
_,,,.I__ .,.,............ ........ ~ ..... ~ .... .* ",..1._......_.....-ll.....~......_^.._...-........ -..--- ....., _.- ... ̂ ......... -.- 



Contract No. W-7405-eng-26 

A Con-pilati  on or" Current  Practice iil Analysts ,  
Design, Construct ion,  'Testl znd Operntri on 

Wm. 73. Cot t r e l l .  ,md. A. T+J. Savol.ainen 
Editors 

Prepared by Oak Ridge Nat ional  Laboratory 
md Bechtel CorGoration 

AUGUST 1965 

OAK lI1DGE NATIONAL IJRORATOFY 
Oak Ridge, Tennessee 

o&eTELted by 
UNION CAXBIDE CORPORATION 

for the 
TJ. S a ,4TOMZC ENE:RC;Y COMMTSSION 

3 4456 0285561 2 



Printed i n  USA. Pr ice  $1400 for Vols.  I and II. Ava i lab le  

from the  Clearinghouse for Federal Scient i f ic  and Technical  

Information, Nat ional  Bureau of Standaids, U.S. Department 

o f  Commerce, Springfield, Virginia. 
................... - ................ ~~~~ ~ 

L E G A L  NOTICE 

T h i s  repor t  w a s  prepored o s  a n  account  of Government sponsored work. Nei ther  the U n i t c d  States, 

nor the Commission, nor any ~ e r s o n  a c t i n g  on behal f  o f  thc Comn- i rs ion:  

A. M o L e s  any wariai7ty or representat ion,  s x p r e s s e d  o r  implied, w i t h  respec:  t o  th; accurocy ,  

conpleteness,  or usefu lness of  the in formal ion conta ined i n  t h i s  repor:, or that t h z  use of  

ony  in format ion,  apparatus, m e t i d ,  or process d i s c l o s e d  ~n t h i s  repor t  may not  i n f i i n g e  

p r i v a t e l y  owned r ights ,  or 

0. Assumes any l i a b i l i t i e s  w i t h  respect  t o  the “ 5 s  of, or for dornoges r e s u l t i n g  f rom the uze of 

any information, apparatus, method, or p r o c e s s  d i s c l o s e d  i n  t h i s  report.  

A s  u s e d  in the obove, “person o i t i n g  on behol f  of the Coinmiss inn”  i n c l u d e s  any employee or 

c o n l i u c t o i  o f  the Commissron, or employee of  such cont rac tor ,  to the e x t e n t  thmt such employee 

or cont ractor  of the Commiss ion,  or employee of  such controctar  prepares, d issa i r i inute i ,  or 

prov ides o c c e s s  to, any in format ion pursuant t o  h i s  employment or c o n t r o r t  w i t h  the Commiss ion,  

or h i s  employment  wcth such cont roctur .  



A s  a consequence of p repa ra t ion  of Yne q u a r t e r l y  t e c b a i c a l  p rogress  
review Nuclear S?fety,  it became apparent  both t o  t h e  Oak Ridage Piational 
bbora to ry  e d i t o r i a l  staff and t o  cognizant persons i n  t h e  AEC Division 
of Reactor Development t h a t  t h e r e  e x i s t e d  a weal th  of m e o r r e l a t e d  i n f o r -  
mtt ion on t h e  sub jec t  of r e a c t o r  containment. Accordingly, i n  the fall of 
1.962, t h e  Laboratory w a s  au thor ized  t o  mde-rtake the present compilation, 
which was e s s e n t i a l l y  completed i n  i t s  p resen t  form i n  t h e  sp r ing  of  1364. 

1x1 an  e f f o r t  t o  mke t h e  compilat ion as comprehensive and. as authori- 
-tai;ive as pract ical . ,  t h e  Lz'ooratory subcontracted t h e  r e s p o n s i b i l i t y  f o r  
p repa ra t ion  of four of t h e  12 chapters (i. e., Chapters 2, 9, 10, axid 11) 
t o  TRechtel Corporation, a ma$jor a rch i t ec t - eng inee r  and f a b r i c a t o r  of r e -  
actor contaimen-t s t r u c t u r e s .  ?!he aix'cliorship of t h e  remaining chapters  
w a s  then  assigned t o  sen io r  Laboratory personnel,  supplemented i n  mzay 
i n s t ances  by expe r t s  from o t h e r  i n s t a l l a t i o n s ,  Thus I n  a i id i t i on  t o  the 
l i t e r a l ly  himdl-eas of persms who reviewed the var ious  d r a f t s ,  nmerous 
persons have made su7ustantial  o r i g i n a l  con t r ibu t ions  t o  t h i s  work. A l -  
though t h e s e  persons and the e x t e n t  of t h e i r  cont r ib-u t ion  are indicated 
a t  t h e  beginning of each chapter ,  t hey  are a l l  l i s t e d  a l p h a b e t i c a l l y  be- 
low i n  order  t h . a t  we may c o l l e c t i v e l y  acknowledge t h e i r  con t r ibu t ions  e 
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O f  the many persons 1-isted above, both wi th in  and wi.thout t he  Labo- 
ra'ioiy, we would l i k e  t o  express par t i -cu lar  thanks -to M. I. Tundin, who 
coordinated the  Bechtel  Corporation subcontract ,  and t o  H .  B .  Piper who, 
i n  addi t ion  t o  h i s  cont r ibu t ions  as an author,  coord-inated the  review of  
all the chapters  and prepared the  index. 

ers should famLliar ize  themselves wi th  Chapter 1, which, i n  a d d i t i o n  t o  
providing e s s e n t i a l  background. mater ia l ,  contains  a s e c t i o n  s p e c i f i c a l l y  
designated "Guide t o  t h e  Use of t h i s  Report." In addi t ion,  an  extensrive 
index i s  ava i lab le .  

I t .  w i l l  be appreciated t h a t  a compilation of t h i s  type - p a r t i c u l a r l y  
t h e  f irst  of i t s  kind - on a r e l a t i v e l y  new s u b j e c t  and one upon which 
t'nere i.s considerable  research a.nd development w i l l  be s u b j e c t  to frequent. 
eva lua t ion  and change, a t  least un.til a liiu.Ch h igher  plateau- of howledge 
and experience i s  a- t ta ined.  Thus t h e  e d i t o r s  a r e  aware of t h e  l i m i t e d  
t i m e l i n e s s  of t h e  m a t e r i a l  he re in  and. a n t i c i p a t e ,  circumstances permit- 
ting, that -?ne m a t e r i a l  w i l l  be revised evercy two or t h r e e  y e a r s .  Toward 
that end, t h i s  docurnznt i s  bei.ng d i s t r i b u t e d  i n  a. I.oose-leaf binder ,  and 
rec ip ien- t s  wishing to receive rev is ions  of t h i s  m a t e r i a l  a r e  asked t o  ad- 
v i s e  the e d i t o r  of any changes i n  address.  

The e d i t o r s  a l s o  wish t o  acknowledge t h e  support, encouragement, and 
construct, ive c r i t i c i s m  of t h e  sponsors within %he f E C  Division of Reactor 
Development, p a r t i c u l a r l y  J. A. Li.ebeimi1, A s s i s t a n t  D i rec to r  f o r  Nuclear 
Safety; S. A. Szawlewicz, Chief, Research and Development Uranch; and 
R. N. Neikon, Research and Development Branch, without whom t h i s  work 
would not  have been poss ib le ,  However, t h e  reader  i s  caitri.oned not  t o  
regard t h e  i n c l u s i o n  of any information here  as giving tha t  information 
any o f f i c i a l  s anc t ion  as far as t h e  AEC Div is ion  ol" Compliance or DivisLon 
of Reactor Licensing .i.s concerned. This r e p o r t  does no mx*e 'tha,n r e f l e c t  
t h e  current, s t a t e  OY the  a r t  t o  t h e  s a t i s f a c t i o n  of t n e  Oak Ridge Nat i -mal  
Laboratoyy and the  Recbtel  Corporation. Furthermore, it cannot a n t i c i p a t e  
what, changes i n  containment technology inay evolve from resea rch  a d  deve1.- 
opment or the o f f i c i a l .  a t t i t u d e s  regarding t h e  adequacy of co:ntainment. 
provis ions f o r  a p a r t i c u l a r  a p p l i c a t i o n  that may evolve f r o m  t h e  conti-nuing 
d e l i b e r a t i o n  of e i t h e r  the Advisory Committee on Resctor ,Safeguards or  
t h e  Divtsj-on of Reactor Licensing. 

In order th make the g r e a t e s t  p o s s i b l e  use of t h i s  compilation, read- 

E d i t o r s  
Wm. B. Cot t re lZ 
A. W. Savolainen 
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Although this  r e p o r t  was n o t  prepared. by o r  under the auspices of 
the Xi~.cl.eas Safety Informmtion Center, it i s  bei.ng rlistr.lbiit.ed as an 
NSIC reprxt; foT* tile fol lowing reasons: (1) contaim-en-t i s  one of t h e  
nost !'.inportant inte-resLs of t h e  NSIT m c 3  ( 2 )  th.e NSTC can provide t h e  
con t inu i ty ,  as -wel l  as t h e  s o i i i ~ e  :material, f o r  f u t u r e  revisions, The 
Nucl-ear Safety Informatioil Center w8.s esta'ol.-isl-~.ed i n  March 1963 at  the 
Oak Ridge Nationd. Laboratory unc?e:r the  sponsorship ol" tbi:. U.S. Atonic 
Ensi-gy Co.mrission. T'ne Center serves as a f o c a l  poi.nt f o r  the c o l l e c t i o n ,  
s to rage ,  eval.uation, arrd d-isseminatton of informati  on j.n t h e  following 
are as : 

C on-tai.:ment of nuclear f aci 1i.t i.es 
Fiss ion-pmduct  release, -trai-,sport, and removal 
Nuclear i n s  tnimenta,ti.on, con.tm1.. I and s are- ty  sys teins 
Radioactive effI.ment c o n t r o l  monitorin.g, movement, and dosage 
Reactor t ransients ,  kinet i .es ,  and. s t a b i l i - t y  
Met eoro1ogi.c a]- cons i.clera,tions 
Oper.ationa,l safety =id experience 

:In add.it ion t o  state-o:f-the-ar-L repoyts i n  the above subject areas, 
tine Cen-ier prepares t h e  quar te r ly  t e c h n i c d  progress review Nuc1ea.r Sa fe ty  -_-- 
and has a reTerence ?rile stored. on j-nagnctic tape for. the computer search 
of safety i.nformatioi> :mt3. the pyepar~.t,io~i of a qiia.rrterly indexed bi.bl.i og- 
raphy of the nuclear sa.Pety 1it;erxti.ire jl 

Center should- be acl.d.:ressed. t o :  
Inquiries eoncerni~ng the services, c a p a b i l i t i e s ,  a d  operation o f  - the  

mim. B. Cottrell . ,  Direc-tor 
Nuel ear Safety Informat  ion Ceti.ter 
Oak Ri.d.ge Bat ional. Laboratmy 
P. 0. Box Y 
Oak: Ridge, 'Tennessee 37831 





GUIDE 'TO 'YHE USE OF THIS REPOH'T' 

Rnrpo s e 

I n  order  t o  make use of t h e  information t h a t  rmy be found i n  t h i s  
:report, not  on ly  should t h e  s p e c i f i c  purposes b e  known but also the sub- 
j e c t s  t h a t  a r e  excl.uded.. For t h e  purposes to s t and  out clearly., it i s  
per t i -nent  t o  note  t h a t  t h i s  r e p o r t  does not  propose -to 

1. 
2. present information on t h e  design, i n t e g r i t y ,  o r  perfoma,me of 

3. 

4 .  

evalua te  the safety of s p e c i f i c  systems fo r  s p e c i f i c  app l i ca t ions ,  

the  primary system, 
d i scuss  ex tens ive ly  t h e  behavior of f i s s i o n  products  af ter  l eav ing  
the reactor-containment system. ( s e e  See. 4.5.  l), 
e s t a b l i s h  c r i t e r i - a  by Twhich contaiiunen-t; systems must be designed, 
f ab r i ca t ed ,  testt?!1, and operated.  

On the o the r  hand, it i s  the  purpose 02 t h i s  repor+, .Lo 
1. descr ibe  t h e  containment f e a t u r e s  of e x i s t i n g  r e a c t o r  i1i:;talla- 

2 .  descr ibe  some of t h e  calculational techniques t h a t  have 'oeen 
t i ons ,  

emp loyed t o  determine f l .uid dynamics and rad.iol.ogica1 loads 011 

cont airment systems, 
present  experirtlental data p e r t i n e n t  t o  i t e m s  1 and 2, 

of contaimnent systems, 
p re sen t  e x i s t i n g  d a t a  on t h e  cost of containment systems, 

above items. 

3. 
4 .  descr ibe  p e r t i n e n t  detai-1s of t h e  design, construct ion,  and t e s t  

5 .  
6 .  review the  cu r ren t  r e sea rch  and development p e r t i n e u t  t o  t h e  

P e r t i n e a t  r a t t e r s  of sig.ni.fieant; l in te res t  to the containment; de- 
sFgner and f a b r i c a t o r  o r  t o  the  pl3.n.t operahor concerning the contairmeni; 
system have been considered. i n  this report. l%.us it i s  concerned. no-t 
ordy wi th  tlie design of the many e x i s t i n g  containment systems hiit al-so 
how and why these  des?:.[yns were devel.oped. and why p a r t i c u l a r  contc-,irm.ent 
systems appear Iiioime suit:i'ole i n  certairi r e a c t c r  systems f o r  c e r t a i n  applf- 
ca t ions .  The c a p a b i l i t i e s  and l i m i t a t i o n s  of  t h e  va.riov.s containment sys- 
tems and. a lso tine acc idents  f o r  which t h e  contaim.ent i s  provided are dis- 
cussed. The e x i s t i n g  reg1iLai;ory requiremexts t h a t  must be met a t  a par-  
ticul..ar p lace  and time a rc  c i t e d  * Unforlxnately,  none of these  requirernnts 
are fixed and it i s  not  possib1.e t o  speak. lin absol-ute terms except wi th  
regard t o  what has been done. The information presented  provides a, po in t  
of departu-je f o r  more advanced designs, irnproved engineered safeguardk, 
a.nd poss ib ly  even chamges in t he  s i t i n g  requirements . 
i ng  eoiitalnment requiremerits for. pa,r t iculaie  r e a c t o r s  and sites. Chaqter 2 
gives  the  p e r t i n e n t  regu.lati.oas mi1 e x i s t i n g  c r i t e r i a .  C'naptcr 3 discusses  
t h e  na ture  and scope of the acc idents  Lha-t :ire examined for every r e a c t o r  
i n  oi-d-cr t o  i d e n t i f y  t h e  acc ident  tlmt is considered t'ne maxj.inu:m credi'sle 
f o r  Y I a t  r e a c t o r  and whi.ch i n  turn tl.etermines t h e  cont:.tiimcn-L requirements . 
Chapter 4 gi:v.es t h e  m o i m t s  and na;tu.rci of the  l ' ission products  Lhat rmst 
be conta,ined. Chapter 5 discusses  t h e  energy t h a t  the containment syst,eni 
must 1oe designed. t o  cope with.  ChxpLi:.;c. 6 gives a :;Ltrm:_lr,y of  .$lie spc:cial. 

Chapters 2 through 6 set for-Lh the sa l ien t ;  bas i c  information regard- 



a n a l y t i c a l  techniques f r equen t ly  involved i n  containment anal.yses . Chap- 
t e r  7 desc r ibes  e x i s t i n g  containment sys'cems; Chapter % gi.ves design con- 
s i d e r a t i o n s ;  Chapter 9 desc r ibes  aiixil.iary components; and Chapter 10 l i s t s  
t h e  performance t e s t s  r equ i r ed .  I n  ChaIpter 1.1. t h e  i d e n t i f i a b l e  cos t s  as- 
soc ia t ed  wi th  var ious containment systems and p a r t s  t he reo f  a r e  tabul-ated. 
Chapter 1.2 presen t s  a resume of  cu r ren t  r e sea rch  perti-nent t o  a l l  aspects  
of contairment . 

Limitat ions and Use 

A t  t h e  p re sen t  stage i n  t h e  development of  boLh r e a c t o r  and contain- 
ment technology, it i s  no t  possj.bl.e t o  develop a d e f i n i t i v e  :rela,tionship 
between r e a c t o r  type, power l e v e l ,  and containment system tha t  can be 
employed t o  i d e n t i f y  t h e  most econom3.cal containment system f o r  use wi th  
a given r e a c t o r  i n s t a l l a t i o n .  Examination of t h e  t rends discussed here,  
as well.. as considerat ions of t h e  obvious p o i n t s  of compatibiJ.ity and in -  
compatibil.i.ty between va,rious r e a c t o r  and con-taimient types,  w i l l . J  however, 
p o i n t  t o  combi-nations of i n t e r e s t .  'The c o s t  information i n  Chapter 11 i s  
of' limi.ted value because of -the u n c e r t a i n t y  til t h e  c o s t  accounts t h a t  were 
availabl-e, t h e  apparent wide range i n  c o s t s  f o r  sirnil-ar systems, and t'ne 
many s u b t l e  d.i f f e rences  i.n s u p e r f i c i a l l y  sirni-lar reactoi? i n s t a l l a t i o n s .  
Trends do become evident  with d a t a  presellteil hel-e, al though these  t r ends  
may have been apparent anyway. The most pe r~k inen t  advice t h a t  can be  
offeyed regarding c o s t s  of d i f f z r e n t  containment systems for a given a$- 
p l i c a t i o n  j.s t h a t ,  assu:ming no obvious mismatch ( see Tab1.e I .  12) and t h a t  
t h e  s a f e t y  provided by each i s  axceptable t o  t h e  regulatory- a u t h o r i t i e s ,  
t h e  b e s t  con-takxnent system ( i. e., t h e  l.eas 'i expensive) must be determined 
from a cos t  a,na.l.ysis of a fair1.y deba i l ed  design of two and sometimes more 
arrangements. 

r epor t ed  he re  has been der ived from a r e a c t o r  technology t h a t  has been and 
s t i l l  i s  o r i e n t e d  toward a water-cooled. and -moderated r e a c t o r .  It i s  no t  
s u r p r i s i n g  t h a t  s t a r t i n g  wi-th t h i s  background, t h e  contai-men-t systems pro- 
vided f o r  o t h e r  tyyes of r e a c t o r  a r e  adaptat ions of, ai id~ subject t o ,  much 
o f  t h e  same r a t i o n a l e  a s  those t h a t  developed out  of  t h e  technol.ogy of 
water-cooled power r e a c t o r s .  It i s  q u i t e  concetvable Lhat s t a r t i n g  from 
another frame of reference,  f o r  example, t h e  gas- cool-ed graphite-mod-erated 
r e a c t o r s ,  which form t h e  b a s i s  of .the United Kingdom nuc7.ear power program, 
t h e  accep-Led containment sys L e n s  might have been considerably di-fferent  . 
It i s  a l s o  possibl-e 'i;hat they might have a-ffordcd compara.bl.e p r o t e c t i o n .  

t e r i a  and designs descr ibed here  as being f i x e d .  The p a s t  s e v e r a l  years  
have witnessed many innovations i.n containment design, increasj-ng expendi- 
'cures i n  containment r e sea rch  and d.eve.l.opmrnt, and 'ihe establishment of  
t h e  f i r s t  r e a c t o r  s i t i n g  c r i t e r i a .  The p resen t  r a p i d  pace i n  t h e  develoy- 
merit of containmen?; technology cannot he1.p b u t  have s i g n i f i c a n t  rarnifica- 
'Lions i n  containment desi.gn and c r i t e r i a .  

mation hcye as giving t h a t  information any o f f l c i a l  s anc t ion  as far as t h e  
MC Divisions of  Compl.iance o r  Reactor Licensing a,re concerned. Even i n  

I t  sho1i.d a l s o  bc appreciated t h a t  most of 'ihe containment inforrriatj.on 

The conlaimnent a n a l y s t  i s  a.l.so cautioned agai.nst regarding t h e  c r i -  

The reader  i s  a l s o  cautioned not  to regard t h e  i n c l u s i o n  o f  any i n f o r -  



f.nstaaces Tdhel?e menibers of these M C  r egu la to ry  d i v i s i o n s  may have received 
or slipplied -m-Lt:?rial f o r  use herein,  t h a t  does not per se e s t a b l i s h  tha-1; 
mai:,c?ri.nl o r  any other por t ion  of t h i s  report as an o f f i c i a l  regp.l.ation, 
s tandard,  o r  c r i t e u i o n  th,at nn.~st, be followed i n  t h e  analyses, desi@ con- 
s t r w t i o n ,  t e s t i n g ,  o r  operat icri of 1-1. contaimer?”i sys tern. Vi i s  repor t  
does, however a%terr@c t o  iiicIiade a l l  relevant, information amd i n  s o  d.oing 
i.ncl.udes many crite:ria that are  frequen-tly a s soc ia t ed  w i t ?  corita.imrien-1; 
systxms, some of which liaxe ’men approved f o r  speci.fi.c s i t e s  and s p e c i f i c  
reactors. 
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1 .1. 

1. IMTRODUCTIOB 

]-.I .1 D e f i n i t i o n s  

1 .3 .  .1..I Reactor Contarimtieril; 

Reactor contaim-ent  i s  a general tern which, f o r  t he  pixpose of t h i s  
report, 7.s d.efi.ned t o  include a1.l structures sys terns rriechanisins , aid 
devi-ces t h a t  csri be provitled t o  a-l;t;ain wi.t,h a high degree of r e i . i a b i l i - t y  
some s p e c i f i e d  a t t m u a t i o n  i n  'the radioactivity p=esumed t o  be released. 
from t h e  primary system i n  a reactor ncei.dent and m.i &it okhex-wise be re- 
I eased to the surrounding envi:rorment. Mosl; containment enclosures  gel?- 
e-r.a.l.ly i nco rpora t e  some r a d i a t i o n  shj.eJ.cJ.irig ia 0rcl.e-r t o  r e s t r i c t  tbe d i rec t  
r a d i a t i o n  eicposu-re -therefrom j.n the event of n majoi-. fission-yrodiuct; re- 
I.ease a Contai.iment i s  usus1l.y riot requi.r.ed f o r  routine operat ions and need 
no t  he absol-ute, a n d ,  i n  fact, ge ra.J.1.y is not, ConCa,rirunr;..xit sy-s teins a r e  
normally referred to  as "~.e:lk-tigki-t'~ stri~.ctixes, whrich, i.n rea l - i ty ,  leak a 
-fi.ni.te ,wiount,. T'riiis as ZI. conseyu.ence, coritairmtznt sy-:;-Leins ~ n n y  c ~ n s i - s - t  of  
i n t e g r a t e d  conipJ.exes of  structures, processes arid subsystems, which con- 
b i n e  t o  control t'ne a c t i v i t y  r e l e a s e  9 . n  a prescribed m.;;i.niier with a. high de- 
gree of r e l i a b i l i t y .  To the elitegt Lhat activrity may t d s o  he rei-eased from 
r e f u e l i n g  h1~5.l-d.i ngs aid- chemical. pmcessirg plants siinilar contaiimeat and 
ot1:re-r. engineered. safegua.rd Teatuxes are c:o:f:irnorily provl  deci with these r"aci1.i- 
t i e s  d s o ,  



1.2 

1.1. J . . 3  Maximum Credib1.e Accident -. 

I n  considering t h e  sa,fii-i,y of any i:eactor system a l a r g e  number of 
p o t e n t i a l  accidzii ts  a r e  examined i n  te rms  o f  the’;r probable consequences. 
?‘he maxiliium cred.ib1.e accidenL (mca) (a.l.so sometimes r e f e r r e d  t o  as t h e  
m i n i u m  design accid.ent) i s  t h a t  acc iden t  wnose consequences, as measured 
by t h e  r a d i a t i o n  exposu.iae o f  t h e  suri-omdirg piiSli.c, would not  he exceeded 
by any othei- acc iden t  whcxe occurrence during t h e  l i fe t i -me of the f a c i l i - t y  
would appear to be c red ib l e .  It i s  imriedi.ately obvious t h a t  t h i s  d e f i n i -  
t- ion i s  s i n g u l a r l y  dzpznd-ent upon what i s  corisi~dered. “c red ib l e ,  I ’  a n d  upon 
fu-r ther  r e f l e c t i o n  i.t w i l - l  be seen that t h i s  c r e d i b i l i t y  must  be a sce r -  
tained a t  l e a s t  twicc for. any r e a c t o r  acciden-t, OiTCe for t h e  credl-bj.lj.ty 
of t h e  i n i t i a t i n g  event and again f o r  t he  c r e d i b i l i t y  of t h e  performance 
of the var ious consequence-limiting safeguards.  I n  t h e  former eva lua t ion  
a double-end.ed primary pipe ru-pture, b u t  no t  a gross  p re s su re  vessel. faj-1- 
ure ,  i s  frequen-L.l.y considered t o  be tile in i . t i a t j .ug  event;; and i n  t h e  l a t t e r  
h e  continuous j ntegrj-ty- of t h e  containment envel.ope 5 s assumed c red ih l  e ,  
bu t  t h e  operat ion of t h e  core  cool-fng system, althougi-! l i k e l y ,  may not  ’oe 
deemed t o  be sufTicient1.y c e r t a i n  f o r  c r e d i i  t o  be confident1.y assigned 
i n  -bile event of an accident .  

The maxirflmwu ci-ed-ible accident  i s gene ra l ly  t h e  accident  t ha t  r e l e a s e s  
-iiie p e a t e s t  amount of f i s s i o n  pi-oducts t o  the containment. However, t h i  s 
i s  not n e c e s s a r i l y  so,  inasmuch as Yne p a r t i c u l a r  safeguard f e a t u r e s  in 
use et a given instal-latten may be 1non.c e f f e c t i ~ v e  f o r  some acci.d.ents than 
I”or o t h e r s .  

1 . 1 . 2  Need f o r  Contzinment 

The need L’or a contajnment systeici i n  t h e  l a r g e  power r e z c t o r  i n s i d . -  
l a t i o n  i s well  e s t a b l i s h e d  by convention arid preced-ent, i n  t h e  United S t a t u s ,  
and t h z  specific design requirements a - e  dete-rmined by the r e a c t o r  s a f e t y  
analysi  s .  Philosophlca.l-!.y, containment i s  p ~ o v 5  [ led  s o  that  tile r i s k  
t h a t  cannot be d.issociated from t h e  operat ion of a part,icu.lar r e a c t o r  can 
be red-uced t o  acceptable  proport ions w i t h  r e spec t  t o  t h e  coaresponding 
gairi that i s  expected Lo result from i t s  ope?>zti.on. However, such a 
bal.ancc o f  ga in  versus  r i s k  i s  impossible t o  a t t a i n  on a quantita-t i-ve 
basisi  and only t h e  r i s k  e n t e r s  i n t o  the eva lua t ion  t h a t  i s  made i n  con- 
nec t ion  w i t h  every reactor. safeLy a n a l y s i s .  Y’he speci~fic func-tion of t h e  
containment system i s  t o  reduce t h e  consequences of t h e  maximum c r e d i b l e  
acci~deilt so tha t  a p a r t i ~ c u l a r  f a c i l i t y  may fvll.fill  s i t i n g  requirements 
as defined i n  t h e  Code of Federal  Regulations.’ O n  t h i s  basi.s, contaitn- 
rneLit systelcis may be c a l l c d  upon t o  effcc-i; a reduct ion i n  acl ;Lvi ty  r e l eased  
i n  an accident  by 2 f a c t o r  of 1 O2 t o  lo5. 

1 . 3 - .  3 Evolution of ~ o n t a i n m e n t ~  

As defined, coniainrr~ent i s  tile provis ion foi- c o n t r o l l i n g  t h e  pub- 
li c exposure following an mea t o  acceptable  levcls . ‘IhY s “cont ro l11  
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1.1.- 4 Safe ty  Factors  

ii?asmuch as containment i s  provided p r i n c i p a l l y  i n  order  t o  1.i.m-i.t the 
pub l l~c  exposure as the result of s i g n i f i c a n t  ac t , i v i ty  r e l ease ,  it i s  of 
i n t e r e s t  t o  constdei- t he  var-j_oiis s a f e t y  f a c t o r s  involved i n  -the ev-al.uation 
of exposure. These s a f e t y  f a c t o r s  f a l l  in-bo t w o  c!.asses: f i r s t ,  those as- 
s o c i a t e d  with conserdativ-e a s smpt j .  ons eriiployec? i.n t h e  analyt ical .  repi-e- 
senia-Lions of fission-product t r a n s p o r t  and, second, those a s soc ia l ed  with 
t h e  designed i n t e g r i t y  and perf ol-mnce of engineered safeguards , I.ncluding 
die coi-itain.ment enclosure i t s e l f .  

The term " sa fe ty  fac'ior" does not n e c e s s a r l l y  imply t h e  uniform a p p l i -  
ca,t ion of a p a r t i c u l a r  i n t e g e r  (e.g,, 3 o r  5 )  t o  a d - j u s t  design d . a t a  i.n 3 

direct ion.  of overd-esign. It does desc r ibe  a philosophy - t h e  use of values  
i n  desigri that  are r e a l i s t i c  but, conservat ive.  Although both concepts 
attempt t o  es-Lablish a margiri. o f  s a f e t y  j.n order t o  compensate f o r  un- 
known or uncertain e f f e c t s ,  t h e  ti.ro d i f f e r .  prirnari1.y i r i  t h e i r  degree of 
uncer-Lainty. 'The term "safety factor" implies t h a t  t h e  basic value o f  a 
given parameter has been e s t a b l i s h c d  Lhrough con.sider~~1~l.e experience,  whereas 
"degree o f  conservati.sic" impl.ies t h e  use of values much more p2ssimistic 
tlna,n otherwise ind ica t ed  i n  order  to cover t h e  l a c k  of experience.  

L 

I. 1.4.1 Exposure Calculat lons 

Calculat ions of exposure Lo r a d i o a c t i v i t y  resu.1 ti.ng from a pos tu l a t ed  
rnaxi :num accident  are not  completely confirmable i n  terms o f  amounts and 
bchavior of t h e  f i ss ion .  products r e l eased .  Thus conservat ive me'chods Y~zat, 
r e f l e c t  t h e  des igne r ' s  judgiiicnt a.s i;o t h e  s a f e t y  of t h e  r e s u l t s  a m  ubi- 
l i z e d .  The accepted. 8-pproach i~s t o  exe rc i se  extreme conservatism iYn im- 
c e r t a i ~ n  situaLions owing t o  -the s e v e r i t y  OP poss i~b le  consequences. 

As daLa become ava,i.l.able, values can be est imated f o r  t h e s e  uncer- 
tain-Lies t h a t  can be desigriabed d-epees of conservatism. An example of 
t h i s  i s  given i n  an AEC document': i -e la t ing t o  s i t i n g  ca l cu la t ions ,  and t h e  
e s t ima tes  are l ~ i s t e d  i n  Table l,l, Great, uncertain-ty i n  these  c a l c u l a t i o n s  
.and assumptions i s  il.lusti-ated by t h e  wide range of es t imated values .  

1.1.4.2 Energy --.- Release Calculai ions -c 

The s a f e t y  f a c t o r s  involved i i z  enel-gy release cal-culations , while 
much smaller ,  have izot been as 'choroughLy docimeiited. Thus, it i s  f re -  
queiltly assumed t h a t  a l l  t h e  energy i n  t h e  primary system is r e l eased  i n t o  
t h e  containmeni; s t r u c t u r e  with no h e a t  I.osses. P r a c t i c a l l y  speaking, that, 
woluld, of c o i i ~ s e ,  be impossible Simi la r ly ,  t h e  energy con t r ibu t ions  due 
t o  chemical r e a c t i o n s  and nuclear energy are each conset-vatively app l i ed  
t o  cover l ack  of knowledge of the s u b j e c t .  
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Table 1.1, Es-LirraLed- Degrees of Conservatism 
i.n &posu.r'e ~ a , ~ . e i ~ ~ ~ t i o n s "  

Calculation or Assumption Degree of 
C 011s e rva t  i s m 

Removal of iod ine  from con-taj.nrnent vessel  3-10 
at;mospliere by various phys i.cal. phenomena 
such as ad.sorption, adherence, and. s e l t l i n g  

Removal or iod ine  by p r o t e c t i v e  safeguards 1C-1000 
such ;:is cooling sp ray  and : f i l t r a t i o n  of 
i n t e r m l  -ai. r -re c i r c u l a t i n g  s ys te.m 

peak pre G F we 
Vessel leakage rate ca,lcv.lal;ed at c o m h n t  5-10 

2-50 

ni3 

Wind di re ct i on s h i f t  i5u.r.i rig extended period 

Wi. nd me ande Y i ng 

of t i m e  

fro:m cent e r 1. i ne I3.i re c t i on 

A-Lmosplieri c dis pcrs ion  uirl_ev o t h e r  tham 
i nvm s ion c orid i 1; i ons 

5-1000 

Particulate :t'a.llout, -from r'adi.oactive c1oi.iC'. 2-5 

Direct, g:unma d.ose neg;l.cr!ctin.g s h i e l d i n g  from 2-1000 
stru.cture:; and- topogrsphy 

-I 

1.1.4.3 ?i?echanic:21 Design 

Tie term szii'ety factor i n  its s t r j . c t e s t  sense means the  r a t i o  o f  the 
magal t i i &  of a, parameter at fai.hire t o  the magnitude of the same parzmter 

d. f o r  design :p 'uqmses  e The parameter may b e  stress Ioo~ce, pressure,  
repet i t ive cycl.es 03 I.oa.di.:ng, e t c  lJnfostii.na.tely, the s i t u a t i o n  i s  not  
clear-cut, si~ic:: 8, d e f i n i t i o n  of f a i l u r e  i s  a l so  involved,  Yielding, ex- 
cess-ive defo-ir.1~~i~tj.o~., b r i t t 1 . e  f r a c t u r e ,  I.ea,kage, and the  formation of fa,- 
t r i  gue c ~ a e k s  a1.l m<?y cons t i -Lu te  inodes of li'ailurc in c e r t a i n  ei.rcumst,ances ~ 

f r a , c t ion  of the smallest of several. values : the  minirnum specif ied or 
expecr:ted ultimate t e n s i l e  s.Lrength, y-ie:l.d :j treng.'i'n, creep rate, and stress 
rupture,  For most fez-ri.ti e niateri.als 03 eons t ruc t ion  oye:ta-t;ing at tern- 
pemtixres beI.ow their creep range the speciflied f r a c t i o n  of the 1xLtirnate 
teris4.ie s t r e n g t h  governs the pemiss ib le  des-ign s t r e s s .  This f r a c t i o n  9.s 

i n  See t ion  111.. Genera:L1y, i;lx: membrane ;;tresses are  thus l i m i t e e l  to 1/~+ 
or 1/3 of the ultimate tensile s-trength of the material; however, s t r e s s e s  
clue t o  struetixral  disco-ot;i.nul.ti.es thenmal. grsciients, e tc ,  are a,llowed. t o  
exceed- tines? val-ues In t:i.e:i.tYxx case is the term safety factor used i.n 

'Tile permissible design si;r>esses in the ASME C o d e s s  are ba,sed 011 a 

I/& ri.n Section VI11 of the I1s.m B o i l e r  and Pressure Vessel Code and. 1/3 

- --, 
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t h e  skyi~c5 sense nor i s  t h i s  s a f e t y  f a c t o r  per s e  a rel..iable i n d i c a t o r  
of t h e  r e l a t i v e  s a f e t y  of v e s s e l s  bu.?'.3.1; t o  t'ne two Codes. 'The var jous 
ASME Codes r a t h e r  c a r e f u l l y  avoid t h e  use of t h e  Leim s a f e t y  f a c t o r .  

7.s t he  a i m  of Sec t ion  111 of t h e  ASME Code. It; accomplf-shes t h i s  by ( I )  
placing c l e a r l y  dei'ined. I.j.rn7.t~ on t h e  va r ious  types of s t r e s s e s ,  ( 2 )  1-2- 
q u i r i n g  detai- led stress aiia3.yses based on ri-gorous methods of experimental  
methods , (3  ) requi-ring 'ihorough ma.terials irisp..cti.ons, ( 4 )  r equ i r ing  
thorough v e s s e l  i n spec t i  on d u r i r g  f a b r i c a t i o n  and, finally ( 5 )  c l e a r l y  
de f in ing  the r e s p o n s i b i l i  Lies of t h e  purchaser,  f a b r i c a t o r ,  and aii thorized 
in spec t  o r .  

c e r t z i n  s t r e s s e s  m a y  be sign< f i c a n t l y  higher  than i~n a comparable v e s s e l  
designed t o  Sect ion 111. This i s  due t o  t h e  f a c t  t2iat t h e  ru-les of Sec- 
t i o n  VI11 a r e  l e s s  restri  c t i v c  (by omiss:i on) regarding d i scon t inu iky  
s t r e s s e s ,  thermal s-Lresses, meteria1.s inspeckion, t e s t i n g ,  and so  f o r t h .  

One impor-tant f e a t u r e  t h a t  i s  dependent on mechaii-ical design, b u t  i s  
nol; covered i.n any detai.1. by t h e  ASME Boi l e r  Code, i s  l e a h g e .  Generally; 
t h e  smallest l.ea.kage ra te  t h a t  can be reasonably obtained from t he  s t and-  
p o i n t s  of economics , f a b r l c a b i l i i y ,  and measurabi l i  L y  -is spec i f  j.ed, pro- 
vided t h e  maximum permissible  exposure i s  iiot exceeded a t  t h e  excl.iision 
a r e a  perimetcr i n  t'le event of an acc iden t .  A t  presen-i t h i s  f i g u r e  f o r  
l a r g e  s - t e e l  o r  s t e e l - l i n e d  contai,nment v e s s e l s  can be reduced t o  less than 
O.l.% of t h e  con-tainecl vol.ime p e r  day a t  desi.gn o r  acceptancc t e s t  pi-essure. 

The economical U'G~ l.i.za,t,fon of matc.ria.l.s, wi-thou'i sacrifi~cLng s a f e t y ,  

While Sec t ton  VI11 appears t o  use lower alI.owa,ble des i en  s t r e s s e s ,  

1.2 MITCFICATIONS OF KEACTOR CON'IAIIDENT' 

A s  khis r e p o r t  shows, t h e  r e a x t o r  containmen-l technology has many 
and v a r i e d  r a m i f i - m t i o n s ,  not. a l l  of ~~7hich  a r e  w e l l  unders'cnod. Mhile 
sorile o f  t hese  may seem q u i t e  remote fi-om the  st i-ucture i t s e l f ,  all. are 
involved i n  i t s  s p e c i f i c a t i o n ,  design, f a b r i c a t i o n ,  test ,  o r  opei-ation 
i n  some way. 

