd in tho condensate 
formed a s  the tank cooled over a period of several  
hours. On the  O & ~ T  hand, when or3lnic materials 
were added, os in  run 7-PG where dry ice (C02) 
and ace tone  werte obviously present in the sample 
and in run 9-10 ?rslne:e a 500-cm3 sample o f  freshly 
prepared mixed hydrocarbons (from the  hydrolysis 
of UG-WC,) was  added to the tank, a decided in- 
crease (to 27%) in the  afrm.int remaining airborne 
occurred. The data in Table  4.16 show that factors 
other than t h e  presence of moisture have a marked 
effect  on t h e  amount of iodine available for leak- 
age  from the  s i d a t e d  containment s h e l l  after 
aging of the aerosol.  

An attempt to  cla fy the f o r m s  of iodine in 
each t e s t  by means of an  elaborate fi l ter  pack 
showed no significant trenls, except that  in each  
of the  twc) organic runs  a large fraction (16%) 
of t h e  iodine penetrated both fi l ters and the  
metall ic s i l ve r  or copper gpuze, suggesting non- 
reactive iodine. 

Unfortunately, other supporting data arc not 
saifficiently clear to perixijt unrqliivocal identifica- 
t ion of t h e  nonreactive iodine. The artlourit of 
iodine in a f o r m  suff ic iently nonreactive to  pene- 
trate 1.5 in. of charcoal remained low in all 
C A S ~ S ,  dthoirgli i t  YJBY noticeably higher in one 
expesiirient in the presence of organic gas.  

Nigh-velocity deposit ion distributions are being 
interpreted i n  terms of diffusion, interception, and 
inertial  impaction of aerosols  in fibrous fi l ters 
by Browning and Silverman (103). See Sect. 5, 
“‘Trapping of Fission-Product Iodine and Induced 
Rerricaval P rocesses ,  # ’  
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Table 4.16. Iodine Deposition and Desorption in  the Containment Mockup Facility 

(Expressed n i  Percentage of Tota l  Iodine Released into the Tank) 

Iodine held in containment tank 

Retained on tank walls 

Col lected in s t eam condensa te  

Total  retention 

Iodine removed from tank 

B y  pressure r e l e a s e  

By argon displacemcn: 

By a i r  sweep  

To ta l  removed, airborne 

Iodine removed on t e s t  s amples  

Distribution of airhorlie iodine 

from tank 

Retained on f i l ters  

Retained on s i lver /copper  

s c r e e n s  

Retained on charcoal  papers  

Retained in charcoal  car t r idges 

Loss through 1.5 in. of charcoal  

Steam-Air 
~ 

Air 
Run 6-11 t<un 6-2Se Run 8-4 

79,6 60.8 38.2 

34.9 54.0 

79,6 95.7 92.2 

3.0 1.1 

7.4 1.2 

2.9 0.3 

13.3 2.6 

6. 1 1.7 

2.4 

2.4 

1.7 

6.5 

1.4 

4 . l b  0.5 1.5 

5.3 0.8 2.3 

3.0 0.4 0.4 

0.3 0.6 2.0 

0.003 0.0002 0.05 

Steam-Air a n d  Organics  

Run 7-16 Run 9-10 

19.3 20.9 

52.9 47.3 

72.2 68.2 

12.9 8. 5 

13.3 15.9 

0.5 2.6 

26.7 27.0 

0.8 2.2 

0.1 0.3 

6.4 8.5 

2.0 15.8 

16.4 2.3 

0.3 0.03 

aIn 6-25, iodine was r e l eased  in s t eam and  a i r  under condition5 providing a large amount of condensa te  (uninsu- 

organic membrane f i l ter  u sed  in th i s  t e s t  probably reacted with a n d  retained some  molecular iodine in addi- 

la ted tank). 

tion to particu1at.e iodine.  

4.3.7 Surface-to-Volume Ratio 

When comparing t h e  r e s u l t s  of experi inents  in  
la rge  reac tor  v e s s e l s  with da ta  obta ined  in smal le r -  
s c a l e  laboratory exper iments ,  t h e  surface- to-  
volume ra t ios  should  b e  cons idered  in t h e  in- 
terpretat ion of t h e  p h y s i c a l  a n d  chemica l  behavior  
of iod ine ,  s i n c e  t h e  half-life of iodine in  t h e  g a s  
p h a s e  wi l l  depend t o  some e x t e n t  on t h i s  ratio. 
L i te ra ture  d a t a  a r e  somet imes  diff icul t  to  cor-  
r e l a t e  in  t h i s  r e s p e c t  b e c a u s e  uns ta ted  or un- 

measured  amounts  of s u r f a c e s  o ther  t h a n  t h a t  of 
t h e  s h e l l  i t se l f  were  p r e s e n t  during t h e  experi-  
ments .  R a t i o s  c a l c u l a t e d  for  s e v e r a l  p r e s e n t  o r  
proposed experimental  f a c i l i t i e s  (given in  T a b l e  
3.1) c a n  be compared with t h e  v a l u e  of 0.033 ft-' 
c a l c u l a t e d  for a typ ica l  la rge  reactor  s h e l l  
(Dresden). 

A veloc i ty  of 0.1 t o  0.3 c m / s e c  for molecular  
iod ine  d e p o s i t i n g  o n  t h e  meta l l ic  a n d  c o n c r e t e  

s u r f a c e s  of a conta inment  v e s s e l  h a s  been indi- 
c a t e d  by Chainberlain (81). In t h e  Dido a n d  P l u t o  
reac tor  conta inment  s h e l l s ,  t h e  surface-to-volume 
ra t ios  w e r e  approximately 0.004 cm.-'. The i n i t i a l  
ve loc i ty  of depos i t ion  w a s  0.15 cin, and  t h e  
i n i t i a l  half- l i fe  depos i t ion  on t h e  s u r f a c e  of t h e  
reac tor  conta inment  w a s  0.693/(0.004 x 0.15) = 
1000 sec. T h e  e f f e c t i v e  depos i t ion  veloci ty  ( V )  
in Containment v e s s e l s  c a n  b e  der ived  from t h e  
exper imenta l  exponent ia l  decay  c o n s t a n t  by t h e  
relat ion h = V A / V ,  where  A is t h e  e f f e c t i v e  sur -  
f a c e  a r e a  a n d  V is t h e  free volume of t h e  conta in-  
ment. 

It w a s  pointed out e a r l i e r  in  t h i s  s e c t i o n  t h a t  
desorp t ion  in many cases is occurr ing  to s o m e  
e x t e n t  w h i l e  i o d i n e  is depos i t ing .  It is important  



to know what fraction of the iodine that  has  de- 
posited on a surface may become airborne again 
and the conditions affect ing th i s  fractioii. The 
factors affecting desorption will b e  d i scussed  
here. 

4.4.1 Oxidation of  Iodides 

Data presented jri Sect. 2 show that iodides have 
much lower vapor pressure than molecular iodine. 
Consequently, when iodine deposited on surfaces 
in  the reduced s t a t e  i s  exposed to  atmospheric 
oxygen, partial desorption frequently occurs. 
Castleman (95) reported that  when surfaces on 
which iodine fiom iiradiated uranium or U-Mo 
al loys deposited From a helium stream a t  250 to 
3,5OoC were exposed to zir at  the  same tempera- 
ture, the deposited iodine w a s  slowly converted 
to the elemental  form. He s t a t ed  that  the iodine 
probably deposited as  UI, s ince  Csli is s table  in  
air at t h e s e  temperatwps. In reactor accidents  
involving pressurized water reactors, reducing 
conditions may ex i s t  in t he  ear ly  phases  of the 
accident  duc to metal-water reactions.  L a t e r ,  a s  
stenni condensation in the she l l  resul ts  in lower 
pressure,  air may enter  the shel l .  The ease with 
which the  reduced iodine wil l  oxidize depends on 
a niumher of factors,  but one of the more important 
is the element with which it is combined, ‘There 
is very little published information on t h i s  subject.  

4.4.2 Surface Effects and Exchange Reactions 

Croft et al. (91) d.eteimined rates of iodine de- 

sorption from materials exposed to high concen- 
t r a t i o n ~  of molecular iodine (see Sect. 4 . 4 2  for 
experimenlul details)  and repoited the followiilg 
v a h e s  for t he  half-life of desorption in a i r  a t  
ambient temperatures: m i l d  steel, 17 days; con- 
crehe, 10 days; painted s t ee l ,  4 d a y s ;  polytetra- 
fllkoioethylene (PTFE), 2 days.  A more de?ailed 
analysis  of the desorption measureiiients showed 
that t he  desorption rate decreased with t ime and 
that over t he  4-day period during which the above 
values  were  determined, a fourfold reduction in 
rste occurred. A correlation betweeri depositinn 
velocity and desorption rate was  noted. 

?degaw atid May (83) exposed circular disks with 
different surfaces  in the P lu to  experiments to a 

low concentration of inalecular iodine (0.35 
&in3) for 1 hr. After exposure the d i sks  were 
placed in s e a l e d  plast ic  bogs,, removed from the 
reactor she l l ,  and counited a s  S Q O ~  a s  possible ,  
Three disks of e a c h  surface type were F?XpoSed, 
and desorption rates  were determined in three 
atmospheric environments: clean air, air con- 
taining about 1 p g  of s table  iodine per m3* and air 

containing about 3 g uf s t ab le  iodine per m3. Re-- 
s u l t s  a r e  shown graphically in Fig. 4-11. It is 
clear  that  l i t t le  desorption of * ’1 from copper or 
charcoal surfaces  occurred either in the presence 
or in the absence  of airborne ’*’I. Varying de= 
giees of dasorption from the other surfaces W L ? P ~  

observed, and exchange of suiface-bound 321 
with airborne ‘,’I increased both the rate and  
the extent of dcsorptian. These  resul ts  confirm 
tine desorption resul ts  obtained by liberating 
‘,’I in the reactoi shel l ,  a s  shown in  Figs .  4.1 
and 4.2.  

Parker and h i s  co-workers (46)  have found that 
part of the iodine deposited on the dry stainless 
s t e e l  surface of a simulated containment sbel l  i s  
mther readily iemoved by passing a s t ream of 
argon or a i r  through the vessel, This  i s  shown 
by data in Table 4.5, discussed in Sect.  4.2.2. 
In another experiment, molecular j.0diu.e (approxi- 

m a t e  init ial  concentration, 2 mg/ni”) was aIIowed 
to deposit  for about 4 hr in the steel vesse l  filled 
with air a t  15 ps ig  (relative humidity, approxi- 
mately 66%). Reduction of the ai r  pressutc  a t  the 
end  of t h i s  period from 15 to 2.5 psi  Teiiioved 
about 2.8% of the  iodine inventory, y~~b i l e  sweeping 
with 2”/, tank voIumes of aigon removed 7.0% and 
’E? tank volumes of a i r  remos-ed an addii.iunaI 
2.9%. Corresponding figures obtained af ter  aging 
the iodine aerosol for 18 hr in a stearn-air niixture 
were 2.5, 2.4, and 1.7% respectively. Higher re- 
moval values w e r e  obtained with shorter expo- 
s u r e s  and where  organic impurities were present 
in the v e s s e l  a t m ~ s p h e ~ ,  Fairrnan (104) reported 
losses of 32 to 39% of the l 3 * I  during three 
weeks’  expasure to air, f r o m  plates  prepared from 
water  solutions, using plates  on which the iodine 
was deposited a s  AgI a s  a reference for 100% 
retention. It is obvious that care  must be  exercised 
in the  handling of deposition coupons and other 
experimental devices  having adsorbed iodine in 
order to avoid losses. 

Coliins et al. (48) reported that compaiatively 
large (several percent of the iodine reaching the 
charcoal trap) amounts of penetrating iodine> 
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Fig. 4.11. Desorption of Iodine from Disks Exposed i n  Pluto (81). 

identified a s  a mixture of alkyl iodides,  were 
formed in  an  experiment involving release of 
iodine from irradiated ?JOz in COz a t  temperatures 
in the  range 1500 to 170OOC. A large fraction of 
the iodine released f r o m  the fue l  deposited on 
vessel walls and other surfaces  a t  temperatures 
up to 4QOOC. T h e  authors s t a t e  that i t  has  been 
s h o w n  in  other experiments (undocumeiited) that  
iodine desorbed from surfaces  contains an  en- 
hanced proportion of alkyl iodides. Th i s  ob- 
servation could have a n  important effect  on the 
design of trapping systems for post-accident trap- 
ping of re leased iodine. 

4.4.3 Desorption in Air  at  EQrwated Tempcrotuies 

Two desorption experiments were carried out by 
Croft and co-workers (91). The first s e t s  of 

deposition samples  were heated i n  a small oven 
a t  temperatures of 50, 100, 150, and 2OO0C, for 
periods of 2, 4, and 24 hr, and the resultant de- 
sorption was  measurrd after cooling. In the 
second experiment, some s t e e l  and concrete 
samples  only werc examined a t  temperatures ap- 
proaching 30O0C. Pa in t  samples  were not heated 
beyond 4 hr at 2OO0C, a s  under this  condition the 
surfaces  began to exhibit s eve ie  discoloiation and 
flaking. 

The results of the f i rs t  desorption experiments 
are said (91)  to exhibit  ceriain main features,  as  
follows: 

1. The mean value 6 decreased with the length 
of heating a t  a given temperature. 

2. The  mean value 4 increased with tempeeaturc 
for a given length of heating; 
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where 

AS = l o s s  in surface iodine concentration during 

A t ,  

S : S ,  a t  t = 0. 

3. Up to  temperatures of “15OoC the  relative 
desorption behavior of the specimens did not 
change s ignif icant ly  from. that  under ambient con- 
dit ions,  though the absolute  ra tes  increased. 

4. PTFE shows the highest  desorption ffi.ctoi 
for t he  three temperatures to which i t  was  sub- 
jected.  In contrast ,  t he  concrete samples  ex- 
hibited the l eas t  facil i ty for desorption during 
almost all t he  tests conducted, ’This was  siicli 
that even for 24-hr periods a t  200°C the resultant 
loss from the  concrete was  still only --12%. For 
the painted samples  a signihicnnt increase i n  
desorption at temperaturtss apprcarhing 20Q’c 
was as soc ia t ed  with the obserwd surface da- 
teriora tion. 

Gther  s t e e l  and concrete samples  were sob- 
jected to a different heat  cycle,  involving heating 
f G r  “20 min from ambient to 3 presct  temperature, 
followed by natural. cooling in a i r  for “10 min 
and subsequent  recounting. 

The main resul ts  of the  second desorption ex- 

1. Up to  a maximum cycle  temperature approach,. 
i a g  30O0C, the  concrete samples nowhere showed 
a rapid inerzasc in Eesultant desorption?. For the 
meta! specimens,  however, tliete w a s  a slow 
increase in percentage loss up to maximum cycle  
lerrrperatures of ” 2 2 S 0 @ ,  by which time sonic 5% 
was  lost per cycle ,  and between 225 and 250’C 
the onset  of a rapid increase occurred, such that  
at  “270’2 SOIIE 70% was lost  per  cycle ,  

2. Recycling of t hese  metal specimens generally 
failed to  reproduce th i s  rapid increase,  the rate 
remaining virtually independent o f  temperature 
after one cycle .  One or Z W O  samples  which had 
particulaily high init ial  deposit ion levels showed 
a second increase a i  the  same temperature, but 
of reduced proportions. It w a s  also found that 
other mild steel samples ,  which had been heatcd 
for periods at lower temperatures, €ailed to  ex- 
hibit  the enhanced desorption at the higher tem- 
perature. The onset  of the pronounced increase 
in desoxption rate from the mild s t e e l  surfaces  

periment wcrc a s  follolvs: 

between 22.5 and 25OoC probably resul ts  from a 
chmnical process  init iated a t  this temperature. 
It is known, for example, that  the solid halides of 
iron sublime a t  relatively low temperatures, and 
soinc such reaction may b e  occurring here. 

A great deal of information on the transport be- 
havioi of iodine has  been accumulated in recent 
years,  but the data obtained se rve  better to indi- 
ca t e  the ne rd  of further investiy,;rtions than to 
supply definite answers to questions curicerning 
the attenuation factor for i ~ d i n e  deposition in  
containment she l l s .  One area that needs more 
attention is the role of submicron particles in 
iodine transport, I t  is clear  that  many factors 
affect  iodine deposit ion behavior, but few, i f  
any, of the parameters have been adequately 
evalnated under real is t ic  accident  conditions. 

Large-scale t e s t s  in/ ieal or simulated contain- 
ment sys t ems  have  been made, in geneml, with 
uiirealistic :sources (molecular iodine l iberated in 
the absence  of vaporized fuel. or cladding pas- 
tides). Small-scale experiments wi th  more real- 
istic sources nnd with atmospheres currently of 
greatest interest  in the U.S. nirclear s a fe ty  pro- 
gram (steam and steam-air mixtures) have been 
made, to date ,  only with s t a in l e s s  s t e e l  simulated 
containment she l l s .  Much ~ r s e f u l  data a re  being 
pmduced in experiments of this type, but inore 
trleaniilgful deposit ion rate data  can  be obtained 
by USE of surfaces Inore nearly representative of 
the walls of real  reactor she l l s ,  such  a s  painted 
mild steel. Fac i l i t j e s  that  will permit parametric 
s tud ie s  of deposit ion rates of iodine and other 
f ission products on such  surfaces  are i.n operation 
a t  IIanPord, arid similar equipment is presently 
being designed a.t ORNL. Information corning 
from new and f rom exis t ing installations should 
markedly reduce the a t e a s  of ignorance in iodine 
transport behavior in containment systems within 
the nes t  two yeais.  Data obtained under similar 
c o n d i h n s  with simulated reactor shells of in- 
creasing size w i l l  a id  evaluat.ion of the snrface- 
to-volume ratio parameter anmd permit extrapolation 
of resu l t s  t o  full-scale reactors.  Resul t s  of full- 
scale reactor meltdown experiments i n  the LOFT 
facil i ty will, eventually,  lend tiiore confidentre to 
the resul ts  of the smaller-scale tests. 



The  consequences of a reactor accident  can be  
significantly reduced by removal of released iadio- 
act ive fission products from gases ,  before they 

e s c a p e  to the environment. Accordingly, develop- 
ment and tes t ing have been carried out on gas  
cleaning methods for this application, making use  
of particulate fi l ters,  adsorbers,  scrubbeis ,  foam 
encapsulation, steam condensation, scavenging, 
diffusion boards, and pressure suppression de- 
s igns.  Th i s  general subject  has  been reviewed in 
Nuclear Safety (99) ,  and a series of conferences 
has  been held on the subject  of gas  c leaning under 
sponsorship of the USAEC (105-109). 

T h e  design of a system for removing radioactive 
f iss ion products from a gas  depends upon the 
physical and chemical forms of the fission products 

and upon the nature of the gas.  They may appear 
condensed a s  an aerosol or as gaseous impurities 

having a variety of cheiiiical forms.  Iodine is of 
spec ia l  interest  because of i t s  importance a s  a 

potential contaminant in accidents  and because 
of the previously d i scussed  chemical variability 
(25, 40, 67, 110-123). 'To maintain complete 
control over fission products released in an acci-  
dent,  one must provide g a s  c leaning devices  which 
are effective against  each of these  particulate and 
gaseous materials and must know the eff ic iencies  
of these  devices.  

'The removal of radioiodine from gases  h a s  been 
the subject  of a series of extensive reviews (124- 
128) which covered removal by a variety of nia- 
ter ia ls .  Materials used included activated char- 
coal, beds of silver-plated wire or heated s i lver  
nitrate,  s i lver  or copper mesh, caust ic  scrubbers,  
and dry soda l ime.  Forms of radioiodine studied 

included molecular iodine, iodine compounds, and 
iodine on particulates.  Selection, design, testing, 
and efficiency of removal systems have also been 
reviewed. 

Recent  l i terature (18, 81, 169) contains informa- 
tion on  the iodine trapping efficiency of these 
materials, comparing the effect  of variations in 
iodine concentration, gas  velocity, temperature, 
and the concentration of airborne impurities on 
the eff ic iencies  for iodine removal from air, steam- 
air  mixtures, helium, and carbon dioxide. 

5.1 TRAPPBNG FISSION-PRODUCT IQD1NE 

5.1.1 Particulate f i l t e r s  

Elemental iodine is only partially removed by 
filters except  when it is adsorbed on large par- 
t ic les .  For exarnple, a high-cfficiency fi l ter  re- 
tained > 99.99% of the cesium, tellurium, ruthenium, 
and uranium, a s  compared with 30% of the iodine 
released by melting stainless-steel-clad UO, in 
air  (25). In an  in-pile melting experiment in which 
a stainless-steel-clad UO, fuel element was  melted 
in a helium atmosphere, a combination of roughing 
filter and HV-70 filter removed iodine with 92% 
efficiency (40). Part iculate  fi l ter  efficiencies in 
general ranged from 50 to 99% for iodine released 
from metall ic uranium fuel elements heated to 
1215OC in atmospheres of air ,  s team, or helium 
(30). In other t e s t s  where s ta inless-s teel-clad 
dispersed-U02 fuel elements were melted in air, 
the released iodine w a s  removed by a CWS-6 filter 
with 71% efficiency (112). In t e s t s  i r i  which full- 
scale metallic fue l  elenrents were melted in air 
and samples  were collected a t  dis tances  up to 
5 miles downwind, iodine w a s  the only fission 
product which penetrated absolute  fi l ters to an  
extent exceeding 5% (129). When aluminum-uranium 
alloy fuel elements were melted in dry air and in 
iiioist air  atmospheres, the iodine w a s  removed by 
the filter with 46% efficiency in dry air and 23% 
in moist air. 