1 . 2 . 1  Reactor S i t e  C r i t e r i a  -__..I 

The Atomic Energy Corm?ssion (AEC)  has establi .shed guides f o r  use 
i n  the eva.l-u.a.trion of  pyoposed s i - t e s  f o r  s t a t i o n a r y  power and- t e s t  r e a c t o r s  
l ~ i c e n s e d  by t h e  AEC. These guides apply on1.y t o  r e a c t o r s  i n  which t h e  
p r o b a b i l i t y  of any accident  occurr ing i s  small.. The app-oved s i t e  c r i t e r i a .  
guides were r e l e a s e d  i n  the Federal  Reg i s t e r  on April 1 2 ,  3.962, and were 
subsequently i-ncorporated i n  Ti.Ll.e 1.0, Code of  Federal  Regula t ions  as 
P a r t  100. The appi-ovd. of t h e s e  guides w a s  preceded. by more than t h r e e  
yea r s  of  i n t e n s i v e  s Ludy dii-ring which t ime proposed giii des appeared tw-ice 
i n  the  Federtd. Regis ter6y7 f o r  comments, which were profuse on both oc- 
casions,  8 ,  

-I--_ 

.._...I- 7 

and following which t h e  proposed. guiries were ex tens ive ly  
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r ev i sed .  The I h s t  revis i .on incorporated many of' the  corrlments, and t h e  
pu'diskied doeurfierit; has been designated a guide f o r  a n  i .n ter im per iod unti.1 
enough experience can be accmulated with r e a c t o r s  -to permit t h e  writling 
of more d e f i n i t e  s-Lmdri;rds 

i.n s e v e r a l  s i g n i f i c a n t  po in ts .  A predominant po in t  of ob jec t ion  . w a s  the 
inc l i l s ion  of a SiXap1.e ca lcu la t ion  of environmental and distance charac- 
t e r i s t i c s  as an appendix t o  the proposed guides on t h e  grounds t h a t  (1) 
t h e  de f i r i i t e  n m e r i c a l  values  used i n  t h e  sample c a l c u l a t i o n  gave an  aspec t  
of undue r i g i d i t y  t o  the guides and (2) t h e  example tended t o  overemphasize 
the  concept of e n v i r o n m n t a l  i s o l a t i o n .  This ob jec t ion  was resolved not  
on ly  by d e l e t i n g  the sample cal-cul.ation from t h e  guide and. p lac ing  it i n  
3 sepa ra t e  doewnt-nt'" but a l s o  b y  id-entif 'ying t h e  c r i t e r i a  as in t e r im  m e a -  
sures  and by s t a t i n g  t h a t  t h e  "appl icants  are free and. i.ncleed. encozr.raged 
to d-emonstrate t o  the Conlmission t h e  a p p l i c a b i l i t y  arid s ign i f i cance  of 
consid.erations other t han  those se t  f o r t h  i n  t h e  guTdes. " 

c l a r i f y  t h e  i n t e n t  of the Commission on s p e c i f i c  sub jec t s  and t o  cover 
a,d.d.i.ti.ona,l po in ts  t h a t  were r a i s e d  by the comments. Thus some f u r t h e r  
c l a r i f i c a t i o n  i s  now inciucled on the foll-owing i s sues  : ( I )  rndtj-ple re- 
actors a t  one site, ( 2 )  d-epericlence upon i so l . a t ion  versiw engineered safety 
f e a t u r e s ,  ( 3 )  app l i ca ,b i l i t y  t o  mobile r eac to r s ,  ( 4 )  e f f e c t  of populat ion 
growth, and-  ( 3 )  :eopLLZa-tjon-center-d.istazice cmcep t ,  as f o ~ o w s  : 

d.ei;enmlr*ed on t h e  basls of t h e  eva lua t ion  of i.ndi.vid.ua1. wac to r s  i f  t h e  
reac-bors t2i-e iridept?ndent t o  the ex ten t  that an acc ident  i n  one does no t  
result I.n a si.multa.neous acctd-ent o r  otherwise aitversely a f f e c t  t?ie s a f e t y  
of opera t ion  of ad jacent  reactors. 

2. The rev ised  guides s t i l l  r e f l e c t  the Commission's emphasis on 
t s o l a t i o n ,  a1t;Ziough th .e  pbraseoI.ogy has been modified t o  i n d i c a t e  n po- 
i; e rlt; Fa1 w i LI ingne s s t o  ac c e p t  dezons tra'u ly x*(:: 1ia-b le eng i.ne e 'L' e d s a f e '-t;y 
T e a t i n e s  on psoven plzmts i n  l i e u  of i s o l a t i o n .  

3. Although the  general. safety concepts t h a t  are embod-ied i n  these 
c r i t e r i a  may be expected t o  be app l i cab le  t o  a l l  power r eac to r s ,  these 
guide:; were n o t  tfieant t o  be d.i :rectkf app l i cab le  t o  othei- than  s1;sl;iona:r.y 

4. P o t e n t i a l  f u t u ~ e  popijlation growth i.n thE: l r i c in i ty  of a reactor 
i.s considered. i n  i t s  hazards c?valix,tion and it i s  anticipa-Led t h a t  each 
i i i ~ c  ]-ear i n s  tal.l.a,t i. on wi. 11 a cqui. re s u f f i  c t en t  experience wi th  engineered 
safqyard-s t o  make i t  possi1iI.e t o  r e l y  on suxh f w t o r s ,  rather than i s o l a -  
t l o n ,  as -the ~ ~ ~ ' r o u i d i n g  populat ion increases .  

s a t i s f a c t o r y ,  pruvlidhs mi i n s i g h t  i n t o  currenb s i t i n g  p:rac:tice and phi-  
I.osophy. It was s a i d  to be re-tained i n  'Lieu of any be'itcx .technique of 
both (a) l imit i .ng the total .  popul.a-tion expos-ure and (b) provid-ing pro- 
l;ec-bion a g a i n s t  excessive e,xposure d.oses t o  people i n  h r g e  centers 
where protc:c.tive measu-res nay ncit be f e a s i b l e .  The mari-roi:ril;gen equiva- 
lent umn (rem) concept suggested. b o t h  i n  puc lear  Safety'' and by the 
R.&viscsry CorruniZ;l;ee on R e a c t o x -  Sa.fegua,rd.s'" i s  a di.rect means o f  spec< fy- 
iny  populati?-,n expcjsure and hm been given cons i .derat ion for inc:l.u.s ?.on 
i n  the ;j i tling guid e . 

The approved s i t e  guides differ from the i r .  immediate predecessors  

Other changes i n  t h e  c r i t e r i a  mi*e incorporated in an attempt t o  

1. The s i t i c g  c r i t e r i a  f o r  mul t ip l e  r eac to r s  a t  one sj.te may be 

p l an t s .  

5. The popul.ati.on- ce11ter-dist;ance concept, a l though not  enti~ely 
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1 . 2 . 1 . 1  S t i p u l a t i o n s  of .......... Curr-eat, C r i t e r i a  - 
Thz piril?l.i-slied s i - t e - c r i t e r i a  docwtien-t does not d i f f e r  s u b s t a n t i a l l y  

i n  pi-i-nciple from t h e  pr-ev-j.oik5 draf t .  Il’he c r i t e r i a  i n  e f f e c t  de f ine  t h r e e  
d i s t ances  from the  reactoi.  t h a t  iilust meet c e r t a i n  condi t ions T‘hese di.s- 
tances  a r e  (1. ) t h e  exclusion area, ( 2 )  t h e  low-population zone, and ( 3 )  
t h e  populat ion-center  di.sta,nce. The populat ion-center  d i s t ance  i.s def ined 
as LIE d i s t a n c e  from t h e  reac-Lor t o  t h e  nea res t  boundai-.y of a densely 
popnlated a r e a  containing more t han  about 25,0013 r e s i d ~ e n t s  8,nd i s  somewhat 
arbi’ir.ari1.y talien as l 1/3 of t h e  low-population zone. On t h e  o t h e r  hand 
bo th  t h e  Low-population zone and t h e  excl.usi.on area are re1a”ied t o  expo- 
sures ,  which are c a l c u l a t e d  at t h e  o u t e r  per imeter  of those a.reas follow- 
i n g  t h e  ma.xi.mnum c red ib lx  a.cci.dent . The exc lus ion  area is t h e  area. i.romdi- 
atel .y surrounding t h e  r e a c t o r  t’hat i s  iinrler t h e  control. of t h e  r e a c t o r  
ope ra to r  and. w’ni..ch i s  of such s i z e  tha.t ax1 adult loca t ed  at tlie bomda.ry 
f o r  2 hr immediately f oll.oWj.ng t h z  -maximum c r e d i b l e  accident  W0lA.d not 
r ece ive  a t o t a l  r a d i a t i o n  dose in excess of 25 rem t o  t h e  -,.Thole body o r  
300 r e m  .to the thy ro id .  The low-populabion zone m y  con ta in  resj-dents, 
but, the t o t a l  number and d e n s i t y  n i m t  be such t h a t  t h e r e  i s  a reasonable 
p r o b a b i l i t y  t h a t  appropriate  measures could be t aken .  in t h e i r  belmlf i n  
t h e  e v m t  of a s e r i o u s  acci.dent. T h i s  zoiie is of such s i z e  t h s t  an adul.’; 
l o c a t e d  a t  any pori-nt on i t s  ou’mr boundary- dui-ing the e n t i r e  time o r  pass- 
age o f  t h e  a c t i v i t y  rei-eased from t h e  m.xl.muni c r e d i b l e  accident  w o u M  not 
receLve 8, t o t a l  rad. ia t ion dose i n  excess  OB 25 r e m  t o  th?  who1.e body or 
300 r e m  t o  the ’ihyroid, 

i n t o  consideratT-on when evaluai;ing si-tes (and hence a l s o  when ca1culatiri.g 
exposures a t  tlie specif i.ed d i s t ances  ) : 

I. ck ia rac t e r i s t l c s  of t h e  r e a c t o r ,  which inel.ude t h e  u t i l i z a t i o n  of 
t h e  r eac to r ,  design of -Yne f a c i l . i t y ,  f e a t u r e s  affcc-t;inti; a c t i v i t y  
r e l ease ,  and eng3.neerj.n.g s a f e t y  features; 

2 .  populat ion densiby and use cha.mcter is t i .cs  of t h e  s i t e  environs, 
which include t h e  exclusiori area, low-populatLon zone, and ihe 
po-pui~.a,tl.on-cen’ier d i s t ance ;  

meteorology , geology~, and hydrol.ogy . 

The s i t e  cri .Leria a l s o  I-iist t h e  fol lowing f a c t o m  t h a t  a r e  t o  be taken 

3. phys ica l  c h a r a c t e r i s t i c s  of t h e  s i te ,  which i.ncI.iide seismology, 

1.2.1.2 Calculational. _. Procedures 

“he samp1.e c a l c u l a t i o n a l  procedure that, was 5-ncluded i n  t h e  secoiid 
d - r a f t  as an appwidTx, as mentioned above, was de le t ed  from t h e  crj . teri .ai  
espaadeii., and i-ncorporated i n t o  a sepa ra t e  r e p o r t .  ‘ 
n i z e s  t h a t  t h e r e  wi1.1. be s j g n i f i c a n t  d ~ i f r e r e n c e s  be L-ween d i f f e r e n t  reac- 
t o r s  and d i f f e ren t .  contaiarnent systems. Thc a n a l y - t i c a l  example presented 
-refers s p e c i f i c a l l y  t o  “iic maximum cred.ih1.e aceid-ent, which i s  def ined 
for p r e s  siw i zed- and b o i  ling-wat e r  r eac t 01’s with high- pres sure contain-  
ment. It i s  noted t h a t  fol- o the r  types of r e a c t o r  i’i w i l l  be necessary 

ana lyses .  ” €Iowev~er7 tiie cal..cul.ationa]. proccdurzs were never inteiideii to 
be  r i g i d  rules, and. tiie appJ.j.cant i s  f r e e  t o  propose h i s  own aiialy-.tical. 

r e p o r t  rccog- 

”to p o s t u l a t e . .  .corresponding maxirmm c r e d i b l e  accri~d-ents .. .by s i m i l a r  
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( r e f .  1.4). Recently a simp1 I.fi.ed. method of dispersion c a l -  
c u l a t i o n  has been proposed, by P a ~ y u - i l l ' ~  a,nd Mzade, l6 which 
r e f l e c t s  i-eceni d i spe r s  i.orn f i e l d  t r i a l s ,  as well. as cu r ren t  
d i spe r s ion  t h e o r i e s .  ' T h i s  method gi.ves t h e  same numertcal 
results as -the Siltton method i n  t h e  p re sen t  a p p l i c a t i o n  t o  
a d i s t ance  of aboui; sei-tln mtles. Eeyond t h i s  di.sl;a,ii.ce, t he  
iiew method pred.i.cts somewhat gwatei- concentrat ions.  

t i o i i  d-oes not occur for t h e  d-urati.on of t h e  leakage o f  t h e  
fission prod-ucts from the  con.tainmenL b a r r i e r .  If leakage 
from t h e  containmcni; b a r r i - e r  i-s assumed t o  OCCUY ov2r a s i g -  
nIfi.can'i .Lime period. (j.n t h e  order  ol" days) ,  a i-eduction 
f a c t o r  of 2-50 could resulk from sli i-fts  i n  wind d i r e c t i o n s .  
Wind meandering from any one c e n t e r l i n e  d i r e c t i o n  might a l s o  
r e s i l l t  i n  a reduckion f a c t o r  of approxima-bely 3 .  

Atmospheric d i s p e r s i o n  i s  assumed t o  occur imder 
tnve r s ion  tYpe weather condi t ions.  For weather condj-tions 
which exi.st for 75 percent  or s o  o f  t h e  time a t  most s i t e s ,  
t h e  at;mosphe-i.c d i spe r s ion  condi t ions coul.Ci be more Yavor- 
ab le ,  by f a c t o r s  of 5-10130.~~ 

f a l l o u t )  i s  ilot assixned during cloud t r a v e l .  
'Gi.on during cloud -tra.veI cou1.d reduce t h c  low popul.r,ti.on 
zone distaslce by f a c t o r s  of 2-5. 

"6. The saswnpti.on -j_s made tha-t a shift, i n  wj-nd d i r e c -  

"7. 

"8 .  Cloud de@ Lion ads ground depos i t i on  (parI;i-cul.ate 
Such deposi-  

"9. I n  calcu.1-ati.-ng t h e  direc ' i  g a m a  dose, credit;  i s  
n for s h i e l d i n g  by the coii talment sLruc'cure a n d  

app l i cab le  r e a c t o r  sh i e ld ing  fir topography. I n  some cases 
i t  i s  recognized t h a t  such shi-elding could reduce t h e  d i r e c t  
gamma dose by a f a c t o r  of 2-1000. 

"10. Decay of f i - s s ion  products i s  assimed while t hey  
a r e  coilfiYned t o  t h e  conLalrment bu i ld ing  bu-L i s  not assumed 
durlng t h e i r  - t r a n s i t  t o  t h e  r ecep to r  po in t .  The decay en- 
rou-Le i s  i lot  s i g n i f i c a n t  f o r  t he  condi t ions of i-elease con- 
si dered here  birt would lower the calculated.  doses s l i g h - t l y  
i f  incl-uded. 

0iil.y t h e  e x t e r n a l  ga.!~una dose due t o  t h e  f i s s i o n  products 

cant  f o r  t h e  assimed condi t ions.  The who1.e body d i r e c t  
garrum dose due 'io 'ihe cloud. passage for tila assumed condi- 
t i o n s  wou.3.d con t r ibu te  on the ordei- of 1-10 percent  of t h e  
t o t a l  wliolc b0d.y di-rect gamma dose a t  t h e  exclusion and low 
popd.a.t-i on zone d i s t ances  a 

"11. I n  determining Lhe whole body d i ~ r e c t  ganuiia dose, 

. .j.n t he  r e a c t o r  but l -ding w a s  considered. si.gnifi.- 

TIIF: ~ p 0 ~ t 4  exp1.ai.w t h a t :  

' I .  . . even tf t h c  postu.lat,ed maximum c r e d i b l e  accident  should 
occur and i f  the e x t e r n a l  coii'mi-ment she11 rcmained i n t a c t ,  
t h e  r e s u l t i n g  exposure doses would pi-o'oa'Dly be many t i m e s  
lower t h a n  those calculated.  by the  ind ica t ed  method. 

"On the o the r  hand., there ai-e potential.,  conceivable 
conditions which woiild resul'c i n  I..arger f i s s i o n  product r e -  
l ea ses  than tilose assivned t o  be  released i n  t h e  rrlaximurn 
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cyedih le  accident, and. t h e  consequ-ences could be more h c t z -  
ardous Other p o t e x t i a l l j  more hazardous factors thian those 
represented. by t he  example c a l c u l a t i o n  inc1u.de t h e  fol-lowing 
conditi-ons 

"1. T o t a l  r ad ioac t iv i ty -  releases t o  t h e  containment 
vessel. could. t , heo re t i ca l ly  be up .to s i x  times as l a r g e  i2S 

those assumed.. Release of I-ong-lived f i s s i o n  products t o  
t h e  c o n t a i m e n t  .Jessel  could theoret 7.csal.ly 'ne up to 33 t i m e s  
as large as t'n.at, assumed. These greater releases woi2.l.d a,ffeci; 
doses t o  t h e  lung, 'oone, azd t o t a l  -nody. 

"2. For some s i tes ,  the atmospheric d.iffucioon conditions 
f o r  a small proporti .on of time co,u.ld be worse than  those as-  
slimed j-n these  calcinlations , Such d i f f u s i o n  condi t ions could 
i-esi.11l; i n  an increase i n  t h e  inhsLa,tFon d . i x e s  

"3 ~ If t h e  external containment s t r u c t u r e  should 1x2 
rendered coliip1.etel.y Ineffeeti.v-e at the  outset of' t h e  acc ident ,  
the consequences of -the 'maximurn cred.ib1.e ' accident tiro.u.ld. be 
increased  many ordeys of magnLtuid-e. In  su.c'cl a, case /1 t h e  &xe 
from t h e  cloud. and. groimd. contamination c o u l d .  ht3c0:,1ie si.gni.f'i- 
cant  i.n determi-ning the external dose . If 
With t h e  above frame of reference,  t h e  repoi-t t hen  oiitl.ri.nes, i n  de- 

L mil.., t he  ana ly t ica l .  tecl-urricpes u ~ d  prwcedures comnon t o  mny re,acto.r% 
hazards r e p o r t s  for cal.cu.l.ating exteraal  and i n t e r n a l  exposures i-"Tsi-,m a 
f l ss ion-product  cloud. 'Data BYE p:resented f o r  I~i(~t,~oro~.~~;-j.~~a~. condit<.ons,  
as gives below, t;?iaS, arc: j.ndica Live of' the  slow d.ispersiixi cond.i-'cions ex- 
pe~cteci to apply 'uetween 1.5 and. 25$ of the t i m e  -in most a ~ a s  of" %he T F j i t e d  
States : 

WLnd speed., u 1 rr/sec 
Boriz on-tal. v i r t i i a l .  c-l'iffus :L on 

c o e f f i c i e n t ,  
Vert i cal. v i  rtiid. 

c o e f f i c i e n t ,  C, 
Stab i. li t y pa m c f e  t e r , n 0.5 (dimensionless ) 

age rate o f  ~.l$/da?j.- were  use(^ (.?s an examp1.e only) to determine .valiies 
of dis-trznces for water-cooled and -modera,ted reactors of ~ ~ L O I E  power 
I.eve1.s . m e  values -thus obtained ;are 1. is ted i n  'Table 1.. 2 

0.40 m y 2  

fr 0.07 Yn11/2 d i  f f us i. on 

Tfie resu l t s :  o f  ca lcu la t ions  employing a coutaSmncnt- s Lwictwe leak- 

Fix the r  from r e f .  4:  

represented  i n  [Figs .  1.1 iznd 1.21. For t'ne exc l ix ion  d is -  
tance, doses from bo-th d i r e c t  ganuna rad.lia.1;Lort from t h e  r e a c t o r  
bu i ld ing  and. from iodine  i n  the c1ou.d escaping fron t h e  re- 
actor bu i ld ing  weye calcu.latc~d, and the di.stance esta ,hl?  shed 
on th.e ba5i.s of t h e  e f f e c t  reqij.iring i;hc g r e a t e r  isalatr ion,  
[F igure  1.13 S~ZOWS the eontrolltng Close f o r  var ious  pwf/er levels 

"Under the conditi.ons a,ss~uned, t h e  doses r e s u l t i n g  from 
t h e  i n h a l a t i o n  of the isci;opes o f  iod ine  ,are c o n t r o l l i n g  for 
t h e  l o w  population zone d i s t ance  and popul.atior1 cen te r  

'Qne estj.ma,ted r a d i i  f o r  power reactors a r e  graphica,I.I.y 
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Fig. 1.1. Exclusion-Area Radius Determimtj.on Using Sampl c Calcula- 
tion of Ref. 4. 
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Fig. 1.2. Popinlation Radius Determinat ion.  
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Table 1.2. Calcu-lated S i t e - C r i t e r i a  Rad-ii 
f o r  lieactors OP Various Power Level?” 

LOW- 

Populati on- 
Power Area Center Zone 
Level- Xadius Di s t m c  e Di s Lane e 

(miles  ) (mi l e s )  (miles ) 

Popula,’L i on - Thermal ~ x c 1 i j s  ion-  

(md 

1500 
12 00 
1000 
900 
800 

700 
600 
5 00 
40O 
3 00 

2 00 
100 
50 
3.0 

0.83 
0.77 
0.67 
0.63 
0.58 

3.53 
0.48 
0.4-3 
0.3‘7 
0.31 

0.29 
0.25 
0.21 
0.13 

13.3 
11.5 
10.3 
7.4 
8.6 

8.2 
7.2 
6.5  
5.4 
4.. 5 

3.4 
2.2 
1. 4 
0.5 

1‘7.7 
15.3 
13.7 
12. s 
11.5 

10.9 
9.5 
8.7 
7.2 
6.0 

4.5 
2.9 
I. 9 
0.7 

a Rxsed on data of ref. 4. 

d.i ,_I -I-, .dnce.-E F-To-c.~ve.r., i t  i s  Fossi.bl.e tinat such may n.oL always 
be the  cadst? aid this shoirl.d. be checked. for each case irnder 
eons ideral; ion. The low populat  ton z one dis tarice reszilt s 
from izi tegrat ing 1;he effects  of iodine 1 3 1  through 135. The 
popvl.a*tinn center  dis tance equals the low populat?’.on zone a i s  - 
t ance  increased  by- a factor of one-third.  
the ye la t ionsh ip  between t h e  i rha l a t i -on  t m r l  direct dose f o r  
var ious  power levels 

 lie c i o e ~ u ~ m ~ t 4  coneluc~es wi th  a comparison of -ttie s i t e  d.istances ob- 
t a ined  by thz anal .yt ica1 met.hod des crri’oed above wLth those  authorized f o r  
operating reactors or‘ reactors  approved- for coristructi on. T%E values of  
these example ca.lcul.ations are g;i.vm i n  Ta’b1.e 1 3. 

[Figwe 1.21 slriows 

*Editor’s  note  : Most hazards eva lua t ions  refer to the ccjn-troll ing 
dose f o r  in.gest.ion, inhalation, o r  whole-body exposure. El cases when-e 
no single dose reaches emergency 1 i . m i . t s  but m o ~  t h a n  one a,p;quo,zches them, 
the cimul.ati.ve e f f ec t  m u s t  be i:ousi.dered., 



Tzble 1.3. Calcidated4 and Actual S i t e  Distances f o r  Selected Reactors 

React o r  

C a l c d a t e d  
Thermal Exclusion-Area Low- Population- Center 
Powei- Radius (miles) Population- Distance ( m i l e s )  

Level“ Zone 
Calculated Actaal  Distance 

( m i l e s  ) 
y r -  b&culated Actual 

Dresden 
Consolidated Edison 
Yankee 
PRDC 
fi% 

Coas m e  rs 
Hallmi 
Pathf inder  
PCKE 
Philadelphia  E l e c t r i c  

msa 
CVTR 
E l k  River 
W R  
PiC_Uh 

63 0 
585 
485 
300 
2 70 

240 
2 40 
2 G3 
2 02 
115 

6ci 
60 
58 
50 
48 

0.50 
0.4g 
0.42 
0.31 
0.31 

0.30 
0.30 
0.29 
0.29 
0.26 

0. 22 
0.22 
0.22 
0.21 
0.21 

3.50 
0.30 
0.50 
0.75 
0.40 

0.50 
0.25 
0.50 
0.25 
0.57 

0.50 
0.50 
3.23 
0.40 
0. I4 

7.4 
7.0 
6.3 
4.5 
4. I 

3.9 
3.9 
3.4 
3 . 4 
2.4 
1.6  
1.6 
1.5 
i. 4 
1.4 

9.9 
9.4 
8.4 
6.1 
5.6 

5.2 
5.2 
4.6 
4.6 
3.2 

2.1 
2.1 
2.1 
1.9 
1.8 

14.0 
17.0 
21.0 
7.5 
7.5 

135.0 
17.0 
3.5 
3.0 

21. c 
3.0 
25.0 
20.0 
15.0 
27.0 

“The -thermal poyer l e v e l s   show^ were those employed by %he AEZ f o r  t h e  calcuLatLons i n  ref. 
4. The power l e v e l  of s e v e r a l  of t h e  reac’;ors has s i n c e  charged; s e e  Chapter 7 for more recent  
valae s . 
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1.2.1.3 Conclusions 

I n  advocating the acceptance of the d ra f t  of the Reactor Site Cri-te- 
~ia,' the D i r e c t o r  of Lricensing and Regul.ation commented: 

"One ma,y j u s  kly conclude, as the Conmission had. done, 
tha t  al though it is  generally recognized that  i r i s  uf ' f ic ient  
experience wi.th r e a c t o r s  has been accimiulated t o  permit the 
w r i t i n g  of d e f i n i t i v e  s tandards that wolfid pi*ovid.e a quan- 
t i t a t i v e  c o r r e l a t i o n  of all f a c t o r s  s i g n i f i c a n t  t o  %he ques- 
t i o n  of a e c c p t a b i l i t y  of reactor si tes ,  i t  i s  poss ib l e  to 
provide mors g.nid.ance than c u r r e n t l y  e x i s t s  as .to {;he fac- 
t o r s  considered. by the cormnission t i ~  evahxati.ng r e a c t o r  si.tes 
The proposed gu.id.e.. . i s  intelzded as am i n t e r i m  measize u n t i l  
the state  of t h e  art a l . l om more d e f i n i t i v e  s tandards t o  be 
developed. The guid-e i s  a s t a r t i n g  poin t  that gi.ves thi? 
nixlear  eorillllzvlity an understanding o f  the  'oasis on which t h e  
Cc,lrm?-ssj.on wi.11 revi.ew proposed. si tes  while providing fiexri.- 
b i l i . t y  and. freedom f o r  amy appI.ic:arltt l;o demonstrate the appl i -  
cabil . i ty and s i g n i f i c a n c e  of considerat ions oYner than  those 
:;et forth i n  the guides. The pi:opcjsed guid.es do not represent 
a, d i f f e r e n t  approach t o  reactor s i t i r i g  than has been used  t o  
d a t e  but r a t h e r  they represen-t a.11 a t tempt  to a , r t icu . la te  those 
p r a c t i c e s .  Appl.icati.on of these c r i t e r i a  w i l l  resElt i n  re- 
act;or si-Lea i n  g e n e ~ a l  agreement with those approved. to date 
bvt siiff'fl c i e n t  flexj.bi.I.ity has been provided t o  a l low f o r  eon- 
s iderat ion: ;  t lmt  i-night lead to locati-onS that vary from current 

It, i s  of i n t e r e s t  t o  note that b o t h  t h e  conservat ive and noric:orlaerVa- 
ti.ve factors tnvolved in the determinat ion of exposures at the specri.fi.ed 
d i s t a n c e s  are t~iOUlatei3 i n  ref. 4. Excluding the assumed. a,tmospiier*ric dis - 
persion (which appears 011 both lists), I re conservntisin j_ti t h e  c a l c u l a t i o n  
of inha la , t ion  exposure ni8.y range from LO3 -to lo6" 
i ; i a ~  conceivable conditions" could resul-t I n  b.igher exposixes . ~ ~ i e : ; e  con- 
ditions are (1) g r e a t e r  a c t i v i t y  release, (2 ) poorer atrriospheri.c d i f f u s i o n ,  
ami ( 3 )  sirizultarieous fa i lure  of the eont,aiarnent s t r u c t u r e  e ~ihet~rer .  or no t  
these t'nree factcres are conee5vrj;bl_e is  a qu-estion of semanttcs. If they 
::ire taken aa conixitrable, i 1; i s  t h e o r e t i c a U y  poss:i .bk f o r  t h e  t o t a l  ac- 
ti.vi.ty release t o  be  LXQ t o  sf.x t i m e s  ELS large as that assmed ( s i n c e  the 
: r~ l ease  assu:m?d. was a,pproxirrmtel.y 15$ of the total). 
spons ib l e  k c h n i c a l  people wr~7d.d conclude tb.a,t 1.00% release is not  concei.v- 
able in view of (1.) t h e  fzieI-meI.tdowr1 experiments t h a t  have been pe~Yor'med, 
( 2 )  the l i m i t  on t h e  a t t a i n a b l e  temperature, even i n  a core meltdown, and 
( 3 )  the lcnown chemical i*eaction behavior of -the f i s s ion -p roduc t  elements. 
For the second. nonconsei-J.ative f a c t o r  - poorer atmosphePi.c d.iffmicin - the  
assumptions inclllde a moderate invers-i.on, low land speed, and- a narrow d i s  - 
pt?rsri.on a11.gI.r p e r s i s t i n g  :Pos  a lorig perfod of' t i m e  cornpared w i t h  t,he ba1.f- 
I-i-fe 02 Lhe released a c t i v i - L y  . 
such ;poorer coxiditions may exist, a t  any t i m e ,  there is rrinch less Likel ihood 
that such a, weather cond i t ion  wi.I.1 p e r s i s t  for a, lfing tiirie. Ti1 any event,  
t h e  cond.l:.ti.on j.s t o  b e  welghed zgainst; tbe o t h e r  consexvatlive factors that 
a , x  involved. i n  t h e  cal-cirlation. 

p r a c t i c e .  ' I  

However, three "poten- 

Rowever, mamy re- 

Although there is  a 25$ probabi l t ty  that 
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Tne poin t  o€ s r e s t e s t  
i nc red i l l  e b u i  imaginabl?, 
containment ves se l  or, f o r  
tures .  Present  technology 

concern, howeijer, i-nvolves ffconceiv-abl.e, " i. e .  , 
accfdents  that  could ren-der inel"f ecti-ve. t h e  
that matter, any o ther  engfneered s a f e t y  fea-  
i.s adequ-ate t o  piwvide containment or s a f e t y  

f e a t u r e s  o r  bo th  f o r  nuclear f ac i l . i t i eo  t h a t  would permit t'ne<.r I.oca-t;ioi1 
i n  populatlion cen te r s  and s t i l l  meet t h e  existi .ng rcqu.-lii-ements f o r  ex- 
cl.usioii a r e a  and low-population zone. 
however, i n  the present  s i t e  c r i t e i . i a  by t h e  speci.fi.ed popul-ation-center 
d i s tance .  A s  experience i s  acquired and s a f e t y  analyses  become more 
sophis t lca ted ,  it my be a,nt-j.cj.pai;ed t h a t  the presen t  s i t e  c r i t e r i a ,  which 
a r e  based on di.stance, wi.11 g ive  way t o  c r i t e r i a  that will. be based on 
t o t a l  populat ion exposu:re. Such s i t e  c r i t e r i a  might, :or example, sti.J.1 
employ t h e  exclusion-area concept as a means f o r  1imiti.ng t h e  maximum ex- 
posure t o  any one o f f - s l t e  individual., and t h e  low-popul-ation zone and 
popula'k ion -  cen ter  d i  s t anc  es might evolve i n t o  a total--populat  ion - exposure 
requirement.  The AEC encourages app l i can t s  " t o  demonstrate to t h e  Com- 
inission t h e  appl.icabilit,y and s ign i f l cance  of cons idera t i  ons o ther  than 
those  s e t  f o r t h  ii1 t h e  gij.i.des" i n  oi-der t o  -take i.nto cons idera t ion  add.i.- 
t ional-  contaihrneni and engineer ing safegu3rd.s t h a t  my reduce the  exclu- 
s i o n  area, low-population zone, and populat ion cen te r  d i s t ances .  

developed t o  permit a major r e o r i e n t a t i o n  of' s i t i n g  pol.icy. 
time t h e  e x i s t i n g  s i t e  c r i t e r i a  provide a. workablc and- gene ra l ly  consis- 
t e n t  b a s i s  f o r  s i t i n g  reactox-s. 

?'his poss ib i l i . t y  i s  precl-udrd, 

It rmy be many years, however, before  suf f ic i .en t  exger-i-ence has been 
In  the mean- 

1.2.2 NucI.c?r Merchant S?zi.p S i t e  Criteria .I.̂ .I ________ 

'The sai"egimrds review of tlic N. S. Savanmh by t h e  Ar3vi.sory Commi.ttee 
on Reactor Safeguards (ACRS) and. t h e  Divisri on of Licensing and Regulation 
w a s  concluded dui-i.ng t h e  surmer of 1962 with  authorizaLion, on August 3, 
f o r  i n t e r im  opera"tion extending over a s i-x-month per iod and covering 
approximately six p o r t  a reas .  A s  a consequence of t h e  study t h a t  l ed  t o  
t h i s  au thor iza t ion ,  t he  Maritime Adrniilistrcatioil-AEC J o i n t  Group developed 
a guide for the  "Pori; Operation of Shipboa.rd Reac-boys . 'I1' The p r i ~ n c i p a l  
p a r t  of t h i s  guirle modified t h e  AE'C Reactor S i t e  Criteria1 i n  such a man- 
ner  as t o  xake some allowance for t h e  mobili.ty of the s h i p  r eac to r  and t o  
a r r i v e  a t  c r i t e r i . a  t h a t  would be compatible with bo'i;h the inherent  aspec ts  
of nuc lear  merchant vessclk and the sa.fety philosophy expressed i n  'the 
e x i s t i n g  s i t e  c r i " te r ia .  
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1.2.2. l EssenLial Features of Ship Site Criter ia  

One of the  most importamt developments was the adapta t ion  of a c r i -  
t e r i o n  for t o t a l  popula-Lion exposure I n  lieu of the c i t y  distance stipu- 
l a t i o n  i.n the e3:isti.n.g gui.de.' 
permissible  exposiu.re dose o f  2,000,000 man-rem vas established., as had 
previously been 9roposed. This exposure i s  i n  addi- t ion t o  t ~ i e  int l ividual  
exposwe l i m i t  of 25-rem who1.e boc1.y (and 300-rem t h y r o i d )  t h a t  i s  ernpl-oyed 
for calculat,i.ng vari.ois def ined zones a r o u n d  the s h i p  ber th  s i t e  i n  a 
manner sj-mil-ar t o  t h e  %oms around a stat;ionary reactor  s i t e  I 

of the vessel.  a f te r  an accid-en-t (as 3 means of l i m i t i n g  the t o t a l  popula- 
t i o n  exporsvre), -the manipv.latioii_ of the  s h i p ' s  r e a c t o r  power history t o  
match t h e  c a p a b i l t t y  of t h e  ber th  1;o y:rovi-d.e adeqwite excl.usi on distances 
for a given  fission-proc3..uc-t i~iverkory, and provisiort.~ f o r  the exposure 
p o t e n t i a l  duriiig t h e  time the s h i p  i s  errbering and Leaving a port. Since 
s h i p  mobilii;y i.s accepted as a s a f e t y  factor upon whi.ch p o r t  safety evalu- 
a t i o n s  are  based, i f  t h e  p o t e n t i a l  rrirjbi1Fty were l o s t  Tor some reason 
(e,g., adverse weather), consid-erat ion would. have to 'ne given t o  s h u t t i n g  
duwn the reac-Lor and possiislg, alijo, depl-e:;y~~izut;ion of an appropriate 
type it 

es t a b l i s h e d  three zones -khat vary 5.n d i s tance  from the reactor, as fol.l.om : 

AS an intel-j.m nieasur'e, a c r i t e r i o n  of a 

Other unique features of the shn'.p s i t e  c r i t e r i . a  involv-e the rremov.aS 

The g~.id.e" d.evelopecl. for mobi3.e :LT~,C~QYS, su(::h a2~ the N. 8. Savaiinah, 

"1. Controlled. Zone - that  area in which a l l  person:; are 
under the d i r e c t  c o n t r o l  of s1ii.p'~ personnel  so tha,t, S.n the 
even-[; of an accident evacuatton could. be effec-t;ed. w?.thj.:o. 1;wo 
hours wi+;ho.uA any Qerson receivi . rg  rnore tfluil 25 rein iqhole body 
01' 300 r e m  thyroid., and axy i.n.d.fvl.dua1 general. p1ibI-L~ rnenibe1- 
standing ai; i t s  outer 'oound.aiy f o r  two ~ ( X W S  would n.ot receLi'v-e 
a i  exposu~e  exceed-ing 25 >:err? whole 'body- or 300 r e m  tkqyroj.ds 

"2 .  1,057 Papii.l.ation Zone - that ai-ea i n  wlo.i.ch it j.s mason-  -- 
ab le  .to expel ;  that, i n  t h e  event of an acciderrt, total evacu- 
a t i o n  or pro tec t ive  measu co1~l.d be ra.rri.ed out in a grad.ed 
f a sh ion  wi th in  2 4  ' i loa~s s o  that rig person wou.ld. .receive more 
than  25 rem whole body or 300 rem thyr0i.d; and any .nember of 
the geuera3. yubl.i.c s tanding a,?, i.ts o i i t e r  71owid.ary for 2L, hours 
would not rece ive  an exposure exeeed.ing 25 rem vhole body or' 
300 rem thyraid e 

"3. ~ e n s e  I_ Popi-fiation Zsne - that a r e a  W I I - L . ~ ~  i.s i m i d  i- 
ate1.y a,d<jacen'c t o  the ou te r  bou:r?_ds.ry of t h e  l o v  popu.lstio:i 
zone and- cannot be eva,cu;2i;ed, co-citrolled, or p ~ o t e c t e d .  

" ~ t ,  can be seen t ~ ~ a t  the esta't11is:~m~ilt 0% these z01les 
is not  on1.y a fuwtion of the fixed p o r t  mvironmen-6, but also 
a func t ion  of  t h e  pr;-t;ent-ial react~r aec i t le r~ t .  If .the port; 
esvi. ronment reiiiai.ns fixed-, t,he rezzc t o r  ' s  potential oiaximm 
acc ident  can be RCI justed The refore, the h s i c  requirement 
f o r  s u i - t a b i l i t y  f o r  any b e r t h  is t'nat -the r e a c t o r  acc ident  
potential be adjus ted  by controlled. r e a c t o r  power. h i s t o r y  s o  
t l m t  the zone hoiindaries for exposure 1iini.ta.t:i.on are equ3.l to 
or le s B Lhan tbos c b o und.aries it :: -b;;;o 1, is hed on. p3:puh.t i on c o (I- 
t i -o l  o : ~  s h i p  niobi l i ty .  
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"TO emure appropr i a t e  l i m i t a t i o n s  t o  ~.ong-term ef-- 
f e c t s  on t h e  populat ion as a whole, t h e  c r i t e r i a  set f o r t h  
a 2,030,000 man-rem vho1.e body l imi t a - t i on  on t h e  exposure 
t o  -the t o t a l  populat ion i n  a7.1 three zones surround~ing t h e  
r e a c t o r  for t h e  d.urat;.on of t h e  acc iden t ,  Because of t h e  
inhe ren t  mob i l i t y  of a shipboard r e a c t o r ,  t h e  du ra t ion  of 
t h e  acc iden t  i s  taken t o  be 24 hours max imum.  

necessary t o  consider  t h e  varying p o s i t i o n  of t h e  reactor 
wi.th I-espect t o  t h e  p o r t  environment. Thus, i i - respect tve 
of an acceptable  zone bowida-ry based on individ-1x1 expo- 
swes, t h e  total .  populat ion dose Level. should a l s o  be m e t  
a t  a1.l tjmes. I f  

"It i s  t h i s  ve ry  mobil i ty ,  however, t h a t  makes it 

1.2.2.2 Other Aspects of t h e  C r i t e r i a  

I n  view of t h e  many unique d i f f e rences  between s t t i n g  a sta'cioiiary 
power reac'cor anri 'nertb-i.ng a nuclear  merchaiit v e s s e l ,  t he  shi.p s7.te c r i -  
tcria s e t  f o r t h  i n  some d e t R i l  t h e  condi t ions f o r  p o r t  e n t r y  and t h e  8%- 

rangements t h a t  m u d  be made. Such condi t ions and a,i-rangemen-ts implement 
t h e  geni'raJ. ob j e c t i v e s  of til? cri . teri .a and ensum t h e i r  a t ta inment .  

The s p e c i f i e d  condl t ions f o r  por-t; eni;rjrl8 i.nclude the following: 
1. i i iv t t a t ion  froin po r t  a u t h o r i t i e s  , 
2. eva lua t ion  of environmental condi t ions,  
3. e v d u a t i o n  of poi-t emergency c a p a b i l i t i e s ,  
l r .  no-tiif icati .on of a l l  oqp,niza,tions involved, 
5. screening of sui- table  berbhs,  
6. eva lua t ion  of access  and eg res s  rou te s ,  
7. 
8. avai labi l i -Ly of tugboats , 

prepa ra t ion  of detai- led accideii t  a n d y s i s  , 
9. '- L L ~  3 , -  -L Liiig of emergency equipment, 

10. approval of emergency plans , 
11. ?.im.f.ta,tj.oils on shipboard v i s j - t o r s ,  
1.2.. repori;ing and approval of above factoi-s.  - In add.i.ti.on t o  the above condi-'Lions for port en t ry ,  t h e  s h i p  s i t e  

c r i t e r i a ' -8  give 24 "add i t iona l  measures app l i ed  to i n i t i a l  operat ions.  I f  

These adclj.tiona1 measuyes a r e  s p e c i f i c  provisj~ons with respect; to t h e  
cal.culation of t;he s p e c i f i e d  z o m s  o r  o p e r a t i %  procedixes and acc iden t  
assuiiptions t h a t  wauld, i i l  e f f ec - t ,  in t roduce extreme s a f e t y  i n  the  opera- 
ti.on of t h e  v e s s e l  and extreme conservatism i n  the  c a l c u l a t i o n  of the 
exposure t h a t  might resu1.t from t h c  maxirnim c r e d i b l e  acc iden t .  The addi- 
t i .onal rr,easu.res t o  be app l i ed  for i n i t i - a 1  operat ions are as follows: 

1. use a c t u a l  r e a c t o r  power h i s t o r y ,  
2.  take no c red i . t  f o r  emergency cooling, 
3. assume SO$ iodi.ae pl.ateout i n  t h e  containment vessel- only, 
A. 3.ssime containment-vessel lea?Liage r a t e  t o  be 2.5% p e r  day, 
5. assume iodine f i l t e r  e f f i c i e n c y  t o  be 99$, 
6. .take no cred7.t for variab1.e wi.nd d i r e c t i o n  over t he  24-hr period, 
'1. t ake  no c r e d i t  for o the r  than i nve r s ion  condi t ions over t h e  24-hr 

period, 
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base d ~ i s p e r s i o n  cal.ciXi.atioris on 1 ni/ser- ~n7iild. speed, C- Y = !194> 
Cy -- 0.0'7, n = 0.5 ,  h = 0, 
e s tab li sh. s pe c i :€:i. e erm rg e ?icy plan 
test ,  auxiliaz-y  oilers i n  p o r t ,  
maintain vacuum on rriain conde:r:iser, 
l i m i t ,  ship v-i.sitors t o  onc.-li:~lf' -the acceptab1.e n.m-%er, 
l i m i t  site TJisf-tors t o  one-hd.f? the acceptable nmh?r ,  
conduct, evacuation d r i l l s  regu.la,rl.y on s11.i.p a n d  on s i t e  
test, reactor corripartrfient inkegr.i.ty aad. emergency sys-km o p r  - 
&i.l.iLy periodica,l.l.y, 
-Lest contai-nment-vessel leakag? rate, filter e f f i c i ency  , and 
duct tigkitnes s per i  odica,l ly , 
'rime senior nuclear  staff inember a%oa:i.d sh ip  i n  POFL, 
have health-physics staff meunberr. ~,boa.s.d a t  all t h e s  reactor i s  
o p e m t i a g  , 
get :approval of port, analysi-s report, by reg~J-.atory a.utborii;lies, 
es tablis h cons e mat i vc z o bound-arj-es for 25 rem in specified 
time (I hr, 440 f-t; 2 hr, 6fSO P t ;  2 4  Iw, 1600 ft), 
~SSLIIE insta,ntaneouis rele:zse of fission p r o d u c f ; ~  to corytainrrneni; 

assume maximixn nwuTxr of persons in controlled zone i t 1  calculating 
total populat ion exposures 
do not consider im%.vi.d-ual exposu.res o f  less thrzn 0.05 r e m ,  

v e s s e l ,  

L ~,akc no c r e d i t  for. holililp in t h e  reactor  coaipar.-tment 

D i s  cuss i o n  
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Althaugh both these  objectiv-es are not; r e a d i l y  achlievable by a s i n g l e  c r i -  
t e f L o n ,  t h  mobi l e - r eac to r  s i ts  cri:Ler.ia e f f e c t  t he  foyiner by use of a 
to t a l -popu la t ion -~~xposurP  1 . i rn i t  and the l a t t e r  by s a f e t y  r e a t u r e s  I n  t h e  

ti-on, 

deinotJ.st,:<*a-t;i. t h a t  t h e  criter-i.a, m n  actual.1.y be a t t a i n e d  i n  a l l  circurns tanccs 
Of p a r t i c u l a r  concern i s  the capabi-l-ity of rei-noving 'ihe s h i p  fyom i.ts l l e r th  
i n  l e s s  than.  2 4  h r .  Pkny studj-es have been r m d e  of t h e  exposures as a 
func t ion  of time and p o s i t  f'ollosqing tile maxi.mu:m c red ib l e  accident .  
These are f 0riilal.l.y sunma-ri. , S O  far 3s t h e  N.S. Sava:tin.& p r o j e c t  is 
concerned, i n  t h e   PI?:^:, Ana is E c p o r t s  ( f o r  exampl.::, t h e  ineports f o r  
Swaiiiiah, Ga. , 
which presen-Ls i n  more detai  I t he  probable cxposire::;, independent of any 
p o r t  or b e r t h  condi t ions,  From thest:! :;tudie?; it i.s concluded t h a t  Lhe 
exposwea of the tugboat personnel involved i n  movi~ng ihe sb7.p would be 
less t han  l--r/hr submersion dose aiid less t han  go-r thyroid. i:nhal.at,ion 
dose f o r  t h e  several hours t h a t  rriigi-1-t be  i-equi.-t:ed f o r  'che emergency remova,]. 
of the  ship7 even if' a l l  persontic1 reiiiaird downwiml of t h e  release du.ring 
that time. 

pzrsons who might be on s i . t e  ( i . e . ,  wi.th.i.ci t he  cont,-r-*olled zone) ,  as well- 
s:: f o r  those who might, hc aboard sNp .  i n  both in s t ances  these  persons 
m u s t  be cvacuable before  they have recei.ved 25-rein whole-body o r  cquiva- 
:.en-t cxposure. Thzir evacimtion m u s t  be possi-blj.:. i n  the s p e c i f i e d  time, 
ilia-t i s ,  J-ess than 2. h ~ ,  01' t,hej.:p presence -is not peymi-ttzd. I n  t h i s  con- 
nect:-on it i s  noted. t h a t ,  even assuming t h e  pessin15.stic leakage and r e l e a s c  
r a t e s  indi.ca,ted i n  t h e  .i nLerim c r i  t e r i a ,  t h e  c lcoe- in  exposures wouIld be 
s u b s t m t i . a l l y  less  than i n  most staLiona.-cy power pl.ants because of  t h e  
d.oublz contairiiiant; t h i x  'he plaimed e v s c m t i  on of pei-s on-r?r::l i s  cons idzred 
feasibl-e, 

a5J.e zxtensi.on of -Lhe Commission's Heaxtor S i t e  Cr i t e r i - a  t o  meet t he  needs 
of s h i p  rea.cl;om. 

,'G, extended t h a t  n ~ a y  assure qrea-ter s i g n i f i c a n c e  i.n s i t i n g  con- 
si.d.era'iions a s  nuclear  technology develops, In additj.oii. t o  t h e  total- 
pop-ula.ti 0-0-cxposire l i m i t ,  the Following concepLs are impl.fcit o r  e x p l i c i t  
i n  the s h i p  c r i t e r i a :  

ncy procedurzs , and. the  special .  arrarigemen:ts f o r  port opera- 

Once having esta'o1.i shed ressoimb1.e c r i t e r i a ,  it is most, important 'io 

Norf o1.k Va. , Pansmi Canal2 '+ ) and 7.n an OH.NT, repol-t, 

The s11j.p criteria a l s o  provide  f o r  t h e  r e l a t i v e l y  1.arge number of 

- r . t  appears t h a t  tile nob i l e  -reactox- c r i t e r i a  hzve provided a reasoii- 

i n  s o  doing, c e r t a i n  concepts have bcEn introduced or, 

1. con t ro l l ed  relea%@ of a c - t i v i t y  from t h e  a,ccident, 
2.  depend-ence on opera.iing procedures t o  minimlze the consequences 

3. depend-ence on admi.nistyative c o n t r o l  t o  assure t h e  i n t e g r i  %2 of 

The fa& khat each or the concep-is i s  involved i.n i.oiiditions tha t  
were ail-t'norized f o r  t he  N.S. Savwinah does not  j.mpl.y approval. of t h e  coil- 
cepts  themYeJ-ves b u t  rat;her tiiat, gjven j u s t i f i a b l e  reasons /" modifi.ca,i;ions 
t o  exi.st ing p r a c t i c e  w i l l  be consj-dered. This i s  r e a l l y  no more ov; less 
t han  tlne approved. Reaxtor S i t e  Criteria' ( f o r  s t a t iona ry -  reactoi-s ) pointed 
out i n t h e  stateiiicn'i t h a t  a "unique OS imiversa l  fea-'Lure having a signif-?.-  
can-t beai-ing on t h e  pro'uability o r  consequences of accid.eiita1 r e l ease  of 
r ad loac t ive  ri-iitei-i.zLLs. . .would be taken j.nto consid.eration. 

of t h e  maxi.mwn credi-ble acc iden t ,  

c e r t a i n  fea,tures 1 i. e. , tile r e a c t o r  compartnient ) . 
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1,2 3 R e l i a b i l i t y  of Reactor Systems 

Tne r e l . i a b i l i t y  of a. r e a c t o r  system depends on irrskruments and c o n t r o l  
systems t o  a degree t h a t  i s  largely dt,i.trrniined. by t h e  ski.11 of the  r e a c t o r  
designer  i n  meeting the sometimes conflFct ing object-iv-es of high perfor- 
mance and. safety 07 t'k plant .  T%e degree of r e l i a b i l i t y  a t t a i n a b l e  i n  
tastrument systems and -the degree o f  r e l i a b i l i t y  needed i n  vari.oi.is r e a c t o r  
a p p l i c a t i o n s  have been wide1.y di.scussed."j 2 7  It should a l s o  be recog- 
nized t h a t  accident  prevent ion and consequence- 1.j.rrtiting sys terns includ- 
ing  -the containment sys  teni, should have a degree of :c-eLi:~bil.j.ty cornpar- 
a,bi.e . w i t h  tlifzt of the  reactor safety system. 

a,bLLity and. def ines  '!%.e propens i t i e s  t o  'be f r e e  from unsafe fai~.ures and. 
s a f e  faf.lu.res.. . r e s p e c t i v e l y . .  .as ' safety '  and ' s e m i c e a b i i i t y ' .  . . . " 
For the puprsses of this repoi%, r e a c t o r  c o n t r c l  system a r e  considered, 
t o  be those systems htivirx s e r v i c e a b i l i t y  as tb.e main object;-ve, and safety 
( o r  p r o t e c t i o n ,  iiieludixig carrtaiment systems as those h a ~ i n g  sa, fe ty  as 
i;he p r i n c i p a l  objective. Limited at tempts  a r e  sometimes made 1;o improve 
the  s e r v i c e a b i l i t y  of s a f e t y  systems, Fut  excessive efforts i n  {;his direc- 
t i o n  m y  degrad.? rel3,abtl. i ty e 

Siddal12' def ines  r e 1 L a b i l i t y  cis .Yne sum o f  s a f e t y  and serv ice-  

1.- 2 I 3 e 1 Contro l  and S@ety Systems Rel iabi l i ty  

It i s  usei"LLl t o  conslider r d i d i i l i t y  t o  be of two c la s ses :  (1) con- 
111 a. re~.a,bl .e t ro l - sys t em re.I-ia.bility and (2 ) safe ty-sys tem r e l i a b i l i t y .  

cc)~ . t ro l  sys+;em, the interlocks annunciators ,  r e l ays ,  c o n t r o l l e r s ,  etc a , 
urc~ f o r  the purpose of causing the reactcjr t o  operate i n  the nianney in- 
tertided by the des ign.er and for minirnf.zi.ng damage t o  equipment from opera- 
tor mis.t:%kes * Tile consequence of fai.l.u.re of Sh.ese devices is a shutdkmn 
of the r eac to r ,  either d.i.rectly because or-' t h e  failure o r  in.dir~.:I;tly 
t h ro igh  an increase  of reac-Lor p m e r  and subseq-utni, a c t i o n  by the  r e a c t o r  
sa:f"ety sysf;ern. The rellabililLty of the sys.tem w i l l  tberer"5re be based on 
econoinic considerat ions,  w i th  cGIltf.l?Uo~ operatiion of the plant  a major 
ol>jecSive. Even when adopted Tor a reactor ,  th.e system usually has no 
more than  ordinary COL~.~:COI.-S~S tern. i i e l i a b i l i  t y  . 

The reEabi . I . i ty  of the safety system, h~wever;  must be of an order  
s u f f t c i e n t l y  high not only t o  p r o t e c t  t h e  eorc from fai lure  of the control. 
sys.tem but al.so t o  p r o t e c t  the operatting personne1. 
ohf; ai nab IC thmiigh the us e of red-tmdanf; i ndeperid.en.1; cha.nn.2 Is completely 
.!;es t e a  and monitored.. T b i s  'nigh degree of reliability i s  mandatory be- 
cause t h e  consequence of faL1w-e l ;~  (:)perate c o r r e c t l y  when reqi-ciTed coi~ld. 
be dariiagc o r  destructj .on of the core mid expcsu.re of' irtd.f.vidi~als . 

Su.ch r e l i a b i l i t y  i s  

1.2.3.2 R e l i a b i l i t l -  of Containment Systems 
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f i s s i o n  produc-ts. 'The fa i lure  o f  t h e  primaicy system could, i n  ~ m n y  power- 
r e a c t o r  p l a n t s ,  r e s u l t  i n  core meltdown and dispersal. of f i s s i o n  prc iduc ts  
i n t o  t h e  containment system. It i s  suggested theyefore  t h a t  the emst '- .  
quence o f  failure of' t h e  primary sys  tern i s  p o t e n t i a l l y  gi-eat,er t han  t h a t  
of  t h e  fai.l.ure o f  t h e  reactojr s a f e t y  system, and i t s  i -e l iab i l i - iy -  and the 
rel.iabil-ity of instrumentat ion upon which i t s  i n t e g r i t y  may be depeadect 
should be comparab1.e t o  t'nat of  t h e  s a f e t y  system. 

The con-taiment system. i s  t h e  las t  ba r r i e l -  between t h e  reactoi- axd. 
t h e  gene ra l  pub l i c  and i s  provided t o  pro-Lect t h e  pub l i c  when a l l  o the r  
bmri-ers  have f a i l e d .  Since fai.lui-e of t h i s  system t o  operate  c o r r e c t l y  
when correc'c ope ra t ion  i s  r equ i r ed  will b~3 ca ta s t roph ic ,  i t s  rel.j-abi.l-j.ty 
must be at J-east as g r e a t  as t h a t  o f  any o t h e r  yeactor  system s a f e t y  de- 
vice. Tine n e c e s s i t y  i n   SOT^ s y s t e m  t o r  venti.I.ating t h e  coi1taai.n.ment 
v e s s e l  imposes a r e l i a b i l i t y  problem i n  t h a t  valves  m u s t  cl.osc Llie v e n t i -  
l a t i n g  ducts ,  and r e l i a b l e  c losu re  depends on -the correct; operat ion QC 
i - n s t r m e n t s  and c o n t r o l  systems The problem i s  aggravated by t h e  r equ i r e -  
iwnt that a l l  t h e  vaJ.ves must be  t i g h t l y  closed t o  e f f e c t  containment. 
T'nis i.s i n  c o n t r a s t  t o  t h e  r e a c t o r  s a f e t y  system 'chat i s  usua l ly  required 
-to i n s e r t  0 1 1 1 ~  a frac-ki-on of t h e  total .  mmber o f  rods t o  e f f e c t  shutdown. 
H a i ~ a u e r ~ ~  yeviewed the closure sys t e m n  of e i g h t  power-reactor containment 
sy - s t e ins  and foiind t h e  reJ.i.abil-ity i.n sevei-a1 cases t o  be below t h a t  of a, 
reactol- s a f e t y  system. 

I-. 2 . 3 . 3  Rei-iabi l i t y  i n  Opcratixig Versus Shuidown Coiidi t i on  
~ -.--... . . --. 

There i s  a gi-o.cling convict ion that; a r e a c t o r  i s  safer i n  ope ra t ion  
than  i n  t h e  sliwtdown condi.tion. 
Breckon and Coll ins2 '  staLe t h a t  

T n  d i scuss ing  the  NRX and NRU r e a c t o r s ,  

'!The ( N X )  accident; pointed out  q v i t e  c l e a r l y  tha-t a re -  
a c t o r  capable of operati-on but i n  a shu t  down s ta te  i s  poten- 
t i a l l y  more hazardoins than  whcii i t  i s  operat ing a t  fi1.3-1- pomr, 
a f a c t  dIIch has been borne out by o the r  r e a c t o r  acc iden t s  
throwhouL the worl.?., " 

This conclusion wou.ld., of course, not  be t r u e  f o r  a f l u i d - f u e l e d  
r e a c t o r  i n  which the fuel. i s  drai.i?ed Prom t h e  r e a c t o r  syskeni when tile 
r e a c t o r  ris shut  down. i n  an.y event, it i s  probably true tha-t whrile a 
shut dowri yeactor rmy have a far gi-eater chance of  an accident ,  the  magni- 
tude of t h e  accident  p o t e n - i i a l  under -this condi t ion i s  l i k e l y  t o  be rnucii 
smal3.er 'iliam i n  the  operati-ng conditi-on. Nevertheless Canadian p r a c t i c e  
i s  t o  do as much maintenance t e s t i n g  and fuel liandl-ing as poss ib l e  with 
the  r e a c t o r  i n  ope ra t ion  s o  t h a t  t he  first error will resii-lt i n  a no t i ce -  
a b l e  peyturbat ion,  and t h i s  errom wil.1. be less 1.i.kely t o  accumulate tiian 
would be t h e  case i f  t e s t i n g  and fuel.. h-andling were done with t h e  r e a c t o r  
s h u t  down. 

Most r e a c t o r s  m u s t  be  loaded and unloaded by manual manipi&,tion of 
t h e  fueJ.. During such fuel-handl ing operat ions,  -t;iic r e a c t o r  m y  be with- 
out t h e  p r o t e c t i o n  of {;he s a f e t y  system and t h e  pressure-vessel  cover i s  
usua l ly  removed. I n  t h i s  condi t ion the power r e a c t o r  rcsem'nks t h e  c r i t i -  
c a l  experiments i n  which a number of p rompt -c r i t i ca l  excursions have 
r e s u l t e d  From e r r o m  i n  manu-al manipulation. The hazard i s  increased by 
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t h e  presence of f i - ss ion  prod.uc.ts in spent  f u e l  and by the infrequence of 
the operation and consequent unfarnjliarity of' p lan t  pers  oiinel w i th  pro- 
cedures. 

T0.e only p r o t e c t i o n  aga ins t  the loading accident becomes administra- 
tive proeed.ure and an adequate shutdown mar.gin. 
t he  sio.utdown systerns %or 18 power reac tors ,  s t a t e s  the criteria f o r  shut- 
down margin as applied t o  OFOIL r e a z t o r s  and conclud-es that for. ec:ono~~~.ic 
reason; t h e  shutdown margin in power r e a c t o r s  i s  minimal, with tine resldt 
Ynnt in severa.1 insta.Uati.ons ( e . g * ,  Yankee and Saxton) a soluble poison, 
as w e 3 1  as rod t n s e r t i o n ,  'i.s required.  
procediures usinal.ly conta in  t h e  provision ,that; .Lhe containment system ke 
t ight1.y closed m t i l  sufficient f u e l  has been removed .to provide an a h -  
qim.ke shutdown margin. Fin.ally, the vulnerability t o  t h e  1.oadi.r: accident 
has been forcj-bly brought i n t o  promi.nence by the  SL-1 accrident. 

€kites, 3 o  in reviewing 

It is evident why the  fueX-loa,dLng 

8 

1..2.L, Nuclear S a f e t y  Economtcs 

Experience has shown the,% it i s  good, soimd. econornfcs t o  emphasize 
safety i n  a l l  conventjonal plants and operations; however, -in the case of 
nuclear p l an t s ,  .the t i e - i n  between safety  rid economics is  consid.er:_tl,ly 
more important. This g r e a t e r  emphasis occurs not only because of the 
condltl.ons wider whtch nu.clear. energy was introdu.c-ed i n t o  society bi.& 

a.l.sc~ because tile f i s s i o r i  reaction gives r.i.se to harrnf'ul ra%ia,tTion and 
radioac. t ive by-product,:; I )  Tnus a nuclear. reactrion no!; on&y requires faster 
response of the control .  sys-f;em tkim a cc)inbustion reaction, but  the con- 
sequences of  a control 2ajlur.e or mal.hicti.on can t ie inore sr.jrio1.1~ i.f 
adequate engineered s ai'cgua.rd:: %re not, provided The rr1agnitu.d.e of %be 
proble-rn of nuclear sal"ety 'oecomes ob-:~-i.ou~ when it is. realized t h a t  one 
500-bIw(e) reactor. eontai ns a:oou.t; 12 bi.I.lj.on cu-p.ies o-t r.ad.j.oactive i ' i s s ion  
Froducts during oper.akion. P:t' eveii B smd.1. f r a c t i o n  of t h i s  ssiioi-int of 
r a d i o a c t i v i t y  were released t o  t h e  su~:roimdlngs, it could conceivab2-y con- 
t a n i n a t e  a large area surround.ing, the plant .  T ~ L I S  n paranowit fac:to:r irt 

t h e  design of a n i x l e a r  p l a n t  is the incorpora t ion  o f  adeqmte means :for. 
con t ro l l i ng  the rel.ease of rRd.loactive rmk:c ia l s  iiilder a l l  c ix!xrristances . 

some stuclies of nucl.ear safety econorrj.cs32 2 3 3  i?;i,.ve attempted to 5d.en- 
t i f y  the nuclear plant cos?; f a c t o r s  Etttributa'oLe to %he presence of rad-io- 
act:-vity. 
radioactivity con-t;ri'uu.te dj yectly a.nd iiidirec t1.y from 20$ to a,s rnu.~Ii as 
6576 of t h e  to ta l .  p l a n t  cos-t;s. 

~t has been shovrri34 t h a t  safety cogsideyat,ions necessi.tat;eii by 

Tl?e ob j ec t tve  of studying nuclear s a f e t y  eeonornicr;, hovewrC, i s  acjt 
rtiercel.y t o  single out COS'LS at t r lbutab2.e  i;o the presenee of radioactivity 
b u t ,  r a t h e r ,  Lo establ.ish the  xninirmm cos t  of pro tec t ing  plant personriel 
and the publ ic  against the accidental release of radioact ivi ty .  
problem can be approached by  idcn.tifying cos t s  of i n d j - r i d i ~ ~ l  p r o t e c t i v e  
devices arid measures and fia.ding w'nic?~ of  -bbese &re Tedundalit. In tinis 
way it; wou-ld be hoped that the most economical s o l ~ i h i o n  .bo t'ne pmblem 
of radi.ologS.ca.2. safcty could be found. The fiiscixss:i.on of nuclear safety 
economics i s  -t;iieref'ore limited. t o  a surim,2r.g of costs; associated m1.y with 
-%he possible secidcn-tiKL relez;e of ra,di.oactive material .  from the facility. 
The primary conty ibutors  t o  nu.cl.ear pl.ant; costs tha t  'oe1on.g to thi.s categor; 

This 

. ..., ~. .......... ~ ..,.... ......................... .... i. 
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a r e  (1) t h c  emergency Supp2.y systems, (2 )  the containment systems arld o the r  
engi-neered aafegu.ards systems, and (3 ) t h e  site, inc1ud.ring lmil aid- t h e  
ex tm,  -trmsmi.ssi on l i n e s  need.ed 'ueca,iise of ;;'ne remote p l a n t  l o c a t i  on. 
sbou1.d be remenbered Lha-i; i.n add i t ion  t o  protect i .nc pub1i.c ssfeizy, safe- 
guards a r e  commonly a l s o  inclucied i n  the desigrl of a faci l . i ty  to p r o t e c t  
t h e  c a p i t a l  investment; by mi.nimi.zi ng damage. Deta i led  data on the eosI;s 
associated,  w i t h  t h e  contaimnent system a r e  preseii-i;ed i n  Chapter 11. 

~ t ,  

1.2.4.1 Ern-ergeiicy - SuppQ ._ . %stems _a_ 

Certa,i.n aii.xj.lfary systems, such as t he  emergency cooling sys tern, 
emergency f 1.I:Ler system, afld emergency power supply, are provided. i n  most 
p h n t s  for use i n  Lhe event of possi-b1.e unii.sual circumst,ances. 0111.57 sys- 
t e m  -that are not used d1xin.s normml. routine opei-a.t;ion of t h e  p l a n t  can 
be assigned t.o nuclear. s a f e t y  cos ts ,  a l t h o ~ g h  normal-ly opi.ra,{;-iiig systems 
generaUy provide f o r  Lhe safe opera t ion  oi" s h u t d o w n  o f  the p l a n t  under 
ahnornial. circumstances . However, e x t r a  awril-itary and emergency power 
suppl ies ,  over and. above those  which migli-t be found. i n  a converii;ri.cmal. 
p l ~ n t ,  may be desi.rab1.e t o  ensure that power w i l . 1  n o t  be l o s t  'LO t he  emer- 
gency coolant  -circula,t i-ng pumps. Items of Lhi.s na ture  can  he pl-operr1.y 
considered t o  cont r%bute  t o  nuc1.ea.s s a f e t y  cos-Ls, whereas i t e m  sixh as 
the c on t r o  2. s ys tern, water  - t, rea-tx1ien.t s ys i ern, a,r!.d. radi R t i on -moni t. o r i ng B ys .= 

tans canno-t. KaZlman  and H a n s ~ n ~ ~  estimsted. t h e  cos t s  of e x t r a  emergency 
supply systems t '~r a 500-Mw( t ) pressur ized  -water r e a x  t o r  at $1,400,030 or 
$l-O/kw(e). 
pected t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  the s i z e  of the nu.clear plant; 
t he re fo re ,  i n  a large iiucle3.r pl.ant, trnii; cos t s  ~.iould be considerably less 
t han  i n  a ama1.l. p l an t .  If t.he 0.6-power r u l e  is used. as a basis f o r  
ex tmp3 la t ing  t o  p l a n t s  in t h e  500- to 10~30-Mw(e) range, t h e  utiit cosl;s 
of emergency supply systems would drop 'io $4 tu $G/kw(e). 

The absol.u'ie cos t s  of emergency supply sgstems might; be ex- 

In man]- reactor systems t h e  coolant  i s  i.n 3. high energy s t a t e  - high 
temperature and high pressurtt - and any sudden break  i n  t h e  pl-imrgr system 
will. vaporize p a r t  of the fluid ( i f  a pressurized. Ij-qutd) and, i n  any 
event ,  r e l e a s e  it .to t he  containment enclosure. The r e s u l t i n g  inc rease  
i n  pTessiJ.re i n  the con ta ine r  must  e i t h e r  be susLained or  reli-eved i n  some 
way. Various methods of d.oing l;hi.s 'nave been proposed., each of which 
l eads  t o  a nunber of di.fferen'c ty-pes of containment, such as (1.) pressiire 
contai .ment for high o r  low p res su res ,  ( 2 )  pressure-sii.-ispressi.on containment, 
a n d  (.3 ) pres su re - r e l ease  con ta in ren t  by relief o r  vent ing .  
types of  containment are descr ibed  i n  sukjsequen-i, secttons o f  t h i s  r e p o r t  
and w i l l  n o t  be f u r t h e r  descr ibed  at t h i s  poini;. Some c o s t  d .a ta .  iies-elopd. 
from a c t u a l  cons t ruc t ion ,  as well a.s c o s t  estima?,cs, are sumrrrarized here ,  
bu t  t h e  sii.b.jec'i of contaiilrncnt c o s t s  i s  covered 5.c full i n  Ch2,pter 1l. 

Containment c o s t s  Tor several  small. r e a c t o r s  3ine l i s t e d  i n  'i'ab1.e l , 4 .  
As nay be seen, these costs range from <@O/kw(e) t o  $169/kv(e) a,nd cons-hi- 
t u t e  fro-m 5 'io 12% of t h e  ketal p~.ant, cost,. U K - L  c o n t a i m e u t  cos t s  f o r  

A3-3- t hese  
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Table 1.4. Containment Costs f o r  Ex i s t ing  Nuclear P lan tsa  

Total Costs Cost per Containment 

Con-Lainment El.ecti-ica1 Relative to 
Unit Cost E l e  c Lri ea1 

Power 
Plant Level 

Chargeable to 

(mill ions of Output Total  Cost 

Nuclear 

do l la rs  1 ( $/kW 1 ($1 (I&) 

EBR-2 
ED- River 
H a l l a m  
Pathfinder 
Piqua 
IWCTR 
Yanlre e 
EGCR 
WNJS 

16.5 
20 
75 
59 
I1 a 4 
15b 

1.85c3 
21.9 
15.3 

2.78 
I-. 42 
5.24 
1.15 
0.95 
1.18“ 
3.27 
2.02 
1.2& 

169 
71 
70 
19.5 
83 
79 
1- 86 
91 
76 

11.1 
11.6 
L2.2 
5.2 
8.0 

7.5 
5.0 
9.7 

a. 
T h i s  tabuJ..a,trion i s  b a s d  on the accounts  o f  ref. 34.. The 

f i g u r e s  present,ed aye the 5es.t  es t imates  available froin _ k C .  Bow- 
ever, because :Fi.nal cos t s  are not yet av-ai3.able in mmny cases and. 
because the T I D - ‘ ~ o ~ ~  ( re f .  35)  accounts have not ’oeei; ijs?d consi.s- 
t en t ly ,  these figures should- be corisidered prel iminary and not 
n e c e s s a r i l y  comparable. 

Calcu1a:i;ed from theimal pmer of 61. 14~. b 

c 
Pnc l u d  e f i nd :i Y e  c t COG -t 6 I 

Ze cent  i nf ormat i on f Torn tb .e  r e  a c tor og e rat or. d 

vari-ous sizes and types of r e a c t o r  n-re plotted i n  Fig. l .3 .  Tile resultx 
i n d i c a t e  that stamIa-rd con.tainment cos t s  of ~.arge--s cale  p l a n t s  [ -500 MN( e ) ] 
fall in the ~ a n g e  of $7 to @r//kw(e >, whereas pressure-yelief contaimtient 
cos t s  may be as I..OW as .4;3- t o  @/ky7(e). 

1.2.4.3 ______ S- i te  Costs 

1.. EXclucJtori Area Costs -- I) With t h e  nuclec2r p l a n t  siting c r i t e r i a  
given i n  the AEC: c o s t  evalu&ion g u i d e 3 4  as a basts, j.f; Ls found that the 
Cost of tile sitx ra,ng?s from $!i/kw(e) for 40-Mw(e) plants down to ifil./kw(e> 
for )‘!,OO-Mw(e) plants. 
total p l a n t  cosZx and. are a r e l a t i v e l y  in-ttmpor.tn.nt add.li.-tLoz?. t o  t o t3 . l  power 
cos ts  . 
d . i s t m c e s  w o d d  possjbly he requi-red T o r  large p l an t s  could KEike t h i s  i.teri~ 
become 2 sigriifi.ca,nt faci;cir i.a riixl-ear safety costs a 

2. -I- Coslis o€ Remote Locxtrion. Nost conventionally fu.c:led power 
pl.ants are 1ocatc::d as close as practical .  t o  the c e n t e r  of load densiky-. 
If nuclear p l a n t s  are located remote from. load centers f o r  safety reasr~ns, 

Thus s l i t e  cos ts  consLlitiite about 0. 5 t o  l$ of the 

Ho-wever, pcjtential. increases i n  si’ce cos”.s where l a r g e  exclusior? 
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Fig. 1.3. Unit Containment Costs  Versus Plant Sizz and Type of Reactor. 



1.. 27 

a d d i t i o n a l  t ransmission costa  are incurred.  FOY" r e l a t i v e l y  short d i s -  
tances, t h a t  i s  , less than 100 miles, the irlvestmeiit i n  tr'ansmissi.on l i n e s  
w i l l  be of t h e  order  of $50,000 per  mile.  For longer I.iiies, higher  v o l t -  
ages are necessary and t h e  c o s t  inc:rea.ses t o  about $150,000 per mi.le, as 
shown i n  Table 1. 5. Corresponding p o ~ ~ e r  cos t s  f o r  100- to 350-mih  l i r les  
for 500-Mc~(e) p1.ants range from 0.3 t o  2.2 m i l l s / k w h . r .  Ac1;ual cosLs f o r  
c o n s t m c t i o n  and opera t ion  can vary wri.de1.y depending upon th-e vol.tage t o  
be t r ansmi t t ed  and. Yne type of I.ines wed. 

Table 1.5.  Transmission Costs for Remote S i t i n g  of 500-bk( e )  Pl~als 

Tramsmission di.s tance,  miles 100 150 3 00 
Transmission voltage, kv- 230 345 500 
Line cos t  per ~1ii1.e) $ 61 000 91,000 l50,000 
Total- bine cos t ,  $ 6, 1.00, 000 13,600,000 5&, 600,000 
Transnission costs ,"  uiills/kwhr 0.3 0.6 2.2 

It i s  apparent  tha-t; sonie sor t  of balance can be achi.eved between -i;l-ie 
type and cos t  of cof i ta iment  arid the ad.d.i.ti.ona,l transriii:;:;ion c o s t s  i.ncurred 
because of remote s i t i n g .  T h i s  i s  i.l.1.ustmi;ed. by Table 1.6, which gives 
con.t;airuiient and incremental  t ransmiss ion  cos t s  f o r  z S O O - N w ( e )  d i rec t - cyc le  
bo? 1l.ng-witer n ~ ~ ~ t o r .  This s o r t  Of ana lys i s  should, o f  COLWSF~,  be done 
f o r  each type of r eac to r ,  since there i s  no gemral  rel.ut,ion t h a t  repre- 
s e n t s  imit containment coslx as a frincti.on of method of contalnmertt f o r  
a1-I types of rea,ctor.s e 

Table 1.6. Clontaiment Plus Zncre!:r~e-tkd. 
'Transmission Costs f o r  a 500-?Iw(e) 
Direc t  -Cycle Zoi1in.g -1h-ter React o r  

Ine r@mental 
Utli t Transmission 

Containmerlt; Distance f o r  C ont ai. me nt Method 
Cost Eq1xal Power 
($/kd Costs 

(mi ~ . e s  ) 

Standard 7.50 
Pressure suppression 4 00 
Pressure r e l i e f  2.00 

0 
30 
4-5 
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Nuclear s a f e t y  cos t s  a r e  summarized i.n Table 1 3  along wLth comments 
as Lo the poss i~b le  c o s t  red.ucti.ons. It i s  evld.ent from t h i s  ta3.l.e t h a t ,  
i n  la i -ge-sca le  nucleai- p l a n t s ,  most c o s t s  a t t r i b u t d u l e  t o  nuc lear  s a f e t y  
a r e  E i t h e r  qu.i l te low o r  not amenable t o  much of a c o s t  reduct ion.  The 
one except ion appears t o  be the cos t s  of s tandard  containment. A l t e rna te  
t y p e c  of contairmznt ,  siicil as pressure  supp~essi on or pres su re  r e l i e f ,  may 
resuls i n  savings in the  conta j  nment porti .on of 'die p l a n t .  

The main conclusion tha-L can be drawn from khis ~ e v i e w  of nuc lear  
s a f e - t j  economics i s  -that i.n l a r g e - s c a l e  plants t h e  cost of components 
proper ly  belonging t o  t h e  caiiego-ry of "nucleay s a f e t y "  i s  not  l.arge, 
it appea2.s t h a t  tilt widespread idez Ll:aL 5b.e cos t  o f  nuc lear  safe-Ly- rep- 
r e s e n t s  an insumountabla  barrj-e-c t o  t h e  achievement of economic nuc lear  
power i .s  n o t  v a l i d .  