It is beneficial  to have particulate fi l ters in the 
systems for removal of the larger particles con- 
taining adsorbed iodine. The  remainitlg iodine is 
then collected on sol id  adsorbents described in 
Sect. 5.1.3. An adaptation of charcoal paper 
fi l ters has  been used in  sampling procedures ( see  
Sect. 3.3.1). 'The activated charcoal f i l ter  material 
has  been used primarily for collection of radio- 
iodine near nuclear reactor installations.  The 
paper is a coinbination of activated charcoal with 
a cel lulose binder. Approximately 60% of the 
weight of the  paper is composed of activated char- 
coal 
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5.1.2 Liquid Scrubbeas 

J. M. Holmes (128) reviewed recent developments 
in iodine and iuthenium removal, the adsorption 
of nonradioactive contaminants from off-gas 
streams, and the design of several  new clrnnrip 
systems,  He ertiplsasized that radioisotopes of 
iodine which contaminate the gaseous was te s  f rom 
chemical piocessing plants a;e difficult to remove 
because of the various s t a t e s  in which they may 
appear in off-gas systems.  For example, iodine 
can be present as  iodine wpor ;  a s  a particulate 
sol id ,  s u c h  a s  Na4; or as a solute  dissolved in 
entrained liquid droplets OF adsorbed on the surface 
of aerosol  particles.  A number of s c rubhe r type  
systems are reviewed as  follows. 

Taylor (130) studied the rates of iodine vapor 
sibsorption in  water and in  aqueous solut ions of 
sodiuin hydroxide, sodium thiosiilfate, sodium tetra- 
thionate, and sodium sulfate.  With a disk-type 
laboratory absorption column, the rates  were foilisd 
to be  completely gas-phase controlled for the 
sodiurn hydroxide and sodium thiosulfate solutions;  
appreciable liquid-phase resis tance to transfer was 
found w i t h  the water ,  sodium tetraLhionate, and 
sodium sulfate  absorbents,  Thc  gas-phase ahsorp- 
fion rates were q1iit.e rapid, and R correlation with 
ammonia-water absorption data was obtained, 

Several recent investigations emphasized the 
role of iodine adsorption on particles iil reducing 
the efiiciency of caus t i c  scmbbers .  May and 
Morris (131) conducted a series of iodine-absorption 
efficiency t e s t s  on the Brit ish BEPO reactor 
caus t i c  scrubbers. The system comprised four 
3-ft-dinm iovrers ,  in parallel, containing 6-ft beds 
of 1-in. Kaschig rings. A 5% sodium hydroxide 
solution wacj used to scrub 3000 cfm of R i r  con- 
taining injected l 3  'I. The predicted decontamina- 
tion factor w a s  100 assuming perfect liquid 
distribution; this factor w a s  10 to 20 for the 
expected liquid distribution. T h e  decontamination 
factors actually obtained for riormal operation 
varied between 25) and 32. Substitution of sodium 
carbonate solution for the caus t i c  did not change 
the efficiency. However, when particles were 
introduced into the inlet  air stream, the decon-  
tamination factor dropped markedly. l[n one tes t ,  
in which the air  and iodine vapors were passed 
over a tungsten wire heated to 900 to lO0OoC (a 
metal f u m e  generator) before injection into the 
a i r  feed, the decontamination factor dropped to  

10.5. In another t e s t  the introduction of lead 
oxide par t ic les  reduced the decontamination factor 
to 1.4, The decrease in efficiency was attributed 
to  {he adsorption of iodine oil particles that  were  
not removed by the scrubber. 

Chamberlain and Wiffen (132) derironstrated that 
iodine i a  air  at a concentration of IO pg/rn3 was  
rapidly and irreversibly adsorbed 011 lead fume hut 
that  the degree of adsorption on 0.1-u condensation 
nuclei  w a s  small for the same  iodine concentration. 
Experiments perforriled with the reactor containment 
s h e l l s  arid a i r  c leaning systems of the Brit ish 
DIDO and PLUTO reRctQrS (133) demonstrated the 
relative iodine removal efficiencies of a sodiurn 
carbonate scrubber,  a Copper ksitmesh bed, and a 
charcoal bed in series with a Voltes filter. Only 
the act ivated charcoal bed --Vokes filter combina- 
tion gave a reasonably high decontamination factor 
after the init ial  1 &/m3 iodine concentration had 
dropped below 0.03 pg/m3 as a result  of adsorption 
on the she l l  and reactor walls. Since the Vokes 
filter (efficjsnt down to 0.1-p particles) did not 
improve the efficiency of the scrubber or copper 
bed, the adsorption of iodine on nuclei  from the 
air was not considered to  be the cause  for their 
poor performance, The high efficiency of the 
charcoal bed led to the hypothesis that  a g,3scous 
compound of iodine was formed,  perhaps f r cm 
reaction of iodine with trace impurities i n  the air9 
and w a s  strongly adsorbed OA the charcoal but not 
removed by the aciubber or the capper bed. 

5 . 1 3  Solid Sorbents 

Radioiodine under mast circumstances can be 
rerfloved from gases  must efficiently by activated 
charcoal  adsorbers.. The large surface area of 
activated charcoal h a s  a rapid init ial  retention 
of elemental  iodine. At io0111 temperature the 
desorption is slight, possibly in the range of 
0.001%. A d a m s  and Browning (1lrF) passed  a i r  
through a 0.75 -in.- deep bed of '1.-contaminated 
charcoal  a t  a velocity of 7.5 fpm for 250 hr. The 
activity level. was monitored periodically, and the  
decay rate w a s  found to be  identical  to that  of 
I 3 l 1  (8.05 days), indicating no loss of iodine at 
room temperatiire. At higher tempera Lures the 
iodine may become more mobile, particularly in  
the presence of oxygen, and the*e i s  R considerable 
difference in  t h e  performance of various types of 
charcoal. Chamberlain (81) quoted desorption data  
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a t  250°C in air  ranging frurii 0.01% in 4 hr to 22.5% 
in  2 hr. The coconut-base charcoals  have better 
retention but a lower ignition temperature. Adams 
and Browning (134 found an ignition temperaturc 
of 290°C for one type of activated charcoal  in 
flowitig oxygen. Chamberlain (81) reported ignition 
temperatures for various charcoals in flowing a i r  
of 30O-50O0C. 

Charcoal-filter burning t e s t s  in a i r  (135) indicate 
that  a water spray activated by a temperatuie- 
s ens i t i ve  device that has  been considered for u s e  
in the trapping system of the H F l K  at ORNE is 
effect ive in extinguishing charcoal fires. Carbon 
dioxide has  a l s o  been used for this purpose i t 1  

t e s t s  conducted by the Undewii ters’  Laboratories 
(136). When air  flowed through a 20-in. by 20-in. 
by $-in.-thick bed a t  200 iin ft/min, two 15-lb CO, 
extinguishers were required to  cool and extiilgtlish 
the fire. Approximately 25% of the charcoal vms 
consumed. In general, filter systems ace designed 
with enough natural cooling to prevent temperatures 
from icaching the combustion point of charcoal.  

The  presence of a lkal i  iiictals in charcoal i m -  
proves i t s  retention, especially a t  high tempera- 
tures. The amount of iodine which a charcoal  can 
retain a t  high temperature is limited by the nurnbei 
of metallic adsorption s i t e s  and a l s o  by the 
tendency of oxygen to replace iodine in metall ic 
iodides a t  temperatures above 200°C. Poss ib l e  
subst i tutes  for charcoal that would be less s u s c e p -  
t ible to oxidation effects are discussed in Sect.  
5.1.5. 

Nonelemental forms of iodine such as the or- 

ganic iodides are  adsorbed by charcoal,  although 

with poor efficiency (see Sect. 5.1.4), but are not 
removed by s i lver ,  copper, or a lkal ine materials. 
Th i s  is believed t o  be one reason why copper, 
s i lver ,  and caiist ic scrubbers have shown poor 
performance in actual  installations.  The develop- 
ment of trapping methods for organic iodides i s  
d i scussed  in Sect. 5.1.4. Pract ical  adsorbers 
have been designed having efficiencies of greater 
than 99.9% and 99.99% for niolrcular iodine (111, 
114, 137-141). High efficiencies pers is t  even 
after extended operation (140-142) and in the 
presence of steam (142-144). Radioiodine has  
been removed from helium a t  temperatures up to 
700°C by activated charccal  loaded with metal 
s a l t s  (145-1 46). A combination particulate filter 
and charcoal adsorber collected 99.97% of the 
iodine released by melting alurninum-uranium alloy 

fuels in dry or moist a i r  (see Sect. 5.3.4) and 
38.6% of that releascd by melting s ta inless-s teel-  

c lad UOz fuel in air (25) (Sect. 5.3.5). One iodine 
vapor spec ie s  was observed to penetrate activated 
charcoal under humid conditions in air ,  although 
i t  wa.s effectively iemoved under dry conditions 
(12.7). Kediiced efficiencies for adsorption of 
radioiodine by charcoal have been observed, 
especial ly  a t  low concentrations,  under spec ia l  
circutns tances  where the iodine had been exposed 
to impurities f r o m  chemical processing plants,  
inetallurgical hot cells, or burning organic ma- 
terials (139, 141, 147-149). Methods for tes t ing 
iodine adsorbers in place after installation have 
been developed to ensure their  continued effective- 
n e s s  and are applied routinely to the adsorbers in  
the reactor compartment ventilation system of the 
NS “Savannah” (144, f.50-1.51) (see Sects .  5.3.1 
and 5.3.2). Similar t e s t s  wcre applied to the con- 
finement system of the Oak Ridge Research 
Reactor (152).  

Silver and silver compounds (e.g., AgNO, or AgI 
used a s  coatings) are very effective iodine removal 
agents .  Removal efficiencies are 3s high a s  
99.9% in dynamic systems (gas flowing past  
materials such a s  Fiberfrax rings and metal 
screens coated with. s i lver  or a s i lver  compound). 
Silver-coated materials have an optimum operating 
teinpciature of 190 to  22OoC, but they work very 
well  a t  26OOC. Water vapor h a s  no effect  on the 
removal efficiencies a t  220°C for AgNO,-coated 
inaterials, hiit the  temperatures must be kept high 
enough to prevent condensation of water. Silver 
surfaces  are reported (114, 138-139, 153-1.54) t o  
be susccgt ihle  to interference by impurities or 
surface contaminations, 

The chemistry of the ieaction of iodine with 
s i lver  compounds indicates that the equation 

AgNO, + V2I2 + AgI + NO, + ‘/02 

is applicable,  but a t  190°C both silvex iodide and 
iodate are formed. Silver iodide was  s t ab le  in air 
a t  35OoC, but 78% decomposed a t  S50°C and 85% 
decomposed a t  700°C in $ hr. Silver materials 
are potentially useful when placed ahead of a 
charcoal adsorber to reduce the generation of 
decay heat of radioiodine in the charcoal.  

A clean reduced copper surface a c t s  as a perfect 
“sink” for iodine a t  room temperature. However, 
it is difficult  to maintain a n  unoxidized surface,  
and, for this reason, some investigators prefer to 
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u s e  silver-coated sc reens  in May P a c k s  rather 
than copper. Copper and copper alloys also 
effectively remove iodine from solution. Oxidized 
copper or copper oxide i s  relatively inefficient for 
iodine removal; efficiencies of 37.5, 4.3, and 
0.5% were ohtaimd a t  125, 242, and 295OC re- 
spect ively (155). Copper te:!cts with iodine helow 
242"C, but iodine is liberated from copper iodide 
above this temperature. 

Morr is  et al.  (1.56) made a thorough s tudy of the 
adsorption and desotption of iodine in bedti of 
copper; they a l s o  give s o m e  resul ts  of comparative 
t e s t s  with beds  containing s i lver  surfaces .  Their 
data  show that hoth materials are effective in 
removing molecular iodine f rom air s t r e a m s .  

Glass  beads and sea sand  are  very inefficient for 
iodine removal. Lead will remove most of the 
iodine from a solution. Glass ,  stainless steel, 
and Luci te  will  remove a small  amount froia s01i1- 
tion; aluminum appears to remove n sl ight ly  greater 
amount. 

Adsorption of iodine on mixtures of s i l i ca  gel 
and alumjna a t  106OC follows a BET theory ( I 5 3  
for adsorptioii on the dua l  surfaces ,  with alumina 
giving a type I1 and silica gel a type 111 adsnrptjon. 
Molecular s i e v e  material showcrl 99.9% or better 
(170-171) efficiency for iodine retention, w i t h  55% 
retained in the f i r s t  3 in. Iodine may be eluted 
from th i s  material by a continued flow of air, 
unlike iodine adsorbed on charcoal.  

5.1.4 Trsrpping Methyl l od id r  

Collins and Eggleton (158) investigated the 
adsclrption of labe!ed methyl iodide on coconut 
charcoal. a t  different temperatures over c"a range of 
loadings. A t  100°C quantit ies smaller than 100 fie; 

increasing penetration vias observed a s  the  loading 
was increased above this limit. At room kInperi3- 
ture there w a s  a loiiger &!ay before breakthrough 
occurred, diie to enhanced physical. adsorption, 
but the amount of methyl iodide permanently 
retained was  considerably less. 

%ne main dut ies  of the trapping system of an 
advanced zas-cooled reactor are e i ther  to de- 
pressur ize  the pressure ci rcui t  after a s ing le  
channel meltout or to provide continuous treatment 
of relatively clean coolant after a pressure circuit  
failure. The trapping system is not therefore 
required to operate for long periods while retaining 

were pernlanently adsorhcd o n  a 25-g bed, brit 

a large aiuount of metiiyl iodide, and the cr i t ical  
loading a t  10OoC, which corresponds to 4 g of 
methyl iodide per ton of charcoal,  would not be 
~ ~ n d u l y  restrictive. 

Twerity or s o  common a q u m u s  reagents,  in- 
cjuding strong oxidizing and reducing agents ,  
sol&le s i lver  s a l t s ,  and amines,  w e r e  brought into 
contact wi th  a gas mixture containing methyl 
iodide in a foam column for a period of 10 sec. 
None of them produced any  worthwhile decontami- 
riation a t  room temperature except acid potassium 
bromate solution, which allowed a penetration of 
1 part in 100. 

Coppet- and silver-impregnated charcoal showed 
n o  improvement over the standard coconu! charcoal,  
but a coal-based charcoal (Sirtcliffe Speakman and 
Co., Ltd., type 20713) was  found to have a much 
higher loading limit. At 100°C a 25-g bed loaded 
with 300 pg of methyl iodide retained a l l  but 2 
park in lo5 for 12 hr; loaded with 2 mg, the bed 
tetained a l l  but I. part in l o 6  for 1 hr. 

The  coal-based chaiccal  (type 207Bj maintained 
its improved performance down to  room temperature, 
NOL only was a penetration as low as 1 part i n  IO4 
obseri/ed in  irradi.dted fuel  eXpeTiXItCJltS, h t  even 
when a 25-g bed was  loaded with 13 mg of  m e t h y l  
iodide,  less than 1 part  in lo4  penetrated in 24 h r  
Qf elution. This  I .xd ing ,  equivalent to 501) g/ton, 

may be taken a s  the permiss ib le  loading for reactor 
purposes.  

The resul ts  obtained by Collins and Eggleton, 
d i scussed  above, would seem to indicate that 
methyl iodide i s  Iideyutitely retained tny c o a l - h a s d  
charcoal either a t  100°C or a t  room tempeiatuce. 
However, da.ta obtained under different conditioris 
by other jnvrstigators are I encouraging. May 
(results quoted by Chamberlain, ref. 81 j found 
mrne movement of iodine on a bed of 207B charcoal 
swept  for 3 to 5 days with air ,  CO,, and CO a t  
250°C or with CD, a t  200'C than cccurred in  a 
bed of coconut-based charcoal under s i m i l a r  con- 
dit ions a t  200°C. McComack (159) tested three 
(unspecified) grades of charcaa! with 50- to 1OO-pg 
quant i t ies  of ' 3  'I-taggrxl methyl iodide, piesumably 
a t  room temperature, and foiind that the iodine 
act ivi ty  w a s  rather quickly removed when air was 
passed  through the beds. An elution half-time of 
h to 3 hr was found. 

More significantly,  Adams and Drowning (un- 
published data) have tested a samp1.e of 207B 
charcoal  under wet and dry conditions and have 
found a marked difference ir. retention efficiency. 



T h e  iodine s o u r c e  u s e d  in  t h e s e  t e s t s  w a s  pre- 
pared by p a s s i n g  a i r  ovei molecular  iod inc  (made 
by t h e  Pd12 method) a t  -78°C for 10 iriin with a 

flow ra te  of 30 cm3/rniii. T h e  icd ine  removcd 
under  t h e s e  condi t ions  was shown by d i f fus ion  
t u b c  measurements  to be  predominant ly  in  t h e  forin 
of methyl  iodide.  'l'his mater ia l  was t rapped in  a n  
approximately 13/,-in.-deep charcoa l  bed ,  and  the  
bed w a s  subsequent ly  f lushed  wi th  room temprra-  
ture  a i r  a t  a vcloci ty  of 30---35 liil ft/iiiin for 5 hr. 
When t h e  a i r  was dry,  the  2078 c h a r c o a l  had  a n  
e f f ic iency  of 99.995.  However, wht.ii t h e  humidity 
w a s  ra i sed  t o  about 70%, t h e  iodine retent ion 
e f f i c i e n c y  under  otherThise i d e n t i c a l  condi t ions  
dropped to 74%. 12 coconut -based  charcoa l  t e s t e d  
with mois t  a i r  under t h e  s a m e  condi t ions  (160)  
show& 97.3% eff ic iency .  C o l l i n s  and  Eggle ton ' s  
t e s t s  (158) were apparent ly  made with a dry 95% 
CQ, ---5% CO gas mixture. I t  a p p e a r s ,  therefore ,  
t h a t  207M charcoa l  d o e s  not provide a so lu t ion  to 
the  methyl  iod ide  under most  probable  a c c i d e n t  
condi t ions ,  where moistuic  wil! b e  present .  

C o l l i n s  ct a!. (48)  reported t h a t  a bed of 
Hopcal i te ,  a commercial  preparat ion c o n t a i n i n g  
MriO2 and  CuO, retained a b o u t  90% of the  methyl 
iod ide  presented  t o  i t ,  wi th  a bed temperature  of 
100°C,  and  tha t  most of the  iod ine  pene t ra t ing  the  
! lopcal i te  bed was molecular  iodine which w a s  
2ff ic ient ly  t rapped by a c h a r c o a l  bed a t  room 
temperature .  About  99.2% of the  iacthyl iod ide  
w a s  retained by t h e  two b e d s  i n  s e r i e s ,  Reduct ion  
of the  eff ic iency of t h e  H o p r a l i t e  resu l ted  f r o m  

t h e  p r e s e n c e  of t h e  reducing  gas, CO,  which  
d iscouraged  u s e  of t h i s  riraterial in CQ,-cooled 
reac tor  s y s t e m s .  Tests with t h i s  mater ia l  for t h e  
retent ion of organic  i o d i d e s  i n  mois t  or s t e a m -  
laden  a i r  a r e  be ing  planned a t  ORNL. 

Parker e t  al. (46)  mention u s e  of a h e a t e d  
(62OOC) bed of p la t in ized  alumina to o x i d i z e  
organic  iod ides ,  backed  u p  by a room-temperature 
c h a r c o a l  bed t o  c o l l e c t  riiolecular iod ine ,  T h e  
eff ic iency of t h i s  d e v i c e  a n d  i t s  optimum opera t ing  
condi t ions  remain to  b e  determined.  

5.1.5 High-Temperature Adsorbms 

T h e  ef f ic iency  of c h a r c o a l  for t rapping  niolecular  
iod ine  h a s  been w e l l  demonst ra ted ,  as indica ted  
by t h e  d i s c u s s i o n  i n  Sec t .  5.1.2 a b o v e ,  bu t  c o n c e r n  
h a s  b e e n  e x p r e s s e d  about  t h e  poss ib i l i ty  of 

ign i t ion  of c h a r c o a l  hcds by e x p o s u r e  t o  high- 
temperature  oxid iz ing  g a s e s  dur ing  a reac tor  a c c i -  

dent .  I t  would b e  des i rab le ,  theiefore ,  to h a v e  
a l t e r n a t e  exciraction mater ia l s  a v a i l a b l e  t h a t  would 
b e  l e s s  s c s c e p t i b l e  t o  des t ruc t ion  under  s u c h  
condi t ions .  Prel iminary cxperi inents  were per- 
formed by Barton et a!. (161) to t e s t  two different  
a p p r o a c h e s  t o  t h e  problem: the  use of a c t i v a t e d  
alumina c o n t a i n i n g  about  0.5% platinum (a hydro-  
forming c a t a l y s t ) ,  and the u s e  of iodide s a l t s  as 
a chemica l  e x c h a n g e  medium for gaseous radio- 
iod ine .  