Thus 

1.2.5 L i a b i l i t y  and Indemni iy 

Contai.:onent pe r  s e  i s  not  d i - r e c t l y  involved i.n t h e  considerati-on of 
ins ixance  on nuc lear  i n s t a l l a t i o n s  , ina.smucli as experience ( e f t h e r  wi -Lh  
o r  tJi-Lhout contai.nmen-i;) i s  s o  IT.mi.ted aiid var ied  t h a t  t h e  convn n t i. o ria 1 
insurance yrzc-Lice o f  determining rates "is no t  a p p l i c a b l ~ e ,  Thus a nominal. 
s tmclard r a t e  schedule e x i s t s ,  and t h e  coverage i.s mail3,bl.e to those 
facilities whj-ch t hc  government hr,s l i censed .  

The poss ib i l i -Ly  of excess ive ly  I.a,rge f i n a n c i a l  liabi.17:ty and proper ty  
damage resul t - ing from a nuc lea r  acciden-L r iecess l ta ted  t h e  p rov i s ion  of i n -  
surance f o r  cornpai-ii.es opera t ing  nuclear i n s t a l l a t i o n s  i.n order  bo "spread 
tho r i s k .  I '  

exceptiona1.l.y high l i m i t s  and for pbysi-cal-p~operty-damaee coverage of 
hi.gh-value plaiiix I.ed t o  t h e  i"or.mation o f  p r i v a t e  insurrance company poois 
and t o  govermen'c indemuif ica i ion  vi.a t,he Price 42ilderson Act. 3 5  

t i o n  of nucleaz insurance and i-ndemnity p r a c t i c e  by t h e  AEC i s  tine si ibject  
of a hook36 t h a t  shoil1.d be consulted f o r  more d e t a i l e d  information than  
p res  e n t  c d he re. 

v ided  i n  1.95'7 by t h e  Price-Anderson Indemnity Act, which added Sec t ion  3.70 
t o  t h e  A-'ioinic Energy Ac-'i. Under t h a t  ameiidliient, l i c e n s e d  f'acil.i.tj.es were 
requ.ired t o  have and main ta in  f i n a n c i a l  1 iab i l i .Ly  pz'otectCon in amounts 
requi red  by t h e  AEC up t o  a. m a x i m u m  of $60,000,000. 
p?.-otection i s  sippl-eiiiented by governvental  indemii.ty of $500,000,000. The 
Ac'c pi-ovi.6.es indermity t o  a l i c e n s e e  and. anyone e l s e  who may be l i a b l e  f o r  
a nuc lear  inti-dent. One novel concept i s  the ex tens ion  of' the government 
i-rzile-mi?ity t o  inchJ.de damage Lo t h e  3rope.rty of a pe:i:son o r  o rgan iza t ion  
l e g a l l y  I.i..abl.e f o r  a nucl-ear i n c i d e n t ,  wi.th the except ion of px-operty l o -  
cated at t h e  s i t e  of a.116 used i n  conneckion wj.tli t h e  act?.v-i.ty where -the 
nuc lear  iiicr'.dent occurred. Apparently,  i t  was f e l t  that  such coverage was 
d e s i r a b l e  s i n c e  proper ty  inswa,nce i s  not  general-ly a v a i l a b l e  agaj-nst such 

This dcmand by i ndustr'y f o r  thi-rd-par ty  l i a b i l i - t y  p o l i c i e s  wT.Yh 

evo1u.- 

i i isurance coverage of nuc lear  facil.i*ti.es by Llie govei-n-ment w a s  pro- 

This pl-ivate i-nsurance 
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a hazard.  Government indernnifi.cation does not  provide coverage f o r  damage 
t o  a re ,actor  and o the r  o n - s i t e  propej:t,y involved i n  a nuc lear  i nc iden t .  
The bas i s37  f o r  determining t h e  amount of li.a,bil-ity insurance 02- o the r  f i -  
nanc ia l  protection t o  be main'iained on nuc lear  r e a c t o r s  i s  given i n  Table 
1.8.  

Table 1.8. Liabili 'cy Requirements 

I.__ ~....._..I. _-I .- 

Power k v e l  ne q u i r e  iJ C ov e rag  e 

10 kw( t )  o r  less 
3-0 kw( t )  Lo 1 b f w ( t )  I , 500,003 
1 Mw(t) t o  10 Mc?(t) 
10 M W ( ~ )  t o  100 &(e) $1.50 x [Power i n  b h ( t ) I  

x [Populat ion fac-tor Ib 
100 Mw(e) o r  more $60,000,000 

$ 1,000,000 

2 , 500, 000" 

.----.-l-lll __  
a 
Except t e s t i n g  r e a c t o r s  and d-emonstration 

reac-'iors. 

bEstablishment of a. s a t i s f a c i o r y  formula 
has beeii d j - f f i c u l t ,  and the  cu r ren t  Por1:iu.l.a sug- 
g e s t ; ~  t h a t  a base a.mouilt of $150 per thermal  
k i l o w a t t  of capac3.ty be m u l t i p l i e d  by a popul-a,- 
tion factor .  of between 1 . 0  and 2.0, depend-ing on 
local-  populatiori  dens i ty .  

Federal. agencies  and nonprofi-t  educa t iona l  i n s t i t u t i o n s  Lha'c opeyate 
reactors are excmpf; from f i n a n c i a l  p r o t e c t i o n  requirements.  However, 
governmnt, i-ndernnity i s  s-ti 1.1- a v a i l a b l e  t o  t h e m .  Table 1 . 9  summ.ari.zes , 
a s  of December 1.963, t h e  iridemiiity agreements entei-ed i n t o  by t h e  ARC, t h e  
r e a c t o r  power l e v e l ,  aiid the amouni; of f i -nanc ia l  proteetion r equ i r ed  of 
t h e  l i c e n s e e  i.n order t o  q u a l i f y  f o r  t h e  indemni-fication. 

o rde r  t o  achieve t h e  reyuii-ed mderwr i  Ling capaci.ty. The two pr:i.ncripal 
syndica tes  a r e  t h e  Nuclear Energy Li-abi~l i  by I n s u i m x e  Assoc ia t ion  (1UFLIA)38 
and tiie Mutual Atomic Energy L i a b i l i t y  Underwriters (bW3LU).  3 9  A Nuclew 
Insurance Rati.n.g Bureau, which determines tiie f i -na l  rates f o r  the i n su red  
nuc lear  r i s k s ,  has been e s  La'olished.s Coverage i s  provided for pub l i c  1.i.a- 
b i l i t y  a.nd f o r  on - s i t e  p m p e r t y  damag?. 

The nucl-ear energy l i a b i l i t y  p o l i c y  issued. 'by e i ther  of the above 
organiza t ions  does not afford sepa ra t e  l i m i t s  of J.j.ab7.lity for bod i ly  
injui-y and propeyty d.a;mage b u t  conta ins  a s i n g l e  aggregate  l i m i t  of 1j.a- 

b i l i t y  for all. I.osses and J-oss expenses. The po l i cy  provides p r o t e c t i o n  
not only t o  the opera tor  of a nuc lear  f a c i l i t y  but 8.1~0 t o  any oLh.er person 
or organiza t ion  who may be l i - ab le  for injury or damage caused by i'ne nu- 
clear energy hazard.  Another f e a t u r e  of the  p0l . i .c~ i s  continuous coverage. 
The na ture  of the r a d i a t i o n  hazard (damage might r e s u l t  f rom repea ted  

The p r i v a t e  insurance coverage i s  provided by groups of companies t i1 
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Ta,ble 1.9. 1nd.emnity Agreementsa 

The -mal Pr iva t e  Finan c i. a.1 
Organization Power Pro tec t ion  

Level R e  qu i  red 

Yankee Atomic E l e c t r i c  Co. 
Commonwealth Edison Co. 
Consolidated Edison Co. 
P a c i f i c  Ga,s 8. E l e c t r i c  Co. 
Consumers Power Co. 
General E l e c t r i c  Co. 

Carolinas Virginia Nuclear Power 

Smton  Nuclear Experimental Corp. 
I n d u s t r i a l  Reactor Laboratories,  Inc.  
Union Carbide Corp. 
E a t  t e l l e  Memori a1 I -tis t it ut  e 
General Dynamics Corp. 
The Rabcock & Wi.lcox CO. 
Lockhec (3 A i r c r a f t  Corp a 
Power Reactor Development Co. 
Northern S t a t e s  Power C O . ~  
Northrop Corp. 
Rrmoiir Research Found-ation of I l l i n o i s  

Westinghoise E l e c t r i c  Corp. 
North American Aviation, Inc. 
Alco Products, Inc . ,  and A l l i s -  

Cha.1m.r rs Mmufacturing Co. 
A l l i s  -Chahers %nufacl;uring Co. 
United Nu.clear Corp. 
Mart i n - Max ie t t a C orp . 
Aero j e t  -General Nucleonics 
American Radiator & Standard 

49 ed.ucati.ona1 i n s t i t u t i o n s  and 

Associates, Inc. 

I n s t i t u t e  of Technology 

Sani ta ry  Corp. 

f e d e r a l  agencies 

600,000 kw 
700,000 kw 
585 , 000 kw 
165,000 kw 
157,000 k w  
50,000 kw 
30,000 kw 
4.4 300 kw 

23,500 kw 
5 , 000 kw 
5 , 000 kw 
1,500 Ir-Fr 
2,000 kw 

1,000 1.w 
1,000 kw 
1,000 kw 

100 kw 
75 kv 

2 kw 
200 w 
100 w 

100 w 
100 w 
50 w 
20 w 
1-5 w 

<;60,000 , 000 
60,000,000 

23,600,000 

12,000,000 

60 , OOU,OOO 

29,700,000 

6,645,000 

4,300,000 
2,500, OCO 
2,500,000 
2 , 500,000 
2, (500,000 
1,500,000 

I-, 500,000 
1,000,000 
1,1500,000 

1 500,000 

I., 000,000 
1,000,000 
I., 000,000 

I, 000,000 
1,000,000 
I, 000,000 
1,000,000 
1,000,000 

None 

a 

bPersona,l. communication, A. E .  Swanson, Northern S t a t e s  Power 

Information taken from Rr7C annual repor t  for 1963. 

Company, A p r i l  2,  1963. 
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exposures over a long peri-od of t i m e  o r  damage from a s i n g l e  exposure 
might not  become apparent  f o r  many y e a r s )  m a k e s  a continuous po l i cy  neces- 
sa ry .  

l o s s e s  i.ncurred. due t o  d~amage to the  r e a c t o r  i.tself and o the r  o n - s i t e  
i n s t a l l a t i o n s .  It ris i n  t h e  form of an a l l - r i s k  package poli.cy, s i n c e  
t h e  exac t  cause of an  acci.den'i. may be diff i .cu1t  t o  determine. However, 
the po l i cy  covers O i i l y  nuc lear  p e r i l s ;  o the r  hazards m u s t  he covered. by 
convent ional  f o m  o f  insurance.  

The p h y s i c a l - p r o p e r t y - d ~ l ~ ~ ~  p o l i c y  provides  coverage f o r  f inancial .  

Shor t  d e s c r i p t i o n s  of t h e  var ious  types of nuc lear  r e a c t o r s  khat 
e x i s t  or are i n  an  advanced s t a g e  of des ign  are g iven  below i n  o rde r  t o  
i d e n t i f y  t h e  pi- inciple  f e a t u r e s  07 each system t b a t  r e l a t e  t o  i t s  coii- 
tai-nmen'i. r e q u i r e m n t s  . Iieac'cors may be c l a s s i T i e d  according t o  t h e  h ind  
of coolant  ub i l i zed .  Ynose cooled by (1) w a t e r ;  ( 2 )  liqui-r3 me . i ; a l ,  ( 3 )  gas,  
( 4 . )  0rgan.i.c material., and ( 5 )  fused sal ts  are considered. Some i .nfoma- 
t i o n  on t h e  zx-tremes of sevei-a1 r e a c t o r  parameters i s  given i n  Table 1.1c) 
for each of t h e  najor  reactor types .  All -these r e a c t o r s  requi.re some form 
of containment. 'Phz type  t h a t  -i.s b e s i  s u i t e d  Tor a p a r t i c u l a r  r e a c t o r  i s  
t h e  one t h a t  can economica.l.ly and adequately 1.i.mi.t t h e  consequcnccs of t h e  
"des i  gn accident"  while  being otherwise compatib1.e with tile system. In 
.addition, all. sys tem j.ncorporEte some eng-ineered safesuards  for whi ch 
cred. i t  r a y  or may noi be given b u i  which a r e  consi.dei-ed ir, Ijcensing ( s e e  
a l s o  s e e .  7.9). 

1.3.7. Water-Cooled Reactors 

1 .3 .1 .1  Pressurized-Watcr .. .. . . . . .. J g x t o r s  

In. t h e  pressur ized-wster  r e a c t o r ,  show schemat ica l ly  7.n Fig.  1.4, 
water at; 'iemperaI;ill.es up t o  about 600°F and pressures  up t o  about 2150 
p s i a  i s  _nmped "iirowh the primary system. Boil.i.ng i n  the reizctor vessel 
i s  prevented. by uti l . i .zing e l z c t s i c a l  h e a t e r s  i.n t h e  1.00~ p r e s s u r i z e r  t o  
keep the system pi-essure above t h e  l i-quid satux-atj on pr.i.ssure. The ci-rcu- 
l a t i n g  wa' ier  serves t o  cool. and; usually, t o  moderate a c r i l ; i ca , l  f u e l  
assembly of fi.ssionabJ-e ma te r i a l  rin t h e  co:re, Heat removed fi*orn t h e  f u e l  
assembly i s  t r anspor t ed  by t h e  water. to a heat exchanger where it serves  
t o  genera-te steam. The s t e m  port i -on of t h e  gei icrator  i s  pari; of t h e  s e c -  
ondary sys'ieiii, which a l s o  inc ludes  a tur*'bine where the heat energy -i-s con- 
veyteil t o  e l c c t i - i c a l  energy. 

o r  a r e  pi.t.s:e-ntly being b u i l t  i n  t he  wor1.d~- Since the  concept i-equired t h e  
l eas t  developmental work, t hese  r.eactors received. e a r l y  emphasis. The 
Shippingport  p l a n i  was t h e  f i r s t  U.S. nuclear  p l a n t  b u i l t  as p a r t  of a 
plj.blic u t i l - i t y .  A s  a r e s u l t  of the e a r l y  s ta r t ,  pressur ized-water  t ech -  
nology i s  r e l a t i v e l y  weJ.1 developed - I n  a,ddi.ti.on, w a k r  i s well known as 
a hea t  tlcansfer medium, and. t h e  cooling system i s  simple.  

Counting naval. r e a c i o r s ,  over 100 pressur ized-water  r e a c t o r s  have 'neea 
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5 
Tae Rsssian Zeactor Lesic reporcc il 9rimsry coolant pressure  of 

2850 psi. 

'Zot appl lczble  

dThc experlnen'c91 system being built will cnp  iCs hest  to t he  etnAo- 
splierc. 
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Fig. 1.4. PressuriLed-Water Rcsc tor .  

Since the  grirnary coolhnt passes  t,bi-oILgh thz  core vessel., i t  abso-rbs 
neiitrons -that cause some j.nd.uced r a d i o a c t l v l t y .  Smal.1.. amounts o f  fi.ssi.on 
products may also be present  i-f t h e r e  a r e  any fuel. element el-adding rup -  
twres . Cleanup f a c i l i t i e s  a r e  provided that l i m i i  the  fi-ssion-product 
bui.I~riinp i n  the p r h a r y  cooiaiit.  ?"ne cecondaxy coola,ni;, which i s  sepa- 
r a t e d  from tlic core by an additioiial-  b a r r i e r  ( t h e  steam genera tor ) ,  docs 
riot contain r a d i o a c t i v i t y  except i n  t h e  event o f  a h.eat exchanger l eak .  
The primary system componenks and t h e  steam genera tor  a r e  encl~osed i n  
some type o f  containment vesscl~ t o  :prevent I.arge q u a n t i t i e s  of  fission 
products f r o m  bciiig re leased  t o  the  atmosphey-e i n  case o f  a r e a c t o r  ac- 
c ident .  Most o f t en  -Hie turbi.ne and o the r  secondary system equipment a r e  
loca ted  outs ide  t h e  conta iner .  I s o l a t i o n  o r  bl.ock valves  i n  those  por- 
t i o n s  of  t he  secondary 1 . 0 0 ~  t h a t  pene t r a t e  t h e  container  a r e  essent:ial. 
p a r t s  of t he  containmcn-I' s3,stem. 

IIigh-pressure containment ha:: been uscd qu<.te gene ra l ly  C o r  pres-  
surized-water p l a n t s  because of t he  l a r g e  amou-nt o f  s to red  energy inher-  
en t  w i t h  these  reactors  . Pressu-e-suppressi  on o r  p re s su re - r e l i e f  also 
may be adapted t o  conta in  t h i s  type of r e a c t o r .  

1.3. I. 2 Boiling-Wa t e r  Keactors 

The boi l ing-water  dircct-cycl-e reac-Lor i s  shown schemat.i.ca1-3.y i n  
Fig.  1.5. Tn th i s  cycl~e,  .water i s  converted d i r e c t l y  t o  steam i n  t h e  
corei  el-j-minating the need Tor a hea t  exchanger €cr steam senera t ion .  
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Fig. 1.5. Eoil.ing-WaLer Heactor. 

These systems operate a t  sorne7diat lover pressures than the pressurized.- 
water systems. Coolant or s t e m  pressures are usually i n  thc range of 
600 t o  1-000 p s i ,  although some higher pressures a r e  repopted. So far., 
over 2 5 boiling-water reactors  have been 'nui  1.t or are ;.;.ow being const.yucted. 

not used f o r  a 'boilirrg-wa.t;er r e a c h r ,  the o ther  i t e m  of eyuipment are 
q u i t e  simri1.a-r t o  those oT the  pressurized.-water systems .I 'l%ere may '02, 
however, steam entra,irn.ent separa l~ . r~rs~  which are usimlly located iiisj.de 
the reac tor  vessel.. The steam ts dried so  that its qi~al.ity i s  s a t i s f a c -  
tory f o r  turbine operation. Some boiling-water reactors have means for 
superheating the stemn, employing ei.ther nomuclear. heat or steam-cooled. 
Fuel. el.errtents around t h e  per?.pbery or i n  the center of  a Boi l ing  core.  
While a postula-Lzd. accident f o r  8, p l x t  .with nuclear superheat is m m e  
conipl_ex than tha'c f o r  a conventional boiYing-water system, ad.equ.nte de- 
slign can ensure that, there  i s  110 co:mproinise in the safety af the  sy6JC;tm. 

turbine oiutside the containment sys t x m ,  even thuugk? the I.ocation of any 
port ion of  the  p~5xa,%ry ~yst~ein. outside the conta.ri.ment system requirks 
special consideratic:)ns i n  plant; c:rjntainrrlcnt des Ten. Both -the pressure- 
suppression and high-pressure eonlaiment  system have been employed. 
wj. th  such an arrangement, a.lthcv.gh other- systems, such as a I.ow-pres sure 
system o r  a pressure-rel ief  system, cn1sll.d conceivably be adopted. 

'Except f o r  'che f a c t  th%t large steam-gerlci,l'a.t;ing heai; rxctiangers a re  

Present-day boiling-wal;er reactor plants usu-zlly loca te  the steam 
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The homo;:eneous reactor i s  o re  i n whi cfi t h e  i 'uel  i s  intirilci t e l  y mixed 
w i L h  t he  wciter c o o l m t ,  wl-iich a 1  so  zcLs as moderaior.. There are no f-Jel  
e7 ements a d  gene ra l ly  110 c o n t r u l  rods. The fuel.: since it circul.at ,es,  
i s  c o o l . ~ d  exJLer~ia.!L1y in Lhe s te i rn  generator. The coolac t  an& fdsl c i r cu -  
].ate thrci.i~p;:h t h e  x-zact.cir ve el, ccol mt circulc2tfrig p u m ~ ,  a n d  steam gen- 
er3.L:ir' s n d  make tkese com7or.ent; i . : i tcrnii l ly i , a d i o a c i i v e .  These corrqonents 
m u s k  be q e r a t e d  at iiigh ]cr:ssui*es corparablc  t o  those  of  t h e  s r e s su r i zed -  
water sys Lt-n is  iirl o-.Gcr t o  prevent  boi l iLig.  F i s s ion  produc'cs also c i r c u -  

low-presswe system; which employs evapcra tors  t o  a d j u s t  
s of the fuel. sol:.rtiori of t h e  high-pressure l o o p .  
o-?:oz::?neous r e a c t o r s  a-re opera t ing  i n  t h i s  country at 

pl .esent ,  cilthou@ there were fou r  reactor experiments t h a t  operated a t  
one t ime o r  another  i n  t h e  p a s t  1-0 yea r s .  
aied ai; a maxim-xn tcm2cratnre  o f  5'70°F and 3 pressure of 1-800 p s i a .  The 
steam pres su r?  <abcut 520 p s i a .  The aqueoirs hmog  eous s o l u i i o n s  
beca::x hie17.1. y 1- onctive during reactor operation, a n d  the hazard of  a 
sc?_iit,i_on l e a k  wzs a pc ' l e~ i ,  p r o b l c r .  Precsu t i  ons were takpn t o  prevent  
accw-cul a t , ioc i  of a ci-i~ti c a l  rxss  j.n p a r t s  e? the system o the r  than the 
reactor core .  130th Liie 1 oop and Lhe --ow-pressii-re components were con- 
t a i n e a ,  s ince  t h c  f'is;ion-prod;rci;-conta,inj~n,; i'ilt.1 'c i rcu la ted  tk-rough 'cliem. 
'The tiirbin: could be l-ocateej. o;xtside Lhe cont,a.iner with steam b l o c k  Val-vzs 
coll:ijlet ing t h z  conk X[Ieilt scheme. High-pressure containment was used 
e f f e c t  ivel-y . 

The sLLlfa'ic system (HRil) oper- 

Deutcriwfl oxi.de, or heavy rrrater, is a t t r a c t i v e  as a coolant  and mod- 
e r a t o r  foi- thermal  iiui:l.ea-e reac iors because i t  has an apprecisbl  y- small.er 
c ross  s e c t i c n  for t h e  capture  o f  thermal ne!it,rons than ord inasy  water  and. 
i s  f e a s i b l e  t o  - m e  with  natural .  uranium. So f a r  i t  has not found f requent  
use foi- power ~ - e a c t o r s .  This has been d u e  i n  la rge  degree t o  tine hj.gh 
c o s t  o f  heavy wa-ter (now $1.5 p e r  l b ,  down from $28 per  Sb). 

those  o f  a convent ional  pressur ized-water  rea.ct;or. The core mirsi be of 
different deslgri because of  t h e  l.ai-ge s i z e  needed t o  a t ta- in  c r i t i c a l i t y  
wi th  natural urar.S-iiril fuel . One appoa .ch  i.s Lo c0ntai.r; t h e  c o r e  i n  a 
l a r g e  pressui-e vessel, while  t i l e  a.l~terca'ilve i.s t o  ~ s e  an indivi.iiua1. pres- 
sure Lube aroi;nd each f u e l  el..m~erlt. Both t h e  Carolinas-Virgtnia Tube Xe- 
a c t o r  (CVi'R) and  t h e  Pluioniurn Recycle Test  Reactor (PRTR) have taken t h e  
I-attei .  approzch.  

k.esvy--wa,ter re=tctoi,s €ror. ihe Savtilnnab River pyoiliiction reac-Lors . Also, 
a few r e a c t o r s  that fall in o t h e r  ca i agor i e s ,  such as ihe  ci .rculaii i ig- 
fuel .  HRT, used D20. In p r h e i p l e ,  contarinmen-t cons idera t ions  f o r  t h e s e  
r e a c t o r s  a r e  essenti.a.1 ly iiie same as f o r  convent ional  pressu-ri-eed-wa-ier 
r e a c t o r s .  .!.n ac tua l  p r a c t i c c  r e a c t o r s  of this type  have employed t h e  
pressure-.  tube core  dcsign, which makes the maximum. wed- ib le  acc iden t  
somewhat less s e v e r e .  

Except f o r  t h e  core, xos t  of  t h e  reac+;or corxpoiicnLs are 

The'rr. i s  cor-si d e r d j l e  desi-gr. ar-d opera t ing  experience avsi.l ab le  on 

- 
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High-pressire containment has been used; however, pressure suppression 
and. pressure r e l i e f  a re  a.7. so adaptable t o  such p7.a.nts. 

1.. 3 .2  I,icpid-Metal_- Cooled Reactors 

1 . 3 . 2 . 1  Thern1a.l Reactors 

Liquid metal.s, such ads l i q u i d  sodium, a re  a t t r a c t i v e  as reactor  cool- 

Tn such reactor 
ants because t h e i r  thermal.. propert ies  permit -the attaj-nmcnt of high op- 
eratirig terqe-i.a,tixes wi-Lhout the need f o r  high pressul-es . 
systems the  eool.ant system pressure i s  only that of the  dyriamic head, and 
terrqeratui-"es of up t o  13OO O F  are readi ly  obtained. The high terryeratures 
allow a'i;tn.i.nment of s-i;eam conditions ( xpprtoaekiing a st,e.am teniperakure of 
10OO0F) that; give rret plant effic:iencies grea te r  than i n  watex- reac tors .  
Graphite irsually serves as moderator f o r  these plaats. Use of the rnod- 
e r a t o r ,  o f  C O I I T S ~ ,  makes t h i s  a thermal-neutron plant and disti.nguishes 
3. t  f ~ o g  the  fast  breeder. reactor  discussed. below. Any reac tor  erqloying 
l i q u i d  sodium as the primary coohi i t  must, cope w-i t h  the 
whrich- i s  fornied f f o m  the  neutron act-ivaticm of the coolant 

as sho-m scllern-nltically i n  F ig .  1.6, t o  eliminate the  hazard o f  the pas- 
si.'ble generation of ra.di.oacti.ve fumes by the climicul. reax'iion OY water 
and t h e  coolant metal.. Such pl.ants may also be e q e c t e d  to be d.esi.gaed. 
w5.th special :reactor cells and doinb1.e-walled _nip:j.n.g, etc. ,  i n  order t o  
e l i rn imte  the  p o s s i b i l i t y  of uncovering t h e  core i n  any accident. Tne 
second-ary coolant system necessi.-tates anotha heat  exchanger and coolant 
purni~. 
been b1x'l.l.t. 

'Wa actf.vi.ty 

Plants using alkal i -metal  coolarits requS r e  two lieat t r a n s f e r  systems, 

So far, fewer than ten  1iqiri.d-metal- cooled thermal. reac-tors have 
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Containment p re s su re  requirements a r e  noL great i f  a , i r  i s  cxcludcd 
froln t h e  a lka l i -me ta l  s y s t e m .  This i s  accomplished at t h e  H a l l a m  Reac- 
t o r  by l o c a t i n g  t h e  reactor vesse l  and radioacLive sodi1lin hea t  t r a n s f e r  
system i n  sh i e lded  compartments below the r eac toc  room €loor. A n i t r o -  
p?i atmosphere i s  maintained i n  t h e s e  c e l l s .  i%e r e a c t o r  building a t  
Hallam u t i l i z e s  t h e  nega t ive-pressure  containmeat concepi.  fhe c a p a b i l i t y  
of u s ing  t h i s  concept ii-idjcates t h a t  ihc  coiitainrnpnt m-oblem f r , r  h L s  
type  o f  r e a c t o r  i s  l e s s  severe  than  f o r  some ot l ier  types .  

1 . 3 . 2 . 2  Fas t  Reactors 
l l l l _ _ l l l _ _ ~  

Fast, r e a c t o r s  must use 1iqui.d meta,ls o r  o the r  non.rrr_oder~i,ting c o o l a r t s  
because of the  motj.erating e f f e c t  of e i t h e r  l i g h t  or hcavy wa’~er. Sodi.urn 
or sodi.urr;-potassium rnixilires have been used exclusi.vel.y, al.thougl; gas 
coolan ts  a r e  b e h g  considered.  ‘r’ne excel. 1 e n t  hea i  Lransfei- p r o p e r t i c s  
of  Lhz l iqu id .  meta1.s 2re excecdingly val.iiabl.e, s ince  ilie core  of  a f a s t  
r e a c t o r  i.s usually small a.n.4 as a, consequence has 1.i.mi-ted h e a t  transfer 
a r e a .  

The equipment i.s rmch t h e  same as t h a t  1-eqiiired f o r  a. I iqu id-meta l -  
cooled thermal- plant. &ain i.t i.s necessary  t o  use two h e a t  t r a n s f e r  
systems so t h a t  t h e  h igh ly  radioa.ct,i.ve primazy coolani; w i l l  be  separa ted  
by an a d d i t i o n a l  b a r r i e r  from t h e  s t e a m  s y s t e m .  There a r e  fewer than  t e n  
f a s t  r e a c t o r  sysiciiis o p e ~ 3 , t  g through0u-i ’ ~ 1 1 ~  ~ o r l c l .  

t ive  y e s s u r e  containment coi-icept can be app l i ed .  Xowever, h igh-p .essure  
containment j.s bei~ng used Toi. Lhe cur ren t  f a s t  r e s c i o r s .  ‘The design basis 
has been -khat of a severe nuc lear  excursion resul.ti.ng from 3x1 element 
mcl-Lclown. Tinis excursion might assme some of t h e  c h a r a c t e r i s - t i c s  of a 

It Iriay be poss ib l e  t o  desi.gn fast r e a c t o r  sysicms so t h a t  t h e  nega- 

i’ expl.osion, prcdiicj ng h igh  pi-essii-res and shock wav-e~. 

1 .3 .3  Gas-Cooled Hescto1.s 

Gases such as helium ar id  carbon d ioxide  a r e  used. as r e a c t o r  cool.ants. 
I n  the gas-cooled concept shown i n  F ig .  1.7, t h e  r e a c t o r  h e a t  i s  rerr:oved 
f rom the fuel by Lhe Q:X and j.s t rxnsmi t t ed  Lo a hea t  exchanger whcye 
steam i s  generaterj t o  d r i v e  t h z  tu rb ine .  T’ne use of a @,seoii.s coolant  
allows a t ta inmeni  of high temperatures  wibhout t h e  hi.gh pyessurcs  assoc i -  
a t e d  wiLh water-cooled sysLem. The gas-cool.ed r e a c t o r  has beer  po-pul~a,r 
i n  s e v e r a l  coun t r i e s  o t h e r  than the  U.S. because it can be desigccd t o  
use n a t u r a l  uranium as f u e l .  I n  f a c t ,  33 gas-cool-ed power r e a c t o r s ,  over 
7574 of t h e  gas-cooled r e a c t o r s  i.n t h e  worl.d, axe loca ted  i n  the United 
King?Iiim a d  France. 

coolani ,  have, i n  general., 1-ess s t o r e d  energy than  pressurized-water  re -  
a c t o r s .  It i s  poss ib l e  i o  design gas-cool.ed reacto1.s s o  t h a t  t h c  a f te r -  
h e a t  can be removed by nakura l  convecti.on. There arc poteil t ial-  hazards,  
however, because of t h e  s to rage  o f  W i p e r  energy i n  t h e  g raph i t e  at lower 
temperatures  and g raph i t e  r e a c t i o n s  wi th  air and water at higher  tmpei-a- 
t imes .  The former prolol-ern i s  usually avoided by designs t h a t  rnaini.ain a 

phi-Le temperature a t  which Wigne-i- energy r e l e a s e s  do not  p re sen t  a 

Graphit,e-moderated gas- cooled r e a c t o r s ,  becausc o€ t h e  na tu re  of t h e  
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Fig e 1.. 7 .  Gas- Cooled. Reactor. 

problem. I n  general, containment p r e s s m e  recpirements for a gas-cool-ed 
plant  a r e  not as strenuous as those for a comparable pressi_zr.i.zed.-~~ater 
plant .  The design pressure f o r  a high-pressure container coiild be ex- 
pected t o  be l e s s  f o r  a gas-cooled reactor,  and it should be possible  t o  
design su i tab le  low-pressure or pressure-relief containers.  Pxssiire- 
suppression containment, however, would not be suitable. 

1.3.4 Organic-Cooled Reactors 

Several organic l i q u i d s  a r e  at1;ractive as coolant-moderators because 
of t h e i r  high boTling poin-Ls and ease o f  handling. I n  many of  the  con- 
cep-ts, reac tor  heat t h a t  i . ~  removed from the  f u e l  by the coolant i s  t rans-  
f e r r e d  t o  the steam system via the steam generator, as shown schem,t;ically 
i n  F ig .  1.8. Steam d.ri.ves t h e  turbime. High coolant; pressures a r e  not 
required., and tempemtures of up t o  700°F can be a t ta ined  a t  pressures 
of 200 psia OT less. ]Most 
organic coolants a r e  qui te  combustible, so it is des i rab le  t o  l i m i t  the  
oxygen content of -the containment i n  order t o  prevent f i r e  i n  the event 
of  a coolant leak. 
tors i n  the world. 

denianding as those for a water-cooled reactor  - T o t a l  containment with 
a low container design pressure i s  3.l.lustrated by -Lhe Piqua reactor .  
The design pressure i n  t h i s  case i s  5 psig. The vessel. i s  cylin.d.rical 
with hemi.spheri.ca1 heads 

Steam pressures range up t c : )  about 600 ps ia .  

i n  1 - 9 2  there were only f i v e  organic-mod.erated reac- 

Contairunent pressure requirements of an oi-gan:i.c reac tor  are not as 
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Fig. 1.8. Organic-Cooled Reactor.  

1 .3 .5  l”used-Snlt Reactors 

Fused i.norganic mater ia l s ,  such as t h e  fluoride sa l . t s  of  uranium, 
l i thium, beryll ium, zirconium, arid thorium, show prom.j.se of providing 
a c i r c u l a t i n g - f u e l  power r e a c t o r  sys’iem of  low pressure  and high tcm- 
pe:raLure. 
fuel- of  t h l s  type and w i l l  employ a gr’zphitc moderator. 
b u i l t  t o  operate  a t  a tempers tme of  g r e a t e r  than 120O”P’ aad.  a pressure  
of  1-ess than 50 ps ig .  Much of  t h e  ’i;ec’nilology f o r  t h i s  concept was de- 
veloped. f o r  t‘ne now discont inued a i r c r a f t  reactoi. p ro j ec t .  

Yne MSKE will use a pressure-containrricni shell aid ~ J ~ S S ~ S S  t h e  capa- 
b i l i t y  f o r  y e s s u r e  suppression. ‘Tnis enabled the  r eac to r  t o  be placed 
i n  ai1 e x i s t i n g  coni;.zinment vessel ori.ginal1.y in’ceiided f o r  use i n  t h e  a i r -  
c r a f t  r e a c t o r  p r o j e c t .  Otherwise t h e  reac-Lor design acciden’c p-rescure 
f o r  t o t a l  containment wou7.d. have exceeded the  pei-mi.ssible pressurc  o f  
’clie e x i s t i n g  vcssel.. Reactors of  t h i s  concep’i coul-d be contained ade- 
quate]-y by t o t a l  containment s t r u c t u r e s  OF the  high- o r  lo-I-pressure t y p e  
i f  they  were designed s p e c i f i c a l l y  :for t h e  p a r t i c u l a r  r e a c t o r .  Pi-cssurre- 
r e l i e f  containment would pro’oab3.y no-L ’be sa t i s fa .c tory ,  s h c e  t h e  f u e l  i s  
an  i n t e g r a l  pari; of  t h e  cool.an’c. 

The Molten Sal’c Reactor Experiment ( I S R E )  w i l l  use a coolant... 
I’L i s  being 



1.3.6 Universi tv  Reactors 

University,  o r  teaching r eac to r s ,  which usual1.y operate  a t  power 
leve ls  of 10 kw or  l e s s  and ha.tidle l i t t l e  excess reactivrity,  generally 
r equ i r e  no or 0nl.y inodest contairunent a 1n.fo:rmtion on t h e  main c la s ses  
of these  reactors l is  given i n  Table 1.11. Because of t h e  safety fea-tures 
designed i n t o  these  r eac to r s  and t h e i r  low power I-evels, t h e  s a f e t y  of 
univers iky r eac to r s  seems t o  be well estab3-j-shed. Inherent  character is-Lics  
such as t h e  negativ-e temperature and void c o e f f i c i e n t s  :aye incorporated. 
t o  cont r ibu te  t o  the  safe conti-ol  of t hese  systems. 41 vie low power 1.eve1.s 

Reactor Class Type 

2 x 12-3 10 t o  
3 x 106 g 

10- 

a C r i g i n d  desiggpd by A.c<oririr Kat Lonni Laboratory, i as a model for sevei-3: ~ 3 % -  

mercia l  -mit , .  

i v e r a i t y  Test H e a c m r  b u 1  t by t h c  A Urits  of the S a m  

b - l i l t  hy Gpners1 T~Juucl ea;- En-'.n i n p r y .  and fWE 

rci .al  w.it b-J i l t  by Genel;! Ator 

imi  catior.  Cram Tiiums 5 H .  McT1"eLt~, 

e ~ n  a d d i t i o n  t o  t 

fI:n.its b u i l t  by Aero  j e t - G c r e r a l  Xucleonics . 
d-, 

Zcneral E l e c t r i c  Conpany, these uiiLs a.re bui.1.t by Bcndix 4 v l  
po rn i inn  nnd Locklflccd w a f t  Corporation. 

I ersimal. ccirrmnication from J. PI. Smith of the General ElccCric pmy,  Snn Jcse, C a l i f w n i n .  



1.42 

a t  which rilost of t h e  u n i t s  opera te  l i m i t  t h e  f i ss ion-product  iliven'iory 
t o  such an ex ten t  t h a t  l a r g e  q u a r t i t i E s  of contau inac ts  cannot be re-  
lensed  ever! i€ m acci  rient occurs .  

1 .4  GENhTdT, DESCRIPTION OF CONi 'AINM~T1'  SYSTEMS 

Lieactor containment i s  -xual . ly  t h e  fir:al s a f e t y  devi.ce i n  t h e  COM- 

plex system provided f o r  t h e  p r o t e c t i o n  o f  t h e  l i f e  and propcr'iy of t h e  
pilblic from a l l  possib1.e e f f e c t s  o f  a. r e a c t o r  acc iden t .  
s t r u c t u r e  encloses  t h e  r e a c t o r  a.nd ( u s m l l y )  t he  ent i i -e  primary r e a c t o r  
system i n  such a fashion a.s t o  control . ,  i n  conjunctiori  with o the r  engineer-  
ins safeguards of de1::onstrable r e l i a b i l i i y - ,  t h e  d i s p e r s a l  OP a c t i v i t y  i o  
acceptable  l e v e l s  i~n the  event  of' a maxi.mTm cre6:i.ble reactor accident. 
'The contaimient, structure thus  defined itlay t ake  many d i f f e r e n t  s i z e s  and 
shapes, have a wj.d.e raise o f  deci8c-i r equ i r ecen t s  I 'nave various mate r i a l s  
of cons t i u c t i o n ,  2nd =e based 11.pon many CitfferenL o p e r a t i n s  requirerrents . 
Nevertheless ,  whether it 1-ooks l i k e  a pressure vessel-  or j u s t  another  
i n d u s t r i a l  bu i ld ing ,  whether designed f o r  230 psig o r  2 ps ig ,  i f  i t  i s  
capzbl e of l i m i t i n g  the  consequcnces of  tlie r e a c t o r  riiaxinum credible ac- 
cideli t  ( m a ) ,  '.f; cons l i t ,u tes  a coritain-nent system or a payt  the-reof. 

There m e  th ree  basica.l-l.y d i f f c re f i t  ty-pes I-)C containment system and 
:-na~y varial - ions o f  each o f  tlieee three types .  A s p e c i f i c  c o i l t a i ~ ~ ~ i ~ ~ i t  s y s -  
5erx may conta in  €ea tures  of more than  one bas fc  type so  thai; i t  becones 
hard. t o  c h a r a c t e r i z e  i t . The t h r e e  Cerieral types are d i s  i.inguis1iab.l.e by 
how t hey  ireat t h e  pi-iinary and secoildary f l . u i d s  r e l e a s e d  i n  Llie acciden'c 
and are known as (I ) pres su re  (or vapor )  containment, (2) pressure-suppres-  
sion conta,ix:.cnt, and ( 3 )  p res su re - r e l ease  containment.  In  add i t ion  t o  
containment systems Ll1a.t are a cross  of  sone of t h e  above t h e  use  of more 
than  one containment barrier oi" system j.ii s e r i e s  on a sing]-e nuc lear  i-n- 
s ta1.1. a t i o n  has recenLly gi.ven r i s e  t o  t h e  desi gnat ion  "r*:ul'Lip1e conta in-  
meni;. " 'The gener8.l chz rac t e r j  sties of each of t h e s e  sys 'ieins i.s d i scussed  
below. C c t a i l e d  d a t a  on spzci7i.c eiiampl.cc of eacii of t hese  a r e  presented  
i n  Chapter 7 .  

'The containrnen'c 

I .):.I ?ressure  Contai nmcnt - __________p 

I n  the si.mplc ~ ~ e s s u r c - c o n t ~ i n m c n t  system, a l ~ l .  t h e  energy r e l eased  
ir. t h e  rza,ctor r[:zdxi:~:mi creciible eccide-nt ( M C ~ )  i s  contained i n  ;3 p ressure-  
conta.in-ment s t r u c t u r e  t h a t  encloses  t h e  r e a c t o r .  The s t r u c t u r e  usual-ly 
nl..so encloses  a l l  o f  t h e  Ygrircary systeiii and frreque:qtly m x h  o f  Lhc secon- 
dary.  Although t h e s e  str:lc-Lures gene ra l ly  have many !.ines that penei;i.iL'ce 
the  conta ic ing  F:embrane, e l l -  such l i r e s  khat might c o n s t i t u t e  a s ign i f ' i -  
cant l e a k  a'i the tirnc of t h e  mea a r e  equipped wi th  one o r  more valves  
t h a t  c!.osc t c  compl e t c  iiic i s o l a t i o n  of t h e  contained vclime. 

Prc s su re  - c on-t a-i-rment s t r u  c t u r e  s a r e  fr c quent 1.y s t e e l  bu t  are not  nee - 
essari~ly l i m i t e d  t o  Lhi s material.. Steel.-.l .i  ned concrete containment ves- 
s e l s  have been used and s0:r.e form of  underground concre te - l ined  con ta ine r s  
ray  bc designed as a Fressure-co:itai~~ncll?t sys'iern. Pt i s  of i - n t e r e s t  t o  
note  thai;  the con'czirment pi.essu.re niay ra.r:ge f r o m  a few pounds t o  over a 



hundred pounds, dependi-ng upon the enerm r e l e a s e d  i.n the  acci-dent luld 
t h e  vol1m.e enclosed. If t'ne e n t i r e  plant, inc luding  t h e  i;urbine-Rer?eratorc, 
i s  contained, as showi schematically in Fig .  1.9, the large res1.L.. 
tainment, volume will give rise -Lo a low cont,ainment, pressure.  
not  t y y i c a l  f o r  'ooil.ri.ng-water reactors, such a coxtaimnen'c sys tern was 
employed on the BONUS faci.li.ty in ~Puer.to Rico. On t'ne ot'ner hand, the  
con.tained volume may be minimized by the enclosixrz of only the re.actor and 
the prri-rnary sys tern, as shown s c h e m a t i c d l y  in Fi.g . 1 e 1.0, and the resulf,j.ng 
pressure w i l l  be r e l a t i -ve ly  h i & *  The new ASPTE Corle, clesri.gnated Sec-tiori 
IiI, Rules for Coris1;ruc::tion of Nuc.l.ear Vessels, covers coiztairunerit; vessels 
having a design pressure g r e a t e r  'chm 5 psig. 'This presslnre 5-s now gen- 
erally considered the d iv id ing  between high-pressu-re cont33mneut and 
low-pressure containment. The di -v is i .on  i s  mei-el.y one of  d e f i n i t i o n ,  aid 
the desigli  consi.derations previ.ously noted. will establ?:  sh design pressure 
of a containment s-LrucLure eit'ner a t  or below 5 psig or subs'r,mtiall.y. 
g:reat,er. 

Although 

PRESSURE 

Fig. 1.9. Low-l?ress~ire Contaimnent Shorn w i t h  Boiling-Water 3esc to r .  
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I r i  any eveni; 'die :LeF&agr r a t e  frorr  a pressure-containment system i s  
usual..?.y held t o  a. s m z l l  f r a c t i o n  of  t h e  contained volume; t'ne m a x i m u m  
permiss ib le  l e d s a g :  r a t e  i.s a func t ion  o f  t h e  r e a c t o r  s i t e  and t h e  act ivi- t j r  
r e l eased  fror:; the reectou. system. Pressure  containment i s  commonly cm- 
ployed f o r  '2ie przssil-,.i.zed-wai;ei. arid bo i l ing-water  r e a c t o r s  where 1 arge 
v o l m e s  OF the pressur ized  coolant may be released.  by t h e  acci-dent con- 
curren'i wi~t'n or soon followed by large amou.nt,s of ac t i .v i ty .  T1ij.s fo rm 
of containment was t h e  ear l -Test  developed and t h e r e f o r e  ha,s a l s o  been 
uxed on s e v e r a l  o the r  r eac to r  systems. 

1.4.2 Pres s u r e -  Suppress i on Conia ....-.___I i. oment 

Pressure-suppression ( o r ,  a s  i t i s  sometimes ca l lpd ,  vapor-condznsa- 
t i o n )  cc,it%inment i s  based on depos i t i on  of t h e  eilergy r e s u l t i n s  from a 
r e a c t o r  by condensing t h e  vapor i n  a pool of  water  as it i s  Teleased. 
Obviously t h i s  technique i s  only  app l i cab le  t o  reactor acc idents  L h L L  r e -  
l e a s r  a condensclble vapor, such as steam. The pressiire-suppressi on con- 
Lainment sysicIi1 s h a m  scherr,- t ically i n  Fig. 1.11 i s  composed of  t w o  main L 
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coqol?.ents : (1) 8 pressure vessel o r  "dry-well" enclosing at l e a s t  the  
reactor mid (2) a press.ure-xuppression chamber or llwet;-wel.l's par t ly  T i i l l  
of wat.er. The d r y  we1.l. vents tlwough a number of pipes T,rJ!iose discharge 
ends a-re submerged. i n  the water within the suppression chamber. 
intend-ed primarily t o  corrdense steam, the wa,ter pool may perhaps a l s o  
~eniove some of -the condensable fissj-on products  and soxe pa.rti.cuJ.ate and 
gaseous fission proiI71cts e 

The d r y  well. i.s designed t o  withstand the s ta t i . c  a d  dynaxuir pres- 
s ixes  asci such o-kher loadings as would r e s u l t  from the  mxi inuu i  credYole 
xci-dent; .  The suppression ckiamlse-r e x p r i e n c e s  r e l a t i v e l y  l o w  accident, 
pressure, which is a f lmct ion  of the eff ic iency o f  t h e  suppressfon sys- 
tem, voiime of the  noncondens~~le:; ,  l;ransport f r o m  {;he dry well, and the 
s i ze  of the a i r  chamber. 

P~essu~e-su~presslon containment systems are attractive in some ap- 
plications because the  s i ze  of L h e  dry-well vesse l  i s  less than t1;a-L of  
a. complete containment she l l .  This adwmtage, hoT.ever, i s  compromised 
by the fact tha t ,  i n  general, on1.y the reactor  and a poi-tion, but not all, 
of the p:rIimry system are conta.inec:i within the inner vessel. 'Thus i n  
order to precl-ude the  occwrence of a rw, j o r  I.oss-of-eooh,iit accident oc- 
curring outside the  contariimien-t, the primary sg-stem 1-ines penetrating the 
coriLaim~nt mist be provided- with i s o l a t i o n  Tralves e 'Th.c?se vatves must be 
provided. j.n diqilS.cate as i.nsi~rance agaixst t he  f a i l u r e  of  a s i n g l e  valve 
or -Lo account for breaks 3.nside and outside the conta , iment .  

Although 
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A type o f  containment empl-oying a form of pressu-e  suppression i s  
e f f ec t ed  i n  systems tk1a.t employ a water spra,y wi th in  t h e  con-Laimient 
s t r u c t u r e  as a means o f  li.m?.ti.ng the pressures  a t t a i n e d  the re in .  Such 
a n  arrangement would be most e f f e c t i v e  where the condensable vapor w a s  
re leased  over a per iod  of time, s ince  sudden r e l e a s e s  imuI.d not al..l.ow 
time f o r  suppressi-on of t h e  pressure .  

we l l  and wet-wel..l volumes a r e  corwncmly ernnloyed with boil-ins-water rcscLor 
systems. R11L p l an t s  have some por t ions  of the dry-well  and suppresston 
chamber i n  a vented bu i ld ing  containment system, and, a s  shown i-n Fig.,  
1.16 ( s e c .  1.4.4), t h e  enti-re plarit rm,y be contained i n  a ven-Led bui-lding. 
This sysLerri represents  a logical.  extension o f  t he  concept t ha t  i.s known 
a s  "mult iple  contai.nmcnt . ' I  P ressure  supsrcssiion appears t o  be most s u i i e d  
t o  boi l ing-water  r eac to r  systems because the boi l ing-water  system, cx- 
e lus ive  02 t he  tu-rbinc, csn be enclosed i n  the re1aLivel.y small dry-well .  

Pr e s  sure  - suppr e s s ion  containment systems cons i s  t ing  i,f s epara t  e d ry-  

1.4.3 Pressure-Release Containment _. . . . . . . . . 

I n  the Grcssure-release method o f  containment t h e  pressure  i n  Lhe 
containment s t r u c t u r e  i s  re1 ?'..eved by vetting t o  t h e  atmosphere. This  
ven'iing is limi-led, i n  some systems, t o  t h e  per iod of t h e  primary (or 
secondary) system bl-owdown and, i n  others, may cxtend over t h e  course 
of t h e  acc ident .  The forrner case i.s conmionly c a l l e d  "pressurz--rel.i.ef" 
contai.nmeni and t h e  k i t e r  i . s  vario1isI.y dcscri.bed a s  "confinement, I '  

"vapor-venting, I'  "pressure-venting, " "bui lding-type,  I f  o r  i n  sone app l i -  
ca t ions ,  "negati-ve-prcssure" contaimen'c . For the  p u ~ p o s e s  of  t h e  sub- 
sequent discussion,  t he  -two types will be c a l l e d  pressure  rel . ief '  (where 
t h e  pressure  i s  rel-ievcd onl l -  during the  i n i t i a l  rel..ease from the  a c c i -  
den t )  and pressure  venting (where the  contained volume i s  more o r  l e s s  
continuously vented, o f t en  through f i l t e r s ,  ,durS.ng the course or t h e  ac- 
cli-dent i n  order  Lo maintain a given prcssinre w i  i h i n  t h e  contained. volwtie) . 

i n  either case, t h e  su i . tab i1 i ty  of t h i s  containment technique i s  
c r i t i c a l l y  dependent on the  amount of  f i s s i o n  products tha-t are rei-eased 
t o  the atmosphere dur ing  -the r e l c a s e  pe r iod .  Air-cleaning sys-tans s o  far 
proposed for such app l i ca t ions  do not provide f o r  t h e  e f f i c i e n t  i*emoval. 
o f  r ad ioac t ive  noble gases and some forms o f  o-Lliey f i s s i o n  products such 
a s  methyl iodide,  and t h i s  would be an  important cons idera t ion  i n  tile 
use of  such systems. 

l..A.3.1 Pressure-Venting Containment -..____ 

Although - t h e  containment atmosphere i s  more o r  l e s s  continuously 
discharged t o  -the outs ide,  it is gene ra l ly  discharged. through a. s t a c k  
and then  only a f t e r  t h e  f i ss ion-product  contarnj-nation i n  t h e  discharge 
e f f l u e n t  has been -reduced t o  acceptable  1evel.s by f i3- ters ,  scrubbers,  
03" both  techniques.  The success of  -this type of contalnment, shown 
schematical ly  i n  Frig. 1.12, j.s o f t e n  dependrnt upon Lhe e f fec t iveness  
of -the cleanup system i n  m i n t a i n i n g  a s a f e  l e v e l  o f  activi-Ly~ i n  t h e  
e f f l u e n t  and the  abri.l.i-ty t o  mai.:ntain t h e  exhaust r a t e  high enough .Lo 
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F5.g. 1 .12 .  Yresswe-Venting Contairuncl3n.t Show with a. Cas-Cooled. Reactor. 

avoid developing ar? excessive pressure i n  t h e  contairmerit structure 
(bui ld ing  ) . 
would not necessar-ily be required for. a l l  appl.-i.cations bint would. be a 
f 'unction of  the s p e c i f i c  need of a specific reac-Lor and site for con- 
t a  iinrnent -a-Lmo sphcr c cl.eanup . 
dependent 011 the r e a c t o r  type and, i n  turn,  can be charac te r ized  by -the 
msxirmm cred ib le  sccj-dent . In general ,  confi.nement containment has been 
i x e ?  f o r  r e a c t o r  sys-kerns a,ssocia,t,ed. wi th  r e l a t i v e l y  low-enei-gy ma' s , 
Those systems i n  which t h e  energy release i s  s u f f i c i e n t l y  s m a l l  -t;'riat con- 
t inuous  exhaus'bing of t h e  buil .ding atmosphere k.eeps the bu i ld ing  pressure  
below -that of the atmosphere a.re known as negat ive-pressure sys-Lt.l?ls. ob- 
v ious ly  the  stmctui-es requi.:ced f o r  such a containment system are not, s!Jib- 
j ec t ed  t o  high-pressure loads  and may be of s t e e l  frame cons t ruc t ion  wi th  
metal-panel s tding.  UsuaUy e x t e r i o r  windows arc omitted, a l l  jo l r i t s  are 
caulked and sealed, and. doors are gasketed.. Such a hui1din.g may be oper- 
ated at; a slightly negat ive p re s su re  t o  produce inleakage and t o  c h m n e l  
a?.l disehau.ge .through the f i l t e r e d  stack exhaxst system. This type of 
containment l is used for swi:rmi.ng pool  r eac to r s ,  the Oak Ridge Research 
Heactor, and graph i t e  reactors.  

An s d - d i  t i onal. re  c i r cii.l.at i ng  f i s s ion- pr odmc t - r erno v a l  s ys t err. 

The. appl.i.cability of confineinerit or vapor-ven-bing containment is qu i t e  
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1.4.3.2 Pressure-Rel ief  Con te imcn t  .._.-I_II 

l i l  t h e  p r e s s u r e - r e l i e f  method o f  contaimient ,  shown scheii iatically i n  
F i g .  1.13, Lhe ai~r 2znd s t e z .  are purposely r e l e a s e d  i.mnrfiedia'ie1 y through av. 
exhaust duct and then  sprays or" delu.g:e nys term are a c t i v a t e d  t o  grLevent 
e x e s  s i v e  pres  su re  s f ror subs equznt iy  developing j.ri t,he containnient s t r u e  - 
t u r e  due to  d~ecay hea,t, e t c .  

the i n i t i a l  Frimary sys t en  bl.owdown. It i s  appli~cabl-e only t?nere t h e  
i n i t i a l  blowdowrl preced.es t h e  r e l e a s e  of €issi  on products  from tkie core  
by a S u f f i c i e n t  margin tliat t he  o.nCe-llrelicved'l system ray be effect ive1.y 
sealed before  significant amounts of f i s s i . on  products  ere r e l e s s e d .  Inas-  
mic'n as t h e  principal .  v i r t u e  o r  t h i s  systexi i s  t h e  low structure design 
pressure ,  the structure i s  frequen-Lly provided with sgrays t o  p e l r e n t  ex- 
ces s ive  pressures  frorr. developi-ng aftel- t h e  i n i t i a l  rel  i e f .  Sone a.ct , ivity 

In t h i s  technique t h e  containment atmosphere L s  discharged only dur ing  
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F i g .  1.13. Pressure-Rel ie f  Conta ivmeilt Shown w i t h  Pressurized-Water 
Reactor .  
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w i l l  i nev i t ab ly  be r e l eased  during the i.nj.tial vent ing and t h i s  sys tern i.s 
only appl icable  where t h i s  in? ti.& r e l e a s e  i s  tolerabl-.e. A c t i v t t y  sib- 
sequently yeleased t o  t h e  aixiosphere i s  mi.ninized by c los ing  the exliaix t- 
duct vent  before core  overheat ing occii.rs. 'The containment, vessel or con- 
finem.ent struetux-e m u x t  he  desi-gned t o  withstand the pressure t h a t  may 
be generated after the  exhaust duct i s  closed following t he  initid. re- 
lease of air  cclrid steam, This type of conta,irment has been considered 
for several r e a c t o r  plan.t;s. As  employed a t  the  $Jew Production Reactor 
a t  Ha,riford, this .type of containment i s  coilpled. wi th  pressure-vent?ng 
con.taimiient, s ince  :1. sinal.1. amount 0% vapor may- be vented through. fil.-te.rs 
and released .to -Lhe s t a c k  even a f t e r ,  -the i n i - b i a l  blowdowi. 

1 .4 .4  Mu-l-tiple Containment 

S iiic e ''mi11. t i.:pI_ e c onbairnen-t; " i s r e  c e iv ing  cons j. d e s a k l  e a t  -t e11 t i on f o r  
containing ~ G W W  r e a c t o r s  t o  be located irL heav i ly  popul.stc?d areas, it, i s  
discussed separate1.y bere. Multip1.e cointairment denotes any one of a 
number of methods 0% providing two o r  niore complete coi?_tairunei?t ba.rri.e.rs 
arou.nd t h e  pl-ima-ry ~ e a c t o o  sy:;tenn. 

whLch a k i  gh-pressure eontn:i.nment s t r u c t u r e  i s  surrounileci by another 
en;relope from which t h e  atmosphere may e-jlther be elecaned up and released 
01:  pumped back i n t o  the  containment vessel, and ( 2 )  t h a t  i n  which a pres-  
sure-suppression system i s  sumvmnded by a vented envel.ope. A major con- 
cern w i t h  m l  ti .ple contsivment syst,ems i s that the two con-Lai nme:nt barr iers  
8,rc~' never completely ind.eprn!lent, so t h e r e  remahs -Lhe p o s s i b i l i t y ,  how- 
ever remote, tha,l; a si.ngle event,  e.gSg sabotage, could violate bot'n sy-s- 
tems . 
vo.l.vi:ng t h e  use of a intermedia,te negztlve pressure zone i n  connection 
with a rnonitori.ng device Lo detect  leakage, permit much lower. leakage 
r a t e s  than i s  poact i  ea2 t o  a t t a i n  w.j. th s:i.ql.e pressure containment. 'This 
i s  an :i.mportant fact when s i  Ling c lose  t o  populations i s  concerned. 

The two most cofiunon forms of niu.~.i; 7-pl.e cont atnment are (1 ) -i;liat i.n 

The vari0u.s mid-tiple contaiiirneiit, systems ciescri'oed heye, some in- 
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1 .4 .4.1 Il iFh- P r e s  sure Doub1.e Cont ai nmen t 

Perhaps t h e  f i r s t  power r e a c t o r  t o  r e q u i r e  acd provi.de mul i ip l e  con- 
tainmcr-t ~-2s t h e  N .  S. Savannah. I n  'Ais nuc lear  ship, 'ihe pressur izzd-  
water - reac tor  pl~ant i s  f i r s t  contained i n  a conveni ional  p re s su re  contain-  
ment system, a.n.6. this sys tez ,  i n  t i irn,  is l oca t ed  i n  a sea led  sh ip  compar'c- 
rent that i s  2onti.nuously vented thi-ough f i l t e r s  . The e f f l u e n t  from the 
f i .1ters  I~s r e l eased  et, Lhe t o p  of t h e  ship's mast. This .type of system 
is shown ir. Fig .  1.14. 

Edison  1ndia-n Point  Plank, al-though its capzbili-ky was no t  expl~oited o r  
r equ i r cd  i n  o -de r  for t h a t  p lan t  t o  meet; i t s  j - n i t i a l  sri-ting requirements.  
:€owever, t h e  existing annu1.a.r space be-tween t h e  p re s su re  containment shell 
and the outer shell, i n i t i a l l y  provided for concretc  f c r i i n g ,  is ven-tcd 
t o  t h e  f a c i l - i t ]  s tack  and thus  e f f e c t s  pressure-vent ing  contarimlent . 

Another vers ion  of high-pressure double containment, show; i n  F ig .  
1.15, has been proposed f o r  both t h e  Ma1ibi.i f.Juc1ea.r P l an t  of  thc c i t y  of 
Los Arigel..es and t h e  now 'cabled Ravenswood plant. I n  t h i s  system, an anau- 
lay- space 30 i n .  wide i s  formed by two 0.25-in.-thick carbon s t e e l  s h e l l s .  
'The annulus i s  filled w i t h  pervious conci-ete, an6 ail a d d i t i o n a l  5 1/2 ft 

A si.rniLar forrn o f  mu l t ip l e  conta inrent  exists a t  'the Consolidated 

MOMITOR 

BLOWER 

REACTOR BUILDING 

tl1GI-l PRESSURE CONTAINMENT--. 

STEAM GENERATOR R 

SUPERtiEATEH 
\ -E--- 

-.-.. 

f 

THIS VOLUME KEPT 
AT A SLIGHT NEGUTlilE PRESSURE) 

R 

I S 0 LAT ION 
VALVES 

CONDENSER 

I 
t 

Fig .  l a l ' i .  Mul t ip le  Coatainmcn't (.Basic ApplicatLon) Shown wj.th Pres- 
SUyiZ;>d-T na ter  1.- Reactci-. 
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R E  ACTOR 
V E S S E L  
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ISOLATION 
VALVES 

Fig. 1.15. Miil.tip1.e Con-Gairrrnent (Adva,nced Concept) Shown w i t h  Pres- 
surized-Water Reaxtor .  

of norm,l-densi.ty re inforced concrete encorrqjasses the outer menhxne. 
However, the res-tilting poor heat, t r ans fe r  through the  CoilCrete to the 
environment required tha t  a decay heat removal. systein be a d d e d .  Y ' k  
norrnal vent i la t ion  air exhaust from the  containment ves scl. i s  S"i.l.tered 
before being released t o  t h e  atmosphere through a stack. Tn the event 
of pressure bixilclup wi-thin .the vessel ,  the pervious concrete pl.ixs the 
t w o  s t e e l  niembmms woimld t:ransrni.t t h e  forces .to the  outer reinforced 
concrete vessel. (layer), vrhlich i s  designed t o  carry the prcs.sure pro- 
duced by an ma. The annulus is mxintai.ne(3 a t  a negative p ~ e s s u r e  -to 
a s s u r e  inward leakage f l o w  a t  all leakage points.,  '&e negative pressure 
zone (m.ul.us) is continuously monitored f o r  leslage,  which is r e  l;v~iiec? 
t o  the containment vessel by a pwnp-bat:k compressor a 

1.4.. 4.2  F'ressure-Suppression Double Contaim-enl; 

In t h e  pressu~e-su-ppression version of  mul t ip le  containment, the 
si.mp3-e prcssure-suppression system ( s e e  ~ 3 . g .  1.11) i s  located within a 
buLLCiing that; may be vented .through f i l t e r s  to a stack, only when isola- 
tion i s  ca l led  for, as shown i n  Fig.  1.16. In ordei- t o  m e e t  s i t i n g  re- 
q~i.rement s , al 1 proposals i iivol-ving bo i 1. ing -wa t er r ea c Lo-rs with pres sur e- 
suXJpression contaimient mure c lose ly  resemb1.e t'ne double conta,inment; of 
Fig. 1.16 Y h n  simple pressure suppression only. 
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Fi-g. 1 .IC. Multiple Containment Shovin with B o i l  ing-Water Reactor. 

1.4.5 S t a t e  o f  t h e  Ar’L 

A s  nuclear power comes increasting1.y i n t o  conien-Lion as  one o f  thhz 
economic means o f  generating e l e c t r i c i t y ,  c o s t s  such a s  those assoc ia ted  
with containment w i l l  come under increasing scru t iny .  ladeed, t h e  scru- 
t i n y  is even now wel l  undei- way, as evidenced by the  subsl;a.n’i;ial research 
and devel.opment pi-ograms . The further expl.oi.ta-tion of enghee red  safe-  
g m r d  techniques could have 2,s d-ecisive an e f f e c t  on nuclear Lech.nol.ogy 
iil t h e  next decade a s  t h e  concept o f  dependence u p : n  t h e  conLaimient en- 
closii .~e had i n  tile p a s t .  Tncluded i n  t h e  extensive research and develop- 
ment programs a r e  the  many pro jec t s  reviewed i-n Chap-tcr 12. 

For the immediate fu-ii.ire, nucl-ear p l an t s  w i l l  continue ’io incorporate 
containment enclosures. Which conbainment system t o  use wit’il a p a r t i c u l a r  
r eac to r  i s  s t i l l  an open qirestion, al.tbough t h e  experience o f  blie past 
decad.? can ilarrow the  choice somewhat. ‘Tab1.e 1.. 1.2 presents  a q u a l i t a t i v e  
a . t tempt  t o  r e l a t e  r eac to r  and contaimeii’c system, f i r s t  on t h e  basis of 
“apparent“ com-patibiIri.ty and second on t h e  basis of  experience. The 



Ta-9le 1 . 1 2 .  Corqz5ib i l i ty  o f  Various Reeetor and Coritairmect Systems 

Apparent Cony a t  i b  il i t y Current Usage 

A - Well matched 1. - Wide use ( t h r e e  or nore)  
B - Corripati-$le 2 - Some use ( l e s s  than t h r e e )  
C - >Tot well natched 3 - Rega-rdeC 5 s  poss ib le  
D - I n c o n p t l b l e  4 - 17egarcied as m l i k e l y  

b 
Containmer,t System 

LOW Pressure Pressure Pressure Reactor F n e "  
Bigh 

Pressure P r e s s w e  Suppression Relief Ven%ing 

Pres sur i ze d wst e r  
Boi l ing water 
Acpeous homogeneous 
He aw-iqat e r  ma der a te  d 
L i  9-ai 6- met al cool e d, t hemal  
L iq id -me ta l  cooled, fast  
Gas c o o l e d  
Orgsnic noderated 
Fused- sa l t  f'ueled 
Test 
Universi ty  res e &r ch 

A- 1 
A- I 
A- 2 
A- 2 
3-3 
A- 2 
A- 2 
B-3 
E- 2 
A- 1 
B- 3 

3- 3 
E- 2 
c- 3 
B- 3 
A- 3 
B- 3 
B- 3 
A- 2 
A- 3 
5- 3 
3- 2 

B- 3 
A- 1 
C-3 
B- 3 
D- 4 
3-4 
2-4 
c-4 
C- 3 
c-4 
c-4 

B- 3 
B- 3 
0-4 
13- 2 
B- 3 
D-L, 
E- 3 
B- 3 
C- 3 
B- 3 
6-3 

C- 4 
c-4 
D-4 
c- 3 
A- 2 
c- 3 
A- 1 
E- 3 
13- 3 
A- 1 
A- 1 

~ ~~ ~ 

%--. 
d ~ G  Sectiori 1.3 for e genera: cescr ipt ior ,  of r e a c t o r  types. 

See Sect ion i . 4  f o r  a general  desc r ip t ion  of coiltsinment systems. 
D 
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t a b l e  does not consider  rnultTp1.e con-Lainment systems nor  should all.. com- 
b ina t tons  J.i.sted be regarded as comparably safe ,  since many have not been 
eva lua ted  by 1.j.censing and reg:ul..atouy aixt'nor5.t i e s  . 
should be kept  i.n mind: 

a c c e p t a b i l i t y  has no t  been eval-uated- by U. S. regula-Lory authori . t i .es . 
incl-ude m i l i t a r y  or producti.on rea .c tors  . 
wheye not,  t h e  most comparable forei.gn experience was considered.  

t i o n s  1.3 and 1.4 above. Maily v a r i a t i o n s ,  modi f lca t ions ,  adaptz t ions ,  
o r  combinations of t h e  gene ra l  contari.nment systems l i s  ked, ei-ihe:! w i th  
each other o r  wi th  o the r  engineered safegixzrds, cou1.d have been r e f l e c t e d  
i n  t h e  apparenc cornpatibj.1 ity r a t i n g  given i n  Table I-. 12, bu t ,  obviously,  
it i s  not f e a s i b l e  'io considkr a l l  such combinaLions i n  a Lahulation of 
t h i s  type .  

Some f u r t h e r  definition of t h e  b a s i s  for 'ihe a p p a e n t  compatihi.l.ity 
c l a s s i f i c a t i o n  i s  al-so necessary .  'This c l a s s i f l c a t i o n  was gene ra l ly  ar- 
r i v e d  a t  Yor a pa,rticu.l.sr type  of  r e a c t o r  by consid-ering %he s u i t a b i l i t y  
or appropr ia teness  of  each of t h e  f i v e  containmm'i sysLems and .  then  desi.g- 
nat int :  t h e  "most-effect ive" con-iainment system "A" and t h e  o thers ,  a,s 
appropr ia te ,  i n  descending order. This  yards- t ick,  however, i s  rni.sI.eading 
i.n sTtuatj.ons i n  which t h e  reac- tor  mca mi.ght not produce h igh  p res su res  
( e  . g . ,  organic-moderated and fused-salL-f'ueled r e a c t o r s )  and thus  the  r e -  
a c t o r  would be we l l  matched wi-th I-ow-pressure con.tainment, o r  i.[~ which 
p res su re  coiltaitment would be i n h e r e n t l y  capa'ule of' g r e a t e r  p r o t e c t i o n  
thaii t h ?  r e a c t o r  acc ident  coirld conceivabl-y r e q u i r e  ( e  .g., univers i . ty  
rcactoi-s)  . 

In us ing  the information of Tablc 1 . 1 2 ,  t he  foUowing l i rn i t a t ions  

1 .  Some combinations may invol.ve s a f e t y  f e a t i r e s  o r  philosophy whose 

2 .  l'iie i-esctor and containmen'c sys n cornbi.nations considered do riot  

3 .  The eva lua t ions  are ba,sed on U. S .  experience where avai.l.ab1.e; 

The t a b l e  i s  intended to apply only t o  t h e  systems descr ibed  i i3  Sec- 
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R. W. Sehneider'* 

Gontaimiient s-Lruetures are used t o  enclose nucleai. f ac i l i t i - e s  and 
are designed t o  control the d.ispersa,l. of ac t iv i ty  i n  the event of an ac-  
cident. The s t ruc ture  must contain a l l  credible  accidents, incl.wding .the 
maxirntun cred.ib1.e aer-ident. Although a skeel presmre vessel  is the v.ost 
c(5n1mon type of containment s t r u e t w e  f o r  power reae-to.rs in the TJni Led 
States, con.-tainment stru.ciriires may E L S S L ~ E  mny foms, i;vrh as confinement 
buildings with fi . l tered and. scrubbed e.ld?au.st, con.cret,e, pres kressed con- 
crete ,  or iniderg~oiznd. buil-dings e In  getierral. any cont n t  system T E L ~  

be employed with any reactor, but i n  prac t ice  some contairment systems 
are more compatible wj.th ce r t a in  reactor systems 

A t  the  present t i m e  the  r e v i e ~ e r ' s  jud.g=.ment 131-ays a large role in 
evaluating rea[--tor systems f o r  'che granting of construction pei-mtto and. 
opera.ting l icenses.  
requirements, f o r  exampl.e, Code of Federal. Re,rrulations, 'Tit le 3.0, Pa r t  

to eliminate judgement f rom th:! hazards evaluation process Hovever, at 
the present, s t a t e  of experi.ence the  rxlost fimd.amenta1 pr inciples  t h a t  
coiild be incluiled i n  codes vary over m. extreniely broad range and, f o r  
the most part;, coruprehensive data are not a-milable, 
lieve -that cr.-i.-teria Twitten a t  t h i z  time ~~Lgh'cc impede prrog~ess t o  :;uc..h an 

s - d t ,  there a r e  few nationn.3-1.y recognized and acc~pted codes availa.ble on. 
c r i t e r i a  and. design of containment stnictLwca. 

c l ea r  age, have been revised and supplemented. t o  provi.de rules for .LEE 
de sigm oT pre ssilre coni;aimflenl; s t r u c t w e  s ,  wid new rul-es are forthcoming 
A comprehensive discussion of codes and critieria for steel (me-Lal) pres- 
sure eonta.imeat vessels  i s  presented i n  F5ction 2 . L  
reactors i n  the  Uni-Led States use s t e e l  containment veeaela, there  i s  con- 
sidera5J.e experience available on th5.s type of  con-t;ai:n:ment scheme, and- 
therefore the  discussion here of s t e e l  co:ntainnt?nt vessels is more compre- 
hensive than f o r  the other t ypes  of r e a d x x  containment o r  cuiifinemmt,. 

Attempts have been imd.r and 3.3~2 being rr,?.de 'LO codify 

I t .  100, lieac'~)r Sjlte C r i t e T i i 2 " "  ( s e e  Chapter l)> but tt is 11ot yet  posst'nle 

Ihuy people be- 

extent t n a t  nev desi-gns and concepts mig1:it not be inves.ti-gsted. As a F- L 

The bo i l e r  and pressiure vessel codes, which existed before the nu- 

Since most, power 

I 

"The work on t h i s  chapter was i n i t i a t e d  i n  1962 ljy @. L, Whitmmh, 
Jr., now of the  L e w i s  Research Center, and. vas completed by R. W, 
Schneider of BRT$L i n  1964.. The author i s  indebted t o  F. W. Catiidal of 
Travelers Indemnity Co., E. A. fen to^. of American Welding Society, Tac., 
:Henry G. I a m b  of Nuelear Standards Board, E. C. Mtller of ORIE, J. D. 
TpTil_d.ir~g o f  ASl', 8. 8. bhccary of Division of Reactor L,ieensFng, AEC, 
I;, P. Zick of Chicago Bridge and Iron. and others for aid. i n  thl.s work. 
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Before axy conta i  nrnec t  a.ml confinement schemes can be rega?-d.ed- as 
acceptable  t o  +he D i v i s i o n  of Reector Licensing of t h e  Atomic Energy Com- 
iiiiss’on, t h e i r  perf‘ormnce must be d.ecronstra,t,ed t o  t h e  s a t , j - s f a c t j  on of 
t h e  Commission. S ince  n a t i o n a l l y  recognized codes f o r  nuel-ear confine-.  
rrient s t r u c t u r e s  and c m t a l m e n t  v e s s e l s  ( o t h e r  thrm steel) ai-e e s s e n t i a l l y  
nonexis ten t ,  t h e  consideY2tion of zpp3.i.cahl.e codes f o r  t h e s e  s ti.uc’cures, 
as in Xectj.on 2.6,  must be of  a genera l  na tu re .  

I’c iliusi; be apprec ia ted  that code r u l e s ,  i n  genera l ,  provide miti_lmum 
s a f e t y  requirements.  The ASME Boiler an.d. Pressure Vessel Codes do not 
cover the d.et,eri.or;zti.oa t h a t  might OCCVI- i n  service as  a resu1.t of r ad ia -  
t i o n  e f f e c t s ,  corrosion,  erosion,  e t c ,  Nevertheless,  t h e s e  e f f e c t s  and. 
nwi?y o-thers r m s t  be considered i n  o r d e r  -to be reascma’o3.y assured o f  
achiev ing  -ihe speci.f ci. l.i.fe of the  vesse l .  Tm general ,  desigii parsmetxrs 
m u s t  ’be e s t ab l i shed  before  t h e  codes can serve a useful2 puiTose. 

Approval ’LO cons t ruc t  and opera te  a nuc lea r  f a c i l i t y  i s  granted by 
the 1)i.vislion o r  Reactor Licensing of  the U. S. Atomic Energy Commission 
and i s  d i r e c t l y  re lsLed -to corpiiaac:e wi- th  p e r t i n e n t  r egu la t ions  and, 
thus, l .izdirectly to t h e  a p p l i c a t i o n  of  appropr i a t e  codes and cri . teria.  
Guidance i s  prov-lid.ed. here by a di-scu.ss7.on of p e r t i n e n t  f e d e r a l ,  s’iaLe, and 
l o c a l  regul.ations sild t h e  f e d e r a l - s t a t e  r e l a t i o n s h i p .  

2.2 REGTJIATORY ORGANTZATIONS 

3.2.3- Atomic Energy Conirnission 
~ ....._.l_.l-I x___. 

The U. S. A’iornic Energy- Commission ( A E C )  was e s t a b l i s h e d  by t h e  Atomj-c 
Energy- Act of 194% and l a t e r  mod.i.fied. by t h e  A4toniic Energy Act of 1954. * 
Its prime f i inct ions ai-e (1) t o  regulate ~ i i e  a-i,mn:i.c energy :i.nd.iistry i n  a 
manner t o  protect i;he hea l - th  and safety intzi-csts  of t h e  publ ic ,  ( 2 )  t o  
cnn’Lrul. and. regulate the use an& possess ion  ol” speci-al nix3.ear m a t e r i a l s ,  
(3 )  t o  foster internatlorial  cooperat ion i n  t h e  use  and development of  nu- 
c l e a r  eneTgy, and ()+) t o  encoinage iricliisti-y p a r t i c i p a t i o n  i n  research and. 
deve1.0prne~t. I n  addi t ion ,  it is  a f ede rz l  law that :no one may b u i l d  oi“ 
opera te  an ato!!iic power pl-ant without  f irst  obbaining a (3on.s 1;ni~et;i.on per-  
iiii-t and then  an opera:;:i.ng l i c e n s e  from .the U. S. Atoinic Energy Commission. 

that  of  t h e  Divis ions 1xicie-r the Dri.:rector of Regulat ion are  shown rin Fig.  
2.2. 
censing OB r e a c t o r  systems, i-nclindj-ng t‘ne containrnent s t r u c t u r e ,  a r e  de-  
s c r ibed  below. 