I t  was found t h a t  when a 3- in . -dr-p bed  of 
gtaniilar KI was exposed  t o  f lowing heliuiii car ry ing  
molecular  iod ine  tagged  with '"1 a t  5OO"C, 53% 
of t h e  t rapped iodine remained o n  the  bed a f t e r  
exposurc  tu  f lowing helium a t  500°C for 3 hr a n d  
a t  600°C for 4 hr. T h e  g a s  ve loc i ty  w a s  10 l in  
ft/min throughout t h e  experiment .  These exper i -  
ments  dei1ionst;ated t h a t  e x c h a n g e  cccui rcd  be- 
tween  t h e  g a s b o i n e  ' ' I  a n d  l * 7I in the c r y s t a l l i n e  
KI a t  500°C and t h a t  po tass ium iodide b e d s  atr 

reasonably  s t a b l e  in f lowing a i r  a t  t empera tures  
u p  to  600°C.  However ,  t h i s  approach  io t h e  iod ine  
t rapping  problem is not  cons idered  promising,  
beca i l se  i t  would probably b e  n c c e s s a i y  io maintain 
t h e  bed a t  a temperature  of t h e  order of 250-300°C 
i n  order  t o  guarantee  e f f ic ien t  t rapping  of iod ine  
by th i s  mater ia l .  

T e s t s  with b e d s  of p la t in ized  alumina s h o w e d  
re la t ive ly  l i t t l e  movement of iod ine  i n  f lowing a i r  
a t  3 2 5  or 42.5"C, but  soins loss occurred in 1 hr 
a t  525°C and a l n o s t  100% elu t ion  occur ied  dur ing  
a 1-hr exposure  a t  625°C. In other  exper iments  
(161) t h e  re ten t ion  c a p a c i t y  of p la t in ized  alumina 
w a s  compared with tha t  of unpla t in ized  a lumina ,  
us ing  f iss ion-product  iod ine  produced by h e a t i n g  
i r rad ia ted  AI-U a l loy  spec imens .  It W ~ S  found t h a t  
t h e  p la t in ized  mater ia l  h a d  a s igni f icant ly  higher  
re tent ion c a p a c i t y  but  t h a t  i t  l o s t  about  10% of t h e  
t rapped iodine  during a 30-min e x p o s u r e  t o  a i r  a t  
300°C flowing a t  a veloci ty  of 8 l in  ft/min. I t  
a p p e a r s ,  therefore ,  t h a t  t h i s  mete i ia l  would s e r v e  
only to d e l a y  t h e  p a s s a g e  of iod ine  a t  t empera tures  
a b o v e  300°C and  a s  a h e a t  s i n k .  C h e a p e r  m a t e r i a l s  
could  s e r v e  e f fec t ive ly  for the  la t te r  purpose.  

Board and  D a v i e s  (152) reported t h a t  a c t i v a t e d  
a lumina  adsorbed  99.76% of t h e  iod ine  car r ied  by 
a s t ream of dry CQ, with a bed temperature  of 
18OC and a flow r a t e  of 40 f t /min .  Under  t h e  same 
condi t ions ,  e x c e p t  for  a bed  temperature  of 200°C, 
t h e  e f f ic iency  w a s  reported t o  be  99.56%. Data  

o n  t h e  iod ine  absorp t ion  c a p a c i t y  of t h i s  mater ia l  
under  wet  condi t ions  were n o t  reported.  It s e e m s  

l ike ly  t h a t  s a t u r a t i o n  by water  vapor  would 
markedly reduce  i t s  ab i l i ty  to  re ta in  iod inc  effi- 
c ien t  ly . 
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hccident(s),  2.1/+, 2.35, 3.15, 3.4-0, 4.89, 

5.50, 6.2, 7.44, 7.100, '7.145 
Acts of God., 3.14 
sets of wzr,  3.14 
analysis, 3.14, 3.18, 7.127 
calci~lations,  5.3.12, 5.115 
chemical reactions, 3.14 
cold coolant, 3.5 
coolant leak, 3.11 
cooling, 3.38 
control rod, 3.3, 3.6 
credible, 3.1 
design, 7.86, 7.141 
experience, 3.37 
fue l  element fai.l.ure, 3.13, 3.18 
fuel h a d l i n g ,  3.13, 3.1.4 
interchange of coolants , 3.10 
loss  of coolant, 3.6, 3.11, 3.14, 3.20, 

7.66, 12.10 
loss  of cooling, 5.51 
loss of flow, 3.6 
loss  of load, 3.8 
maxim~m credible aceid-ent (nlca), 1.2, 3.1, 

6.2, 7.33, 7.58, 7.86, 7.119, 7.143, 
11.34; see a lso  &,ximu credible 

rflodel, 5.59 

m, 5.3.0 
nature of, 7.119 

niiclcar, 5.52, 5.55, 7.62 
nuclear excursion, 3.14, 3.39 
operation before, 7.67, 7.89, 7.105, 7.119, 

poison (solub~.e), 3.3 
pressure, 7.123 
probability, 1.9 
reactor models, 12.27 
sabotage, 3.14 
SL-1, 5.55 
startup, 3.2, 3.7 
sumnary of, 3.24, 3.38 
Windscale, /+, 192 
with a i r c ra f t ,  3.14 

Accmacy of ana ly t ica l  technique, 6.13'7 
Activated charcoal, 9.61 
Activity, 4.133 

7. l L A  

induced, 4.2, 4.3 
chemical (iodine), 4.129 
release; see Eission product release 

Acts of Cad, 3.1/+ 

Acts of 3.14 
Adiabatic, 7.65, 7.86 
Adsorption, 4.119 

of particles,  4.166 
rate,  4.141 

AdlJItel-ant g i S  t e s t  , 10.12, 10.3.5 , 10.78 
Advisory Cornnittee on Reactor C;zfeguards 

Aerosol; see also Par t ic les  
(ACES) , 2.6, 2.14, 7,98 

generation, 12.17 
par t ic les  , 4.167 

genemtion, 4.89 
removal, 1.38 

Alterheat 

Agesta leakage r a t e  experience, 10.60 
P-gesta Nuclear Power Sttation, 10.60 
A.gglomsration rote, L. 119, 4.167 
A i r  

conditioning, 2.30 
cost, 11.19 

containment vessel, 6.27 
in te rna l  energy, 6.31 

locks, 7.46, 7.81, 7.100, '7.116, 7. 127, 
9.3, 9.8, 9.12, 9.77, 10.5 

cost, l l . 19  
Aircraft  coll.lsion, 7.141 
Airlock gasket , 7.42 
Ai:qlane eccident, 3.14 
Aitken nuclei, 4.135, 4,147. 
Al1ow~bl.e dosage, Iraxi!mwn, 4.193 
Aluminum, 5.34 

alloys, 5.31 
steam reaction, 5.31, 5.33 
uranium p h t e s ,  5.35 
wtt-ter reactions, 5.9, 5.54 

"hercoat,  " use of, 7. 3GJ 7.55 
American Concrete Tnstitute ( A C I )  , 7.136, 

Awericsn Ins t i t u t e  of Electricnl and 
10.8 

Fl.ectron3x Engineers (AIEEE), 2.33, 
2.41 

American Xuuclear Soc ie ty  (ANS) , 2.33, 2.37 
Sta.tidarii (proposed leakage ra te  testing) 

10.23, 10.92, 10.108 
h e r i c a n  Petrolelm Tnstitute (API), 2.26, 

7.81 
Standard 620, 10.9 

American Society of  Civ i l  Engineers (ASCE), 
2.33, 2.39 

American Society of Meekmica1 Engi.ncers, 
Boiler and Pressure Vessel Code, 
2.17, 2.20, 2.27, 2.32, C.3, D . l  

Cases 
1330, 2.18, 2.20 
1331, 2.20 
1332, 2.20 

1334, 2.20 
1335, 2.20 
1337, 2.20 

1333, 2.20 

Code, 1.5, 1.43, 2.2, 2,33, 2.39, 7.7, 
10.3, 12.6 

Section 1, 2.18, 2.19 
Section 111, 1.5, 1.!+3, 2.18, 2.20, 2.22, 

Section VIII, 1.5, 2.18, 2.L0, 7.7, 7.44 
2.40, 6.1, 7.7, 7.44, 7.81, 10.3 



2 

Section IX, 2.18 
S,a,rlipin&, 2. 21 

Arneri .csn Stan&? jds AGsocietion (AS\), 2. 28, 
2.36, 1 2 . 6  

Nuclesr Standards Board, 2.33 
Standai-d (proposed on s t e e l  contaimnrnt 

vesse7.s) 10. 3, 10.8, 10.25, 10.107 
Analog coiiipu-hers, 4.8? 
Analysis 

accident, 3.18, ri. 1~2'1 

eri*.r, 10.92 
moehanlstic, 7.65, 7.70 

f rac ture ,  8.63 
l imitat ions,  6.92 
por t  ( s h i n ) ,  1..20 
safety,  J." 9 

he ly ' i i ca l  techniques (accident-related 
phenomna) , 6.1 

Anchorage; see Foundation 
h e a l i n g  

grephi-te, 5.128 
s tee l ,  8.76 

Aqueous Homogeneous Reactor, 1.36, 11. 37 
Architect-Engin-er, 7.1-2, '7. W ,  7.92, 7,11_0, 

7.133 
A r w ,  excJ.iJsi.on, 1. 3, 1. 8 
Argonne National hbora tory ,  12.14 
Assumptions 

safe ty  analysis, l ~ ,  8 
themodyriamLc, 6. 27, 7. 61, 7.88, 7.103, 

7.118, 7.lir2 
Atmosphere, conteinment 

cleanup, 9.62 
j.nert; 9.49 
ni~t1vgen, 9. 49 

conditions, e f f e c t  on dose, 7.73 
dispersion, 1.9, 4. lr/8, 7 .  69, '7. '72, 7.89, 

Aiiilospiler i c  

7.3.07 

of 1946, 2.2, 2.32 
of 1954, 2.2, 2.6, 2.32 

Atomic Ene r&y Act 

Atomic Energy Comnissj.on ( AEC), 
establishmen+, of, 2. 2 

Atailic Safety a n d  Licensing Boaid, 2. 5, 2.14 
Atomics Internat ional  (AI), 1.52, 12.6,  

Atomizers, f o r  spray nozz1.e~ 
12.17, 12.19 

aerodyxam-i.caI., 4 .  1.59 
a i r  b las t ,  1.159 
centr i fugal ,  4.159 
devices, 4.157 

Attachments t o  containment ves sds ,  8.45 

A?*tCx:~btii: vdlves, 7.48, 7. 83, 7. 101 
Auxiliary power, 2.34, 3.80, 9.82 
Avesta Reactor ( Sweden), 7.128 

&bcock R Wil~cox, 12" 10 
Brim, fission product, 4.126, 4.128, 4.132 
Snrr ie rs  

Auger SlectlYXlS, i t .  9 

contaiizneri.t, 1.49 
multiple, 7,145 
vapor, 7.77 

Bat te l le  lzlemorial - Inst i tute ,  12. 'I 
Bellows seal, valves, 9.19 
Bernoul l i ' s  equation, 6.38 
Eeta p a r t i c l e  

decay, 4.9 

emission, i ,  8 
energy, 4.9, 4.23 

Jiig Rock Point, 1.14, 3.3, 7.1.0, 7.12, 7.14, 
7.1-5, 7.18, 7.40, 7.i-5, 7. 56, 7. 53, 
7.60, 7.61., 7.63, 7.67, 7.73, 7.147, 
7.152, 8.21, 8.47 

X o l o g i c a l  
ha1.f life, )..IF17 
hazard calculat ion,  4. l g l  
sfsni.fj.cmt Fissiou products, 4.188 

" B i t u s t i c ,  " use of i n  contaimnent vessels ,  

a h s t  skri  e ld(  s )  f o r  containment, protection, 

Block valve, 7.98 
Elowdown, t ransieEt  studies, 12.13 
Bodega Say, 3. i 1~ 

7.55, 7.56 

6.lh4, 7.57, 12 .5  

T Z 3 C t O T ,  7.91, 7.92, $.%, 7.100, 7.105. 
7: 307, 7.108, ' 7.121' 

rerue1 ing building, 7.109, 7.110, '1.115, - ~ - -  
' I . ll'i 

Boiler code; see al.so ASW, Code 
Roil-ing 

cham.el, 6.53 
flow, 6. i 4  
heat  t ransfer ,  6.22 
Xucl.ear Pqei*hen-kr Puwer StaL.on; see 

BOYJS 
poi.nts, 4.2, 4.3 
water reactor ,  1 -33 ,  l .53,  3.20, 7.11, 

11.36 
Bolted openings, i n  containment vessels ,  9 .2  

Sone, 4.187 

BOhUS, 1.25, 3.14, 3.20, 7.75, 7.76, 7.77, 
7.79, 7.81, 7.82, 7.86, 7.88, 7.148, 
7.150, 7.152, 7.153, 7.156, 8.3'1 

design, 2.19 

dose, 7.68, 7.106 

Boundary 
between vessel and piping, D.A 
conditions, 6.4 
dose requirements, 7.44 
si.'ce, 1.8, 7.69, 7.39 

Boupnt  forces, 8.33 
Sridge crane, 8.46 
B r i t t 1 . e  

fa,iliire; 7. 57 
fracture ,  10.7 
rupture, 3.32 

Bri t t lenesa,  ].ow teiriperatwre, 8. 211, 8. 62 
Bmokhsven Nati.ona.1. kboratoqr, 1.52, 12.19 
Ekbbl es, forxat ion due t o  boiling, 6.23 
Buildings, containment, 7.124 

concept, underground, 7.128 
conventional., 7.3, 8.23, 8.37, 9.13, 9.25, 

leakage r a t e ;  see Leakage r a t e  
low leakage, 7.123 
protection, 7.56, 7.84, 7.100, 7.102, 

9. &l, 12. 6 

7.116, 7.11 7, 7. i39, 7. il,i 
refueling, '7. Y, 7.95 
spray, 7.60, 7: 61 

steal frame, 7.115 
wake ef fec t ,  7.73 

7.64, 7. 66, 7.88, 7.90, 
7.103, 7.142, 7.151, 7.152, 7.154 

Buildup equations, f i s s i o n  products, 4.87, 

Burning, sodium, 5.73 
Ejurnout, boi l ing,  6.24 

4.89 
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f3mlup, f u e l  
e f fec t  of, 4.129 
ef fec t  on 

diWLsion, 1.96 
f i  s s ion-product relea. se, A. Y.16 
oxidation, 4.115 

Burst, 
fission-product release, 4.101 
power, 5.92, 5.94 

k t t e r f l y  valves, cost, 11.24, 11.25 

Cables, e lec t r ica l ,  9.33, 9.35 
Caisson-type containment, 8.2 

cost, 11.16 
Calculation( s)  

accident, 5.112, 5.115 
of biologica1l.y important f i s s ion  

products, 4.38 
i n  circulating fuels, I+. 83 
inventory, 4.36 

energy release, 1.4 
exposure, 1 .4  
hazards, 5.76, 5.78, 5.84, 5.86 
sit ing,  1.4, 1 .7  

Capital cost, of contalnrcent systems, 11.3, 

Carbon dioxide, as a coolant, 1.34 
Carolinas-Virginia, Tube Reactor (CWirn) , 

11.4 

1 . 1 4 ,  l.36, 7.12, 7.14, 7.22, 7.28, 
7.30, 7.31, 7.40, 7.41, 7.42, 7.44, 
7.45, 7.56, 7.60, 7.61, 7.65, 7.67, 
7.68, 7.69, 7.74, 7.147, 7.148, 7.156 

Case, ASME Eoiler and Freesure Vessel Code 
interpretations, 2. 17, 2.20, 2.28 

nuclear, 2.18 
12701-5, 2.19 
1271.N, 2.19 
1272JV-5, 2.19 
1271N-7, 2.19 
i 2 * ~ + ~ - a ,  2.20 
1275N, 2.20 
1276N-2, 2.20 

Cesk, fue l  transfer,  3.13 
Cathodic protection, of steel ,  7.5'7, 8.82 
Caustic scrubber( s ) ,  3.60, 9.61, 11.21 
Cavern containment, 7.5, 7.6 
Cerium, f i ss ion  product, 4.128, 4.112 
Certif icate of authorization, ASbE veasel 

Cnains, fissi-on product, 4.9 
Chamber 

stamp, 2.21 

fallout,  4.121 
suppression, 7.95 

f i l t e r s  (or absorbers), 2.30, 7.1.18, 

particles,  absorption by, 4.126 

Charcoal 

7.155, 9.61 

Check valves, 9.75, 9.76 
Chemical 

ac t iv i ty  of iodine, 4.129 
behavior of  f i s s ion  products, 4.123 
energy in  reactor accidents, 7.58, 7.61, 

7.88, 7.103, 7.142 
graphite reactions, 5.61 

reactions, 3.14, 5.2, 12.13 
s t a t e s  of f ission products, 4.115, 4.129, 

4. 131 
L"nemisorption, 4.119 
Chimneys, 8.9; see also Stacks 

Circulating f i e l s ,  f i s s ion  products in, 4.83 
City of Los Angeles Reactor, 1.50, 7.98, 

Cladding failure,  4.90, 4.  103, 5.52 
7.134, 11.7 

e f fec ts  on 
fission-product release, 4.106 
pressure i n  fue l  rod, 4.102 
s t ee l  ( s ta in less ) ,  4.114, 4.118 
U02, 4.121 

mel-tdown, 4.89 
temperature, 3.30 
water reaction, 5.50 

ruei, 5.39 

Classification, reactor, 2.38 
Closing devices, 7.44 
ClOSLrr f?  

ducts, 7.127 
penetration, 7.4)+, 7.48, 7.81, 7.83, 7.101 
time, valve, 11.25 
valve (unintentional), 7.51 

Clouds, f i s s ion  product, 1.11, 4.178 
deposition from, 4.192 
dosage, 4.193, 4.194, 4.195, 4.198 

Coagdatton constants, of aerosols, 4.167 
Coal-tar paint, 7.57 
Coalescence, of aemsols, 4.167 
Coating(s), proteeti-?re, 8.56, 8.85, 11.25, 

Codes, 2.29, 2.34, 7.44, 7.45, 7.81, 7.82, 
11.28 

7.98, 7.99, 7.115, 7.139; see a l so  
St.and.s?rd s 

API, 2.26 
API-ASME, 2.27 
ASME, 2.17, 2.20, 2.27, 2.32; see also 

Case, interpreta-Lions 
Section I, 2.18, 2.19 

Sec.i;j.on. V I T I ,  2.18, 2.19, 2.40 
Section IX, 2.18 
Stamping, 2.21, 2.22 

32ction 111, 2.18, 2.20, 2.22 

boiler,  2.17 

color, 2.34 
coqmter, 6.33, 6.1&3, 6.179 

CFR 'i'it1.t: 10, 2.13, 2.17 

g a m  heating, 6.181 
muclear, 6.180 
s t ress  analysis, 6,182 
thermal, 6.183 

e lec t r ica l ,  2.30 
interpretations, 2.17 
masonry, building, 2.29 
Navy, 2.26, 8.64 
plumbing, 2.30 
pressure piping, 2.27 
pressure vessel, 2.17 
reinforced concrete, 2.29 
requirements, 10.3 
Southern Standard mi ld ing  Code, 2.29 

st.ructura1 s tee l ,  2.29 
Unifoim .Boiler am1 ETessuve Vessel, 2.26 
Uniform Building Code, 2.29, 7.78, 8.8 
welding, 2.30 

stamp, 7.45, 7.99 

Cold coolant accident, 3.5 
Collision 

a i rc raf t ,  7. l t t l  
ship, 7.58 

Color codes and symbols, 2.34. 
Comnwealth Edison Company; see Jkesden 
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Compat-Lbill ty, I’eac t o r  and containment, 

Compliance, .KEG D i v i s i y  of, 2.5 
“ ~ o r ~ p l e t a  containment, 7.75 
Component ( s )  , pr imry  system, 11.. 1.1 

1.52, l.53 

failure,  3.11, 3.31. 
resctoi-, 2.26, 2.38 

absorbers, shock, 6.179 
comtruc-c,ion, 7.75 

Composition, steel ,  6.113 
Compressible flow, 10.38 

Coupo s it e 

Cornputt? r 
analog, 4. 69 
codes, 6.33, 6.148, 6.179 

buildi-ng, 7.132 
ce l l~s ,  7.36 
containmcnt, 8.2‘1, 10.19 
cost, 11.18 
cylinder, 7.30 
fomiciation paid, 7.30 
high density, 8.28 
inspection, 8.83 
leaks, cracks, ‘i. 42 
lincd, 8.53 
1-iner, 7.30 
penetration, 9.43 
porous (pervious), 7.136 
prestressed, 7.33, 8.33, 8.36 
properties, 8.29 
reinforced, 2.29, 8.17, 8.19, 8.30, 10.8 
shielding, ‘1. 
shock waves, 6.156 
s tmetures ,  10.8 
vessels, 1.42, 8.27 

Concrete, 7.30, 7.1.1.5, 8.27, 1.2.6 

cost, 11.16, 11.3.7 
and s tee l ,  7.75, 8.37, 8.38 

Condensation 
heat transrer, 6.19, 6.26 
iodine, 4.126 
noncondensables present, 6.20 
steam jet, 6.91. 

heal, :;.ransfer, 6. 3 
therma.1, 4.92, 4.93 

in tegra l  (j fit), /+. 9.1- 

Conductance, 6.4- 

Conductivity 

themfil, 4.91 
Coafinenent, 1.1, 1.46, 2.29, 2.30, 7.109; 

Connecticut-Yankee Reactor; see Haddarn-Neck 
Consequence, k i r n j ~ b i n g  devices, 1.1, 11.7 
Conse-mation h w s ,  6. 77 
Conservatism, degree of, 1.4, 1.5 
Consolidated Edison Company; see Indian 

Consolidated Fdison Thor i u a ~  Reactor (CETR) ; 

Construction, containment, 2.23, 7.30, 

see also Fressure r e l i e f  

Point Reactor an.d Ravenswood &actor 

see Indian Point Reactor 

7.115, 8.46, 8.57 
cost, II.?., 11.45 
multistage, 8.50, 8.54, 11.12, 1.1.1.8 
permit, 2.12, 2.14, 2.15, 2.22 

provisional, 2.15 
requirements, 11.12 
sequence, 8e3, 8.47, 8.51 
single stage, 8.46, 8.54, 11.12 
tolerances, 8.58 

Consimero Power Compuly; see Big Rock Point 
Coil’iainI!IetIt, 1.1, 1. 52, 2. J.9, 2. 35, i b ,  133, 

8.23, 10.111 
accessories, 8. L5 
Archit~ct-Engi-neer, 7.12, 7.79, 7.92, 

attachn;ent;s, 8. 45 
barriers,  1.49 
boundaries, 8. lL 
cavern, 7.5, 7.1~29 
code( s), 7.45, 7.82, 7. 99, 7.115, 7.1.39 

complete, 7.75 
componcnt cost, 11.. 1 2  
concrete, 8.27, 10.19 
confinement, 2.29, 2.30 
conveni;ioml building, 8.23, 8.37 
cost, 1.24, 1.29, 11-1.: 1.1.5 

7.11.0, 7.133 

Stdfip, 7. 45, 7.99 

cylind-rica1., 7.20, 7.2i, 7.24, 7.29, 7.31, 
7.34, 7.35, 7.42 

description, 2. I&, A. 1 
design, 7.2, 7.3, 7.3.4, 7. 60, 7.79, 7.68, 

7.96, 7.7.03, 7.110, 7.138; see a l so  
Design considerations 

dlmensi.ms, 7.14, 7.79, 7.96, 7. IiO, 7.3.38 
fe.brication, 7.30 
fabricator, 7.12, ’7.79, 7.92, 7. 7.1.0, 7.133 
f i l t e r s ,  2.29, 2.30, 2.31 
fission-prodiict release in, 4.162 
foundatfons, E. 9 
f~ee voh~ne, 7.7, 7.’79, 7.96, 7.110, 7.138 
high pyessurc, 1.. 16, 1.43, 1.44, 1.49, 

1, 50, 1.51, 1.53, 7.2, rl. 5, ‘7.11~, 
7.12, 7.45, 7.56, 7.59, 7. 60, 7. 61, 
7. 67, 7 .  68, ‘1. 69, 7. 1-12. 

insulation, E. 8 
integrity,  1.16, 10.1 
isolation systems, 7. L8, 7.83, 7.101~ 
leak t e s t s ;  see Ieak and Leakage 
location, 7.L2, 7.79, 7.92, 7.110, 7.133 
low pressu-re, 1 . 4 3 ,  1.53, 7. 5, 7.75, ‘/. ‘79, 

ma’cerj.a!.s, 7.39, 7.45, 7.82, ‘7.99, 8.19, 

mintemnce, 10.1.11 
multiple, LL2> S./+6, 1.49, 1.50, 1.51, 

1.52, 7.132, 7.133, 7.135, 7.237, 
7.139, 7.140, 7.144, 7.157, ‘7.159 

7.84, 7.89, 10.99, 11.31 

8.26 

barrier,  10.9, 1.0.20, 3.0.1~01. 
sample calcd.atj.ons, Pission-product 

rplease, 4.176 
Lve prebsure, 7. 3 

n i l  duc t i l i t y  t rans i t ion  temperatuj-e, 7.45 
operation, 9.66 
operator-owner, 7.1.2, 7.79, 7.92, 7.110, 

particulate,  behavior within, 4.3.62 
penetrakion, 7.46, 7.t32, 7.100, 7.140 

pressure, 1.42, 1.43, 1. /+4J 1.“ 50, 2.29, 

7.1.33 

closure, 7.48, 7.83, 7.101 

7.12, 7.13, 7.1.)~~ 7.79, 7. 96, 7.110, 
7.138, E.2, E. 8 

release, 1.42, 1.46 
r e l i e f ,  1.46, 1.48, 1.53, 7.4, 7.5, 

suppression, 1.42, L 4 L ,  l . . L ~ 5 ~  1.51, 
7.123, 10.21, 10.99, 11,31. 

1.53, 6.91, 7.3, 7.1>, 7.86, 7.91, 
7.92, ‘7.94, 7.100, 7.107, 10.9, 
10. 20, 1.0.100, 1 . 3 ~ ~ 1  3, 1.3.. 31 
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venting, 1.46, 1.47, 1.53, 7.9, 7.23, 

vs time, 7.64, 7.104 
7.lCfl 

prime contractor, 7.12, 7.79, 7.92, 7.110, 

proof t e s t s ,  7.33, 7.40, 7.78, 7.81., 7.9'7, 

protection, 7.55, 7.56, 7.84, 7.102, 
7.3.16, 7.149 

and reactor systems, 1.53 
research, 12. I, 12.23 
r e t e s t ,  7.40, 7.81 
s tee l ,  10.3 
selection of (example), 7.10 
shane, 7.1.4, 7.20, 7.27, 7.30, 7.79, 7.96, 

7.110, 7.118, 8.17, 8.20, 8.30, 
8.32, 8.34 

7.1.33 

7.114, 7.139 

size,  8.16 
spherical, 7.15, 7.16, 7.19, 7.22 
standard., 11.31 

systems, 1.1, l.?ZL, 7.1, 9.76 
stlwctures, 12.2, 12.3, P . l  

defined, 1.42 
design, 6.2 
experiinent (CSE), 12.2, 12.20, 12.26 
multiple, 4.168, 4.172 

temperatixe (desipp), 7.12, 7.13, 7.14, 
7.79, 7.96, 7.138 

vs time, 7.64, 7.104 
to ta l ,  11.31 
types, 1.42 
underground, 7.5, 7.6, 7.127, 7.129, 8.2, 

8.18, 10.21, lO , lCXl ,  11.18, 11.44, 
11.46 

valves, 7.51 
vented. buildin@;, 1. /+6, 1.51 
vessels, 1.42, 4.133, 8.19, 8.23, 10.3 

steel ,  2.17, E . 1  

movements, 8.42 
5 psi, 2.20, E.? 

volume changes, 10.89 
Contamination OS food, 4.198 
Contraction 
flow, 6.58 
losses, 6.56 

Contractor, 7.12, 7.79, 7.92, 7.110, 7.133 
Control, 8.82 

penetration, 7.81 
reactor, 2.38 
rod, 1.22, 4.89 

accident, 3.3, 3.6 
room, shielding, 8.20 
system, 1.21, 5.107 
zone, 1.17 

forced, 6.5 
f'ree, 6.10, 6.12, 6.13 
hea.t transfer,  6.5 

Convection 

Conventional bu.ilding, 7.3, 8.23, 8.37, 
9.13, 9.25, 9.41, 10.97, 12.6 

cost, 11.44 

7.141 

testing, 10.8 
Coolmt(s),  7.58, 7.85, 7.100, 7.102, 7.1.17, 

eccidents; see Accidents 
conditions, assumed, 3.16 
leak, 3.11 
organic, 5.81, 7.85 

properties, 7.58, 7.59, 7.86, 7.89, 7.1oc), 

quantity, 7.59, 7.86, 7.102, 7.117, 7.lr+2 
spray, 7.147, 7.152 
vaporization, 5.128 

accidents, 3.38 
core, 7.146 

7.102, 7.117, 7.142 

Cooling 

emergency, 7.61, 7.88, 7.103, 7.142, 

spray, 7.78 
7.147, 7.148, 7.149, 7.150 

emergency, 1. 2/+, 6. 3 

cooling system, 7.146 
damge, 12.13 
injection system, 7.141 
inventory, L. 87 
material, 5.39 
rceltdown, 3.20, 12.26 
melting, 7.145 
power, 4.87 
spray, 7.60, 7.89 

Core 

injection, 7.61, 7.88, 7.103, '7.142, 
7.147, 7.149, 7.150 

Corrosion protection, 8.81, E. 9 

Cost( s), 1.29 
cathodic protection, 7. 57, 8.82 

a i r  conditioning, 11.19, 11.20 
s.ir locks, 1.1.19 
but te r f ly  valves, 1.1.24, 11.25 
caisson-type conttiinment, 11.1.6 
capital ,  11.3, 11.4 
coatings, protective, 11.25, 11.28 
concrete , 11.18 
construction, 11.45 
containment, 1.24, 1.25, 1.26, 1.29, 11.1, 

vesi;el, 11.16, 11.17 

11.5, U.13, 11.16, U.31 
conpments, 11.12 

conventional buildinx, 11.44 
cylindrical  vessel, 11.41 
decontamination, 11.46 
doors, ll.19 
e lec t r i ca l  penetrations, 11.23, 11.24 
emergency system, 1.29 
escalation, 11.30 
est-Lmtes, 11.1, 11.47, 11.51 
e'ValUatiG~1, 11.5, 11.10, 11.30 

guide (AED), 1l.2, il.13, 11.39 
excavation, 11.18, 11.44 
exclusion Area, 1: 29 
expansion joint ,  11.23, 11.24 
experience, 11.25, il. 29 
f i l t e r ,  11.21 

system, 11.U, 11.44., 11.4-8 
foundation, 11.18 
gate valves, 11.24, 11.26, 11.27 
heating, ll.19, U.20  
i so la t ion  valves, 11.24 
joint ,  expansion, 11.23 
normalization study, 11.36, 11.37 
penalty, 11.6, 11.9 
penetration, 11.23, 11.24 
plant, 11.2, 11.4, 11.45 
power, 11.2, 11.3 
s i t e ,  U.10 
spherical vessel, 11.40 
stacks, u .21 ,  11.22 
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s tpe l  vessels ,  11.14, 11.15 
transmission, 1~= 29, 1.1.. 8, 1.1. 10 

urideI%gl-ouid containment, 11.44, 11.46 
valves, 11.24 
vent i la t ing;  3 1.19, 11.20, 
vessels, 1.1.. 1~.3, 11.39: 1 l . A - 3  

liner,, 1.1. 8, 1.1.- 9 

Crack a r i e e t  t e s t ,  8.61 
Crane, bridge, 8.46 
Credible accidents, 3 .1  
Creep, 4.103 
Cri-teria, s i t e ;  s ze  S i t e  c r i t e r i a  
C r i t i c a l  
flow, 6.44, 6. 60, 6.66, 6.67 

tcmpcratiire ( reac t ion)  5.9 
-vel-ocity, 6. 6). 

two phase, 6.62, 6.68 

Ci+tic.tlity, 5. l O L ,  5.112 
Cross section, absorption, 4.9, 4.23 
Crushab1.e shields ,  1.2.5 
Crystal  nlatr.ix, 4.90 
Cunningham correct ion f o r  Stokes Uw, 4.163 
Curie, 4.87 
Cylindrical, 6.122, 8.18, 8.22 

containers, 7.20, 7.21, 7.25, 7.29, 7.31, 
7. %, 7.35, 7.1;2 

s t r e s s  calculat ions,  6.136 
she l l ,  7.76 
vessel-s, 7.33 

cost, 1.L41 

Decey 
bcta, 4.9 
chai.ns, uZ3* (a].]- cormor! isotoprx) ,  /i.10 
cons tmt ,  4.9, 4.23 
eqmtions,  4.  89 

solut ion,  4.36 
gama, 4 - 9  
of f iss lor?  products, 4.87, 7.72; see also 

heat, 5.1.1.7, 5.125 
Fission products 

kcontamination 
cost, 1-1.l.6 
fac tor ,  4.153, 4.155 

p l a s t i c ,  6.93, 12.2 
Yneory, 6.106 

Deform Lion 

De1.ayed neutrons, 4.8, 5.116 
Ikpendability, of engineered safeguards, 

kposi t i .on,  1.10, 4.138 
7.145 

behavior, 4.123 

efi"ecL of f l o w  rate, 4.123 
from C ~ . O I ~ . ,  I+. 192 

f i s s i o n  product, 4.119, 4.121, 4.122, 
4.125 

gi-omd, 4.196, 4.197 
of iodi-ne, 4.123 
veJ.ocity, 4.138, 4.139, 4. LO2 

r~,~a:;i.i.-~erccinL, l+. 138 
De.sl.ga considerations, containment, 8.1, 

8.20, 8.36, 10.111, E.? 
accident, 7.86,  7.141 
assumptions, 7.61, 7.88, 7.103, 7.118, 

7.1.42 
basis ,  7.60, 7.88, 7.103, 7.117, 7.130 
conixirmient .j 7.5 
pa.rameters, 7.14, 7.78, 7.79, 7.96, 

7.110, 7.138 

philosophy, 7.95 

temperature, 7.12, 7.33, 7.14? 7.79, 
,9 7 .14,  7.79, 7.96, 7.110, 7.1.38 

7.  9b, 7.138 
confinemmi- str-uctwe, 2.29 
rlwmxL1. for conventional bui ldings,  1 2 ~  6 
iriechanj cnl., 1. 5 
penetration, 9.16 
pressure, 1 .48 ,  8.1, R. 5 
s t r e s s ,  1 . 5  
stiuctural., E. 2 
study, economic, 11.31 

Desorptioc, iodice, 4.1.40 
Destruction, by memy a t tack ,  7.1.28 
Desti-uctivc t c s t ,  5.10 

De toilation, hydrogen-air, 5.82 
Deuf,erim oxide, 1.36 
k v i c e ,  conssqucnce ? . j ~ i i t i n g ,  1.1 

on of  contaiinnetl-c s t ructures ,  2. 2 

presswe l h i t j l i g ,  2 .19 
safety,  2.18, 

-57 point,  10.89 
Diffusion, 4. 90, L. 1.56, 4-16?., 5. 6 

coef f ic ien t ,  l~J.1., 4.135, h.142, 4.164 
constant, 4.100, 4.101 
ef fec t  of bwnup, 4.96 
equation, a tmsyher ic ,  '1. '12 
of f i s s i o n  products from U02, I+. 95 
gas gh;.ise, 5.5 
iwlecular, 10.26 
nonisothermal, 4.98 
ra tes ,  4.94 
of sm3.1. p a r t i c l e s ,  4.164 

Diflusivi ty ,  iodine i n  vaLer, 4.lQ7 
Dilution volume, f o r  f i s s i o n  pyoducts, 7.1.57 
Direct cycle, 3.1.3. 
Disasscmn?>J.y, exglosive, 5.112 
Dispersions 

atnospheric, 1.9; 4.1'78, 7.  72 
conditions, 1.11, 3.16, '7.69, 7.89, 

ef fec ts ,  /+.178 
equatioil, 4.1% 
f i s s i o n  products, 7.66, 7.69 
paranieters, 4,178, 7.69, 7.89, 7.  J.07 

7. 1.07, 7.120, 7 .  122 

horizontal, 4.180 
ver t ica l ,  4.180 

neta l ,  5.25, 5.33 
Disposal, rmste, 2.35 
Distance 

cxcliis?.on, L. 178; see Exclusion area 
popli.1 at5.on center, 1. 7, 1.8 
requirement, 11.6 

containment, 7. 46, 7.32, 7.100, 7.116, 
7.127 

cost ,  11.19 
ra i l road,  9.15 
ships, 9.13 

Coors, 9.11, 9.15, 10.5 

DOP (dioctylphthalate)  t e s t ,  f i l t e r o ,  9.64 
Doppler coef f ic ien t ,  5.91 
Coses, 7.68, 7.39, 7.106, 7.120, 7.131, 

7.144 
bone, 7.68, 7.106 
ca!.ciLLation, 4.181, 4.186 
cloud, 4.193, 4.194, 4.195, 7.68, 7.89, 

d i rec t ,  '?.a, 7.70, 7.39, 7.106, 7.1.20, 
7.105, 7.120, '7 .144 

'7. 1.44 
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vs distance f o r  ORR, '1.122 
fac-tors fo r  changing weather conditions, 

7.73 
garrnn, 1.10, 7.71 
ingestion, 4.178 
i n b l a t i o n ,  4.178 
integrated, 7.7l 

s i t e  boundary, 7.44 
t o t a l  integrated (TID)  , 7.91 

from mixed f i ss ion  produc-ts, 4.190, 4.191 
t;hyroid, 7.68, 7.89, 7.106, 7.120, 7.7.44 

containment system, 4.162 
membrane, 8.56 

Double 

"kuble-ended" pipe rupture, 3.33, 3.35, 

Dousing; see Spray 
Dresden Reactor, 1.. 14, 7.8, 7.12, 7.14, 

3.36 

7.15, 7.16, 7.45, 7.56, 7.59, 7.60, 
7.61, 7.63, 7.67, 7.68, 7.69, 8.5'7, 
9.30, l l . 3 4 ,  '1.1. 35 

Drop 
condensation, 6.19 
-weight tes t s ,  8.60 

bulb temperature, 10.89 
n Y  

wen, 1.45, 7.91, 7.95 
k c t i l i t y ,  12.8 
Ihicts, 7.36 

closure, 7.127 
venting, 7.123, 7.124- 

Euqiiesne Power 8nd Light Cn; see 

Dye-penetrant t e s t ,  7.44 
DynwLc loading of m t e r i a l s ,  6.106 

Farthquake, 3.14, 6.2, 8.8, 8.10 

Shippin,qport 

forces, 8.11 
zones, 8.12, 8.1.3 

11.38, l l . 39  
containment, 11.1 
design study, 11.31 

Economic( s)  of miclear safety, 1.23, 11.10, 

Wesden, 11.34, 11.35 
F;Lectrical 

auxiliary power system, 2.34 
cables, 9.33, 9.35 
penetrations, 7.46, 7.51, 7.53, 7.82, 

7.100, 7.115, 7.116, 7.140, 9.29, 
9.37, 9.40, 9.43 

cost, 11.23, 11.24 
power, 2.34, 9.78, 9.80 
protection stnndard, 2.36 

Elk River Reactor, 1.14, 1.25, 7.12, 7.14, 
7.15, 7.20, 7.24, 7.Ci4, 7.45, 7.56, 
7.59, 7.61, 7.62, '7.67, 7.68, 7.67, 
7.147, 7.152, 7.156 

Embrittlement, 8.68 
Emergency 

action, containment isolation, 7. tt8, 7.83, 
7.101 

conditions, 7.44 
cooling, 6.3 

1-oop, 7.151 
power, 9.80, 9.82 
systems (cos t ) ,  1.24, 1.29 

absorption (b l a s t ) ,  6.167 
balance, 6.26, 7.60 

FflWgy 

beta, 4.9, 4.23 
chemical, 7.58, 7.61, 7.88, 7.10.3, 7.142 
decay, 5.117, 5.7.25 
dissipation (shock), 6.89 
equation, 6.26 
excursion, 5.112 
explosive, 5.111 
fission, 5.87 
g a m ,  4.9, 4.23, 5.7., 5.118, 5.124 
graphli'te, 5.131 
int5rna.1, 6.27 

a i r ,  6.31 
witer, 6. 31, 6. 32 

nuclear, 5.89, 7. 61, 7.1.03, 7.142 
radiation, to ta l ,  4.9, 4* 23 
re leme,  1.4, 2.38, 5.89, 5.99 
sources, 5.1, 7.58, r7.61, 7.88, 7.103, 

stored, 7.61, 7. s8, 7.112, 7.143 
Bigner, L 3 8  

7.142 

Engineer, 7.12, 7.79, 7.92, 7.110, 7.133 
Fngineered safeguards, 1.1, 1.7, 1.49, 2.7, 