May of 1961 (ref. 3) a s  a r e s u l t  of a Commission dec i s ion  t o  sepa ra t e  i t s  
re,rml.a-tory f i n c t i o n s  from Lliose of‘ opemti.ons and developrnent. P r i o r  t o  
t h a t  time the acLivi- t ies  o f  t h e  var ious  d i v i s i o n s  now repor t ing  t o  t h e  
Dixector of Regulations,  a yosi.t%.on that w a s  created i.n May 1961., reported 
t o  t h e  REC General Manage-, who w ~ s  a k i c  responsri.hle f o r  a l l -  Conmmission 
operai; ions and. d.evelopment, . 

Ai? o rgaa iza t ion  c h a r t  f o r  t h e  e n t i r e  AEC i s  shown i n  Fig.  2 . 1  and 

The func t ions  of .the d i v i s i o n s  ass0ciai;ed wiili the appro.v-al and li- 

The present organ iza t iona l  s.‘imc.l;ii.re was es 1;abl.j-shed 3x1 Apr5.3. and 
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C R E GI' L .A T 0 R Y 0 R G .A U 1 7 .  .A T 1 0  N 

~ ........ 
.ADVISORY COhIhIITTEE 

ON 

REACTOR SAFEGUARDS 

-. \ 
z 

I 
I 1 

OFFICE OF THE GENERAI.  COUNSEL 
I 

DIRECTOR O F  REGULATION 
J. F. Hennessry . . .  Genera l  Counsel 

R .  H. Schur Assnc. Gen. Cauneel . . .  
Harold L. Price . . .  Direc to r  

C l l l i u rd  K. Beck Deputy Di rec to r  ........... _ 
H. K. Shapar . . . . .  Asst.  Gcn. Counsel for 

. . .  Licensing .$ Cornphanee 

. . . .  Ass i s t an t  Director 

DIVISION O F  

REACTOR LICENSING 
DNISION OF STATE & 

LICENSEE RELATIONS 

D N E I O N  OF 

COMPLIANCE 

8. Lou . . .  Direc to r  

o rnb l i th  . Asst.  Dir.  - 
Reactors 

ubinski . . Asst.  Dir.  - 
Mate r i a l s  

DIVJSMN OF 
SAFETY STANDARDS 

F. Wes te rn  . . .  Direc to r  

J. J. DIVUMO . . Asst.  Dir.-  
R e a c t o r s  

L. R. Rog . r s  . . Asst. Dir.-  
Materials 

DNISTON O F  

MATEFIALS LICENSLNG 

J. A. McBride 
Direc tor  

E. R. Price . . Direc to r  

C. F .  Eason . . Ass t .  Dir. R.L.Doan, Dirc .  
E. G. Case, 

I. L 

........ I ~ 

ISOtopPS 
Branch  

Fac i l i t i e s  
st*ndards 

Branch  I Region I 

New York, N. Y. 

s t a t e  
Agrccmentr- 

B~dni 'h  

state 
Rel i t i ons  i. Branch  I Region II 

Atlanta, Ga. 

TeciLnical 
AesisPance 

Branch  

Soource & Spec. 
Nuclear Materials 

Branch 

R e s e a r c h  L Fower 
Reac to r  Saletg 

B r a n c h  

b d m t i o n  
Standards 

Branch  I Site 
Environmental  

Branch  

......... 

......... 
Cr i t i ca l i t y  

------ Branch  I 
__I_ 

C p n t o r  
Licensing 4 Branch J 
...... ____ I i.. ..... ._ 

R e r i m  Tv 

Denst.r, Colo. 

Ma te r i a l s  
stan&larLls 

Branch  I Indemnity 8: 
Export Control 

Rranch  

January 1.955 

Organiza t ion  Chart of Divisions TJndcr Di rec tor  of iiegulation, 
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As may be seen f r o m  Fig. 2.2 the s i g n i f i c a n t  AEC divis ions concerned 
i.n the l i cens ing  of nuclear f a c i l i t i e s  are the Divi.si.on of Reactor L i -  
censing snd the Division of Compll.ance. 
se l ' s  Office and the Atomic Safety and Licen.sing Boards play important 
r o l e s  i n  "the process. 
b r i e f l y  suiinmr i zed be low. 

In addi t ion t h e  AEC General Coun- 

The functions of each of these four g r o u p  arc 

2.2. I.* 1. Division of' Hea,ctor Licensing 

The Divisicn of Reactor Licensing i s  d i r e c t l y  concerned w i t h .  311 as- 
pec.l;s of administering the Commission's program of reactor  l icensing. 
'The Division has the  responsilji.l.ity- of developing l icens ing  and. regulatory 
po2ici.es i n  close cooperat ion w.i-t;h the  several. advisory groups t h a t  are 
ava i lab le  t o  iL. This includes development of regulatlons fox- p a r t i c u l a r  
uses, development of cri.te:ris for issimnce o f  spec i f ic  and genem.1. 13.- 
ceiises, eval.uati.on of health and safe ty  :Ceatw~s o f  proposed act ivLties ,  
determination of technical a.nd Tinancia1 qua l i f ica t ions  of applicants,  
al.loeation o f  spec ia l  nuclear rn?t;erial2 and development arid appl icat ion 
of t h e  indemniLy program. 'Ik Division has t h e  furt'ner responsibility of 
3..licensing a1.3. p r i v a t e  a c t i v i t i e s  In the U. S.  involving tne use of source 
and spec ia l  m;t-t;eria.ls 

2.2.1.2 Division of Compliance 
-114 ____ 

The purpose of the  Qivis ion of CoiqfLiance i s  t o  d i r e c t  the progrsm 
for the inspecti.om and i n v e s t i g t t i o n  o f  rru,-terials and f a c i l i t i e s  to de- 
termine compliance. The I3i.visi.on provides guidance axld ass i s tance  Lo the 
I,ir:ensee ' s  inspection staff. KLthough no1; responsible f o r  dwelopment of 
i.egiik+tions, the Ili.vision t,lnroug;h i t s  experience, i s  able to reconmiend 
i-e,.Sulation and regulatory changes. 

The Office of the  General Counsel i s  closely involved i n  t'ne legaL 
~ s p e c t s  of a l l  phases of AEC l icensing,  regpla-tory, coinplfance, and in- 
spec-Lion activities % The nios-t substant,ial par t ic ipa t ion  of the Office of 
the General Counsel in the regplatory progmm i s  through counsel. -to the 
Division of Reartor Licensing and t h e  Division of Compliance. In l icens-  
ing cases t h e  Office closely follows, Prom the l e g a l  stundpoint, all docu- 
ments and tesLimony submi-t;-ted by t h e  l icense? and other Interested par t ies .  

2.2.1.4 Atomic %fe%:r and Licensing Board 

The At0111i.c %fe ty  and Licensing Board has the  responsibi1ii;y- of cos- 
ducting bea:cings and iss!ling orders and decisions i n  l icens ing  cases. 
YYie Bcard performs no d i r e c t  r o l e  i n  %he development of general  Commis- 
sion .r.e,vcllatory pol ic ies ,  exce:~t t o  the ex-Lent tha-t; ouch pol ic ies   my be 
develuped i n  a decis ion o r  order which becomes the ac t ion  of t'ne Cormis- 
s1on o r  becomesma f i n a l  order i n  the absence UT review by the Commission. 
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The Board I.s separated from t h e  staff  and the  Cornrilrission and does not  com- 
municate with couilsel, menibers of t h e  sLaff, or p a r t i e s  i v  a procecding, 
except upon the record or as ot;herwi.se pe imi t ted  by law. 

2 .2 .2  Advlsory CommiLLee on Reactor SaT'ggiuards 
1..4 

The Advisory Comii.t-tee on Reactor. Safeguards (ACi?S) was es t ab l i shed  
to review t h e  design (Including contai.nment provis ions)  of  a l l  proposed 
power r eac to r s .  An advisory se rv ice  was i - n i t i a l l y  in-t;en.ded, bu t  the 
Ai;omic Energy Act of 1954 was amended." i n  SecLion 29 on Septeniber 2, 1.957 
t o  give ACRS s t a t u t o r y  status and to make hear ings rmndatory on spec i f i ed  
f a c i l i t y  1-icenses. The ACRS has an authorized membershi.13 of 15> a n d  each 
member i s  a recosinized exper t  i n  some phase of nucI.ear r e a c t o r  technology. 
These meii a r e  appointed t o  four-year  terms by the  AEC. 

s ion  t o  reques t  advice Prom t h e  ACRS on any r e a c t o r  s a f e t y  problem and 
direct,ed t h e  Conmission t o  ob ta in  such counsel oil al.1 power and test, re- 
a c t o r s  consldered for l i cens ing  by t h e  Cormiission. Subsequen.tly, by issu-  
ance of Fa r t  115, T i t l e  1.0, Code of Federal  Regulz-t7.ons3 t h e  Comnissi-on 
w a s  also requi.rred t o  ob'cain ihese se rv ices  f o r  o ther  nuclear  reac tors ,  
e. g., Commission-owned r eac to r s  which would  o'cioel-wi.se be exempied f r o m  
l i cens ing  requirements. Y"ne procedures for t h e  review of such facili-Lic.8 
are known as "paral.lel procedures, 'I s ince  the procedures I'paral..l.el. '' those 
f o r  l i censed  f a c i l i - t i e s ,  even though such a License i s  il-ot required Tor 
Cormni s s ion-. ovne d fa  c i. 1.. it i e s . 
f ea tu res  was indicated by rccomlendations madc t o  Chairmi? Seaborg of iiie 
,GC on Septer-ber 11, 11.961- 

The 195'7 amendheat t o  t h e  Atomic Energy A c t  authorized Lhe Coimis- 

ACXS concern regarding some aspects  o f  eonta.i.nment and rela'ied s a f e t y  

Some of iiiese reeomendat ions were that6 

"(1) Except i n  spec ia1  u n i t s ,  a l l  niic.lear ves se l s  a.nd 
pj-pring be designed, hui.l.t, and inspected i n  accordance with 
o m  of the  recognized codks and that no deviatj-on be permLLted. 
except as provided. by t h e  code used.; 

f o r  use i n  nuelear  ins.Lal.l.ations, recogni.t,i.on be given t o  -ihe 
need f o r  care  beyond code reyy.iJmnents i n  s e l e c t i o n  of materials, 
control. o f  fabric:a-t;ion, and t e s t i n g ;  

" ( 3 )  In t h e  Hazards S u m r y  Report, ( a , )  the  code used 
be spec i f ied ,  and ( b )  assurance be given t h a t  adequate con- 
comitant ma te r i a l  selec-Lion, manufacturing procedure, and 
t e s t i n g  w i l l  be  used; . . . .'I 
A s  noted e a r l i e r  t h e  containment system 7.s bu t  one of several. engi- 

neered safegiiarcls t h a t  have been used o r  considered f o r  use w i t h  nuc lear  
f a c i l i t i e s .  
to AEC Chairman Seaborg regarding t h e  best ing requirements f o r  engineered 
safeguards:  

"( 2 )  In  selec'cion of vendors for supplying ?qui.prnent 

The ACRS a l s o  expressed itse1.f i n  a le - t te r  of  Apr i l  18, 1953, 

"me Increasing pressure  to  I.ocate nuc lear  power p l a n t s  
near populat ion centki-s r equ i r e s  'chat designers  of -these 
p l h i t s  incorporate  i n  their designs engineered safeguards 
t o  reduce the  magnitude of postill-ated rad ioac t iv i . ty  r e l eases .  
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"T1.ic Advtsory Committee on Reactor Fafewmds is of the 
opinion that, as a pr inciple ,  where such engineered safeguards 
are  incorporated i n  plants, they shoidl.d be s o  designed and 
b u i l t  t h a t  %heir relia'bLlj.ej caa 'ne -Leu Led continuously or at 
1ea.s-t frequently under design conrli . t i  onsI o r  imder cosditiona 
such tha t  conservative exLrapolation t o  design con.dritl.ons can 
be made. This muM in.sure t h a t  no deter iora t ion  occurs t h a t  
could. lead t o  increases i n  the pos'ciLLat;ed z f f ec t s  of accidents.  " 

2 , 2 . 3  J o i n t  Committee on Atomic Iilizei-gy _. 

2. 2.4 Si,at,e Activities in .P;tcmic:: Energy 
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all users thereof  and a3.11 persons vl l h in  e'fecti ve range thereof 
froim being exposed ?o excessive d-os.zge of radi.atlio:n. ' 

when Con.gress enacted an amend-merit t o  t h e  Atomic EnerbT Act of 
2-946. 
Act of 1954) was t o  provide a prc~gim-n. t o  encourage wi.despread 
p a r i i c i p a t i o n  i n  tile devel opment and u i i l i z a t i o n  o f  atomic energy 
for peaceful. p-rposes  t o  'chz m.xi.mum exten t  consistent with t h e  
coirmon defense and s:xii:ci.%y ai-td with the hea.3.t;h a.nd s a f e t y  of 
t h e  publ ic .  ' The a c t  spec i f l ed  I;hat the l i c e n s e s  -iLssued by t he  
Atomic Energy Comlili.ssS.oi2. could cover any type of i l . t i l i za t ion  or  
producti.cn faci..l_ity .which was suffj.ci.ently dzvdoped  Lo be o f  
p r a c t i c a l  value f o r  indiist-pial  o r  comriez.i:j.al- purposes, and i - t  
d i r ec t ed  t h a t  t he  l i c e n s e s  be sii'nject t o  safe-ty s-taind.ards t o  
p ro tec t  heal th  a n d  nii.ni.mize danger 'io I.i_fe o r  property.  

I-anguage f o r  St  e radiat ion-con-irol  J.egi slation were issued by 
severn.7. gi-ou.ps among Lhem klne Council o f  S b t e  Govemmeats 
t h e  National Coirmittee f o r  Radia-Lion Pro k c t i o n ,  t h e  New Engl.ai3.d 
Commit,tee OLL ALortiic Energy: ai?d t h e  Universi ty  of' MLchigan k w  
School. 

problems involved and coordi o.ati.o:n of atomic e n e r g  a c t i v i t i e s  
were 2sseni;ial .  .~n. 1.955, s i x  Sicies (Connecticut, Lllinoris, 
lvk.in.e, Michigan, New ITampshire, and %ode Is3.and) adopted l a w s  
auLhorj.zj-ng sxudies t o  be made i n  t h e  f i e l d  of ai;om"Lc energy 
developments 7-ncl. itding considerati-on of 'i. need for l e g i s l a t i v e  
changes because of  such. develi.op t s .  Othcr S-taLcs 7.dopted s i m i -  
lar laws i n  t h e  ilext sevcrn i  ye : for example, Nassuchusetts , 
New Jersey,  and Sou'di Caroltna. in 1956; Tennessee rin 1.95'7; 
Kentucky i n  1.958; and Alaska, Kansas, Ni-ssoiri,  and Texas i T i .  

3.353. Laws i n  Arrkans%s3 Fl.orida, Ohio, and Washington, i n  195'1, 
provided for s t u d i e s  .io be me.d.e and for coordine.t,i.on or a.to-mic 
energy activ-ii,iLes, Other Siates pi-ovidtng f o r  coor 
i-ncluded Connecticut and Ne~zr York i n  1955, and. Ca1 . i  
Carolina,, a a d  Oklahoma i n  1959. 

1954, authorized t h e  A-iomic Energy Commission under c.er'iai.iI con- 
d i t i o n s  to make agreements with indiv'idij.a.1. States; permit Ling 
the 3.atA;er t o  e m r c i s e  corAro1. ever c e r t a i n  spec i f i ed  s c i l i~es  of 
r ad ia t ion .  'This save added impe-tus t o  the ,Stat.es t o  pass  more 
comprehensive legis la-Lion f o r  the a c t u a l  con t ro l  of  a c t i v i t l e s  
involving r a . d i a t i o n  and, s ince  1959, 29 States have passed. new 
l a w s  Oi" amended exi.sti-ng ones. %ny prov,isions i:n these laws 
are based on the  s t u d i c s  m a d e  by the Sta t e s  i n  the p-evious few 
years .  

designed. t o  con-trol  rad ia t io i i  hazards. 
l a t iom]  

"Tn 1954, ihe F e d e r a l  Govermen-L took an rirnyrtani s tep 

One purpose of  t he  new a c t  (desi.gna.ted as the Aiorn ic  Energy 
1 

"About t h e  3a;:ie -Limej 'model- codes zontaiinri.ng suggested 

1 l i i ii?er, too,  the S k a t e s  began t o  rezlj.ze t h a t  studies of 'die 

"Congress , in a. 3.953 amendmen'i to  tile A nic Enei-gy A c t  of 

"At present  42 Sta t e s  iiave l a w s  o r  resJ..l.a,t;i.on.s s p e c i f i c a l l y  
[See fol.J.owing tabu- 
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States  With Radiation IZmards 

Alabama, 
Alaska 
Aykansas 
California 
Colorado 
Connecticut 
De 1a:m re 
Florida 
ldzho 
I l l i n o i  ~i 

lrirliana 
Kansas 
Kentile ky 
Loui s i ana 

- 

IJa irie 
blarylanil. 
143. E sa ebu.s e t  t s 
Michigan 
Imx1esota 
?fi s s i s  s i pp i  
1453 sour i. 
Ne'ora ska, 
Nl2VEtdS 

New Farfipshi.re 
New Jersey 
New Mexico 
New York 
North Carolina 

North Dakota 
Ohio 
Oklahoma 
Oregon 

SouYn Carol-ina 
South h k o t a  
Tennessee 
Texas 
Virginia 
Wa shingt on 
We s t  Virginia 
\? is  e on6 in 
Wyoming 

Pennsylvarlia 

"Qiese have ce:r-tuln nlafor features i n  cornon, al-though 
n o t  all o f  the prolrisioris a r e  fowid i n  each of' the laws. 
These feal.tixes i.nc1.v.d.e :rwP_e-maki.ag aiudhority, l icensing o r  
re@stration requirmien-ts, o r  both, record.keepi.ng requirements, 
and. naming a spec.,j.fi.c regulatory agency. The Laws of some 
States authorj-ze -the Governor t o  enter  i n to  agreement with t h e  
Federi?.l Go~~errmien.t, for transfer t o  ,State of certain AEC 
r e s p o n ~ i b i l i t i e s  i.11. comectio?i wtth Yrie coiztrol of so-uces 
of ionizing rsdiat ion;  arid a,uthorize the  regid-atory agemy t o  
enter  1.11to a g ~ e n i e n t s  with the Federal Goverment, o-ther 
States,  or i n t e r s t a t e  >ncies for co~pera.t ive inspections OT 
performace of o t l ~ e r  radicz'cion control f1x~ tions I 

"~7.~1.ni~i~3,k.ri.ng Awthority 
__ -̂- lll___.___..__..__. I 

"Awttmrity t o  ~ m k e  r d e s  f o r  racYiatj.an. protect ioo is speeiflic 
i n  35 States .  Under such authority,  at least 24- of the  States 
l ~ v e  issued. safety codes. Four additional. States have issued 
radi.ation codes under tlneir general safety rulmaking authority, 

the  radiat,inn codes of the States. ReqiLiremenLs that are 
colmnon3.y f'oimd incI.i.de : t ha t  the employer f i r n i s h  ins t ruc t ion  
s0.3. t ra in ing  i n  the use of  a l l  necessary saTegu.a,rds and. pro- 
cedures to employees who handle radioactive mi t e r i a l  o r  operate 
machines t h a t  produce r a d i a t b n ,  and t h a t  he fii.mish safe ty  
device s, p-rotec t i v e  Cl<jthilIg, and appropria, te personnel monj.- 
to r ing  equipment f o r  all. persons f o r  whnm there i s  a reasonable 
possibility of t h e i r  receiving anioimts of radI.ati.oa i n  excess 
of some percentage of the maximum :permissible aiii'3ixits speci-fied, 

"ITIiera i s  considerable variance among the  psovis5.on.s of 
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'li&qi.sti-ation .................... and Licensing 

" O f  t h e  42 Sta t e s ,  all but  2 provide TOT e i t h e r  regisf-;l.ati.on 
o r  l ikensii ig,  or bo'iii, by t h e  S ta t e  reguJ.atoi-y agency of the 
l sowce  of ion iz ing  radia-Lion, 
s ta l . l a t ion ,  ' o r  'a11 who possess  or use r a d i a t i o n  produ.cri.iig 
machines oi' devices  or equi.pme:nt u t i l i z i n g  hy-product, sou-ce, 
s p e c i a l  nuclear  materials, ' o r  simj-lal-ly descr ibed persons 
or processes  concerned wi.f,b radioac Live materials. 

' h i r L y - s t x  states provide  or r e g i s t r a t i o n  and 24, f o r  
l i e  ens ing, e i t h e r  by s t a t u t o r y  requirement, s t a t u t o r y  a u t h o r i  ~- 
zat ion,  or r e g d a t i o n .  As men-Lioned above, some of t h e s e  S ta t e s  
req1nj.re both regis- t ra , t i .m and l i cens ing .  

"Recordkeepl ng 

''Two p r i n c i p a l  types of recordkeeping a r e  required i n  t h e  
l a w s :  (1) records of t h e  sources of r a d i a t i o n  a n d  ( 2 )  records 
of personal  exposure t o  r ad ia t ion ,  Lensed 'personnel  moni-tor- 
in&. ' 

"The laws of 3.6 S t a t e s  require records of  Lhe sources of 
radiation and the d i sposa l  o r  t r a n s f e r  .Lher-eoS, In most of 
these,  -the provis ions are worded sirni-larly, requiriing persons who 
acquire ,  possess,  or use sov~ces of ion iz ing  radia-tlion 'io main- 
t a i n  records relat - ing 'io the3.r r ece ip t ,  s-torage, t r a n s f e r ,  o r  
d i sposa l ,  and such o ther  records  as the r egu la to ry  agency TM,Y 

deem ne c e s s a r y  . 
lhe persoimel monitoring provis ion  r equ i r e s  each person 

who possesses O'L" uses a source of Toni-zing rad . ia t ion  Lo  iflain- 
tairi appropria-Le records showing t h e  radia,ti.on exposure of  in- 
divid.uals Tor whom personnel. .moi7.itoring i s  required i)y rules 
and r egu la t ions  of  -the r egu la to ry  agency. 

" A d m i i i i s t r a t  j.ve Agency 

t i v e  aeency i.n oneS Wisconsin. 'The labor department; arid the 
i n d u s t r i a l  a.ccident board have j o i h t  resporisibi1ii;y j.n Idaho. 
J:n. Pbssachuset ts  and New York, t he  h e a l t h  department i s  re- 
sponsible  for t h e  publ ic  heal.-t;h a spec t s  and 'chc l abor  depart- 
ment f o r  the pro tec t ton  of employee;; i n  i n d u s t r i a l  es tabl ishments;  
however, t h e  a c t i v i t i e s  of t h e  two departimnts are coordinated 
through a separa te  agency. ii? South Carolina,  t he  Govemor, 
when he de-i;ermri.nes t h a t  t h e  publ ic  hea l th  and s a f e t y  so rcqaire, 
i s  authorized t o  designate  the h e a l t h  department as tAe ~ e g u -  
latoi-y agency. In t h e  o the r  37 States, the h e a l t h  department 
i s  designated as the r egu la to ry  agency, 

"Federal- S t a t  e Agreements 

"As a l r eady  mentioiied, t h e  1959 aait::nc-lnent ( Public I a w  
8 6 3 7 3 )  t o  t h e  Atomic Energy A c t  au tho r i zes  AEC, upoii reques t  
by -the State ,  t o  e n t e r  i n t o  an agreement wri.th t h e  Governor 
providing f o r  release t o  the  S t a t e  of  cer ta in  a spec t s  of AEC's 
1.icensing and regiilatory a u t h o r i t y  over r a d i a t i o n  sources.  

1 1  opera tors  of a r a d i a t i o n  in-  

I....s ---- 

Ilr.i  

"Of' t h e  42 StaLes, t h e  I-abor depar tmn- t  i s  -the adimhistra- 

I 
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Such agreements a r e  contingent upon a finding by AEC t h a t  the  
S ta te ' s  regulation and control  program i s  adequate and cormat- 
ible w i t h  t h a t  of mc, 

with AEC's include the  concept of comprehensiveness. 
interpreted t o  mean t n a t  the  State should re&gul.ate a l l  sources 
of ionizing rad ia t ion  a.nd not l i m i t  i t s  program t o  the segment 
which the AEC m y  l ega l ly  t r ans fe r  t o  the State  under Public 
I a w  86-373. 

"men-by-seven States  have authorized such Federal- State 
agreements, and the  Atomic Energy- Commission repor t s  t h a t  six 
of these have concluded agreements, thus t ransfer r ing  ce r t a in  
r e spons ib i l i t i e s  f o r  radiat ion control  t o  Arkansas, California, 
Kentucky, Mj.sslssippi, New York, and Texas, 

"%ut,hern I rke r s t a t e  ITuclear Corm~ae-t 

"Tne c r i t e r i a  for  compatibil i ty of t he  LState's program 
Dil.s i s  

"In 1958, a t  the 24th annual meeting of the Southern 
Governors' Conference, a pro jec t  wds a,pproved t o  c rea te  the 
Nation's first regional- i n t e r s t a t e  cora-pact on at,omic energy. 
The Regional Advisory Council on Nuclear Energy, created by the 
Governors ' Conference i n  1956, had recommend.ed the  Compct . 

"The Southern Ilnte:estate Nuclear Compact declares that the  
proper emnplopent of nuclear energy cu.n assist substarntia1l.y in. 
the  indus t r ia l iza t ion  of the  L%u'~h, and t h a t  optiniwn benef i t  
from an acquis i t ion of nuclear resources and f a c i l i t i e s  requlres 
systematic encouragement, guid.anee, and assis tance from the  
par ty  States  on a cooperative bas i s  I 

composed. of one representat ive from each member State.  Among 
i t s  duti-es, the  'ham3 i s  empowered t o  encourage -the development 
and use o:C nuclear energy f a c i l i t i e s ,  and t o  study xiid recomnend 
changes in i ndus t r i a l  health, safety,  and other Laws and. regu- 
l a t i o n s  of the  par ty  St,ates. 

t o  join;  it ms 'GO become ef fec t ive  when enacted by 7 of the  
States, arid approved by the  U. S. Congress. It went in to  
e f f ec t  fol.l.oving approval. of Public Law 87-563, Ju ly  31, 1962. 
The fol lowtng 13 States  have become iiiembers : 
Florida, Georgia, Kentucky, Louis iana, k ry l and ,  &Tis s i s  sipp?., 
South Carolina, Tennessee, Texas, Virginia, and. West Virginia,. 

"In 1363, b i l l s  proposing meun'oership were introduced in to  
the  1.egi.sl.atzares of the r.-mmiaing three  e l i g i b l e  States;  those 
i n  North Carolina and Oklahoma were not passed. 
b i l l  i s  s t i l l  pendi.ng, as the  1963 l e g i s l a t i v e  session ilz that, 
State  w a s  c s r r l e d  over i n t o  1964. 

"1364 Legislative Developments 

goes t o  press, -futiner evidence of continuing i n t e r e s t  and 
act ivi t ,y  coc~~es from 3 adil%tionnl States. Laws were enacted 
by the  legisla'cures of Arizona and Georgia (S ta tes  which 

"The Compact creates  the  Southern In t e r s t a t e  Nuclea,r B o ~ z r d ,  

" rhe  Compact l i s t s  16 Southen? S ta tes  vhich a r e  e l i g i b l e  

Ala.bama, Arlwmxm, 

The Delaware 

"Siiice the  foregoing urialysis was rrade, and as t h i s  issue 
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forixer3.y had no rad ia t ion  eonLmL I-egis ls i ion)  a.nd i.n Virginia 
(which had a r e g i s t r a t i o n  requirement for cer-taln r-adtation 
sources but 110 other provisions) .to provide Pot- comprehensive 
radiaLion control by the  States .  These l a w s  desi-gnate a 
regulatory agency, giving it r.uJ_emaking ai.ithorily, and require 
l icensing and registra-Lion and recoidkeeping. 
the  Governor au thor i ty  t o  en-Ler i n t o  an agreement writh the  
Federal Government f o r  the S t a t e ' s  assumption o f  control  of 
rad ia t ion  hazards. IT-%- 

States  having entered i n t o  agreemen-ts with the  AEC f o r  t r a n s f e r  of 
r e s p o n s i b i l i t i e s  a r e  l i s t e d  bel-ow, aJ.ong with the date  of t,he agreement 
and designation o f  the  responsible s t a t e  agency: 

They al.so give 

State  

h k a n s a s  
C a l i  fornia  
Keniuc ky 
Mississippi 
Ne%7 York 
Texas 

Date of Agree- 
nent with AEC Responsible State Agency 
- ........ ____ ....... 

July 1; 1963 Sta-Le Board of Eenl t l i  
July I., 1762 State  Department of Riblie IIeal-t'n 
March 26, 1962 Kentucky At9i-nj-c JQiergy Authority 
Ju ly  I., 1.962 Sa-Le Boai-d of Iiealtlrr 
October 15, 1962 Office of A t o m i c  D e ~ ~ e l o p r e n t  
Ma,r~h I, 1963 Sta-te Department of ileal-th 

2.3.3. General 
-..1_._.1.. 

Licensing and aiit,horization of a reactor ins.Lallat-i.on a r e  usual.2.y ac- 
coniplished i n  JTwo major steps : .Lhe i.ssuance of a construction permit 
e a r l y  i n  t h e  h i s t o r y  o f  the  project  and the issuance of an operatlmg 1.i.- 
cense upon 'die successfu-l. completion of fabr icat ion.  A pi-'ovisi.oizal Ii- 
ceme i s  frequently issued f o r  a specif ied period of the, and. i~pon t h e  
siiccessful completion of t r i a l  rwis, an operating IXcense i s  issued. 

Before a l icense i s  granted by the Carmission's Division of Ke3.ctor 
Ltcei~sing (UXX,), the  Df.vi.sion must be s a t i s f i e d  tAat the faclrili%y as de- 
sigped. and fabricated and as proposed t o  be opera-Led wTi3.1 not resiLIA; i i i l  

undue hazard t o  the  heal.th and safe ty  of the publ..i.c. The rezctor  safety 
analysis  reports** siAxnitted by the applicant a r e  the prrincipal docimmts 
upon vliich the Conmission (and the ACRS, as appl-icable) base t h e i r  revliews. 

*"Note : This swmmry was prepared f r o m  sources curren t ly  axai lable  
rim the  Bureau of Tabor Standards. 3Irthe:r d e t a i l s  on t h i s  subject ai"e 
given in Fact Sheet No. 9-B, 'Bri-ef Smuriary of State  Laws and Regulations 
for the  Control  of Radiation Hazards, Division of Stat? Services, Bureau 
of Iabor Standards. 

**The previous terminology w a s  Ibazarcjs s m a r y  report .  ' I  
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Tliroughoiut the course of .the reviev of a riuelear f a c i l i t y  as pa r t  of 
the  procedure leading t o  a constniction permit or ai? opemtlng license, 
copies of all pert inent  docLuncilts ai&mi.l;ted by the applicant or pmpared 
by the AEC are f i l e d  i n  t h e  I3ibl.i.c Thcunent Room, 1'LLr[ H Street, W::dxl.ngl;on 
25, 13. C. , where t h e y  nlay be examined. 

A guide to the purpose, organlzation, and contents of safety a n a l y -  
s i s  reports  has been prepared by DRL, l2 The mt lxr ia l  t h a t  fol?.ows i s  5.n- 
tended t o  be a guide t o  eodes, c r l t e r i a ,  and regulations as applied t o  
contaf.iment an.d shoillcl not be eons t m e d  as an 1rrt;erpretat;ion of Comn3-ssion 
regulations o r  the specii-ic gr.ocess of evaluating -tihe sn-t'ety of R gi-vet!. 
r e  a c t  CJ x' appl i c at i. oil I 

Al.1. federa.3- regulations pertaining to atomic energy a,re published i n  
Atomic Energy &des and. Regulations, T i t l e  10, Code of Federal E e g ~ l a -  
t i o n s  1.3 Tire ~ c d e  ri.s R loose-leaf document because con.+,j.nus~. revisions 
a ? . ~  ~~ecessa.t"jr t o  keep pace with an inlierently dym.m%c, si.i;ual';ioa, 
follow21ig par ts  are pertinent, to ?Ale subject  of C G C ~ S ,  crl.teria, and regu- 
1.atlons : 

The 

1. Part 20 SLandaids f t x  Protection &:xlnst P&,cliation 
2. Fart, 50 P.,i.eeizsing of Prod.uc.t;ion and Uti l iza t ion  R x i l l t i e s  
3, Part 100 l-ieactor Site C r i t e r i a ,  
4.- Fart 1.1.5 Fvocedurres for. Review of Certalin Nirc3-es,r Fieactors Ex- 

em;pted f m m  L i e  ens ing Re c:luiremen.t s 

Tile Comm?-ssLon regulations arej i n  effect, s ~ ~ m m ~ r i z e d  i_n tbt3- subse- 
quent sections of Lhis chapter. Proposed. reguJ.ations are published. i n  the 
Federal Register for cosmrients, and .the canmerits are revlewed.. Wien deemed 
advisabl.e, tiney a r e  incorporated in%~ t i e  P 5 ~ i a l  version or" the  regulation, 
which i s  then p7.aced. I.n e f f ec t  'ug decree. 

As discussed i n  Part 50 o f  t he  Code, "Licensing of ,Produc%i.on and. 
Ui;Lli_zation Ehci l i t i cs ,  
stmicti.o:n OS a "u t i l i za t ion  raci l . i tyi i  n ~ y  comnence. 
i s  de-finecl i n  t h e  Code, Sect. 50.2(b), as 3ny nuclear rezickor other thsn 
one d k s  igned or used pri.mnrily Tor the  prodluction of' plu.-ton:Linm, in which 
event, the  reactor  would be a production %'aci.l.ity under SeeL. Ut of t h e  A c t  
and Seek. 50.2(a) of' the Cod.e. Reactors are licensed under Sect. 103, 1.04, 
and 1.85 of the Act. 
condi-tiofis under which the f a c i l i t y  m y  be con.stru.cted and. operated. 
permit or l i cense  also us11a1l.y contains the ax1 ;hor i ty  t o  reeeriw ancl .u.w 
spec ia l  iiw1ear miterial in certain axmiants, source m a t  1_ as reqiiired 
by tile type of facility, a,nd. ce r t a in  by-product materkl. tP1ixt iriay be pro- 
duced incidental ly  by operation of the fac.il_ity. Ybe term "cOnsi;n,~e'r,iou'' 
does not include s L t e  exploration, s i%e  exca.vx,i;ion, prepar:i,ti.on OS -the site 
for construction of the fnci.l.i.l;y, o r  constiwetion oi" roac?im.ys , ra i l roa,d 

a perwit m u s t  Fc issued by t h e  AEC before con- 
( 1 -  
[ J t i l i z a t i a i  facil- i ty" 

The peimit or license is exp l i c i t  i n  s e t t b g  out the 
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spm?s, and trmami.ssion l i n e s .  
no t  tnclilcie construcLion of nonnuclear f a c i l i t i e s  ( si~.cln as tu rb ine -  
genera tors  and tu rb ine  bui ld ings)  atid temporary- bui ldings,  such 3s con- 
s-Lruc-tioii equipment storage sheds. 

There a r e  seve ra l  s t eps  i-nvol-ved i n  ’ihe issii.ance of a cons t ruc t ion  
pexmi.t,; i n  t h e  t y p i c a l  case they  would include t h e  foll.owing: 

1. app l i ca t ion  for a constru,ction peruini’c, sin’umittal of  a prel imi-  
nary s a f e t y  anal-ysfs r e p o r t  (al..sc c a l l e d  a siLe eval.i.iation r e -  
pori; because o f  t h e  fwict?:.on which i t  i s  intended to se rve ) ,  
review o f  case by Cominission staff ( D R L ) ,  
review of case by Advisory Committee on Reactor Safeguards, 
publ ic  hear ing i o e f o ~  an Atomic Safety and Licensing Board ap- 
pointed by t h e  Coniiilission, 
gran t ing  o r  deiiia.1. of the constrtictTon permit. 

1j-t  add i t ion ,  .the t e i a  ‘Iconsbiwctionr1 does 

2.  
3. 
4. 

5. 

The above l t s t  i.s not  i n - h i d e d  t o  imply ’chai; t he  review procediires 
i”01l.o~ i i z  t h e  sequence ind ica ted  without any internrcdiate s teps .  Follow- 
ing step:: 2 o r  3 o r  bo th  the  appl icant  i s  Trequeiitly asked -to sii~pply ad- 
d . i t iona l  information t o  supplement t h a t  i n  t h e  prelirnlnary s a f e t y  analysis 
r epor t .  
informa Lion, wh?.ch usua l ly  becomes a p a r t  o r  ’che I.i.cense app1icai;Fon.. 

The request  f o r  a. cons t ruc t ion  permit i s  made -to t‘ne Commission 
e a r l y  i.n t h e  h i s t o r y  o f  the p ro jcc t .  A s  the n ~ m e  implies,  it i.s a requesl; 
f o r  auLliorization t o  begin fa’xri cati-on and erection of t h e  reac-Lor conipl.ex. 
A preli.minary s a f e t y  ana lys i s  r z p o r t  i s  subml.tted ~d ’di t h e  request .  Its 
purpose i s  to  provide s u i 7 i c i e n t  i i n f o m t i o n  t o  permit an cvaluati.on~ of 
t h e  p o t e n t i a l  hazards t h a t  rni.ght be cncoui tered during normal operat ion,  
as well as t h e  consequences of these acc idents ,  3.ii.c:Iudi.ng t h e  maxi.,ii~im 
ci-ed.ible acc ident  (m.cz) . 
concemirtg the  ins-iallatS-on and safe-by- s Latus as i s  prac . t j . cd  t o  develop, 
consider ing the conceptual s t a . t e  of t h e  design. 
poi-tame t h a t  should he covered i n  Lil t .  r e p o r t  include desc r ip t ions  o f  t h e  
f ollowj-ng : 

The applicaLion i s  then  emlua-ted ri.n l i g h t  of - th i s  ad-di.tiona1 

It should. conta in  as much me.?.ni.ngful informa’iion 

Some areas o f  major h.. 

1.. resc-Lor s i -Le  I 
2. cou.taj.nment sys-’Li-n.n, 
3. r eac to r ,  
i:-. primary coolant  system, 
5. power conversion system, 
6. imtnj .mentat ion and c o n t r o l  systems, 
7. acc idea ts ,  po’cential hazayds, maxi-rflum c red ib l e  accident ,  and de- 

t a i l e d  cons idera t ion  of proposed saYegij,zbrd.s. 

A t  t he  cons-Lruc~tihn penflit stage all. deai-gn d e t a i l s  and reactor be- 
havior   my i l n t  be firmly est,ub3_ri.shed. The appli.cajit is thus  expccied. t(~ 
indica‘ie s(.xne upper boundary Poi? the  hazards s o  thzL subsequent sys tem’cic 
analyses  w i l l  ( i n  a3.3- p robab i l i t y )  show c red ib le  acc idents  t o  be below t h e  
pr e s c 7.- i b  ed upper boundary . 

Tihe a:ppl..ication f o r  a ccms t,rruction permit, accompanied by a pre1.ri.m.i- 
nary s a f e t y  ai ia lysfs  rep ; i - t ,  i s  submitteci t o  the l o c a l  AEC Opei-atioins O f -  
f i c e  as t h e  f i r s - b  I”orillal. s t e p  i n  the  1 i c e n . s k g  p-rocess. 
and re;po-rt, w i t h  AEC O-perati ons Off ice  review comments and. recommenda,bions, 

The app?.i.ca”irion 
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1. app3.ica Lion for ail opera t ing  l i cense ,  submf-ttal of a f i n a l  sal”e”iy 

2. review of case by Comiss ion  staff, 
3.  review of case by Advisory- Comit’iee on Reac-tor Safeguard.s, 
4. 
5. 
6. 

In con t ra s t  t o  t h e  coilstruc-iior). peiuilit, which i s  based on th2  appl-i- 
can t  rneei,ing cer-Lain q u a l i f i c a t i o n s  and demonstratlag t h a t  t h e r e  i s  rea-  
sonable assurance t h a t  t h e  faci l i -Ly can be bu i l t ,  and operated wi-thout im- 
due hazaxd t o  the h e a l t h  and safety of‘ t he  general. publ ic ,  the operat i i is  
permit i s  based on ihc appl. icant d-ernonstra-Ling t h a t  the f a c i l i t y -  ms b u i l t  
and wi7.1 be operated. without 1mdu.e hazard t o  the hea.l.th and s a f e t y  of t h e  
public . 

ana lys i s  r epor t ,  

inspec t ion  of f a c l l i t y  by Commission personnel,  
publ ic  hear ing before  an Examiner appointed by t h e  Co-nmissi.on, 
gi-anting or d e n i a l  of an operatI.ng l i cense .  

2.3.5 Containment Descr ipt ion i n  ..... _._. Pi.aa1 ,Safe-ty Anal-ysis Report ____ .............. ~ .-.. 

The pyeceding di scussion p e r t a i n s  -to t’ne e n t i r e  r e a c t o r  system and 
w a s  przsen-Led because -Yne adeqv-acy of a proposed contaiiui-ien’; structui-?e de- 
pends upon t h e  system contained. FurtherJ the r e l s t i o n s h i p  of tlne e n t i r e  
system t o  the conlainment struc Lme i s  important, when con.s.idering codes 
and c r i t e r i a .  

‘Fne f i n a l  s a f e t y  a n a l y s i s  repor’i. i s  the major sou.i”ce of information 
upon which t h e  Comiss ion  and t h e  AdvLsory Corrmi-ttee on Resctbr ,Safegimm-ls 
base t h e i r  judgement as ’io whether or 11.ot a l i c e n s e  or au thor i za t ion  f o r  
cons t ruc t ion  o r  opera-Lion i s  varmr-ted.  h t h i s  respect, it should. be of  
paramount i n t e r e s t  t o  an ap-plican-L Lo submit a r e p o r t  adequate for t h e  
purpose it w i l l  serve:, A n  outline of  t h e  ma te r i a l  coiic .,.ing the con- 
tainment systxm t h a t  would be expected t o  be incl.ud.ed i n  -the r e p o r t  f o r  
a typlical nuclear  power faci1ii ;y i s  presented i n  Appendix B, which w a s  
takcn fl’om an AugusL 28, 1962 d r a f t  copy of 3n AEC Licensing Guide” en- 
t i t l -ed ,  “Purpose, Organizatlon, and Contents of lhzajfls Sumnary Repoi-ts 
f o r  Power Reactors. ” Appendix A i s  not  b t e n d e d  t o  serve as a n  i n t e r -  
p r e t a t i o n  of Commissi-on regu.l.ations but, r a t h e r ,  a,s a convenient l.ist 
of important items Lhat requri-re consid.eration on t h e  subjec t  of contain- 
ment. 

have t h e  same containment system. Consequently, t h e  ou’cline i.n Appendix 
A i s  not  necessa r i ly  complete. The m-teri .al  prcseiited i n  -the s a f e t y  
anal-ysis r epor t  on containment should provide informati~on appropr ia te  
f o r  a d.eterminati.on of  t h e  e f f ec t iveness  of t he  containment system i n  
l i m i t i n g  t h e  r e l e a s e  of  r ad ioac t ive  nia,tei-:j.als. 

Obviously not a l l  r e a c t o r  systems a r e  simil.a.r, and they  will not  
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average of once every three years t h e  codes a r e  repdoJ-i-shed t o  incorporate 
the esi-sting addenda and code interpretati .ons.  

c i t i e s  of  the  United Siates and Provinces o f  Canada have adopted one o r  
more sect ions a d ,  thus, by reference, the Codes assume a l e g a l  stat i - is .  

b2m.y con-tainmeint vessels  have been buj.lt i n  accordance with Szction 
VI11 of the  ALSMF Unfirzd :Pressure Vessel Code'4 and Code Cases 1270N, 
1.271N, and 1272N. Since a new ASME Code for the  constructton of nuclear 
vessels (Section III) has heen released, the cases hzve been annvJ-led. and 
Section VU11 w i . l l  apply only 'GO .the extent  it i s  cross  referenced by Sec- 
tion 111. The new code was released i.:o bkrch 1964) bui; Yne publ.i.cation 
i s  dated. 1.963 because i t  was adopted a t  'chat iJ .me.  

The new ASME Boiler and Pressure Vessel Code, Sec'~ion 111, Rules f o r  
Construction of Nuclear Vessels, l5 gives rules f o r  three c lasses  of ves- 
sels; naml-y, Class A ( reac tor  and primary vessels)  Class B (containmeii'c 
vesse ls ) ,  and Class C (vessels  other  .than Class A and Class B, i . e . ,  sec- 
ondary vesse ls ) .  
pi-essure i s  grea te r  than 5 psi. Section 111 covers, i n  considerable de- 
t a i l ,  (1) design, (2)  examinati-on. of mater ia ls  i n  the product form, ( 3 )  
j.nspection of vessel during fabricat ion,  ( 4 )  wel-ding and weld inspec t ion,  
and (5)  the  use of mater ia l  with adequate low-teniperature notch toughness. 
In addition, it cl.early defines t h e  r e s p o n s i b i l i t i e s  of  the purrchaser, 
fabricator, and the  au'ihori-zed. (Code) inspecLor. 

ment e n t i t l e d  "Cri tcrk.  of  ,Section Ill of  the ASME Boiler and Press-we 
Vessel. Code f o r  Nuclear Vessels. I f  

Althollgh t h i s  documeilt discusses faticwe, it i s  t o  be noted tha t  the  Code 
does not require a fa t igue analysis f o r  L h c '  conventional containment vessel .  
Hecuse of  i t s  per-tinence, A r t i c l e  I o f  Sectton 111 i s  d s o  included as 
Appendix U. 

The ASm Codes do not have a l e g a l  s t a t u s .  However, m.ny states and 

The rules foi- C1.ass T3 vessels  apply when the  design 

I 1  lhe  design philosophy of the new ASME Code i s  preseu'wd i n  a, docu- 

It i s  included here as .Appendix C. 

2.4.3 ASME Code Cases 

A t  the  present t,tnie t w o  ASPE Codes are ava i lab le  for the destgn of 
containment vessels;  mmely, Secti.ons 111 and VI11 of t h e  B o i l e r  and Prcs- 
sure Vessel Code plus Cases 1270N-5, l.2'13NJ and 1272N-5. Altogether, there 
a r e  seven Code Cases t h a t  apply t o  the  design of nuclear vessels  and which 
a r e  intended t o  be used i n  conjuiicti-on w i t h  one o r  more of the  following 
ASMZ bi.l.er and Press i re  Vessel Codes: 

Section I Power Boilers 
Section m-11 Unf i red  Pressure Vessels 
Section IX Welii.ing Qual i f ica t ions  

The cases  contain the  s u f f i x  N, which ind-icates "for nuclear application. " 
The l a t e s t  nuclear case interpretat ions,  which apply 'GO Sec"c.o:czs I, VIII, 
and IX, but not 'io 2ecl;ion 111, are :  

Case 127ON-5 General Requirements f o r  Nuclear Vessels 
Case l.2713 %>fet,y Devices 
Case 12'72N-5 Containnient and Tintemediate Containment Vessels 
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Case 12'73N-7 Nuclear Rex-Lor Vessels m d .  Primary Vessels 
Case 12'14N-IO Special  Material  RequiremenLs 
Case 1275N Inspec t i o n  Kequircments 
Case 1276N-2 Spcci<d Equiprnect I?equii*efflents 

Tnese nuclear case in te rpre ta t ions  were annulled on Janun.rgr 1.2, 1965. ??E 
delay b e h e e n  t h e  atlop-Lion of Sectirji-i 111 and thi-s annul-lmen-t was t o  a l 1 - 0 ~  
adopti-on of  Secti.on 111 by s t a t e s ,  c i t i e s ,  and counties of the United 
S t a t e s  havi-ng b o i l e r  or pressure vesse l  l a w s  (see Sect. 2.Jt.7). Since 
See-tiori 111 was w r i t t e n  speci.ficall.y for t h e  design, construction, ani1 
f abx=icat,j.on of ni.xI.enr vessels ,  its use is recommended whenever possible.  
The a,nniiJ-l.ed. cases are  discussed below. 

2.4- 3.1. Case 1270N-5 

Case 127011-5 is an introductory case t h a t  defines the vaxious vessels 
i n  a reactor  system; for e.x%mple, pr:'hmary, calandria, cont~aiment ,  i n t e r -  
mediate containment, and second-ary. This ease emphasizes .that, where dif- 
feyences e x i s t  between the requirements of the eases and the reqiiirements 
of SecLion 1 o r  &;ecLion ViII, t h e  cases take precedeme ~ v e r  Vne Code r d e s  
f o r  t h e  par t  icul-ar sub ee t covered * 

m e  l i t e r a l  appli.cation. of  Sections I and. VI11 of the Code t i 3  safety 
and 14elief valves and to presswe-indicat ing devices vould be hazardous. 
Case 1271N covers those modi.fic,ztions of' the -mrious safe-by requirements 
+,hat are  designed i o  avoid. i;liese hazards. Pressurized-watw and boi.ling- 
water reactors  and. tkietr containment vesse1.s are  connitle:rcA 

2.4.3.3 Case 1272N-5 

Case 1272N-5 provides design requfrerm-its f o r  contaj.nment and. inter-  
medi.a-te containment vessels .  
of' Irmterri.als with adeqmte low-terfiperature notch toughness when the  con- 
'mimmnt vessel  i s  exposed t o  the atmosphere. l3adiographZ.c arid stress re -  
lief requirements a x e  also glven. This case gives the procediire fo r  mZv- 
i n g  tnspection during the pneumatic test of  welded j o i n t s  i n  Vne lower 
p a r t  of the vessel t h a t  were covered by concrete during ecsnstri-ic-t.ion. 

Special considera-bion is gLven t o  the USE: 

2.4.3.4 Case 1273N-7 
.-I__ 

Case 1%23Pi-.7 describes spectal  requi-ixments for primmy reactor ves- 
sels; f o r  example, membrane -md. t h e m 1  s t resses ,  b o l t  design c r i t e r i a ,  
penetrations,  rad.ia-t;rion e f fec ts ,  mechanical shock, vibra.tool'y load-ing, and 
weld.lrig. 



2.20 

2.4- .3.5 Case 1274N-10 

A compilation of spec ia l  materia?. requ.irements f o r  use i n  construc- 
t i o n  of nuclear vessels  i s  presented i n  Case 1.2,74N-10. The msteri als  cov- 
ered Tnclude AIS1 tme 403 modified f o ~ g i ~ i g s ,  castings,  bol-tirig, types 
304L and 31-61, s t a i n l e s s  s’ceel, and Snconel. 

2.4.3.6 Case 1275N 

Case 1275N i s  intended t o  cover all. spec ia l  inspecti-on jaeqilirzmen-ts, 
although t o  da t e  this inquiry and the rep ly  per ta in  only t o  u l t rasonic  I.n- 
spec ’ii-on of welded j oinks e 

2.4.. 3.7 Case 1276N-2 --- 

Case 1276N-2 covers the use of expansion j o i n t s  on primary and sec- 
ondary vessels.  

2.4.3.8 Cases AppiicablLe t o  .. Sect,ion .... TI1 
l_l.-. 

Since Section 111 i s  not complete, new cases T w i 1 . 1 .  be added from “Li.me 
to time. 
ered by AST’M Standards and Lo cover t h e  higb-teni~e~atui-e  range of al.3. m- 
t e r i a l s .  
s.l;ructi.on under Skc-t-ion TLI: 

Specifically,  cases a r e  t o  be added. f o r  ma’wrials not yet  cov- 

The fol.lowing cases ha-ve been issued and a1p:pl-y to nuclear con.-- 

Case 1330 S’pectal Equipmenl; Xequirements (Expznsion Bellows) 
Case 1331 Nuclesr Vessels i n  High Temperatiire Scrvice 
Case 1332 Reqiiireinents f o r  Steel Forgings 
Case 1333 Requirernen t,s f o r  Sieel  Castlngs 
Case 1334 Kequiremznts f o r  Corrosion-Hesic Ling Steel. 
Case 1335 Requirerneiits for Bolting Mate7aia1s 
Case 1-337 liequ-irements Tor Special Type L k 0 3  Modified 

‘&e new code cases no longer carry t h e  s u f f i x  N to 

Copies of the  ASNE Code and Lhe various case ruI-Tngs 

I 1  I1 

nuclear applications.  ’ I  

Ears 

Forgings and Ears 

riadieate “for 

may be obtained 
Yrom the  American Socie”iy o r  Mechanical Enginee:rs, 3A5 E a s t  47th Street ,  
New York 17, N s 7  York. The ASME Codes and Case 2iterpr-etations a r c  sub- 
j e c t  t o  revision, and it i.s ri.rn;portant that; the  ].atest rev-ision ’oe con- 
su l ted  i n  any design (see  Sect. 2. L. 7 j .  Tlie ASME mai.n.t,ai.ns a Case Inter- 
pre ta t ion  service t h a t  supplies subscribers with copies of these revis ions 
as they a r e  published. 

2.4.4 4SME Provi.si.ons f o r  S k e l  Contaimnent 
Vessels a t  Pressures-Under 5 .-.- p s i  

............... 
- - ~ - .  

Sect ion V I 1 1  of the  ASME Eoiler and Pressure Vessel. Code sta-tes t h a t  
vessels  with ai? i-nternal pressure of l e s s  than 15 p s i  a r e  not considered 
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s-bates aiid municipali t ies i n  the  Ifnited States  and of provinces i n  the 
Dominion of  Canada t h a t  have adopted one o r  more sect ions of the Boiler 
and  Pressure Vessel Code. 

!iVo of the pi*-i_me objects o f  the organization a r e :  

1. t o  promote unrifos.m enforcement o f  b o i l e r  and pressure vessel  laws 
and rules ,  and 

2. to promote one u n i f o m  code of rules for ,  and one standard stamp 
t o  be placed. onp a l l  b o i l e r s  and p-ressw-e vessels  constructed i n  
accordance wi t , i i  the requirements of t h a t  code, and one standard 
of qualifications and. examinations f o r  inspectors who a r e  t o  en- 
force  the requirements of  that, code. 

- 
.L.n general, ASME Code vessels  stamped "National Board" a r e  accep-Labl-e 

i n  most ju r i sd ic t ions  and may be shipped f r e e l y  between sta-t;es and munici- 
p a l l t i e s .  A few ju r i sd ic t ions  require,  however, thai; 'ihe inspector hold 
a conmission of  the p a r t i c u l a r  state. Puxchase~s and fabr ica tors  of ASME 
Code vessels  should consult the l a w  o f  .the s t a t e  t h a t  has ju r i sd ic t ion  
over a p a r t i c u l a r  vessel. f o r  per t inent  rill-es regarding construction and 
stamping. Tihe National Burzau. of Casualty- Uiidermiters, 125 Maiden Lane, 
New York 38, New York, has prepared a he3.pful publicat,i.on e n t i t l e d  ;>'yn- 
apsis of Boj.l.er and Presswe Vessel Ia~.rs, hies and Hegulations by S a t e s ,  
Ci-tbi-es, Counties, and Provinces - Uiiited ,States and Canada. 'I 

11 I 

3.. 4.7 T a b d ~ ~ t i o n  of States,  Ci t ies ,  and Count ies 
Having Boiler or Pressure Vessel Iaws 

_I.--. 

~ ..l.._l_ ~ . . . . . . 

The issuanee of a consti-uction permit and, subsequen-tly, an operating 
J.i.cense by the U. S. Atomic Energy Commission i s  predfcated upon the  re- 
quirement t h a t  t h e  con-tainment vessel  (and the other reac t o r  components) 
comply w i t h  Ti. tJe 1.0 of the Code of Federal Reg1J.kti.on.s. The app2.icant 
Pol' a permit for a prlivatel.y-owned reac tor  f a c i l i t y  i s  a l s o  obl-iged to 
comply w i t h  all. perrtinent laws r e l a t i n g  t o  b o i l e r s  and pressure vessels  
of the  jur i sd ic t ion  i.n which the  reactcx system i s  to  be located. 
c i t i e s ,  cou.nties, and provlilces t h a t  have laws r e l a t i n g  t o  b o i k r s  and 
pressiu-e vessels  have e i t h e r  adopted the  ASME Codes by reference or have 
wri t ten t,hei.r own codes uSi.ilg the  ASM Coder, as the  bas i s  of t h e i r  l a w .  

None of the s t a t e s  have accepted Section 111 of the  ASME B o i l e r  and 
Pressure Vessel Code at, t h i s  time. Therefore it may n o t  be 1.egaLly pos- 
s ib l e  to fol..l.ow t h i s  sect ion of  t h e  code until. s ! ~ h  time as it i s  ad.opted. 
Since Section 117: 3.s inore comprchensi-ve than t h e  Nuclear Case Interpre- 
.tatioiis, r i t  should be p0ssi.hl.e t o  design, fahri-cate, and t e s t  (in t,he in- 
terim) i n  accord.a.nce with it and have the  vessel code stamped according 
t o  the applicable N Case. However, laws a r e  subjec'i t o  change and some 
juri-sdictions do not autonlal;rical.ly accept A b 5  Case Interpreta.tions, so 
the user  should r e f e r  t o  the st,a.'ce laws and boards f o r  p a r t i c u l a r  d e t a i l s .  
A summary oi" a l l  s t a t e s ,  c i t i e s ,  and counties of the United States that 
have b o i l e r  or  pressure vessel  laws i s  presented i n  Table 2.1. 

Sta'ces, 

1 1  I 1  
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No 
No 
DTCI 

‘Ye s 

Florida 
Georgia 
~%%7ai  i. 

No 
NQ 
Ye s 

NO 
No 
No 

Yes 
Ye s 
Ye f i  

Ye S 
No 
Ye S 

Ye S No 

Ye a 
yes 
Yes 
No 

No 
No 
Ye S 

Ye S 

Ye 8 

Ye s 

140 
Ye s 
Yes 

N 0 

No 
Ye B 
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Table 2.1. (conthued)  

J 1i.r i. s d i e t  i o n  
Pres sur2 
Vessels B o j l w s  

J!Jorth Dakota 

Ohio 

Oklahoma 
Oregon 
Perms ylvania 

Rhode Tsl-and 
Sou’di Carolina 
Tennessee 
Texas 
Utah 
Vermont 

Virginia 
V3s’nington 

West Virginia 
Wisconsin 
Wyoming 
Albuqinerque 

New YTxico 
Buffalo, New York 
Chicago, l l l i n o i s  

Dearborn, f4ichi.gan 
Bnvcr ,  Colorado 
Des MoInes, ihwa 

- 

Detroit  , Michigan 

E a s t  ,%. Iouis, 
Ill lno j. s 

Greensboro, 
North Carolina 

Kansas CFty, Missouri 
Los Anseles, 
California 

Memphri. s, Te-mes see 

Yes 

Yes 

Yes 
Yes 
Yes 

Yes 
NO 

Y e  s 
Yes 
Yes 
Yes 

Ye s 
Yes 

Ye s 
Ye s 
No 
Y e s  

Ye f ;  

Ye S 

Yes 
Yes 
Yes 

Yea 

Yes 

Ye S 

Yes 
Yes 

Yes 

Yes 
Yes 

Ye s 

Y e  S 

No 
Ye 6 
Y e s  

No 
No 
Ye 3 

No 
Yes 
Yes 

Ye s 
Ye  S 

NO 

Y e s  
No 
NO 

Yes 
Yc s 

Ye o 
Yes 
No 

Y e s  

Yes 

Ye s 

Yc s 
Ye s 

Y e  s 

Y e s  
Ye s 

Workirien ‘s Compensation 

Depar-Lmnt of 1ndu.strial 

‘Uepart,ment of h b o r  
Eureau of Labor 
Dcpartmciit of Labor and 

Ikpartri1en.t of T-a’oor 

Bin’ eau. 

Re.]-a t i ons 

Jndus t r y  

I)epa,r~trnent, of Tabor 
Bureau of  k b o r  Statistics 
inr l? ls t r ia l  Comriiss ion 
Depsr Lmnt of  Tndustrial 

Re 1.a t h n s  

Tlepnrtment of Iiiboi- and 

Depar‘iiixn-i; of  Tabor 
Ii?d.u.stri.al Comiss ion 

Industri.es 

Department of Public Works 

Departmen-t of h h l k k  Works 
I)epa.rtTnent of  Inspection 

Department of Public Works 
of S’ieani 3oil.ers 

Department of  Heating and  
Vent i l a  k i n g  Inspection 

Tkpartment of Buildings 
and, Ehfety Fagiaeering 

Depar-Lmeiit of P u b l i c  Works 

Publi7c Works Department 
Buildi-iig and ,%fel;y 

Dep!irtiiient o f  Pul11.i~ Ser- 

Itu.il.dj:ng Uepartment 
City 13uildin.g Ik.pa,rt-ment 

Bpartment 

vice 
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Table 2.1. (continued) 

, T u x 5  sdic ti on B6?SSWe 
Vessels Boi l e r s  Cognizant Dzpartment 

Bnama Canal. Zone 
m,E'rJLo Rieo 
Arlington County, 
Virginia. 

T k d e  Comty, F l o r i d a  

Ye s 

Ye 6 

Ye s 

Ye s 

Ye B 

Ye s 

Ye s 

Yes 
Ye s 
Ye 6 
Ye s 

Yes 
Yes 

Ye S 
Ye S 

Yes 
Ye S 

Yes 
Yes 
Yes 

Yes 

Ye S 

"e S 

Yes 

Ye s 

Yes 

Ye s 

Ye 6 

Ye s 

Yes 

110 

NO 

ye 8 

Yes 

YE? s 
Ye s 
Ye s 
Ye G 

Ye s 
Ye s 

Ye a 
Ye s 
Ye s 
Y e  s 

Y e  s 
Ye s 
No 

No 

Ye s 
Ye S 

NO 

Yes 

Yes 

Ye s 

Department of Building 
Inspection a n d  &fety 
'bg ineer ing  

.Inspect ion 

Pe rrnit s 

Boi le r  Division 

kpartment of FkjiI-er 

Department of Chfety and 

Depar'tment of E-~ildings, 

City Executive Department 

Sujlding Cep3v tment 
C i ty  Mechanical E&etion 
Department of S7ubl-5-c Safety 
C1.ty Boiler filspectiolz 

Depaztment of Tbblic EW&y 
&par'-tnent of Public Works 

Bpartment 

Department of BuildLngs 
Department o f  Pu1Li.i~ Works 
Depar-Lment af Public Works 
B.weau of Plmbi.ng, Gas, 
and Boiler h spec t ion  

9oarci of Commissioners 
Inspection DivisiOn 
City mnager 

Plarining, Zoning, and 
Building Department 

Depsriment of Regldatory 
hspec  t i o n s  
Department of Tti'oLic Works 
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2,4.8 Unifom Boiler and -kessure Vessel- l a w s  Society, Gic. 
II -..... . . . .. . .. -_ ~ - 

The Uniform Roi.ler and Pressure Vessel l k w s  Society, Tnc. is a non- 
political, none ormerc ial, ai?d nonprofit organi. zat ion supported by i.t s 
membership. Its  objective is to secure uniformity in the laws, rules, or 
regulations and a.dmiriistrr.atic,ii whtch affect the boiler and pressure ves- 
sel. industry, inspection agencies, and users. The Society believes that 
such laws and rules  should follow nationally accep-Led codes and staaudards. 
1% recommends the ASME Boiler and Pressine Vessel Codes as the standards 
f o r  constnrctj-on. and the Inspection Code of the Na'iional Board o f  Boi l e r  
and Pressure Vessel lhspectors f o r  administrat,ion and inspection. 

2.4.9 ASA Containment Vessel Standard 

Subcommittee N6.2 of the American Standards AssocFation Secttonal 
Committee N6, Xeactoor Fafety, has prepared a standard for the desj-m. of 
steel containment structures. It is titled, "Safety Standard  for Desi~gn, 
Fabrication, and bki-ntenance of Steel- Containment Structures for Station- 
a . r y  Nuclear Power Heac-Lors, " 
tures f o r  pressures both above and below 5 psi; some in.formatic7n not cov- 
ered by ASME Case Interpretation 1272N-5 o r  by Section 111 of the ASLW 
Boiler and Pressure Vessel Code is included. Because of I . ts perti.nence, 
it is included as Appendix E. It should be noted. that requirements fojn 
periodic testing, means for extrapolation to other pressures, and testing 
under acciden-L -tempei-aS,u.res and w e t  atinospheres are not covmed in the 
proposed standard. 

It is intended to cover containment s'iruc- 

2.4.10 Othe:L; Containment Vessel Codes ........................ I____ 

A numbei- of standards, specifications, and codes are used in add.ition 
to the  ASME: I30l.l.er and Pressure Vessel Code in special problem areas. The 
inost prominent among these are:  

1. PB 151987, 'hntative Structural Design Basis for Reactor 
Pressure Vessels and Directly Associated ComponenLs, I '  avail.- 
able from the Office of Technical Services, U. S. Depart- 
ment of Comerce, WashingLon, D. C. 

2. American Petroleum Institute (AH) 'l'enta,tive Standard 620, 
"Recommended Rules for the &sign and Construction of hi-ge, 
Welded Xnw-pre ssure Storage Tanks, 'I available from the 
American Pe-troleum Institute, New York, N. Y. 

2.4.10.1 Na-yy Code 
----1_ 

Document Pi3 1.51-987 is frequently referred to as the "Navy Code. I '  It 
was prepared f o r  application i.n the N a , v a l  Reactor Program, and it estab- 
li-shes general loading assmipkipons, performance and d.esign criteria, 8.nd 
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e s s e n t i , d  minimum liml-La1;ions f o r  assuying acceptable strzzctural reli-, 
a b i l i t y  and safe ty  of reactor  pressure -vessels and. d i rec t ly  associated 
components. Die  code covers i n  considerable d e t a i l  the calculat ion of 
pressure and l;hermcd. stresses and examples a re  provided. 

PTograin, it has been wide1.y used. for 5ndustr ia l  reactor design because 
of the  de-balled provisions included therein.  I n  AS% Case 1273N-7, f o r  
example, cer ta in  reqy.i.rements art? s t a t e d  i n  genera.1 terns such as "dix 
regard diVdl be given to -the creep and stress -rupture prapesties e . , " 
"ea.cli d.esign detail .  sha . l l  be ca.refii1.l-y consi_d.ered t o  provide against  
operational failure such as might occur from thermal s t r e s s .  . . , '' and ". . . particular consideration s h a l l  also be given t o  materi.al.s, cons tmc-  
t ion,  ant1 tnspectioii. . . . '' The .ASME ease places limits on the.rm8.l s t r e s ses  
and primxry and secondary stresses produced by the design pressure, but 
detailed. methods f o r  calculat ing t h e  stresses and combi.ning tl:tem are not 
included. Conformance with the i u t e r i - b  of such par t s  of Case 1273N-7 has 
of ten  been based on tlze de ta i led  requirernents of t h e  "Naxy Code. 'I Since 
Section T I L  of t h e  ASPIE Boiler and Pressure Vessel C o c k  has 'wen o f f i -  
cially j ~ l e a ~ s e d ,  it is not; expected. t h d  the  Ncwy Code w i . l l  have much 
fur'cher appl.i.cation. 

Although LPB 15196'7 was o r i g i m l l y  prepared for the  Naval Reactor 
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1x1 1931 t h e  American Petroleum. Iiistitinte arid t h e  American Society 
of Mechanical Engineers cooperated i n  the formilation of the "kpi-&bE 
Code for  UnPrired Presslire Vessel-s for Petrolezun LFqaidS and Gases, " 
The first  API-MME Code was published i n  1934 and vas revised in 1936, 
1938, 1943, a.nd 1951. Alt;how$ri t h e  code was prkrnarily intended for ves-. 
sels -t;hn.t woid-d. contain petroleuin 1tqu~id.s and. gases, it vas a l so  Fntended. 
t o  cover other vessels  integral with t h e  petro1em industry 's  pl.ants a I n  
most respects t h e  cod-e was siinj.l..a.r t o  t%le A3!E 'Unfired Pressure 'Vessel 
Code except t ha t  it d.i.3 a o t  cover high alloy steels am3 nonferr0u.s na-. 
t e r i a lk  and it eon%alned. basic di.f.ferences in inspection requirements. 

contiiiixed as of December 31, 1954. The ASbE Code was  then co:nsri.d.ered. t o  
adequately cover -the petrolemi industry 's  pressure vessel neecis. 

By a jo in t  deelsrn.tlcjn of AS&E and APT, t h e  A!LX-A9&E Code was dis-  

Presstlrre piping j.n a nuclear f a c l l i t y  fmqvent ly  eonst Ltutes an in- 
t eg ra l  p x d  o f  t'ne coritairment system because of the many piping penetvs- 
t i o n s  in t h e  vessel. wal.1. and the extstence of e n t i r e  subsystem external  
or  interrial  -bo t he  conta5rimelz-f; vessel  t h a t  shGuld remain tntaet ,  i n  t'ne 
event, of a reac tor  acci.delrri;. 
usually tlefined by the code that is  being consu1:ted.. I n  the case of .!;he 
XME Code, Sectioii IT1 s t a t e s  t h a t  

Tne boundary between vessel arid piping is  

"T4ie Jur i sd ic t ion  0-E this Section of t h e  Code I s  i.n- 
.t;ertded t o  inc1.ird.e onl-y the  vessel. and i t s  appurtenances and 
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t o  terwinate a-L the  following points where connections a re  
provided for attachment; t o  pri.ping which i s  ex terna l  t o  the 
ve s s e l  : 

The frirst  circumfen?nti.al j o i n t  exclusive of the 
connecting weld i n  welded connections. 

The face of t h e  frirst  flange i n  bol.t,ed flange con- 
nections. 

The f i r s t  threaded joii i t  i n  screwed connections. " 

( a )  

( b )  

( e  ) 
Nuclear piping design presen-Lly follows the  rules of Szction T: of 

American Standard B 31-1-1955, Code for Pressure Piping, wi-th addenda 
($5.00, American S$andards Associatlon).  Work is wider way t o  re-vise 
Section I: t o  include nuclear applicat;i.on, and t h i s  may eventually be pin's- 
l i shed  as a separate code. The MA Sectional. CommitLee B31_, Code for 
Pressure E'ipLii& sponsored by ASME: ris preszn'ily- working on a code for 
nuclear piping t.hat w i l l  'be s imilar  i n  scope .to t h e  Boiler and F'ressure 
Vessel Code, SeCtj-on 111. 'i?hI.s corflmittee i s  a l s o  reSpons?.ble f o r  rev-isions 
oi' the Pi-ping Code and has issued a number of Piping  Code Case In te rpre ta -  
t i o n s  intended to make the  Piping Code applicablk to iiucl-ear service.  l%e 
Nucleay Case Interpretat,ions a r e  described below: 

1. Case N - 1  es tabl ishes  t h e  seeti-on of t h e  Code t o  be used i n  nu- 
c l e a r  power plant piping d-esign and construction as w e l l .  as what piplng 
i s  t o  be considered as nuclear. 

2. Case N-2 defines t h e  reqiitrements f o r  valves used i n  nucl-ear 
pipi.ng systems . 

3 .  Case N - 3  covers the  use of screwed connecti.ons as the only seal  
i n  a nuclear piping system. 

4. Case N - 4  establ ishes  whether nuc1ea.r piping sys-term need t o  ad- 
here t o  t h e  tempera-Lure 1 - h i t  of t h e  hydrostat ic  medi.a at, IOO'F ma.ximmi 
s e t  i n  sectLon 1, parragi-aph 121C, of the Code. 

5. Case N-7 gives a l i s t  of severd types of s t a i n k s s  s t e e l  t o  he 
used and req-uiremerrts f o r  t h e i r  i i se f o r  aqueous-type power piping i n  nu- 
c l e a r  eneqy'  i n s t a l l a t i o n s  under t h e  rules of Section l of' t h e  Code. 

6. Case N-8 handles the same ques-t;ioiis ra i sed  i n  Case N-7, except; 
t h a t  lj-quid sodium and sodium-pobassiim mixtures are consid-ered, 

7. Case N-9 defines conditions f o r  the use or cent r i fuga l ly  cas t  
aus-teni.t,i.@ s t a i n l e s s  s t e e l  pipe i.n nuclear p i p h g  systems w i b h - i n  t h e  scope 
of Section 1. 

8. 
t h a t  i-i; i s  -for cas t  a i is teni t ic  s-Lee1 but t  -welded f i t t i n g s .  

9. Case N - 1 1  gives recommendations Tor mans  of pi-oviding f o r  Yle r -  
mal expansi-on i n  r, nmlea r  piping system. 

use i n  nuclear piping systems. 

EligJmeering ._ " journal., imder the sect ion Codes and Standards rorkshog!,--"as 
t h e  in- te rpre ta t iom of the  Sectional Committee are released. The PPping 
Code has been adopted as mandatory by some regulatory agencies. Work I.s 
presently under way by t h e  Gene-ial E l e c t r i c  Company a t  San Jose'6-19 that 
deals with frequency and probabi2.i.-ty of' piping Tailuiaes and also modes 
of fail.ix-e. 

Case N-10 considers the same basic  quesi;ion as Case N-9, except; 

10. Case N-12  gives the  procedure f o r  qual-ifying new ma-terial for 

AI-1. Nuclear Case Interpret,s-tI.ons are publ.i.shed i n  the Mechanical 
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4 .  

5. "SLandarij Spec i f ica t ions  TOT- Open Web S t e e l  Joist Construction 

"Light  Gauge S-t;eel. Design Manual, 'I $1.00, he - r i can  Iron and 
S t e e l  hstfi-tu-Le, 150 East  42nd Streel;, ?Sew York 1-7, N.Y. 

s o r t s p a n  Series ,  $1~. 30, S t e e l  ~oist Ins  t i . t u t e ,  1.346 Connecticut flvemie, 
N. W., Washington 6, D. C., ASA American Standard A&-/. 1-1.95'7. 

"Standard Code f o r  Arc a n d  Gas Weldimg i n  Building Construction, 
$1 a 00, Ajlerican Weld-ing Soci-ety, 345 E a s t  47tii S t r e e t ,  New York 17, N.Y. 

"Natrional. &sign Spec i f ica t  i.ojIs for Stress Grade Luuiber and I ts  
Fastenings,  I '  Ua.l;ional Thrr'oer Manul"actur"ers Assocl.ati.on, 1319 18th Streek, 
N.W., Washington 6, D. C. 

"NatLoiial Electrical Code, " $I_. 00; National Board of Fire T.Jid.er- 
wri.ters, 85 John St ree t ,  I\Jew York 38, N.Y. 

%eatl.ngJ Ven t i l a t ing  and A T r  Cond.1.tioning Guide, ' I  $12.00, 
American Society of Heating and Aix--Conditionirg Engineers, 62 North Stree-t ,  
New York 1.3, N.Y. 

partment of Cafimerce and the Koming and House Finance A 1cy; Office of 
Administrat.i.on, Was'nirtgtoii 25, D. C.  , American Stancl.arrl A4-0. 8--1955. 

6. 

7. 

8. 

9. 

1.0. "National!. P1imi'oi.ng Code, I' $4.. 50 ,  issued joi.ntl.y by t h e  U. S. De- 

2.7 HIGH-EFFICIENCY FILTERS AS A PART OF COTJZ'fUrUmm 

2. ri . 1. General .. -.--...--IY_P 

Weac-Lor. con-taiiiment and confinement s t ruc  'cures are used t o  coutain 
the activiky- released by an accident  t o  t h e  cx t t ha t  any leakage from 
tile str i ieture w i l l  be within t o l e r a b l e  li.mi-t,s. In sone reac :OF conf i-ne- 
ment systeriis t%e "Uressixre in the bu i ld ing  is maintained at, a iow l e v e l  by 
an exhaust syStCi;l.  Bcfore the  e f f l u e n t  i s  discharged Lo t h e  atmospheye 
fol l -o~ding ai? acc ident ,  it i s  treated t o  red-uce a,ctS.vity t o  a tolerable 
level. Usual  l~y the p a r t i c u l z t e  xator ia l  i s  removed by high-eff ic iency 
pa.rt icislate n i r  f i lker  ~i:n.i.ts and iodine by a charcoal. adsor.ber i . o s t a l l e d  
i n  k i i e  exhaust systerr. In such systems, -the fi .1tei-s are as important as 
the conf immect  s ivuc ture  itself i n  l i m i t i n g  t h e  re lessc  of acti-vi t y  m d .  
woi i ld  t he re fo re  be sub jec t  -Lo the s m e  reJ.i.ab< l i . t y  reqLirczxnts as imposed 
upon the contaimnent vessel ( s c e  Sects .  1 . 2 . 3  and 8 . 9 ) .  

Some pressure conta .ami; syst,ems use higli-cff'.icieiicy f i l t e r s  t o  
f i l . t e r  the normal_ building a i r  bzfore  i-S, i.s exhausted t o  t h e  stack. 'IPoe 
fil-tei-s must f'unc.i;ion effi.ci.ent1-y and reliably, cspeci.sl.lg in t h e  period 
between the detecki-on of an accident  and t h e  time when a l l  containment 
penetrat ions are closed. In t h i s  pzriod the f i l t e r s  Comi an i n t e g r a l  pa r t  
of t,ihe contai.nment scheme. Y'here a re ,  however, no codes Lo cover t h e  per-  
formance of Y 5 . 1 . t e ~  u n i t s  i n  such instances * The information bel~ow sum- 
marizcs b r i e f l y  t h e  present  s t a t u s  of f'j-l-ter requirements, 
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and. overloading tiiust a l l .  be considered i n .  es-tabl-ishing f i l t e r  performance 
under accident  condi t ions.  