7.145, 7.155, 7.1.5'7, 11.6, 11.7, 12.23 
Enrico Fermi Reactor, 1.14, 1.25, 3.14, 

7.12, 7.14, 7.20, 7.22, 7.43, 7.4-5, 
7.59, '7.61, 7 .67 ,  7.68, 7.69, 7.72, 
8.46 

*:quation( s) 
Pemoulli 's ,  6.38 

decay, 4.36, 4,89 
diffusion, 7.72 
energy, 6.26 
Euler's, 6.38 
gas, 6.29 
graphite-a.ir, 5.62 
l i nea r  momentum, 6.36 
rate soluti.ons, 5.7 
Sutton's, 7.72 

buildup, 4.89 

Equilibrium concentration of f i s s ion  

Equipment, containment 
products, 4.87 

access, 11.19 
locks, 9.2, 9.3 
placement, 8.15, 8.1.6 
requi-red ( t e s t ) ,  10.6, 10.13 

Error ana.lysis, leakage r a t e  rneasurerr:eut, 
10.92 

absolute method, 10.7t+ 
leakage rate,  10.90, 10.92 
reference vessel method, 10.94 

ESAM Vdlec i tos  Wperiniental rjuperhea.!, 

Escape locks, 9.2 
W e r ' s  equ t ion ,  6.38 
Exclusion 

Heactor (EVE%) 1.0.6, 10.62, 10.63 

area, 1.3, 1,8, 1.1.1, 1.29, A. 3 

distance, 4.178; see Exclusion area 

data, t n e m l ,  5.99 
energy calcirlations, 5.112 
fas t ,  5.110, 5.115 
models, 5.92, 5.100 
nuclear, 5.9, 5.52, 5.55 
power, 5.90 
reactor, 5.93, 5.101, 5.105 
tests,  5.104 

costs, 1.25 

Fxcur 5: ion 

-Exhaust system, 2.30 
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bxpansiun 
f lu id ,  6.56 
joints ,  2.20, 7.51, '7.53, 9.18, 9.19, 9 .21  

losses ,  6.56 
t h e m l ,  7.51 

cost, 11.23, 11.24 

F,xperimental Boilj-riy Water Reactor (EKdR) , 
Expcrixental Breeder Reactor I1 (EER- 11) , 

7.728, 10.23, 10. 69, 11.44 

1.2.5, 7.12, 7.14, 7.20, 7.21., 7.45, 
7.56, 7.59, '1.60, 7.61, 7.65, '7.&7, 
7.68, 7.69 

7.25, 3.23, 3.30, 7.1.2, 7.1L, 7.20, 
7.23, 7.439 7.45, 7.56, 7.59, '1.60, 

&pcriniental Gas Cooled Reactor (EGCR) , 

7.41, 7.65, 7.67, '1.68, 7.69, 7.72, 
7.73, '7.123, 7.147, 7.151, 7.152, 
7.15/i, 7.156, 9.29, 9.32 

Explosion bulge t e s t ,  8:61 

calculat ion,  1. il, 1.5 
disassembly, 5.112 
energy, 5.111 
hazards, 5.90 
t e s t s ,  5.15 

niaximim permissible (!@E), 4.187; see 
a1.s~ Dose 

populaLiori, 1. 7 
records, 2.34 

Explosive 

Fxposure 

Fxter ior  protect ion of containment, 7.56, 

Extrapol.ati nn 
7.84, ?. 102, 7.11.6, 7.141 

of  data, 4.90 
fac tors ,  10.46, 10.51 

assiunptions, 10.51 
definiti-on, 1.0.46 
excmples, 10.52 

of hsriage, 7.43 
1esk;;xii;c r i t e ,  10.43, 1-0.45, 10.56, LO. 65 
procedure, 10.55 

Fabrication, containment, 8.46, 8.57, e. 6E, 

buildcr, 7.12, 7.79, 7.92, 7.110, 7.133 
seqixncc, 6. 58 
vessel ,  C.22 

production, 2.13 
t e s  :;i.ng, A. 4 
u t i l i z a t i o n ,  2.13 

bri t t ] -e ,  7.57 
cla.dding, 4.90, 4.103 
coolant system, 7.60 
component, 2.35, 3.11, 3.31 
f u e l  elemeri-t, 3.13, '7. I46 
pipe, 3.33, 3.35, 3.36 
probabi l i ty ,  3.34, 3.37 
reac tor  vessel, 7.63 
tubing, 3.34, 3.35, 3.36 

Fallout, 1.10, 4.156 
chamber, 4.121 
coeff ic ient ,  4.133 

8.84, 12.6, R.21 

F a c i l i t y  

Failure, 7.6A 

Fans, vent i la t ion,  7.13)+ 

F'ast excursions, 5.1.15 
Fast reactor  excu-rsi omI  5.110 
Fatigue analysis, C. 11 

Fast coati-ul systems, 5.107 

F z d t  l i n e ,  geol.ogi.c, 6 .11 
Feseral Licensing and Authorization 

Procedures; see Licensing 
Federa.1 Register, 2.13; 2.15 
Yiberglas, 7.33, 7.55 
Ficks ' s  Law, 4.97 
Film 

boi l~ing,  6. 24 
condensa-tioin, 6.1.9 

F i l t e r ( s ) ,  1.. 9, I, 24, 1.46, 2.29, 4.133, 

charcoal, 7.116, 7.3.55 
cost, 11..21 
description, '/. 1.56 
high efficiency, 2.30, 9.55, 9.58 

MilEpore, 4.138 
operation, 9.54 
par t icu la te ,  2.30, 9.55, 9.62, 9. 61,. 
Fre-, 9.55, 9.56, 9.64 
q m l ~ i t y  assurance sta-Lions, 2.31 
recirculat ing,  9.62 
roughiiig, 9. 55, 9. 64 
systems, 7.154, 7.1.55, 7.156 

t e s t  requirements, 9.66 
t es t ing ,  2.31 

7.95, 7.134, 9.53, 12.20 

par t icu la te ,  Lr. 1~34 

cost ,  11.21, 11. ($4, J I .  48 

Fire  pi-otection, E. 12 
Fission energy, 5.89 
Fission gas release,  4.,90 
Fission heat, 4.117 
Fission, high energy, 4.9 
Fission products, L 9 ,  4.1, 7.123, 12.12 

absolption, 7.131, 7.132 
aciivi.t,y, stack, 7.55 
behavior of ,  4.123 
behavior in v a t e v  drops, 4.133 
bio logica l ly  s ign i f icant ,  4.188 
builduil) and decay, 4.87 
calculat ions,  4.38 
chains, 4.9 
chemical natuue, 4,115 
i n  c i rcu la t ing  ?uel.sy 4-83 
cl-oud, 1.11 
concentration, &. 87 
decay, 1.1-0, 7.72 
deposition, L~.l.l.?, L.121, 4.122, L.3-27, 

L. 128 
rli-friision, 4.96 

dispersion, 7.66, 7.69 
dis t r ibu t ion ,  4.3, 4.122 
dose, 4.190, 4.191 
effec-i; of cl.addii?g, 4.106 
exposure, 4.190, 4,191 
f rac t ions  released, 4.. 1 
gas emission, 4.102 
hazards, 4.199, 4.200, 4.206 

i.nvento-cy, 4.1, 4.36 
iodine, 4.123, 4.126, 4.127, 4.129? 4.133 
melting and boi l ing  points ,  4.95 
non-grain growth, 4- 97 
nonvolatile, k. 115 
release,  1.15, 1.48, 2.38, 7.14, 3.17, 

from UOz, 4-95 

index of, 4 ~ 3 8  

3.19, 4.1, 7.59, 7. a, 7.66, '/. 67, 
7.68, '7.70, 7.88, 7.99, 7. J.03, 7.108, 
7. 7.1~8, 7. LL9, 9.121, 7.123, 7.143, 
7.144, 7.145, 12.13, 12.17, 12.18, 
1.2.19, 12.21, 12.26 
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following cladding failure,  4.103 
t o  containment, 4.162 
t o  core, exsmples, 4.175 
ef fec t  of bixnup, 4.116 
ef fec t  of cladding, 4.106 
ef fec t  of irradiation, 4.115, 4.116 
exieriinents, 4.123 
From r"ue1, 4.133 
from fuel elements, 4.89 
froin fue l  inztrix, 4.103 
Prom graphite fue l  elernents, 4.117 
in-pile, 4.112 
in-pile e-qeriments, 4.117 
from meta1.l.j.c uranium, 4.115 
from non-U02 firel, 4.115 
out-of-pile, I+. 106 

from U02, 4.90, 4.105, 4.107, 4.108, 
f'rom lIX'ElZliUTll, 4.. 17.5 

4.17.5, 4..117, 4.11.9, 4.121, 4.1 
radioactivity of, 4.8 
remzining a f t e r  shutdown, 4.82 
removal, 1.47, 4.156, 7.70, 7.72, 7.91, 

7.155, 9.53, 11.21; see a l so  
F i l te rs ,  Scrubbers, Sprays 

retention, 12.19 
scrubbing, 7.86 
s e ~ i v o l a t i l e ,  4.115 
tes t s ,  12.25 
thermal, uranium, 4.4 
transport, 4.99; see Wansport 
U235, 4.9, 4.23, 5.69 
vola t i le ,  4.90, 4.115 
yields, 4.4 

Fissionable material, 2.38 
F1.erne propoga.tion, 5.82 
Floimnnb i l i t y  

gases, 5.76 
l imi t s ,  5.83 
l iquid,  5.78 

Flooding, for shielding, 7.36 
Fluoride sa l t s ,  1.40 
Flow 

boiling, 6.44. 
compressible , 10.3Ff 
c r i t i c a l ,  6.44, 6.60, 6.62, 6.66, 6.67, 

6.68 
larninar, 6.6, 6.9, 10.26, 10.33, lo.& 
metastable, 6.72. 
molecular, 10.26, 10. 29, 10.48 
nonboiling, 6.44 
nonslip, 6.46 
one component, 6.44 
or i f ice ,  10.38, 10. 48, 12.13 
patterns, 6.44, 6.45 
pressure vs time, 6.72 
r a t e  of leaks, 10.47 
regime vs Knudsen number, 10.30 
regimes for a i r ,  10.32 
ru le  (p l a s t i c i ty ) ,  6.103 
s l ip ,  6.47 
t rans i t lona l ,  6.71, 
turbulent, 6.6, 6.7, 6.8, 10.26, 10.35, 

t-do component, 6.44 
two phase, 6.44, 6.49, 6.74, 6.75 

types, 6.45 
viscous, 10.26, 10.33, 10.49 

Flux, time-averaged neutron, 4.85 

10.50 

c r i t i ca l ,  6.62, 6.68 

Foams, f o r  f i ss ion  product remoml, 9.63, 
12.20 

Fog spray systems, 9.51, 9.63 
Food, contamimtion, 4.198 
Footbgs, for conta.iment structures , 8.39 
Forced corivection, 6. 5 
FORTFAN program, 6.33, 6.1.48 
Foundx-tion( s)  , f o r  contstrment structures, 

8.2, 8.5, 8.39, 8.43, 11.16, 11.21, F.3 
concrete, 7.30 
cost, 11.18 

awlys i s ,  8.63, 8.64 
b r i t t l e ,  10.7 
modes, 8.G, 8.66, 8.67, 12.7 

Tree convection, 6.10, 6. 1.2, 6.13 
l?rict;i.on loss, f lu id  flow, 6.53 

Frac.tix e 

two-fliase flow, 6.54 

cladding -tempez-z,tiires, 3.30 
element failure,  3.13, 3.18, 5.61, 7.66, 

element, release, 4.89 
handling, 1.22, 8.14 

accident, 3.13, 3.1.4 
f ac i l i t y ,  7.78 
rna~ufacture and  fEbricatfon, 2.35 
oxidation rate,  3.26, 3.27 
plates,  5.35 
recovery, 2.35 
l;ei!rperature, 3.26, 3.27 
tra.nsfer cask, 3.13 
t ransfer  chute, 9.23 
t ransfer  contalimenti penetration, 9.28, 

.22 me1, 2.35, 3.1.5 

7.119, 7.146 

9.30 
FLnni@,ion, mechanical, 7.75 
Fused inorganic-cooled reactors, 1.33, 1. 260, 

1.53 

Ga.rmnr, 2.36, 4.8, 4.9 
dose, 1.10, 7.71. 
energy of  vari0iJ.s radioactive isotopes, 

heating code, 6.181 
4.9, 4.23, 5.1.1.8, 5.124 

Gas-cooled reactors, 1.33, 1.38, 1.39, 1.53, 

Gas equation, 6.29 
Gases 

fission, 4.90 
flammbility, 5.76, 5.82 
products, 4.85 
radiolytic,  5.78, 5.82 

Gaskets, 9.10, 9.40, 9.42 
Gate valves, cost, 11. 2L7 11.26, 11.27 
Ceneral Counsel, Office of, 2.5 
General Zlectric Company (GE), ,Sin Jose, 

Glendenin's me, 4.4 
Glossary of nuclear t e r m ,  2.34, 2.38 
Grain growth, 4.90, A.91, 4.96, 4.9'7 
Graphite, 1.37, 7.1, 7.12 

7.11, 7.23, 7.65, 7.148, 11.37, 11.38 

12.7 

a i r  reaction, 5.57, 5.64 
annealing, 5.128 
energy release , 5.131, 5.132 
f u e l  elements, f i s s ion  product, release, 

moderated reactors, 1.38, 1.47, 7.1, 7.118 
oxidation, 5.56, 7.151 
reection rate,  5.85 

4.117 
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reactions, 1 .36 
steam reactions, 5. 84, 5.87, 5.88 
stored energy, 5.128, 5.131, 5.132 

Grounri deposition, 4.196, /-. 197 
Guardpipe, 7.52, 7.53, 7.96 
Guide, s i t e  c r i t e r i d ,  1.1 
Guide, use of t h i s  conipilation, vi? 

Haddam-Keck Reactor, 11.7 
Halden >oi l ing Wa-ter Reactor (Noiway) , 7.126 
H~zlf l i f e ,  4.2, 4.3, it.9, 4.23 

biol  ogical, 4.187 
effect ive,  c+.l.87 
radioactive, 4.187 

H a l l a n i  Ituclear Power Facility, 1.14, 1.25, 
1. 38, 3.21, 3.24, 3.26, 3.27, 7.1.09. 
7.110, 7. iiz, 7. iu, 7: 115, i. 1.3.6, ' 
7.117, 7.114, 7.119, 8.23 

Halogens, 1.9;  see also Todine 
r'enoval, 7.70, 7.90 
t e s t ,  10.16 

Iianiord Laboratories, 12.12, 12.20 
Hanford Reactor, 1 .52;  see a1.so Nev 

7hrvard A i r  Cl-eaning iabaratory, 12.20 
h z a r d ( s ) ,  4.37, 4.199 

Production Reactor 

calculat ions,  4.181, i-.186, 5.76, 5.78, 
5.84, 5.86 

cesiwr!, 4.199, 1.202, 4.203, 4,206 
explosions, 5.60 
iodine, 4.193, 4.200, 4.201 
oxidation, 5.59 
shutdown, 1 .22 
strontium, 4.199, 4.204, 4.205, 4.206 
sumnary repoyt, 2. 6, 2.12, 2.16, 2. 29; 

see a l s o  %ai"e'cj. repor t s  
f i n a l ,  2.15, 2.16, 2.35, B . l  
pi-elimi.nary ( s i t e  evaluation repor t ) ,  

v o l a t i l e  f i s s i o n  produzts, 4.207, 4.206 
2. 14.- 

Health physics, 2. 35 
Heat 

capacity, 1 .33 
content of mterials,  5.1-28, 5.129 
decay, 5.117, 5.125 
f i ss ion ,  4.117 
gaiiumP 4. 117 
generation, 5.90 
oxidation, 5.61, 5.63 
removal, 9.45 
'rransfer, 5.5, 6.2, 6.7, 6.8, 6.9 

boil-ing, 6.22 
condensation, 6.19, 6.22 
conduction, 6.3 
convection, forced, 6.5 
convection, f ree ,  6.10, 6.12, 6.13 
pool, 6.23 
radiatioli,  6.12, 6. 14, 6.15, 6.16 

treatment, 6.13.3, 8.16, 8.24, 8.76 
of vaporizati-on, 1, 33 

cost, 11.19, 1.1.20 
Venti la t ing arid A i r  Conditioning 

Heating 

(Guide), 2.30 

Heav;r-b!a,ter Comyonents 'Test Reactor (H,dCi?p), 
1. 25, 7.1.2, 7.14, 7. 24, 7. 30, 7. 32, 

7.61, 7. 63, 7.6L, 7.67, 7. 66, '7. 69, 
7.71, 7.75, 7.152, '1.154, 7.155, 7.156, 
8.34, 8.37, e. 57, 10.20, 10.53, 11.. ~ 7 ,  
11. 51. 

1.1. 38 

7.40, 7. w , 7.4-5, 7.55, 7.56, 7.59, 

€Ieav]-Water Reactor, 1.33, 1.36, 1.53, 11.37, 

Height of re lease,  7.69, 7.89, 7.107 
Heliurn-Cooled Eeactor, 1. 38 
1Iel.ium ?enk t e s t ,  10. 1 6  
Henry's Law, /..l43 
Hermetic connectsrs, 9.40 
High-density concreie, 8.26 
High-ener,gy fissior,,  L .  9 
Zigk-pressure containment, 1.43, 1.44, 1. L9, 

1.50, 1. 51, 1.53, 7.5, '7.11, 7.12, 
7.15, 7.56, 7.61.; 7.67, 7.68, 7.69, 
7. 132 

I;cmogeneous reactor, 1.36, 1 .53  
Test ( IRI) ,  1.36, '-?.ll, 

7.12, 7.14, 7.33, 7.36, 7.3'7, '7.40, 
7.43, 7.45, 7.56, 7.59, 7.60, 7.61, 
7.68, 7. 69 

Hull, ship 's ,  7.36 
Human error ,  3.1.3 
Humboldt Eay, 1.14, 3.14, 3.32, 8.12, 8.19, 

8.22, 8.45, 8.55, 10.77 
Po-der Plant  Xefueling Building, 7.12, 

7.1-09, 7.l1.0, 7.113, 7.114, 7.11'7 
Power Reactor, ?L. 1 Lr, 6.93., 7.9, 7.10, 

7.91, 7.92, 7.96, 7.100, 7.102, 
7.107, 7.146, 7.147, 7.149 

Iiiuiiulliiilty, 7. 80, 10. 85 
absolute, 10.89 
r e l a t i v e ,  10.89 

Harri.cane, 3.14, 7.75, 7.64 
Hydraulic pi.o'uleiirs, 6.35 
Hydrogen 

air-steam mixtures, 5.83 
generation, 5.86 
oxygen reaction, 5. '78 

Hydrology, 8 .7  
Hydrostatic t e s t ,  10. L; 
:Xygroscopic addi t ives ,  4.133 

igi i i t ion of iilelial, 12.14, 12.15 
I l l i n o i s  21s Litute of Technology Research 

Jmpact t e s t ,  8.59, 8.60 
T.mpaction, 4.156 
Ir~ipingen;iint of j e t s ,  6. 36, 6. 44 
Incident; see Accident 
Tndemnity, 1.28, 1.30 
Independence, of chennels, 9.71 
Indian Po in t  Reactor, 1.14, 1.33, 1.37, 

I n s t i t u t e  ( IIT), 12.5, 12.10 

1.50, 3.3, 7.9, 7.10, 7.11, 7.12, 7.14, 
7.15, 7.17, 7.1-8, 7.36, 7.r40, 7.41, 

7.1)+4, 7.152, 7.3.56, 7.157, 10.9, 11.8 
7.56, 7.71, 7.1.32, 7.133, 7.138, 'i.141, 

Indirect  cycle, 3.11 
.Induced a c t i v i t y ,  4.2, 4.3 
ilnflatable seals ,  9.10 
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ingestion dose, (+. 178 
Inhalation dose, 4.178 
Injection, core, 7.61, 7.88, 7.89, 7.103, 

7.1L2, 7.147, 7.149, 7.150 
Tn-leakage, 7.3, 7.109 
Jnorganic {fasea) cooled reactor, 1.33, 

ln-place t e s t ,  f i l t e r s ,  9.64 
Jnsertion of reac t iv i ty ,  5.103, 5.115 
Inspecti.on, 7.145, 8.82, B.2.1, E.11 

1.40, 1.53 

f ie ld ,  2.2.3 
vessel, C.23 

National Ibard of Boiler and Pressure 

National Rireau of Casualty 

Qualificators, 2.21 
Instantaneous release, 7.62 
Instl-urnentstion, 2.35 

containrent, 9.67 
power, 9.80, 9.83 

Tnspeetors, 2.19, 2.21 

Vessel Inspectors , 2.21 

Underru-riters, 2.21 

Tnsulation, 7.55, 7.100, 8.27, 8.80, 8.81, 

Insurance, 1.28, 1.30 
E. 8 

Mutual htondc Ehergy Liabi l i ty  

Nuclear Energy Liabi l i ty  Insurance 
Underwriters (ivL44EI;U) , 1.30 

Association (HZLLA), 1.30 
Integrated l e a k g e  r a t e  t e a t  , 10.18 
Interlocks, D. Ir+ 

a1r lock, 9.12 
Internal 

conducta.nce, 6.4 
conversion, 4.. 9 
dose, 4.178 
energy, 6.27 

a i r ,  6.31 
mter, 6.31 

YS diameter, 7.7 
fue l  element, 4.103 

pressixe, 7.3.3, 7.60, 7.124, 12.2, 12.5 

Tnventoi-y, 4.87 
f i ss ion  PrCJilUCt, 4.1, 4.36 
11 values, 4. 37 

Inversion conditions, 7.72, 7.74 
Iodine, 1.9, l.l.?, 4.1.26, L.129, 4.135 

absorpti.on, 7.132 
aging effect ,  4,143 
chemical activity,  4.129 
compounds, L. Ih2 
concentration, 4.135 
i n  containrent building, 4.134 
deposition of, 4.123, 7.71, 7.154, 9.60, 

desorption and exchange, 4.140 
d i f fus iv i ty  in water, 4.147 
distribution i n  air a.nd water, 4.146, 

experimeiits, 4- 134, 4.135 
f i l t e r ed ,  4.138 
ha l f - l i f e  of vapor s ta te ,  4.141 
hazard, 4.193 

on particles,  4.141 
partition coefficient,  4.145 
release, 4.123, 4.126, 4.127, 4.1.30 
removal by sprays, 4.143 
scrubber, 4.1/+3 

9.62 

4.1.51 

rQdecular ,  4.141, 4.146, I+. 160 

solubili ty,  4.143 
i n  solution, 4..151 
vapor, 4.138 
-urani.im thermodynamic constants, 4.130 

Irrzdiation effects,  8.69 
Is o l a t  ion 

in  reactor s i t ing ,  1 .7  
valves, 1.45, 9.19, 9.21, 9.23, 9.66, 

9.73, 3.76, 10.21, 11.24 
Isotopes, t6ble of, i+. 2, 4.3 

separation, 2.36 

J e t  
condensati.on, 6.91 
forces, 6.36, 13.44, 8.45, 12.10 
propelled missiles, 6.153 

Jo in t  Cormnittee on Atomic Znergy (JCm) , 2.7 
Jo in t  expansion, 3.18, 9.19, 9.21, 11.23, 

11.24 

K-electron capture , 4.9 
Kinetic-energy correction factor, 6.40 
Knolls Atomic Power Laboratory (KAPL) , 1.3, 

7.1, 7.3 

Laminar f low,  6.6, 6.9, 10.26, 10.33, 10.49 
Lanthanum, f i ss ion  product, 4.126, 4.128, 

Tzpse conditions, 7.72, 7.74 
L z w s  

4.132 

c i t i e s ,  2.22 
colmties, 2.22 
pressure vessel, 2.22 
provinces, 2.22 
states,  2.22 

plant, 8.15, 8.16 
s i t e ,  8.20 

h3.Y Gut 

Jaikage, a l so  Leak, 1.6, 2.29, 7.39, 7.71, 
7.72, 12.6, 12.13 

characteris-tics, 10.40 
check, 7.41 
coefficients , 12.6 
design, 7.1-4, 7.81, 7.97, 7.114, 7.139, B.6 
rmture of, 10.26 
parameters, 10.28 
penetration, 9.33 
rate,  1.9, 7.14, 7.66, 7.71, 7.81, 7.97, 

7.11.4, 8.1, 8.7, 8.10, 8.38, 10.1, 
10.23, 1.0.97 

Agesta, 10.60, 10.61, 10.62 
assumed, 7.69, 7.89, 7.107 
conversatism, 10.64 
c r i t e r i a ,  10.19 
data interpretation, 10.57 
definit ion,  10.44 
detemination, 10.84 
errors , 10.86 
EVESR, 10.60, 10.62, 10.63 
experimntal, 10.96 
extrapolation, 7.43, 10.43, 10.)+5, 10.64 
;Iuraboldt Pay, 10.77 - _  
measurenent, 7.14, 7. 39, 7. g l j  7.37, 

method.s, 1.0.97 
7.3.14 

absolute, 7.39, 10.24, lo. 25, 10.67, 

adulteradc gas, 10.78 
cornprison or, 10.79, 10.81, 10.83 
nw.keiip a i r ,  10. 76 

10.69, 10.81, 10.94 
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reference vtissel, 7.39, 7.78, 10.24, 
10. '71, 10.86, 10.95 

NS Savannah, 10.5'-7, 10.58, 10.77 
penetrat ions,  10.78 
Plum Brook Reactor, 10.80 
vs pressure,  7.43, 10.43, 10.46 
pressures,  10.24 
t e s t ,  10.8, 10.17, 10.81., 10.105 

contihuous, 7.41, 10.64 
equipment,, 1.0. 66 
periodic,  10.6d 
procedures, 10.65 
s e v e m l  pressures,  10.64 

Yankee, 1.0.77 
requirements, 7.14, 7.81, 7.97, 7.109, 

spec i f ica t ions ,  7.43, 10.22 
t e s t s ,  7.39, 7.43, 7.78, 10.9, 10.614 
t ightness ,  1.1, 7.109 
t o t a l ,  10.42 

Licensing, 2.12. 
construct ion pe-rmit,  2.12 
Division of Reactor T,icensing, 2.2, 2.5, 

2.17, 2.13 
operat ing l icense,  2.12 
provisional- 7 icense, 2.12 
publ ic  hearing, 2.1A 

7.118, 7.139 

Liabi l i ty ,  1.28, 1.30 
Lightning 

data,  7.55, 
rod, 7.55, 8.)+6 

Linear momentum equation, 6.36, 6.40 
Liner (s ) ,  8.28, 8.53, 8.57, 8.85 

f o r  concrete,  8.53, 10.8 
nometa l ,  8.56 
s t e e l ,  7.30, 10.19 

fl_a.iimmbil.ity, 5. 78 
metal-cooled reactor ,  1.33, 1.37, I, 53, 

"Tile ", 7.33, 8. 57 

Liquid 

3.23 

Icad(s), 7.1.4, 7.79, 7.96, 7.110, 7.124, 
7.138 

containment shell, 10.3 
dynamic, 6.106, B.1, E. 2 
fact,or, 11.. 3 
l i v e ,  8.9 
t rans ien ts ,  6.120 
vessels ,  8.42 

of leaks,  lo.& 
plant ,  11.6 
rezctor ,  7.12, 7. 79, 7.97, 7.133 

Locks, 9.77 
air, 9.4 
equj.pment, 9.2, 9.3 
escape, 9.2 
personnel, 9.2, 9 .3  

Location 

Los Angeles, Ci ty  of (Reactor),  '/.98 
Jass-of- 

coolant acciden-b, 3.6, 3.11, 3. 20, 5. 51, 

flow accident,  3.6, 3.7 

load x c i d e n t ,  3.8, 3.9, 3.10 

7.66, 7.118, 12,10, 12.11  

t e s t s  (raw), 12.27 

Inw-leakage bui lding,  7.123 
Low poj?i.dati.on zone, 1.8, 1.13, 1. l.lt7 1.. 17, 

Low-pressure 
a. 4 

buildings,  2.29 
containment, 1.43, 1.53, 7.5, 7.75, 7.79, 

7.81, 7.86, 7.89, 10.99 
t c s t ,  7.39, 7.40, 7.78, 7.81, 7.97 

Low-teiniperatin-e b r i t t l e n e s s ,  6'. 24 
h c e n s  lower Sia-Lion (Switzerland),  7.128 
IJimber and Fastenings (Standard),  2.30 
IJIII~S, 4.187 

Magnetic-particle t e s t  (welds),  7.44 
Maintenance 

containment, 10.111 
salves ,  9.24 

"Ma. j o r  modif-i ca t ion  " ( defined) , 10. 7 
k l i b u  Beach; see City of LQS Angeles 
ban-rerr., 1. '7, 1.17 
F , % L I ~ J . ~ ,  o f  design, f o r  conventional 

building, 3.2.6 
Iksonry (bui lding) ,  2.29 
YB. s s 

numbers, 4.9, 4 a 7 3  
spectrorteter t e s t ,  10.16 
t rensfer ,  5.57 

yields ,  1.4 
coef f ic ien ts ,  4.146, 6.153 

meesured f o r  E;235 and UZ3', 4 .6  

absorber (shock and b l a s t ) ,  6.171 
of construction, 7.19, 2.20, E. 2, 3.3 
containment, 7.4-5, 7.82, 7.115, 7.139, 

8.19 
f i ss ionable ,  2.38 
heat  content,  5.128 
propert ies ,  6.94, 6.108 
reactor ,  5.129 

t ,&ter ia l (  s )  

specif icat ions,  7.39, 7.4L+, 7.45, 7.87, 

vessel-s, C. 23 

accident,  7.33, 7.58, 7.119, 7.3-42, 

a l lovable  dosage, 4,193 
cred ib le  accident (MCA), 1 .2 ,  3.1, 3.14, 

4-89, 6.2, 7.58, 7.72, 7.86, 7.90, 
7.91, 7.98, 7.119, 7.123, 7.1.15, 

7.82, 7.99, 7.115, 7.136 

Ihx i m m  

7.143, 11.34 

7.L.L+7, 7.1 53, 10.1, E 
conventional, 3.3.9 
defined, 3.1, 3.1L 
examples, 3.19, 3.20, 3.23, 3.28 
mechanistic, 3.28 

credible  operating accident  (MCOA) , 
design accident ;  see ?kxiruim credib le  

p e n ~ ~ i s s i b l - e  exposure (P.PX), 4.187 

design, 1 . 5  
fumigation, 7.75 
proper t ies  of  m t e r i a l s ,  6.94 
shock, 2.19 

7.105, 7.106, 7.107 

accident 

Mechanical 

14echa.nistic analysis ,  3.28, 7.65, 7.70 
Mel-tdoljn, 4.112 

claddinz, 1,. 89 
experiments, 4.11.4 
p a r t i c u l a t e  generation, L l 1 8  
t e s t s ,  5.11, 5.18, 5.20, 5.26, 5.30, 

5.33, 5.34, 5.36, 5.38, 5.41, 5. 54 
Me It ing  

LUel element, 7.1.46 
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points of f i s s ion  prodii.cts, 4.95 

s tee l ,  7.20, 7.134 
stresses,  10.3 
vapor barrier,  7.77 

absorbers, 7.155 
l iners ,  8.54, 8.55, 10.8 
molten, 6.8 
-water reactions, 5.3, 12.14, 12.15, 

1.2. 24 
Neteorology, 3.18, 8.7 

categories, 4.179 
conditions, 1.11, 7.66, 7.69, 7.72, 7.69, 

7.1.07 

Memb ram 

N?tal 

Wl.k, consumption, 4.198 
VLllipore, f i l t e r ,  4.1.38 
Minnesota, University of, 12.13 
Missile(s),  6.160, 7.100, 7.116, 7.130, 

7.1.39, 12.9 
accident, 7.85 
external, 7.58 
generation, 6.150 
j e t  PrCJpelkd, 6.153 
protection, 6.150, 7. 56, 7.57, 7.58, 

self-propelled, 6.152 
shield, 6.1.50 
shock generated, 6.151 

7.84, 7.102, 7.116, 7.141, 8.44, E.2 

Mobile reactors, 1.7; see a l s o  NS Savannah 
Moderator, 7.53, 7.85, 7.86, 7.102, 

“ldorIi.ficn.tion, iria jor, “ 10. 
Noisture separators, 3.57, 9.59 
Molecular 

7.11.7, 7.141, 7.142 
tank, 7.65 

diffusion, LO. 26 
flow, 10.26, 10.23, 10.48 
i.odine, 4.141, 4.160 

Molten metal, 6.8 
Ml ten  Sa l t  Reactor Experiment (NSRE), 

Nolybdenim., 4.128, 4.132 

Moment of s t ab i l i t y ,  8.9 
l4mentum correction factor, 6.38 
Monitoring 

1.3.3, 1.40, 1.44, 1.53 

iodide, 4.129 

inspectors, 2.21 
leakage, 9.70, 9.76 
Uational k a r d  oP I b i l e r  and Pressure 

National IWreau of Casualty Underwriters, 

Radiation, 2.34, 7.55 

bar r ie rs ,  7.145, 10.9, 10.20, 10.101 
conta immt ,  1.42, 1.46, 1.49, 1.50, 1.51, 

Vessel, 2.21 

2.21 

Multiple 

1.52, 4.172, 4.1.75, 7.132, 7.133, 
7.138, 7.141, 7.143, 7.144, 7.157 

reactors, s i t e ,  1.7 
vessels, 8.17 

Kul.tistage construction, 8.50, 8.51, 8.52, 

Mutual Atomic Energy Liabi l i ty  Under- 
8.53, 8.54, 11.12, 1.1.17 

writers (MAELU), 1.30; see a lso  
Insurance 

XaK, 5.46 
hTationa1 Aeronautics and space Ab-inistration 

Ik t iona l  k r e a u  of Stanaa-rds (WE), 2.33, 

National. E lec t r ica l  I+tanufacturers Association 

N a x a l  Ordnance Laboratory ( N O L )  , 12.8 
Nwy Code, 2.26, 8.64 
NET; see X i 1  duc t i l i t y  
Negative pressure containment, 7.3, 7.95, 

7.117, 9.50 

Reactor, 1.14 

2.42 

(NFMA), 2.33, 2.41 

protection, 7.14, 7.79, 7.96, 7.138; see 
a l so  Pressire relief and Pressure 
-venting contaj.nnient 

t e s t ,  7.75 
Keutrino, 4.9 
%xtron( s )  

absorptiori cross section, 4.9, /+. 23 

dose, steel ,  8.n 
embrittlement of steel ,  8.68 
emissions, 4.8 

del.ayed, /+. 8, 5.116 

New Production Reactor (NPR), 1.49, 7.5, 

Newton’s law, 6.36 
Nil duct,il.ity -tra.nsitiua (N[yp) temperature, 

Noble gases, 1.9; see a l so  Xenon 
PJoJorcenclatw-e, I-eakage calculations, 10.26 
Noncondensab.bl.es, 6.20 
Northern Stakes Power Co. ; see Pathfinder 
Ni(x accident, 5.10 
IUS Savannah, 1.l6, 1.50, 3.6, 3. ‘7, 4.172, 

7.124 

7.4)+, 7.45, 7.58, 8.63, 8.68, 8.70 

7.3, 7.10, 7.11, 7.12, 7.14, 7.27, 
7.36, 7.38, 7.39, 7.40, 7.43, 7.56, 
7.54, 7.59, 7.60, 7.61., 7.@+, 
7.67, 7.68, 7.69, 7.71, 7.72, 7.132, 
7.157, 10.9, 10.57, 10.77 

7.66, 

Nucl.ear 
codes , computer, 6.180 
energy, 7.58, 7.61, 7.103, 7.142 
mer= TLability Irlsu-ance Association 

energy l i a b i l i t y  policy, 1.30 
( N E L ~ - ) ,  1.30; see a~.so Biswance 

.. 
ernergy source, 5.89 
equipment supplier, 7.14, 7.79, 7.92, 

7.110, 7.133 
excursion, 3.14, 3.39, 5.9, 5.52, 5.55, 

incident, 7.63 
Insurance Rating Bureau, 1.30 
merchant ship, 1.16; see also ITS %vannnh 
Power Demons-trxtiorf Iieact,or, Canada, N.?D, 

properties of U235 f i ss ion  products, 4.9, 

Safety l i l f o m t i o n  Center (NSIC), 12.21 
Safety Pilot Plant (NSFP), 12. ‘a, 12.26 
Standards Board, 2.32, 2.33 
terminology, 2.34 
vessels, 2.18, 2.21, 6.1, 7.44, B . l ,  C.1,  

5.56 

7.124, 7.126, 7.147, 7.152, 7.153, 
7.156 

4.23 

C.3, D.l, E.1 
Nucleate boiling, 6.22 
Nusselt number, 6.10, 6.11 



1.4 

O a k  3icige NatioivJ Laboratory (CRNL), 1.52, 

Oak Ridge Research Peactor (Om), 1.47, 
12.21 

1.121, 7.3, 7.4, 7.U, 7.110, 7.114, 
7.11'/ 

Operating l icense,  2.12, 2.15, 2.16, 2.22 
Operation, of nuclear f a c i l i t i e s  

befGye accia.ent, 7.67, '7.88, 7.1~05, 
7.119, 7. !L4 

containrmit, 9.66, 9.73, 9.76 
port, 1.16 

e r ror ,  1.21 
plant ,  2.38, 7.12, 7.79, '1.92, 7.110, 

7.1?3 

Operator 

Orga-nic 
coolant, 5.81, '1.76, 7.85 

yeactions, 5.78, 5.79 
cooled rezctor ,  I..??, 1.39, 1.53, 3.28, 

5.79, 11.37; see al.so Fiqua Nuclear 
Power P a c i l i t y  

f i r e s ,  5.79 
Orif ice  flow, 10.35, 10. i+8, 12.13 
ORR type containment, 7.95; see a l s o  Oak 

Zidge Research Reactor 
Oxida t i.on 

e f f e c t  of bumlu_a, 4.115 
u02, 4.107 
uranium, 4.115 

equations, 5.62 
graahi te ,  5.56, 7.151 
hazards, 5.59 
heat  re lease,  5.63 
prevention, 5.61 
ra te ,  fuel ,  3.26, 3.2'7 
react ions,  5.56 
runakay, 5.59, 5.60 
sodium, 5.n 

h c i f i c  Cas zlid Elec t r ic  Company; see 
Hunboldt k y  and Bodega Zay 

Paint(  s )  , 8.81, 12 .6  
coal  tar, 7.57 

Para11.el procedures, 2.6 
Par t ic les ,  4.1~35 

adsorption by chsrcoal, 4* 1.26, 4.166 
aerosol, 4.167, 4- 168 
agglomeration, /+. 167 
i n  containment vessels, i,.. 1.62 
diffusion,  4- 3-64 
gsneration, 6.118, 12.17, 12.18 
renoual, 4.138, 4.156, 7.154, 9.55, 

s e t t l i n g ,  4.162, 4.164, A. 1.67 
size, 4.118, 4.120, 4,.169 
trailsport, i. 1.32 

9.62, 9.64 

P a r t i t i o n  coef f ic ien t ,  iodine, L. 145 
Pathfindei? Atomic Power PI-ant, 1. 149 1.25, 

7.12, 7.14, 7.16, 7.20, '7.25, 7.45, 
7.56, 7.59, 7.60, 7.63, 7.67, 7.69 

(EPTGR), 1.14, 7.151 

'7.82, 7.98, 7.100, 7.115, 7.116, 

Peach Bottom High Temperature G a s  Reactor 

Penet rs t ion(s ) ,  2.19, 7.44, 7.46, 7.81, 

7.12k, 7.1.27, 7.130, 7.136, 7.140, 
8.14, 8.30, 8.34, 8.41, 9.1,  9.25, 
i o .  5; io .  io, i o .  25, 10:43, io.  78,. 
12.5, 12.6, R . 4 ,  D.4, 6.4, E.7  

access, 9.2, 11.9 

closures, 7.44, ?./+8, 7.31, 7.83, 7.101 
concrete, 9. /-3 
cost, 11.. 23, 11.24 
desi.@, 3.16 
e l e c t r i c s l ,  7.44, 7.54, 9,29, 9.37, 9.40, 

expcriment.s, 6.156 
fuel transfer, 9.28, 9.10 
hermetic, 9.40 

packed, 9.36 
pipi.ng, 7.51, 7.81, 9.16, 9.18, 9.26 
potted, 9.17, 9.39 
relnforcemerrt, 9.117, 12.7 
of she l l s ,  6.156 
tes t ing ,  9.1L, 9 .41 

Perfect  gas law, 6.29 
Personnel 

9. /,-3 

leakage, 9.33 

access, 11.9 
locks, 9.2, 9.3 

Philadelphia Elec t r ic  Compa-ny; see Peach 

P h i l l i p s  Petroleum Coinpany, 1.. 52, 12.13 
P i l e  foundations, 8.2, 8 . 5 ,  8.6, 8.39 
Pipe (piping) ,  2.27, 12.2 

Bottom 

Code, 12.7 
designer, 7.145 
f a i l u r e s ,  2.28, 3.33, 3.37, 12.7, 12.26 
penetration, 7.46, 7.51, 7.52, 7.81, 

7.82, 7.1.00, 7.115, 7.116, 7.140, 
9.16, 9.18, 9.26, 11..23 

tunnel, 7.95 
Piqua Nuc1ea.r power F a c i l i t y  ( PW~), 1.1)+, 

1.25, 1.39, 3.3, 3.)+, 3.28, 5.79, 
7.75, 7.76, 7.79, 7.80, 7.81, 7.84, 
7.%7, 7.89, 7.90, 7.91, 11.37 

Plant 
cost, 11.2, 1.1.4, 11.11, 11.,!.5 
layout, 8.15, 8.16 
locat ion,  11.6 

behavior, 6.94 
deformtion,  6.93 
strength, 6.122 
thermal se t t ing ,  '7.33 

P l a s t i c  

Plateout of f i s s i o n  yroduct, &. 1.33, 7.70, 

Plum Brook &actor  (PYR), 10.80, 10.83, 

Plutonium-production reacto.rs, 4.115 
Plutonium Recycle Test Iieactor ( P E W ) ,  

7.72, 7.1.09 

10.88, 10.98 

1.36, 7.1-2, 7.14, 7.20, 7.25, 7.L0, 
7.56, 7.59, '7. 60, 7. 65, 7. 67, 7. 63, 
7.147, 7.152 

Fnewatie t e s t ,  10,4> 10.6 
Poison, neutron, 1.23, 3 . 3  
Pool 

boil-ing, 6.24 
suppression, 9.52 
wdter, 6. 21, 7.1~47, 7.1.52, 7. 58 

-centei- distance, 1.7, 1.6, 1.13, l.l4> 
1.112 

exposure, J . ~  7 
growth, 1.7 
zone, 1.17 

anal.ysls reports ,  1.20 
operation, 1.1.6 

Populat i on 

Por t  
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Potting Iratilterials, 7.51, 7.115 
powel., 2.34, 9.80 

a i r  lock, 9.12 
auxiliary, 2.34, 9.80, 9.82 
burst, 5.92 
burst  f a c i l i t y  (PBF) , 12.24 
core, 4.87 
costs, 11.2, 11.3 
density, 1.33 
e lac t r ica l ,  9.78, 9.80 
emergency, 9.80, 9.82 
excursions, 5.90 
history, 1.17, 7.66 
instrument, 9.80, 9.83 
p r im-q ,  9.79, 9.80, A . A  
reactor, 7.12, 7.79, 7.92, 7.110, 7.133 
Reactor Developmelit C o q a n y ;  see Enrico 

t h e r i l ,  1.13, 1.14 
Fermi 

Pref i l te r ,  9.55, 9.56; see a l so  F i l t e r s  
Pressure 

accident, 7.123 
buildup i n  fue l  rod, L..102 
containment, 1.42, 1.43? L.CJ+, 1.50, 

2.29, 7.8, E.2 
design, 1.lt8, 7.14-, 7.79, 7.96, 7.1.10, 

7.138, 8.1 
drop, acceleration, 6.55 

flov-time h is tory  6.72 
generation (shock5 , 6.86 
internal,  7.6, 7.7, 7.58, 7.124, 12.2, 

vs leakage, 10.43, 10.46 
leakage r a t e  (Cavern), 7.43 
mi l t ip l iea t ion  (shock wave), 6.85 
-release containment, 1.42, 1.46, 1.48, 

1.53 
- r e l i e f  containment, 1.46, l.It8, 7.3, 7.6, 

7.10, 7.12, 7.123, '7.126, 9.50, 

equilibrilJJn, 12.10 

12.5 

10.21, 10.99, u.31 
re l i e f  device, 10.6 
requirements, 7.lG9, 10.4 
suppression, 1.42, 1.44, 1.45, 1.48, 1.49, 

1.51, 1.52, 9.51., 12.12, 12.13 
suppression containment, 6.91, 7.2, 7.3, 

7.4, 7.6, 7.7, 7.40, 7.90, 7.92, 
7.93, 7.94-, 7.97, 7.100, 7.105, 
7.107, 10.9, 10.20, 10.100, 11.13, 
11.31 

temperature calclilation, 6.30 
t e s t ,  7.83., 7.97, 7.114, 7.139 
vs t ine ,  containment, 7.61, 7.141 
-tube reactor, 1.36, 7.65; see also P L ' R  
vapor, 4.1.03, 4.104 
venting, containment, 1.46, 1.47, 1.53, 

7.9, 7.10, 7.164, 7.i09, 71110, 
7.116, 9.50 

vessel, 2.17, 2.26, 3.32, 8.67, 8.69, D.2 
volume and temperature relations,  6.26 

Pressurized mter  reactor, 1.14, 1.32, 1.33, 
1.34, 1.53, 3.19, 7.63, 11.36, 1.l.37; 
see a l so  a ipp ing io r t  (ZW$ 

Prestressed concrete, 7.33, 8.33 
Price-Anderson Act, 1.28 
Primary 

power, 9.79, 9.80 
system, 11.11 

Prime contractor, 7.12, 7.79, 7.92, 7,110, 
7.133 

Probability 
accident, 1.9 
of fa i lure ,  2.35, 3.34, 3.37 

facil i . ty,  2.13 
reactors, 4.115; see a l so  N-PE 

Production 

Programs, computer, 6.179 
LProjectiles, 6.160 
Froi~pt c r i t i c a l i t y ,  5.104, 5.112 
Froof t e s t s ,  7.39, 7.40, 7.78, 7.81, 7.97, 

7.114, 7.136, 7.139 
h?OFerty dXIE,ge, 1.28 
Protection (protective),  2.36, 7.130, 

8.80, 9.fi8 
b las t ,  6.164 
building, 7.56, 7.84, 7.100, 7.116, 

cathodic, 7.57, 8.82 
channels, 9.69, 9.76 
coatings, 11.25, 11.28 
containment, 7.55, 7.56 
corrosion, 8.81 
external, 7.55, 7.56, 7.84 
f i r e ,  E.12 
missile, 6.150, 7.56, 7.57, 7.5k?, 7.84, 

negative pressure, 7.13, 7.14, 7.79, 

radiation, 2.13 
shock, 6.150, 7.57, 8.44 

7.139, 7.141 

7.102, 7.116, ?.11+1, 8. My E. 2 

7.96, 7.138 

Provisional license, 2.12 
F ' U * ~ ~ ,  yield imss, 4.6 
Public 

kcurnent 2oom, 2.13 
hearing, 2.14 

Puerto Rico, 7.78 
Tuerto Rico X?,ter Resources Authority 

PLrmp-back system, 1.51, 7.134 
Pyrolytic-carbon-coated particles,  4.117 

(PRIff'A), 7.134; see BO>IUS 

Qpality 
assurance station, 2.31 
control, 12.8 
steam, 6.46 

Radiation (radioactive) 
cloud, 4.178 
direct,  7.71 
dose, 7.68, 7.89, 7.106, 7.7.20 
effects,  2.19 
energy, to ta l ,  4.9, 4.23 
hal f - l i fe ,  4.7.87 
heat transfer,  6.12, 6.14 
mnitoring, 2.34 
protection, shielding, 7.36 
(Standnrd) Protection, 2.13 

of f i s s ion  products, 4..8 
generation, 4.1 
induced, 1 .24 
scavengiiig, 7.145 
-tra.nsport, 7.51; see also Transport 

Rac1ioa.c t i v i  ty 

Radiolytic gases, 5.78, 5.82 
l?ailroad door, 9.15 
Fankine-Hugoniot laws, 6.77, 6.166 



Ravenswood Power Plant, 1. 50, 7.132, 7.3.33, 
7.135, 7,138, 7.7.41> 7.114, 7.157, 
10.9, 11.8 

Reaction( s )  
al~~iniiium-t;l;esm, 5. 31, 5. 33 
aluminum-kwter, 5.9, 5.54, 5.55 
chemical, 3.14, 5. 2, 12.13 

5. 5'7, 5. 61~, 5. 68, 
5.85 

graphite-steam, 1.38, 5.84, 5.87, 5.88 
hydrogen-oxygen, 5.78 
rneta.l--mter, 5.3, 12. lh, 1-2.15, 1.2.24 
organic coolants, 5.78, 5.79 
oxidation, 5.56 
sodium-air, 5.73 
sodium-oxygen, 5.72 
sodium-water, 5.46, 5. fr8, 5.49 
s t a i n l e s s  steel-wztcr, 5. 4 J - 3  5.43 
uranium-steam, 5.2L,  5.25, 5.26 
u-aniim-i.r,ter, 5.28, 5.29, 5.30, 7.63 
zirconim-waicr, 5.7, 5.8, 5.13, 5.14, 

5.16, 5.17, 5.19, 5.22, 7. 62, 7. 61 
React ivi ty  

coef f ic ien t ,  l . L I j  5.91, 5.102, 5.112 
inser t ion  mechanisin, 5.103 
inser t ion  rz tes ,  5.115 
ramp, 5.92 
step, 5.92 

accidents, 5.50; see a l s o  Accidents 
accident imdels, 5.59, 12.27 
aqueous homogeneous, 11.37, 11.. 38 
Avestz; see Avesta 
Rig  Rock Point; see 3ig 3ock Poin-i 
Bodega B y ;  see Bode& Bay 
boi l ing  =her, 1.33, 1.53, 3.20, 1.2, 

AOiVJS; see EOKJS 
Carolinas-Virginia 'Tube (CSITP) ; see 

Reactor( s), 2.35 

7.11, 7.62, 11.36 

Girolj.n;s-Vi-6ini? ,Yube ReccLor 
( CV~lIll) 

City of JOS .bgc les  (1>~1ibu.) ; see 
G i i y  of 10s imgeles Pecctor 

c lsss i . f icat ion,  2.38 
coi~ponents, 2. 34 

control, 2.38 
cooI.?nL, 7.59, '7.86, 7.102, 7.11.7, 7.142 
Dresden; see Dresden 
Elk River; see E l k  River Resc-toi- 
Enrico Fermi ( PRDC) ; see Enrico P'erl-iii 

Rezctor 
envii-orEnent, 2.33 
equi?ment su>pliei-, 7.U3 7.79, 7.92, 

excursion, 5.93, 5.101., 5.105, 5.110 
Expeyilinent;l Boiling \ t u b e r  ( ERWR) ; see 

Expel-irncntal 3oi l ing J'!ater Reactor 
~xper imentn~.  Brceciw ii (EZH 11); see 

hperine?i;al Breeder Reactor I1 
Experi.mentd C , s  Cooled (EGCR) ; see 

Experimzntal Gas Cooled Reactoi- 
fused inorganic cooled, 1.33, 1.40, 1.53 

7.110, 7.133 

gas cooled, 1.33, 1.3P, 1.39, 1.53, 7.65, 
7.3.51, 11. 37, 11. 38 

graphite, 1: 38, 1. c7, 7.3.; 7.2, 7.12 
Haddan; k c k ,  11.7 
Hal l . am;  see Hallam Vuclear ?osier FH.cj.1i.ty 
heavy watcr, 1.33, 1.36, 1.53, 11.37, 11. 31! 
Ez-vy Wdter Components 'i'est 

homogeneous, 1.36, 1.53 
Homogeneous Reactor Test ( I B T )  ; see 

Hornogcneous Reactor Tes; 
'i; my; see Hm'ooldt B y  Power 
enct,or 

Indian Point; see Indiin Foi.rt LRenctoi- 
Licensing; see Licensing 
J.LqJid-Ii1ek.l cooled, 1.33, 1.3'7, i. 53, 3.23 
loca'iioii, 7.12> 7.79, '1. Y2, '/. 110, 7-13? 

%Xbu Bsach; see City of Los h g e l e s  
R e a t o r  

modorator, 7.59, 7.86, 7.102, 7.1.17, ' i . l L 2  
mo1.tei-1 salt, 1.33, 1.40, 1.53 
bldten ~21. t  Expeziment ( MSKF) ; see >,lolten 

&lt Reacto-r Fxfierlment 
National Aeromutics and Spt:e Adrninj s t z a -  

t i o n  (NAASA); see Plum Erook Reactor 
New Production (NPR) ; see New Production 

Rezctor 
ITS Savannah; see NS Sai-amah 
Nue1.ear Power Lemonstration (VPI)) ; see 

Oak Eidge Rese-rch ( O W )  ; see Cak Ridge 

operator, 2.38, 7.32, 7.79, 7.92, 7.110, 

Nuclear Power DemonStrd'LiOn React,or 

Research React or 

7.133 
organic cooled, 1.33, 1.39, 1.40, 1.53, 

Fathfinder; see R~thpinder  Atomic Power 

Peach &%tom; see Peach Bottom High 

Piqua; see Piqua Nuclear Power F a c j l i t y  
plutonium production, 4.115 
~1u-tonj.iirn iiecycle Illest ( P ~ ~ I K )  ; see 

Plutonium Xecycle Test Reactor 
power, 7.12, 7.79, 7.92, 7.110, '7.133, A.4 
pressure tube, 1.36, 7.65, 7.145 
pressurized water, 1.32, 1.53, 7.63, 7.1.41, 

11.37, 11.38 
yrj:mry sys tem, f i s  s ion- produc t r e  lea. se ~ 

4- 3-19 
production, 4.1.15 
Ravenswood; see Ravenswood Power P1ant, 
research, 1.33, 1.53 
%txton; see S3xton riuclear Xxperimental 

React or 
shipboard, 1 . 7  6 
&;hippingport ( T+?) ; see Shipping-gort 
s i t e  c r i t e r i a ,  2.1; see S i t e  Cr5. t;eris 
SL-I; see SL-1 
SM-1; see SM-.l 
SM-1.A; see SM-IA 
sodiiljn cooled, 7.65, 7.118 
sodi-mi?-cooled fast, 11 e 3'7, 11.38 

3.28, 1.1. 36, 1.1 " 37 

Plant 

Temperature Gzs Reactor 



sodiuni-graphite, 8.19, 8.23, 11.37, 11.38 
testing, A. !+ 
transients,  5.10 
types, 1.32, 1.33, 1.53, 7.12, 7.59, 

7.79, 7.36, 7.92, 7.102, 7.110, 
7.133, 7.142 

university, 1.41 
Vallecitos miying Water ( VUWR) ; see 

vessel, 7.82, 7.99, 7.115, 7.139 
mter,  7.11, 7.13, 7.90, 7.146 

Yankee; see Ymkee Atomic Elec-tric 

Vlitllecitos Boiling Water Rea.ctor 

x-10, 7.12 

Eecirculating f i l t e r ,  9.62 
Rectan@.ar container, 8.22 
Redundamy, 7.55, 9.69, 9.76 
Redmdant charnels, 1.21, 9.6.3, 9. '76 
Redwood, compression properties, 6 . 1 n  
Iieference Vessel Method, 7.39, 7.78, 10.24, 

10.71, 10.75, 10.84, 10.94; see a l so  
Jxakge  

Deflector, 7.59 
Reinforcing bar (rebar),  8.28, 8.30 

connectors, 8.31, 8.32 
properties, 8.33 
splicing, 8.31 
welding, 8.31 

building, 7.9, 7.109 
operations, 7.118 

Refueling, 8.15, 8.20, 11.1.2 

Regulations; see a l so  Licensing, 2.17, 
2.29, 2.34 

CFR, T i t le  10, 2.13, 2.17 
Director of, 2-2 
s t e e l  contaimwnt vessels, 2.17 

Advisory C o r m n i t t e e  on Rea.c tor ,%I"egw.zrds 

Atonic Energy Commission (AEC) , 2.2 
Division oT Licensing and Regulations 

Joint Committee on Atomic %iergy 

Regulatory organizations, 2.2 

(ACCRR), 2.6, 2.14 

(DI,&R), 2.2, 2.12 

( S C E ) ,  2.7 
Reinforced concrete, 8.17, 8.19, 8.30, 10.8 
Reliabil i ty,  1.21, 1.22 

containment , 9,67 
f i l t e r ,  7.155 

Relief device (pressixre) , 7.4, 7.5, 10.6 
Removal; see Fission i?roduct liemov?vls 
Research 

contaimea-t, 12.1 
reactors, 1.33, 1.53; see a l so  Oak Ridge 

Research Reactor 
Eesista.nce t'nermoms-try, 10.79 
Response s-tiidies, 12.2, 12.3 
Xetest, experience, 7.40, 7.41, 7.81, 10.110 

frequency, 7.40, 7.81 
methods, 10.109 
reduced pressure, 10.109 
requirements, 10.107 
penetrations, 9 . U  

Rod, control, 1.23 
Roof, slopes, 8.9 
R o w i n g  f i l t e r ,  9.55, 9.56; see a l so  

F i l t e r s  
Fhpture; see a l so  milure 

b r i t t l e ,  3.32 
:,oolant system<, 7.69 
double-ended, 3.33 

fue l  elenent, 7.76 
pipes and vessels, 3.37 
s i ze  (pipes), 12.26 
systems, 3.18 

Hural Cooperative Power Associates; see 
Elk FlPTer 

&bota.ge, 3.14 
&fcguards (safety),  2.5, 2,7 

analysis , 1.9 
costs, 1.28, 1.29 
devices, 2.18 
economics, 1.23, 11.38, 11.39 
engineered, 1.1, 1.7, L49, 7.145, 7.155, 

factors, L&, 11.7 
report, 2.6, 2.13, 2.14, 2.16, 2.29, B.1; 

7.157, 11.6, 11.7, 12.21 

see also  :%zards sumai-y reports 
f ina l ,  2.15, 2.16 
preliminaarj, 2.14 

requfrenients, 2.19, E. 12 
system, 1.21 

"Santovax-R,", 5.80, 7.78, 7.85, 7.87 
Saxton Nuc1.e.w Expperimen.t,al Reactor, 1.23, 

7.12, 7.14, 7.20, 7.26, 7.40, 7./+5, 
7.56, 7.60, 7.67, 7.68, 7.69, 7.147 

Scaffold, 8.45, 8.48 
Scram, 7.66 
Scixbbers, 1. Jt6, 2.29, 4.143, 7.95, 7.117, 

Sealants , 12.6 
Seals, 9.10 

9. GO, 1.1.21 

gasketed, 9.40, 9.42 
inflatable,  9.7.0 

w s ,  7.36 

4.167 

DELteYfdS (FOttiIlg), 7.51 

Sedimentation of small pnrticles,  4.. 3.64, 

<%ismic (seismology), 8.10 
lozd, 7.14, 7.79, 7.96, 7.124, 7.138 
probe.bility, 8.13 

Self-shutdosni mechanisms, 5.90 
%parators, moisture, 9.57, 9.53 
Servicezbility, 9.68 
Eettling of particles,  4.162 
Shear s t ress ,  6.101 
Shells, pene-tration of, 6.156 
Shielding (shields) , 1.10, 7.30, 8.19, 

8.27, 8.28, 11.7, 11.13., 11.16, 12.6 
bl.ast, 6.164, 7.57, 12.5 
blocks, 7.36 
co l l i s ion  (ship), 7.58 
concrete, 7.78 
cmshable, 12.5 
g r o q s ,  4.9, 4.23 

capsizing, 7.39 
doors, 9.13 
m b i l i t y ,  1.17 
reactor, 1.16 
ro l l ,  7.36 
s tab i l iz ing  fins,  7.36 

.Ship( s ) ,  7.36; see alsia NS Savannah 

Shippingprt  (FWR), 1.14, 1.32, '7.10, 7.12, 
7.14, 7.33, 7.35, 7.40, 7.45, 7.56, 
7.59, 7. 60, 7. 67, 7.68, 7. b9, 8.17 

mock 
generated missiles, 6.151 
generation, 6.76 
protection, 6.150, 7.57, 8.44 
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t ransfer ,  6.34, 6.87 
tra.nsrission, 6. 76 
veloci ty ,  6.80 
wave, 6.76, 6.3.55 

coef f ic ien t ,  5.102 
condition, 1 .22 
models, 5.101 

&utdown, 5.30 

S i lver  f l i t ra te  beds, 9.60 
Sil-ver-plated wire bed, 9.60 
Sinsl.e-sts.ge construct,ion, 8.46, 8.54, 11.12 
Sintered U02, 4.97, 4.1.05 
S i t e  

boundary, 1.8, 7.69, 7.89 
calculat ions,  1. /. 
charac te r i s t ics ,  1.8 
conditions,  8. 2 
cost,  1.25, 3.1.10 
c r i t e r i a ,  1.6, 1.-8; 1.13, 2.1, 2.13, A . 1  

current,  1 . 8  
guide, 1~.1 
ship, 1.3.6 

dis tances ,  calciAated, 1.14 
evaluat ion rcpor'i, 2. IC+, 2.35, A. 3 
layout,  8.20 
mult iyle  reactors ,  1 . 7  

accident,  5.55, 5.56 
reactor ,  5.10 

S l ip  flow, 6.47 
S l ip  r a t i o ,  6.L-7, 6.65 

bL-1, 7.58, 7.146 

SK-1, 3. J.4J 7.12, 7.14, 7.20, 7. 27, 7.29, 
7.30, 7.40, 7.45, 7.59, 7.60, 7.64, 
7.67, 7.69 

7.1.03, '1.105, 7.107 
SM-IA, 3.14, 7.91, 7.92, 7.93, 7.97, 7.1.00, 

Snow load, 7.14, 7.96, E. 8 
Soap t e s t ,  7.36, 7.4C, 7.78, 7.81, 7.9'1, 

Society of Naval Archi tects  and Iikriae 

Sod- iun ,  5.46, 12.17 

10. 5, 1.0.12 

Lhgineers, 2.33, 2.43 

burning ra te ,  5. 73 
-cooled fas t  reactor ,  11.37, 11.38 
-cooled reactor ,  7.65, 7.118 
giraohite reactor ,  E. 12, 8.23, 11.37, 11.38 
oxiilaLion, 5.71 
oxygen, 

a i r  reaction, 5.73 
oxygen react ion,  5.72 

-potassium a l l o y  (NaK) , 5.46 
-water reaction, 5.46, 5.48, 5.49 

Soil ,  8.2; see also Foundations 
support of, 8.39, 8.40 

Soluble poison, 1 .23  
Soaic, 10.14 
%u.rce ( s j 

energy, 5 .1  
gaiiutrJ. ray, 2. 36 

Southern Standard Building Code, 2,29 
Southwest Research I n s t i t u t e ,  12.8 
Spalling, 6.155 
SPL'RT-1, 5.10, 5.36, 5.55 
Spherical, 8.18, 8.21. 

containers,  7.15, 7.16, 7.1'7, 7.18, 7.19 
s t r a i n  ra tes ,  6.11.7, 6. 120 
vesse l  cost ,  11.40 

Sprays, 1 -46> 4.133, 4.157, 4.160, 9.52 

bui1dj:ng, 7.60, 7.61, 7.64, 7.66, 7.88, 

core, 7.60, 7.61., 7.78, 7.88, 7.E9, 
7.103, 7.1.42, 7.151, 7.152, 7.15): 

7.103, 7.1.4l, 7.142, 7.147, 7.149, 
7.150 

energy considerations,  4.159, 1,. 1.6C 
external., "7. 84, 7.153 
internal, 7.90 
f o r  iodine ~*einov~.l, 4.143 
p a r t i c l e  removal, /+.. 156 
nressure, 6.87 

remoie2 of U02, /+.1.5'7 
suppression, 9.51 
system, 4.157, 4.159, 7.124, 7.127, 7.141, 

7.153, '1.154, 9.51, 9.53, 9.63, 9.78 
water, 6.21 

yak,  7.11+7, 7.152 

Stab i l i ty ,  noment, 8.9 
S tab i l iz ing  f i n s ,  shipJ  7.36 
Stack, '7.3-0, 7.95, 7.109, 7.131, 8.9, 9.47 

c h a m c t e r i s t i c s ,  9.48 

discharge, 7.3-08 
e f f l u e n t  behavior., 7.7/+ 
fac tor ,  4.179 
foillidation, 11.21 
release,  7.1U0 

-water react ion,  5.41, 5.43 

cost ,  11.22. 

S ta in less  s t e e l ,  5. ir@, 5.42 

Staiq.Ln~, 2- 23 
SLandardization, T-ntcsnational Organization 

Standards, 2,32, 10.23, 10.25; see also Codes 
f o r  ( I S O ) ,  2.32 

ACI-318 (concrete) ,  10.8 
ANS (proposed), leakzge r a t e  tes t ing ,  

10.92, 10.108 
API-620, 10.3 
A M 7  2.28, 2.32, 2.35, 2.36, E-1 
A M  A-89.1, 10.3, 10.8, 10.107 
AS!&, 2.32 
containment, 2.26, 11.31 
Council, 2.33 
nixlear, 2. 32, 2.33 
pressure pi>ing, 2.2'7 
proposed ( t e s  t i n s ) ,  10.2 

Stanford Research I n s t i t u t e ,  12.9 
Siar tup accident,  3.2, 3.4 
Stilt,e a c t i v i t i e s  i n  atomic energy, 2.7 
Stat ionary plants ,  1 . 7  
S t e m  

condensstion, 6.91 
qual i ty ,  6.46 

composition and heat  treatment,  6.113 
and concre-te, coiilhination, 8.37, E. 38 
e f f e c t  of i r rad ia t io i l ,  8.69, 8. '78 
frame building, 7.115 
inspection, 8.83 
l ined,  7.30, E . 8  
merfibrane, 7.30, 7.134 
neutron dose, 8.71 
pressure vessel ,  2.17, 2.29, E.1 
propert ies ,  8.25, 8.26, 8.33, 8.83, 8.77 
shell, 10.2 
specif icat ions,  8.24 
stain]-ess,  4-114, 4.118, 4.120, 5.40, 5.42 

vesael.~, 1.42, 8.23 

Steel ,  8.19 

I~ . L,>pes, 8.25 
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containment, 10.3 
cost, 11.13, 11.14, 11.15, 11.. 39 

Stckes l a w ,  4.162 

Stored energy, 7.9, 7.61., 7.63, 7.68, 7.103, 
CSuminghm's correction, 4.16: 

7.142 
graphite, 5.128, 5.1.33., 5.132 

ei'fective, 6.106 
hardening, 6.95 
rates,  6.120 

s , r n i i i  

determina.tion, 6.117 
effective, 6.105 
effects,  6.108 

Strength 
p las t ic ,  6.122 
t e s t ,  7.40, 7.81, 7.97 
testing, 10.2, 10.7, 10.1Wt 
vessel, 7.39 

Stress(es), 2.27 
allo\ra'ole, 6. 33, E. 3 
analysis code, 6.182 
cladding, 4.102 
cjrcli.c, C. 13 
datz, 8.66 
design, 1.5 
evaluation, 12.7 
levels , 8. 65 
I.iinits, B. 4 

ASNE, C.5 
rr,.3mbrane, 2.19, LO. 3 
primary, 2.27 
r e l i e f ,  2.19, 7.7 
rupture, C . 2 1  
rupture properties of  s ta in less  steel ,  

secor?da_ry, 2.27 
shear, 6,100 
-st-min properties, 6.98 
- s t ra in  relations,  6.95 
therm.1, 2.19, 2.27, 8,28, 8.42 
yield, 6,100 

4.103, 4.104 

Strontium, absorption of,  7.131 
Fkructural, 2.29, E. 1 

containment, 12.2, P. 1 
design, B.2 
problems, 6.92 
steel ,  2.29 

7.120 

7.110, 7.133 

chLmbcr, 1.45, 7.95 
pod ,  '7.91, 9.52 
pressure, 9.51., 12.12, 12.13 

suppression 

%Submersion dose, 4.166, 7. 68, 7.89, 7.106, 

Supplier, equipment, 7.12, 7.79, 7,92, 

,Suppression 

experiments, 7.95; see also Pressure 

spsay, 9.51 

area effect ,  5.29 
condiJctance, 6. 4 
reaction, 5.3 

0u.Tace 

Dmei l lance ,  specimens, 8.79 
,%tton's parameters, 7.69, 7.72, 7.89, 7.107 
Symbols, 10.26 
Systems, containment; see Containment 

Tank(s), 2.26, 8.9 
low p r e s s i x e ,  2.26 
moderation, 7.65 
water, 8.46 
welded, 2.26 

'Teaching reactors, 1.41. 
Telluriutn, /+. 128, 4.232 
Temperature 

coefficlent,  5.91 
c r i t i c a l  (reaction) , 5.9 
design, 7.12, 7.13, 7. 79, 7.96, 7.138 
dry bl.iLb, 10.89 
fluctuations, 10.65 
fuel, 3.26, 3.27 
f ix1 cladding, 3.30 
operati.ng, 9.45 
relations, 6.26 
transient;, 3.2, 3.7, 3.1.1, 3.12 
vs time, contaimenl;, 7.f3 
ve t  bulb, 10.89 

Tennessee 'Jalley Authority (IVA) ; see 

Terminal veloci-ty, 4.164 
Temiiiologj, 2.34 

Tests ( tes t ing)  , 7.40, 7.81, 7.97, 7.114, 

Experimental G a s  Cooled Reactor (EGCII) 

leak, 10.22 

7.124, 7.128, 7.139, 9.27, 9.41, 9.64, 
9. 70 

adulterant gas, 10.12, 10.15, 10.17 
compwison of mnethods, 10.7'9 
concrete containmcnt, 10.7 
continuous, 7. 41, 10.12, 3.0.64 
conventional building, 10.7 
crack arrest;, 8.61 
deat-ructive, 5.10 

eq los ion ,  5.15 
izeltdomj 5-11> 5.18, 5 .  20, 5.26, 5.30, 

5.33, 5.34, 5.16, 5.41, 5.54 
drop wei.ght, 8.60 
eqxiprneni;, 10.6, 10.13, 10.66 
excursion, 5.104 
explosive bulge, 8.61 
facili.ty, A. 4 
f ie ld ,  9.14 
f i l t e r ,  2.31, 9.64, 9.66 

WP, 9.64 
in-place, 9.64 
requirements, 9.66 

Putwe, 7.40, 7.41 
halogen, 10.16 
helium, 10.16 
hydrostatic, 10.4 
impact, 8.59, 8.60 
I.enkage, E.9 

prediction, lo.@+ 
rate,  7.39, 7.43, 7.78, 10.8, 10.17, 

10.64, 10,81, 10.105 
interpretation, 10.57 
periodic, 10.64 
procedure, 10.65 

l O C Q 1 ,  10.9, 10. 
low pressure, 7.39, 7.40, 7.78 
r m i s  spectrometer, 10.16 
mthoas, io. 24, io.  97 
rmiltiple bar r ie r ,  10.9 
negdtive pressure, 7.78 
pa t t em of, 7.39, 7.78 
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penetrations, 9. 14, 9.41 
period, 1~0- 25 
periodic, 2.26, E. 11 
pnewatic, 10. 41 10.6 
precautions, 10.6, 10.67 
presslJ.i-e, 1.101, 7.39, 7.40, 7.78, 7.61, 

7.97, 7.114, 7.139, 10. (+, 10.24, 
10.66 

pressure suppression, 10.9 
procedure 

diagram, 10.83 
leakage rate,  10.105 
p re lh ina ry ,  10.101 
strength, 10.104 

proof, 7.39, 7.40, 7.76, 7.81, 7.97, 

reactor, A.4 
results ( s t r a in  r a t e ) ,  6.122 
schedule, 10.7 
sensit ivity,  10.10, 10.11 
sequence, 10.23 

'7.114, 7.136, 7.139 

shop, 9.14 
soap, 7.39, 7.40, 7.78, 7.61, 7.97, 

lo.',, 10.12 
sonic, 10.14 
s t e e l  containmint, 1.0.3 
strength, 7.40, 7.81, 7.97, l O . l / + ,  

10.1.04, E.9 
techniques, 10.9 
transients, 12.24 

water sxbrnzrsion, 10.14 

code, computer, 6-1-81 
conductance, 4.92, 4.93 
conductivity, 4.91 
expansion, 7.51 
fission, uranium, 4.4 
power, 4.87 
reactors, 5.92 
resistance (themoiwter),  10.97 
-se t t ing  plastic,  7.33 
stresses,  8.28, 8.42 

assiuirption, 7.61, 7.85, 7.88, 7.103, 7.142 
constants, ixeanium-iodine, 4~ 130 
properties, 5.13 

VaCUllTfl, 10. 10, 1.0. 1.3 

Tnemal 

Tl lS l . JWJd)T ldC 

"huriim, 2. 36 
'i'hyroid, 4.187 

TNT, enerm release, 6.67 
Tokrances, constniction, 8.58 
Topography, 8.2 
'rota1 conta<:ment, 11.33. 
Total leakase, 10.42 
Towers, 8.9 
Transfer, shock, 6.84 

Transient 

dose, 7.68, 7.89, 7.106, 7.120 

"GO drops, 4.151, 4.152 

loads, 6.120 
reactor, 5.10 
ternperature, 3.2, .3. '7, 3.11 
tes t s ,  12.24 

Transition temprzture tests,  8.59 
Transitional m i t i c a l  ?low, 6. T i l  
Transmission 

cost, 1.27, 11.8, 1.1.10 
l ines ,  1. 27 

T r a m p o r t ,  12.13, 12.17, 1.2.18, 12.20, 
12.21, 12.26; see also Fission products 

behavior, 4.1 
ef fec ts  i n  helium, 4.121 
fissioii  product, 4.119, L.132 
radioactivity, 7.51, 7.72, 7.68 

Transportation, radioactivity, 2.35 
TRFAT experiments, 5.1l, 5.18, 5.19, 5.20, 

5.22, 5.23, 5.26, 5.27, 5.33, 5.34, 
5.36, 5.4S, 5.54 

Tresca shear stress, 6.101 
Tubing failure,  3.34 
Tbnnel, piping, 7.98 
'Turbulent flow, 6.6, 10.26, 10.35, 10.50 
Two-component Plow, 6.44 
Two-phase c r i t i c a l  flow, 6.62, 6.68 

phase flow, 6.44, 6.49, 6.74 
phase f r i c t ion  loss, 6.54 

u~~~ yield nlass,  4.5 
$3 5 

properties of f i s s ion  nroducts, 4.9, 4.23 
yield mass, 4.5 

construction, 8.2 
containment, 7.5, 7.6, 7.127, 7.129, 8.18, 

Underground 

10.21, 10.100, 11.18, 11. L 4 ,  1.1.. 46 
Unii"orm Boiler  and Fressiire Vessel Laws 

Uniform %ilding Code, 2.29, 7.78, 8.6 
Units; 2.38 
Universi.ty of Minnesote, J.2.13 
University reactors, 1.41 
Uranium, 2.36, 5.27 

Society, Tnc., see ASME 

all.oy, 5.22 
aluili5.num plates,  5.35 
dicarbj.de (UC,) , 4.117 
dioxide (UOz), 4.89 

fission-product rclzase, 4.105, 4.107 
oxidation, 1:. 107 
r e k a s e  from, 4.119, fb.1.21, 4.122 
reniiival by sprays, 4.157 
sintered, 4.97, 4- 105 
sCeel ( s ta in less )  clad, 4.121 

iodidc, 9.129 
par t ic le  size, 4.118, 4.120 
oxidation, 4.115 
steam reaction, 5.24, 5.25, 5.26 
therrml fission, 4.4 
water reaction, 5.28, 5.29, 5.30, 7.63 

Util ization f ac i l i t y ,  2.13 

VacuLun 
box, L0,10, 10.13 
breakers, 7.13 
r e l i e f ,  7.14, 7.1.8, 7.79, 7.83, 7.96, 

rei-ief valves, 9.L~8, 9.75, 9.76 
system, 7.134, 7.135, 7.136 
t e s t ,  10,14 

7.101, 7.138 

Vallecitos Roiling h'ater Reactor ( v R ~ ) ,  
l.l.hJ 7.12, 7.14, 7.20, 7.27, 7.28, 
7.4-37 7.59, 7.60, 7.63, 7.67, 7.69 

Valves, 9.76 
a i r  locks, 9.1.2 
check, 9.75, 9.76 
closixe 

emergency action, 7.48, 7.63, 7.101 
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logic, 7. 48, 7.51, 7.83, 7.101 
parameters, 7.48, 7.83, 7.101 
rate,  9.25 
time, 11.25 
unintentional, 7.51 

containment, 7.48, 7. 83, 7.101 
equalizing, 9.12 
isolation, 1.45, 9.19, 9.U, 9.23, 9.66, 

mzintenance, 9.24 
quick clos?ng, 7.43 
s r r e i l l a n c e ,  9.24 

vacuum re l i e f ,  7.48, 7.83, 7.101, 9.48, 

ventilation, 7.48, 7.83, 7.101, 9.22, 

9.73, 9.76, 10.21 

types, 9.24 

9.75, 9.76 

9.74, 9.76 
Vapor 

bar r ie r ,  7.77 
condensing; see Pressure suppression 
phase velocity, 6.68 
pressure, 4.103 
pressure of metal oxides, 4.104 
suppression, 12.10 
-vent ing;  Bee Pressure r e l i e f  

c r i t i ca l ,  6.64 
deposition, 4.138, 4.192 
shock, 6.80 
terminal, 4.164 
vapor phase, 6.r& 

Velocity 

Vented b u i l d i x  containment, 1.45, 1.51 
Ventilation, 2.30, B. 4, E, 12  

cost, U.19 

stzcks, 9.47; see also Stacks 
system, 9.45, 10.21 

ducts, 7.123, 7.124 

V R ~ V ~ S ,  7.42, 7.48, 9.74, 9.76, 7.81, 
7.83, 7.101, 9.22 

Vessel(s), 2.29, 8.67, 8.78, 12.2, 12.3 
boundary, D. I+ 
c lass  B, 10.3, C.2 
clessification, D. 2 
concrete, 8.27 
construction, 2.18 
containment, 1.42, 2.18, 8.19, 8.23, 8.42, 

cost  
10.3 

concrete, ll. 16, 11.17 
cylin&ical, 11. 41 
spherical, 11.40 
steel ,  11.13, 1L39 

cylindrical, 7.33, 7.36 
design, 8.36 
fabrication, 2.22, C. 22 
fa i la re ,  3.32 
inspection, C. 22 
interconnected, 7.33, 7.36 
lo-+? pressure, 2. a, E. 7 
materials, 6.23 
movement, 8.42 
nuclear, 2.18, 2.21, 6.1, 7.Q+, C.3, D.1 
pressure, 2.17, 2-26, 7.58, E . l  
purchasers of, 2.22 
reactor, 2.26 
requirements, 2.18 
rupture, 3.37 
sphericaJ., 7.15 

s tee l ,  8.23 
strength, B.3 
test, 12.8 
th ick  walled, 12.8 

Vibrations, e las t ic ,  12.2 
Vibratory loading, 2.19 
Viscous flow, 10.26, 1.0.33, 10.49 
Void, 6.23 

coefficient, 5.91 
I'ractions, 6.4.6, 6.64 

Volatile f i ss ion  products, 4.90, 4.115; see 

Volati l i ty,  4.2, 4.3 
Volume 

a l s o  Fission products 

changes, 10.89 
contai&ent, 7.13, 7.1L, 7.79, 7.96, 

7.138, 7.180 
free,  7.8, 7.14, 7.75, 7.79, 7.96, 7.110, 

7.138 
relations,  6.26 

Von Mise6 y ie ld  c r i t e r i a ,  6.101 

Wake, building, 7.73 
Washdown (washout), 1.9, 4.. 155, 7.70, '7.72, 

Waste disgosal, 2.35 
Water 

7.90; see d.sn Scrubbers 

rirops, 4.133 
hammer, 7.58 
i n t e r n a , l  energy, 6.31, 6.32 
pools, 6.21, 7.60 

reactor, 7.11, 7.91, 7.14€ 
stop, 7.30, 7.75 
spray, 1.4-6, 6.21, 9.51 
submersion t e s t ,  10.14 
table, 8.2 
tank, 8.46 
t i g h t  doors, 9.13 
vapor, correction (contaimient pressure), 

10.85 

suppression, 12.10 

Wave f o r m ,  6.81 
Weather conditions, 4.179, 7.66, 7.69, 

7.72, 7.74, 7.76, 7.89, 7.107; see also 
A t m  soheric 

Welding, 2.18, 2.19, 2.30, 8.24, 8.31, 
8.45, 8.84, 10.2, E.? 

inspection, 7. 44, 7.45, 7.82, 7.99, 7. ,139 
leakage, 10.4.3 

containment, 7.1, 7.2 
facility, 1.3 

West K l t o n  

Vet -h lb  temperature, 10. 89 
Wet well; see Si@pression chi%mber 
Wigner energy, 1.38, 5.1.28 
blind, 8.8 

atmospheric dispersion, 7.69, 7.89, 7.107 
load, 7.14, 7.79, 7.96, 7.124, 7.138 
pressures, 8.8, 8.9, 8.10 

Windscale accident, 4.192, 5.128 

X-1.0 reactor, 7.12, 7.45; see a l so  Oak Kidge 
Iiesearch Reactor 

xenou, 4.99 
X-ra.y, welds, 7.44 

Yankee Atomic Elec t r ic  Co.; see Yankee 
Reactor 
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Yankee Reector, 1.14, 1.21, 1.21, 3.5, 3.9, 
3.10, 3.19, 3.20, 7.11, 7.12, 7.1L, 
7.1.5, 7.1~9, 7 . ~ 0 ~  '7.45, 7.56, 7.60, 
7.U.7, 7.156, 9.29, 9.31, 10.7'7 

Yield strengbh, C. IO 
Yields, 4.4, 4.6, 4.9 
criteria 6.100 

mass, u ~ ~ ~ ,  4.5 

variation w i t h  niic1ea.Y charge, 4.7 

mm.ss, Fu339, 4.6 

illass, I J ' ~ ~ ,  1 . 5  

Zirconim, 5.12, 5.18 

Zones 
-water rezction, 5.7, 5.13, 5.19, 7.63 

controlled, 1.17 
dense aopulation, 1.17 
exchision area, I...?, 1. 8, 1. 29 
l o w  population, 1.8, 1.1.3, 1.. 1.4> 1.1'7, A, 4 
population-center distance, I.. 7, 1.8, 

1.12, 1.13, l . l A , ,  A.L 