By t h e  Atomic Energy Acts of 1946 aa.d. 1954, m.any areas  of the niiclear 
indus t ry  were placed under regula tory  con t ro l  of the governmeilt because of 
m i l i t a r y -  aspec-1;s and -the possi’ci.l.ity of ca tas t rophic  accf.dents. As t ech-  
nol-ogy advances, however, the exten i  of regula tory  coverage i s  d.iminlsh- 
ing, and. t h e  regula t ions  a r e  being modif5ed i n t o  voluntary standa:rds, 
The development of i iuclesr s tandards i n  the United S ta t e s  i s  priniari.ly 
t h e  res pons i-b il it y of t h e  v a r  i.ous technic  a1 s o c i e  t i e  s , s c Lent i. f i c  org ani. z a - 
trions, t r ade  assoc ia t ions ,  manufactii.rcrs, and other groups di.rect1.y a f -  
fec ted  by these s-baildards. TO be usefill, t h a t  i s ,  t o  have wide accep-LailCe, 
a stand-ard mus-t be approved by all- affectmi organizat ions,  With .this i n  
m-j_Tld, t h e  American Standa.rc3.s Associa’Cion (ASA), a feders-Lion of trch;-li.cal 
s o c j e t i e s ,  t r a d e  assoc ia t ions ,  govemiiiient agcn.cles, and ipk1lineifious companies, 
provides a mechanism f o r  jiatioii-wid-e agreement on s tandards.  

c l e a r  Standards Board u.nd.er whf.ch the s e c t i o n a l  committees ID -t;lirough N‘Y 
and t3iei.x- suir,conlmj.ttces a r e  orgmi-zed. Idhen the need for a s tandard i.s 
determined, the  s e c t i o n a l  committees t r y  to ii1teres-L -member gi;roiips i n  
devel-oping the reyuix-ec? informa.t,i-on, wtth t h e  &SA ac t ing  21 a coordiilat - 
j.ng or ai1 edito:cial  func-Lion, If t h i s  fai.l-sJ t h e  ASA s e c t i o n a l  cormit tee  
proceeds t o  devel.op t h e  s-hand-ard. Approval o f  a s tandard by ASA is  i.ndj.-- 
caked by the o f f i c i a l  desigiiaktos American Staildard. Yo attain t h i s ,  t h e  
standard., during t h e  course o f  dzvelopnimt, must rece ive  acceptaxe  by a 
consensus of a l l  concerned. 

Yhere are, i n  addi-t ?.on, many company standards and technj-cal socj..ety 
s tandards thai; have never heen submitted t o  A-SA f o r  approval. Such s‘can- 
dards a m  nonetheless v a l i d  when accepted by ’hose concerned, and. some 
a r e  na t iona l ly  recogn.i.zed. One of t h e  best exaiilpl.es of’ % h i s  is  t h e  Boil.er 
and Pressure Vessel Code, a s tandard of t h e  ,hei-ican Socf.ety of Mechanical.. 
EngLiieers (ASM? ), t h e  app l i ca t ion  o f  whjxh t o  containment vEissels was dis - 
cussed above. 

An informal cooperativ-e rel.ation j-s maiaLained betweea ASA and MC, 
s ince  compatib7.1. i t y  between indus t ry  stand-ards and government regulai;ions 
must exist;. A41so, ASA represents .the United States i n  Lhe In t e rna t tona l  
Organhat ion  f o r  Standa.rd-i.zatioii ( EO). 
i s  concerned TiJith i n t e r n a t i o a a l  standardrization i.n t h e  broad f i e l d  of  
nuclear  mer&?-. 

Although many groups a r e  involved w:i.th the production of standa.rds 
through AS4, many t e c h n i c a l  and pi-ofessional s o c i e t i e s  wtth nuclear i n -  
t eres t  prepare and. publish documents t h a t  a r e  Yegarded. as  s Landards a s  
f a r  as  t h a t  society- i s  concerned.. The fo l . l owing  t a b l e s  list, for -the 
M A  and each organizat ion Lhat conducts i t s  own s tandards s tud ies ,  both 
t h e  var ious committees which have been es ‘iablished by t h e  organizat ion 

WiLhl.n the ASO, a l l  nuel-ear s-tartd.ards work i s  coordinated by t h e  Nu.- 

‘l‘echnical Committee 85 o f  t h e  IS0 
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and tile standards which have heen published.. 
organizations described are l i s t e d  below: 

The t a b l e  niimbers and the 

Table 2.2 
Table 2 . 3  
Table 2 . 4  
Ta'nl_e 2. 5 
Tabla 2.6 
Table 2.7 
Table 2.8 
Table 2 .9  
Table 2.10 

Standards A.ssocie.tion - Nuclear Standards Board 
Standard:; Associatton - Miscel.lan.eous 
Nuclear Society 
Society of Ci-vj-1 Engineers 
Socie-ty of Mechanical Engineem 
SoeLety for Testing and Materiads 
I n s t i t u t e  o f  E l e c t r i c a l  and  Electronic Engi.nee?;.s 
Electr ical .  Mamfncturers Association 
R U r e a ? l  Of St:iK?da.YdS 

Ta.ble 2.11 Society of Naval. fkchl.tects and Maririe Engineers 

Although many other organizations are involved i n  tkLe p m d w t i o n  of 
standards reJ.al;I.ng do nuelear iriterrests, .the a'oov:: I.i.st includes those 
U~.a t  huvs pi-odu.cr-d sLguil"ican.t; rean.!.S,s relative Lo :reactor cont,aiment. 
For pre R ent a t  ion he re on3.y pub1 is bed. d.o@inment s g ener ai; ed. by st anda.r.ds 
orga.niza.i; loizs are l i s t e d ,  al.thoirgh many other dociments exis.t; :i.n f iraft  
form and others  are being eerierat erl... 
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ASA N1. Sectioiial Committee N l  w a s  disbanded fol.1.owin.g pub1ica:;i.o-n of 
ASA NI.,1.-1_957, ---II.̂ - A Glossary of Terms in Hixlear Science and Technoloxz. 
This standard. w a s  developed by a conference under t h e  leadershrip of 
t h e  National Academy of Sciences, National lksea-rch Council, and. was 
approved. by ASA under the  Existing Standards Method. Secttonal Com- 
mittee N;! w i l l  handle a l l  revis ions and additions t o  t h e  glossary.  

ASA N2. General and Administrative Standards f o r  Nuclear Enwgy. Spon- 
sor: Atomic Indus t r ia l  Forum, Inc. 850 Third Ave. New York 22, N.Y. 
This conmii.ttee has 23 organization members * It studies  s-t;andards 
specif icat ions,  and methods of administration associated with the  
peaceful- ii.ses of nuclear energy, includiiig color codes, symbols, no- 
raenclature, qilalif ications of professionais, records and repor-ttng sys 
terns and procedures, and accountabl1.ity of ins.i;er?.al.s. The fo l lmj-ng  
sub c omi-i-t  ee s have be en e s -t ab]- is he d : 
N2-1 Ionizing Radiation Symbol, Color Code, Signs, Labelk, and Other 

N2 -2 Occupational iiadiat ion Exposure Records Sys  teirlc 
N2-3 Qual.ifications of Nuclear FYofess ionals 
N.2 -it Nuclear Terminology 
N2-5 Model Codes and. Ifie,guJ_ations 
N2-6 AdminJ.strat ive PraeLices i n  Rad-ia-Lion Monitoring 

- AS.A N3.  Nuclear Insti-urnentat ion. Sponsor: I n s t i t u t e  of Elec-Lrical. and 
Electronic Engineers, 345 E a s t  4'7th Stxeet, New Pork 17, N.Y. This 
comml.l;tee has 26 orgzn.ization members. It s tudies  sta.ndai-cis, s p e c i f i -  
cations,  and tes t ing  methods f o r  instrumen-tatioil i n  t h e  nuclear f i e l d - ,  
includj-:og instruments :for personnel protection, reactor control-, i n -  
d u s t r i a l  processes, analysis and. laboratory work., rad ia t ion  csll.bra- 
t i o n  eqiii.pment, and components therefor. I-Ls s.ubconmii-t;t,ees a re  the 

N3-1 Index of Nuclear Standardization Work 
N3-3 Topical. Structure 

I n s t i t u t e  of E.l.ectrical and Electronics Engineers, 345 E a s t  47th S t ree t ,  
New York 3.7, N.Y.;  Electric Light and Power G~oup, consis-l;ing of Edison 
E l e c t r i c  I n s t i t u t e ,  750 Third Avenue, New York 3.7, N.Y., and Associ- 
a t i o n  of Edison 13.1.imi.nating Companies, 51. East 4-2nd Street, New York 17, 
N. Y. ; arid National E l e c t r i c  Manirfacturers Association, 155 E a s t  54th 
Street, New York 1.7, N.Y. T h i s  cottraittee has 14 organization m e m b e r s .  
Standard.s f o r  e l e c t r i c  pt3wer apparatus, sys teiiis, and con-Lrols used. i n  
the nuclear f i e l d  a r e  considered by t h i s  committee. 

N4-1 Electrical.. Powe:r Akpparatus 
N4-2 Au+xil.j.ary E l e c t r i c a l  Power Systems 
N4-3 Electrical .  Control Systerns and Apparatus 
N4-4 Environmental Classif icat ions 

lndeni i fying or Warning Devices 

following: 

ASA N4. E l e c t r i c  Apparatus and Systems for the Nuclear Field.  Sponsors : 
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&?A N5. Nucl.ear Fuel Cycle Engineering. Sponsor: American I n s t i t u t e  
of Chemical Engineers, 345 East r+7th S t ree t ,  New York 17, N.Y. Thls 
conmittee has 23 organization members. It considers standard.s, speei- 
f i c a t  ions, tolerances,  arid methods of t e s t i n g  f o r  the  chemical engineer- 
ing aspects o r  Yne nucl-ear f i e l d ,  including t h e  ref ining,  processing, 
separation, purif icat ion,  trextrnent, packaging, handlLng, and disposal  
of .fuels , rad i o i s o t o pe s , indu s t r i a 1.. ch enil c a1 s , ph armac eiit i c al. s with 
isotope t racers ,  and ra.dioac-Live wastes (gases, l iqu ids ,  and sol-i-ds >; 
the  use of radioact ive sources f o r  t r a c e r s  amd f o r  processing foods 
end other  ma-terials; t he  appl icat ion and use of chernica.lly res is t*ant  
coatings; and the cleaning of contarninated ecp ipen t  nnd f a c i l i t i e s .  
TC.t s sub cormnittees a re  t? ie :following : 
N5 -1. Fuel Mamfac-tv.re and Fabricat ion 
N5-2 Radioactive Waste Dkposal. 
N 5 - 3  Recovery of I r r a d h t e d  Fuel 
N5-4 U s e  and HancXLi.rig of Radioisotopes 8nd Righ-Eaevgy Radl,a t,licjn 
N5 -5 Pack.agI.ng and. Transporta-tion of Radioactive W k r i a l  

ASA Sectional CormiZttee N6. Reactoy Safety Stanaards. Sponsors : kmerl.can 
?Ju.c.l.sar Society, 244 East Ogden Avenue, Hhsdale, I I E . ,  and American . .  - 
Society of Mechanical Engineers, United Engineerimg Certter, 345 E a s t  
47th Street, New York 17, N.Y. This corrrrilttee has 36 organization 
members. It consldeix codes and standards concerned wTYn t h e  hazards 
involved i n  t h e  design, location, constm.ction, and operation of nu- 
c l e a r  reac tors  and of p o t e n t i a l l y  critrical.. as~etiiblies. Its s~.~'ucom- 
Tarittees are -the SolLowring : 

N6-1 
TJ6 -2 
N 6 - 3  
NG -4 

rn6-5 
N6  -6 
NG -7 

N6-8 

N6 -9 

AS.A rs7. 
I- 

850 Third Phe., New York 22, N.Y., and I\Sa.Lional Safety Council, 425 
Nofi,h Michigan Avenine, Chi.cago U, I1.L. T'nis conimi.ttee has 25 crga:n.l- 
za t ion  members. It st;iucl.ies safe-ty standards for  the protection of 
persons employed i n  f a c i l i t i e s  associated w i t h  t h e  prod-uetion and. 
ut,il.ization of f iss 7-ona5l.e materrial.s against  t he  n.ormal, r o u t h e  haz- 
ards present i n  such fac- i l i t i es  (mines, n ? i ~ . s ,  r e f i n e r i e s ,  separation 
plants I Yuel -element - fabr icat ion plants , c r i t i c a l .  as semlsly f a  c ri.l.ities, 

S i t e  E v a u a t i o n  (dissolved, refer t o  ANS-2) 
C ont a. Tnriie:nt 
Fluid Sy:ste-ms of t h e  Heactor and Fuel Within t h e  Reactor 
Reactor Dynamlcs m d  Control., Requirements (dissolved, refer t o  

1nstmi.ment ai ion and. Execution of' Control Requirements 
Operattion, Operator Qualifications,  1ns;nection and Maintenance 
Faillire Proba'oilritles and _Maxi-mrntii Credible Accidents (dissolved, 
rerere t o  ANS-5) 
F i s s i o m b l e  Matex5a2 Outslde Reactors (normally siibcrttical. sys - 
Index of American and Foreign NucLear Safety Standards 

RaiJ.?.ation Protection, Sponsors : Atomic: I n d m t r i a l  Forum, Tnc. , 

AXS -4 ) 

t e m  ) (dissolved, refer to ms-8) 



Table 2.2 ( co-atinued ) 

processing and reprocessing plants,  working areas around reactors ,  and 
t ranspor ta t ion  and pur i f ica t ion  of radioactive tmterials ) . 
committees a re  the  foil-owing : 

Its  sub-  

N7-1 Hailiation 
N7-2 Radiation 
N7 -3 3adi.at ion 
N7-’+ Radiation 

r;17 -5 Radiation 
N7-6 RadiaLion 

Ma:; er i a l s  

P.7 an ts  

Standards Is sued ._...- I.. 

1ToLection Standards i n  Uranium Mines and M i l l s  
Protection Stan6-ayds i n  Ursn3ij.m and ‘Thori.mi Refineries 
h o t e c t i o r i  Standards i r i  Isotopic Separation Plants 
Protec1;ri.m Standards f o r  

Protection Stajndard~ foy 
Protection S t a n d a d s  f o r  

Fuel-Element Fabrication 

Nuclear React or s 
Trans port  a t  ion of Radioactive 

1.. American Standard, A Glossary of Terms j.11 Nuclear Science and Tech- 

2 * American Standard. Radiation 95ytnbo1, M A  N2.1.-1960. 
3. American Standard Guide t o  PracLice i n  Transportation of Soi~rce  

r:. American St;and.ard Radia’iion Protection j.n Uranium Mines and M i l l s  

5. Amei-Tean Standard Radia-Lion Protection i n  Nuclear Fuel- Fabrication 

6. .hel-icaa Standard Design Guide for a Radioisotope LaboraLory Type 

nologg, M A  N l .  1-1957. 

and Special Nudear Materials Before I r rad ia t ion ,  ASA N5.1-51962. 

(Concentrators ), ASA N7.1-1960. 

Plants, M A  N’7.2-1363. 

B, NS. 2-1963. 

American Standards Association Conlmi’itees on standards c1osel.y a l -  
l i e d  w i t h  :nuclear sa fe ty  but not under- t h e  j u r i s d t c t i o n  of I;he ASA DTu- 
clear Standards Board a r e  l i-sted below: 

ASA Sectional Co-mittee 7%. 
Sponsor : National.. Rumau of Standards. The following subcommittees 
have been establ ished : 

1ndustrri.al TJse of X-Rays a.nd Racii.ation. 

z54 -1 
z54- -2 
254-3 
z54 -4 
z54 -5 
254-6 
z54 -7 
254-8 
z5.4-9 

General ProvisLons : Methods and Mztwial-s of Protect Ton 
Health Provisions and Monitoring 
X-Ray- Protection f o r  instal- la t ions U p  Lo 2 Million Volts  
Protection f o r  Instal..lations Above 2000 Kv 
Gartima-Ray Sources for Indus t r ia l  Radiography 
E l e c t r i c a l  Protection 
X-Ray Diffractlon, Fluoyescence hal_ysri.s, and Mi-croradiography 
Seal-ed Beta-Ray Sources 
Contaxination Levels for Indus t r ia l  Ma.t,eri.al.s 



Table 2 ..3 ( con t in iml )  

A,SA Sec.t ional Cormittee E 3 1  . Coc:i.e for Frrssure Pipi.ng. Sponsor: American 
Society of Mechan.ieaJ_ Engineers e This committee con-sitlers pj.pi1-g fi-om 
t ine reactor  t o  l2ie power u n i t .  Materi a13 covered t o  date a-re pr3.m;i:ril.y 
s tainl.ess s teels  . Future pla.ns i.nclu.de - h e  devel.oPIiIent of staj?dau’ds 
for carbon a.n.d. al.l.oy s t e e l s  and no.nferrous metals, as well as a i-evlsed 
ver5;i.o-n for nuclear pTpin.g I 

Standards Issued 

1. 

2. Safe lles3.gn and. TJse of rr;dustr.ial. Hetr,-Eay Soz?rccs, Z54.2-1958. 

Safety Standard for Mon-Medical X-Ray and Sealed Gxmm-Ray Sources, 
Pa.rt I - General, Z54.1-1963 



making or  revis ing of Society S-Land-ards. The ANS standards eommit~tees 
work closely with t h e  ASA Nuclear Standards Board. and i t s  Sectl.ona1. Com- 
mittees.  ANS cosponsors M A  Sectional Commi-Ltee NG, Reactor Safety, t o -  
gether with ASME. 

ANS 1. Critical .  Experiments, The a i m  of t h i s  committee i s  t o  es tab l i sh  

AX3 2. S i t e  Eva1u.ation. (See a l s o  M A  N6-1 and NG-2. ) The aim of t h i s  

The subcommittees OB the ANS Standards Committee are described. below: 

I__ 

stan.dai:ds of perf orrnance of crT’*t, i c a l  e x p e r h e n t s  . 

comiil.ttee is t o  devel.op standa.rd.s i-elative t o  s i t e  se lec t ion  other -i;iian 
plant design and. operation. 

N6-6. ) 
ANS 3 ,  Reactor Operator Qualifications.  (See a l s o  ASA N2-3 and ASA 

This coimnit-tee w a s  dissolved because of the wol-k being done 
by ASA N6-6. 

ANS 4. Reacbor Qmamics and Control. (See  a.lso ASA N6-4. ) The Rim of 
t h i s  committee i s  t o  es tab l i sh  sta:ndard.s f o r  t he  general  design of 
those sys-Lems and co-mponents related to the  overal.3. aspects ol” reac- 
t o r  dynamics and corxtrol. 

o f  t h i s  cornnittee is  t o  zatabl ish standard methods for estimating the 
release o f  energy and f i s s i o n  products under iionstandard or sccident 
conditions and t h e  subsequent, distrihu,t;ion and d ispos t t ion  oi” radi.0- 
ac t ive  materials throughmrt the  reactor  f a c i l i t y .  

ANS-5. R e a c t o ~  Operr,t2?’.o:n. ( S e e  also ASA N6-6. ) ‘I’hts commit’iee w a s  d i s -  
sol.ved because of work being done by M A  N 6 - 6 ,  

-_  ̂ANS-7. Xeactor Componen-ts. (See a l so  M3,  N5, N6, afid N7. ) Tne aim. of 
thris comit. tee i.s t o  eskablish standards foi: design, prodixtion, and 
testing of coaiponen.ts of reactor  systems. 

aim of this coiri i t tee i s  t o  es tab l i sh  standards p,roviding guidance i n  
the  preventton of nuclear charin react ions rin all pr.oeedui-es f o r  han- 
dling, s-t;or~.i-tg, tranapoyting, processing, ,%id trea-Ling f i ss ionable  
nLl@l.ides. 

?E-4. ) 
preparing suggested def in i t ions  f o r  ri.nc1usion i n  -tile In te rna t iona l  
Standards 0qanizat i .on trj-ling-ual glossary and. i s  assis-ti_% i n  the r e -  
v h i o n  of Lhe American Standard- NL,l-lW?, A GI-ossary of Terms i n  
Nuclear Science and Technology. It 7.s a flirther ai.m of t h i s  coimiittee 
t o  prepare standards f o r  c lass i fy ing  nuclear reactors  and- :re?ated 
systellls - 

ANS-10. Standard. TJnits for Nuclear Industry. The aim of -Ynis committee 

ANS 5. Energy and Fission-l3-oduct Release. (See a l s o  N6-7. ) The aim 

ANS-E!. Fissionable Materials Outside Reactors. (See  also N6-8. ) ‘Yhe 

_____._ ANS-9. Nuclear Terminal-ogy and Reactor Systems Classif icat ion.  (See a l so  
In  cooperation wLLh IQ-L, t h i s  comroi-ttee i s  responsih1.e f o r  

i s  t o  develop s-tand~ard uni t s ,  pal-ameters, a.nd der in i t ions ,  Including 



-- 



2 r 40 

r ,  laole  7 2.6 (continued) 

bear case numbers 1270N t o  L276Ni 1330 t o  1.335, and 1-337. A LEV sec-  
t i o n  of the Code has been released t o  cover v-essells for r*u.clear ser- 
vice; namely; ASME Hoiler arid R-essure Vessel Code; Section 111; Rules 
f o ~  Cons ixuction o!" N;i.clear Vessel-s. 

Special. Cai-ni-nittgK-';o Review. Code Stress . ..........l_l B a s k .  _I_ mis co-miittec was set 
up t o  assemble t?ie r e l a t e d  requlremenbs t o  permit -the use o f  higher 
basic  allowable s'ircsses i n  a.l.3. sections of the Code witho1.j.t s a c r i -  
fS-cing the  i.ntegrity o r  sa fe ty  of the vessels. 'Zn7.s group worrked 
closely with t h e  S7j~'ocommittee on Nuclesr Power i n  draf-t;ing Sec'Lioil. 
111 because of' t h i s  need. Their work w i l l  now be dirccted tovard 
Scctj-on VI11 of t h e  Code and the staridi1l.g subcommi-L.Lees will assI'.st 
the Subcoumi.ttce on Nuclear Power in answerTng inqui r ies  on Sectlot-i 111. 

of t h i s  cormittee i s  t o  conver'i research data  t o  a form useful .bo 
engrineers and. designers, a s  well as t o  develop new data where needed. 

Research Coiimittee --- on Effzzts  o f  Radiati-on. on mteria1.s % %?le objective 

Table 2. '7. kflel-ican Society f o r  'Tes.i;i.rg and Materials 

Ybe American Society f o r  Testing and Materials has a Special A&nJ.nis-- 
.brat ive Co-mn'i.ttee m Nuclxar kob1em.s. Address : 1915 R a c e  Street ,  
Yiiiilad.elphia, Pa, Tfiz following subcrrrrimi.-t;tees a r e  workhg 011 skmdards 
i n  t h e  nuclkar emrgy f7el.d: 

ASTM A-1 
Asm A-5 
ASTM A-10 

A B M  B-2 
ASTM B-7 
L*s%M C -9 

ASTM C-23.. 
.AS'TM D-2 
ASTM D-9 

and D-30 
A7rn D - 1 8  
ASYM D-19 
AS'I'M E-1 
Asm E-? 
AS'CM E-3 
ASTM E-7 
ASrn E-10 
ASTM E-14 

Stee?. 
Corrosi.on of h o r i  and S t e e l  
.Iron-Chromium, Iron-Ch~orniim-.Nickel, and. Related Al.loys 

Nonferrous Metals and Alloys 
L i g h t  Metals and Alloys Cas:; and Wrough-'i, 
Concrete and. Concrete Aggregates ( w i t h  spec ia l  subcormittee 
on shielding)  
Ceramic Whri.tewm-e and- Related &odi.i.cts 
Petroleum Prodiic t s a d  Lubi-ic ant 6 
J o i n t  Subconmtttee on E-lYects of Nuclear and High-Gne-rgy 
Radiation ( -i.nsulatilng materials a.nd. p l a s t i c s  ) 
Soil-s f o r  Engineering Purposes 
1n.dus-k i-id Water 
Me-t'nods of 'T'estLW 
Ih iss ion  Spectroscopy 
Chemical, A n a l ~ s i s  of Met;nls 
Nondestructive Methods of 'Testi-ng 
Radioisotopes and liadiation Ef'fects 
Mass Spectroscopy 

- 

( S L X  groups 1 
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Table 2.8.  Inst i tute  of Electrical and Electrorric Engineers 

The Institute of E l e c t r i c a l  and. Electronic Engineers (IICEE) is l o -  
evted at 345 East 47th Street, New York, N.Y. IEEE has repz.esentatives 
on .the M A .  lhe1.ea.r Standards Board and Secklonal Committees N 3  and N6, 
and it s p o n s o ~ s  &?A Sect;ional Cormittee N3. It &so has t h e  following 
cormittees working on s-Landards in the nuclear fi.eId: 

Comiitdee 13 or1 Nueleai- Techniques. Tlie sco-pe of the  stmd-ards work -________ 
affecti.ng :mdear  safety incl.i.ndes (1) Vat? selection 03 terms m d .  the 
prcpa;rai::ion ana maintenance of s-t;and.ard def ini t ions 3.n the fie]-d.s of 
nucl.ean- radiation and- nuelear instruineritattion, ( 2)  the p r e p r a t  ion 
and mnilrbenance of s-Lmdards cavering metlioc1.s of mneasuremexxf; in these 
fiel-ds, ( 3 ) the compKl.at ion of in.fo.mnv"cou TePating s'canda-rds i n  these 
fields, and ( 4 )  coord-ination w t t b  a .etivit ies of other I3333 cormittees 
m d .  other profkss ional. sccieties a-nd l l a i son  with technical organiza- 
tions engaged in al.l.i.ed work. 

~,rorked closely with M A  Cmmi.t-tees N2 an& IT6 in developing starid;zwd 
~u.cleonf.cs ~ o r m i t t e e .  m E  cosponso-ss ASA Sec t iona l  Cornittee IU4 a:od has 

qya3_ifTeatians f C ) T  personnel. 1 

~. Standards and Sai'e-by Committee. Ti& cormittee is &evelopix  a code f o r  
qu.al..i.f-i,c:fitions of Nu.clear Reactor and Accelerator Operatoss that re - 
latcs -Lo nuelear safety-. 
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Table 2 e 10. National Bureau of Standai-ds 

Toe TJ. S. Department of Coiiuiierce, Na-tional. Biireaix of Sl;and.arrds, pub .. 
l i ea t - ions  ai-e avai.l.ab1.e from the Superi-ntendent of’ Documents, U. S, Govern-- 
men3 P r in t ing  Office, Washington 25, D. C .  NBS prepares hamdbooks sum- 
marLz~.ng t h e  reeoi!iiiiendations of the National Cornmri.tt,ee on R a d i a t b n  
Pro tec t ion  and Measurements (KCRP),  which woi-ks c lose ly  wikh t h e  1 n - k ~ -  
na t iona l  Conmission on Radiological- Pro tec t ton  (ICRP). 
organized by 3rd continues t o  operate  under sponsorship of t h e  Na-tioiial 
Bureau of  Standards. Forty-one main committee members and 1 8 subcofiirnit- 
t e e s  are l i s t e d ,  wri.th their respec t ive  chai.rrnen, i n  NBS Handbook 69, 
Maximum &miis s i b l e  Body Burdens and Maxj.rrnm Permiss ib1e Coneenti-ations 
o f  Radionuclides iil A i r  and i n  Water for Occupational EX~JoSllre, i ssued 
June 5, 1.959. 

z a t i o n  of nuclcar energy have been issued:  

The NCRP was 

The following NBS Ziandbooks tha-i; r e l a t e  d i r e c t l y  t o  s a f e t y  i n  u t i l i -  

1. 
2. 

3 .  

4* 
5 .  
6. 

7. 
8. 

9. 

10. 
11. 
12. 

13. 

14 v 

15. 
16. 

1‘7 . 
1.8, 

19. 

20. 

Safe Handling of Radioactive isotopes,  N’HS-A2, 194-9 
Control and Xemoval of‘ Radioac-Live Contamiaation i n  Laboratori-es, 

Recommendations for Waste Disposal of l’hOSphoi:Oi*S~-32 and Iodine-  
131 f o r  Medical Users, NRS-49, 1.951 
X-Ray Prot;ection Design, NEE-50, 1952 
Radiological  MoaYtioring Methods and Instruments, NBS-51, 1952 
M z x i z - i . m  Permissible Lirnounts of RadLoisotopes i n  t h e  Hi~man Body 
and Maximum Permhs ib le  Concentrat ions i n  Air and Water, NBS- 
52, 1357, 
Recommend.attons f o r  the Disposal of Ca.ri?on-l_/, Wastes, NBS-53 
R-otect ion Against Radia-tiom from liadj~iim., Coha1.t -60 and Cesium- 

Pro tec t ion  Against De-i;atj~on-SyIici?l.otron Radia.-t Tons up t o  100 
Mi-llion Electyon Volts,  NBS-55 
Photographic Dosime-txy of’ X and G a m a  Rays, NBS-57 
Radioactive Waste Disposal i n  t h e  Ocean, NBS-58, 19% 
Pemiissible Dose E’rojil External  Soii.~@es of Ionizing Radiation, 

R e g d a t i o n  of Xad.i.ation Exposure by Legisla-tTve Means, NSS-61, 
1955 
lUrotection. Agai-nst Neutron Xadiation Up t o  30 Mill ion Electron 

Des ign  of Free - A i r  l on iza t  ton Chambers, NBS-64, 1957 
Safe Handling of Bodies Containing Radioactive Isotopes,  NBS-65, 
1958 
Safe  Design and. Use of Indu’s-trial. Beta-Ray Sources, NRS-44, 1958 
M a x i m  Permissible Body Burdens and Maxi-rflum Pe-missib1.e Concen-- 
Lrati-ons of Xadiomclides i n  A i r  and i n  Water f o r  Occupational 
Exposixre, NBS-69, 1959 
Measurement of Neutron Flux and Spectra for Pnysical  and Bid-ogi-  
c a l  Applications,  NBS-72, 1960 
Protect,ion Against IDladi-ations from Sea1.ed Ga-ma Sources, NBS-73, 
I960 

NBS-48, 1951. 

13’7, T\SHS--%, 1954 

ms-59,  1954 

Volts, NRS-63, 1957 
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Table 2.10 ( cont i m e d  ) 

21. 

22. 
23 a 

24. 
25 e 
26. 
27. 
28. 

29. 

Measurement of Absorbed Dose of Neutrons and of M h L u r e s  of Neu- 
t rons  and Ga%ma Rays, NJ3S-75, 1961 
Medical X-Ray Protection U p  t o  Three Million Volts, NBS-76 
Stopping Powers for  U s e  w i t h  Cavity Chambers, NBS-79, 1961 
A Manual of Raiiioactivity Procedures, PJBS-80, 196k 
Radiation Quantities and 'Units, Psi3S-@4, 1962 
Physical Aspects of I r radiat ion,  PBS-85, 1962 
Radioactivity, HBS-867 1962 
RadTobiolngica.1 Dosimetry, Recommendations of' t h e  Internat ional  
Commission on Radiological Units and. Measurements) N13S-88, 1962 
Methods of Evaluating RadLological Equipment and Materia.ls, 
ms -89 

Table 2.11. Society of Naval. Architects and Marine Engineers 

The Society of Maval Architects and Marine Engineers, ,Ships Machinery 
Cornflittee, M - 1 3  Panel (Address: 
pared. Technical Research EiAletin 3-4 ,  "Safety Considerations .Affecting 
-the Design and I n s t a l l a - t i m  of Water-Cooled and Water-Mod.erated Reactors 
on Merchan.1; ,%ips, " a t  t he  request of the U. S. Coast Guan*d. 

74  Trini-by Place, New York 6 ,  N.Y. ) pre- 
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B. B. Piper" 

The credible accidents t h a t  may occur i n  a nuc1ea.r plant C G V ~ ~  a 
broad ran.ge from the inconsequen Lial. t o  the maxlniuin credible  accid.ent . 
Mien discussing such acciden-Ls, liowever, i'c i s  important; t o  hear i n  mTnd 
t h a t  there has been l i t t l e  experie:nce on Tdnich to base any ev-tl.ula.1;ion as 
t o  their probabi l i ty  o r  severi ty .  In t he  safe ty  analysis  of a reactor  
f a c i l i t y ,  all t m e s  of accidenix tha t  could 0ccu.r must be s t i i d i e d . .  

The word "credible" is used here i n  d.escribing acciden-ts that, i n  
the judgment of safety analysts,  n i w t  be provi.ded f o r  i n  th.e design of 
the facili.t;y. In m m y  cases, very severe acci.d-ents may be 'ihoug'rxt of', 
bat, they may be incredible or  coiild not, occur. For example, t o  -the per- 
son imfamiliar with nuclear ni?ch.s.nri.cs, it m y  appear that  R reactor  cou1.d 
explode l i k e  a bomb, since the  "atoni.c bomb" arid the nuclear re~ac'wr con- 
~ a i n  the  same fuel.. There is, imweve~, no -imaginable sei of  circumstances 
under which t h i s  could happen, Since the nuclear explosioii of a, reactor  
i s  i.ncredible, it i s  not fur ther  pirsued when eval.uating tlze sa fe ty  of 
a reactor .  

There are, h o v a e r ,  many credible  accidents t h a t  ms-t be considered 
by t;?e d.esi.gner. These tnclude the possri.bi1iti.m of componen'c, fa i lures ,  
d-esign deficiencies,  and operating errors Further, i - t  i s  possible f o r  
instriments t o  fail . ,  so frequently more than one i.nstrmen-t, i.s employed. 
for a, given task, a n d  t;hei.r signa.l.s are connec-Led so -that simLLtancous 
I"ai1ures of more than m e  itmm are required for a given accldent t c j  occur. 

Since reac tor  vesse1.s and assocria.ted piping a re  g m e r a l l y  0% con- 
ventional me-tals, these components may -Tail although careful.ly fabri-catcd 
t o  pressu~e standards and routine1.y i.nspect,ed 17her-e possible ~ Hove~~er, 
portions of p r i m r y  nuclear systems a r e  not usual ly  amenable t o  periodic 
inspection after operation, so  extreme care  mist, be exercised i.n t h e  con- 
s t ruc t ion  and. i n i t i a l  lnspee t ion  of thesc syst,em:;. Component:; aye heat 
t rea ted  and stress re l ieved and ~ s e l d s  arc3 x-rayed asd fix&%ler cheeked. with 
dye penetrant. ?'his sort of care ij.urri.ng cnns t  rxet,j.on 3.ead.;~ -to Lrrcreased 
confidence i n  the  "as -r::ozistructed " reactor system. 

safe ty  a.rralysis i s  performed. In  general no s ingle  crediblk accident 
coifid render subs tan t ia l  damage t o  the surroiindtng enviroument, hut  soj-ne 
combi.natIon o r  sequence of credible  accidents mzy be postulated t h a t  
would result i n  .%lie accident that i s  called the  Maximmi (2wdl.bl.e Acci- 
dent (rnca). The m a  i s  the credible  aeci.dcnt - L h . t  can c-r-tuse the  most, 
serious consequences as  far as r a d h t i o n  exposure t o  the  surro~..m.d.ing o f f -  
s i t e  populace i s  concerned. T'lere a r e  Iimi.t;s bey-ond which .liest. cmse- .  
qu-enees cannot be allowed t o  extend, m d  i f  f o r  a gi-veia %"acil.fty the 
conseqixemes are beyond those l.i.nij.d;s, mme zffec-Live containmen-t measures 
must be assuyed Ti' the f a c i l i t y  i s  t o  be b u i l t  and opeyated. 

1. 

Many types of  accri.dents co1xl.d occur and. m u s t  be cor!si.d.ered when a 

-x-Oa,k Ridge Nati.ona1 Iaboratory . 
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3.1 TYYICAL ACCIDENTS 

In  t h e  safe’iy reports of exi.sti.ng reac tors ,  many t y p i c a l  accid-ents 
a r e  c i t e d ”  TJsu-ally the accidents  arc categorized and d.escri.l-,ed, and t h e i r  
e f f e c t s  a r e  anal-yzed. Some of t h e  acciden.t;s considered a r e  1l .sted below: 

l a  

2 .  
3 .  
4. 
5. 
6. 
7. 
8. 

9. 
10. 
11. 
12 “ 
13. 

S t a r  tup ac c i.de nt , 
Cont;-rol. r o d  wit’ndi2awal_ accident,  
Poison removal. accident ,  
Cold coolant accident,, 
Control- rod drop acc-ident,, 
Loss of cool-ant flow accident ,  
Loss of load accident,, 
Step increase i n  losd acctdent (i. e. , break i n  steam l i n e  t o  
t,il.rbi.ne 1, 
Acciden1;al interchange of primary and second-ary f l u i d s ,  
LOSS of coolani; accident,  
Fuel-handl.ing ace ideiit, 
E’uel element f a i l u r e ,  
Chemi-cal.. reac t ions .  

-1.. - 

These accidents ,  whj.ch a r e  di.scussed. below a-re general  i n  natiure; t h a t  
is, they are not inheren-tl-y l imi ted  t o  one type of reac tor ,  al though some 
accidknts  may be mare pe r t inen t  t o  some reac-Lor tyTes than to others. In  
fact;, it may be expecLed. t h a t  it wil.1. be necessary to consider a l l  these  
acc idents  i n  t,he s a f e t y  analyses  of a l l  types of r eac to r .  Nuclear t r a n s i e n t s  
a r e  a, s igni f icanl ;  fea . ture  of’ t he  f i . r s t  f i v e  acciden-ts, bu t  i n  contrast, t o  
f a s t  r eac to r s  (whi.ch a r c  discussed i n  s e e .  5 . 3 ) ,  nuclear  Lmmsients do n0.L 
cons Litrnte the  naxirnuifi c red ib lc  acc-ident, i n  thermal reac tors .  

3.1.1 ._ Sta r tup  Accident 

ITie s t a r t u p  accl-d-ent i s  one %hat i s  caused by insertton of reacti-vi-ty 
a t  t h e  maximum possible  ra’ie with t h e  r eac to r  i n i t i a l l y  i n   he shutdown 
cond-ition and the neutron f l u x  a t  t h e  soiirce level Genera.Ll-y -the tern- 
pera ture  3.s assumed -Lo be t h a t  which w i l l .  r e s u l t  i n  i;le most severe nuclear 
t r a n s i e n t .  Even so, t h i s  type of accident ri.s mtnimized i n  low-enrichmznt 
rea@t,ors by the f a c t  t h a t  t h e  Doppler- c o e f f i c i e n t  i s  q s i t e  e f f e c t i v e  under 
these  condi t ions . 
onl-y i n  t h e  case of misoperation and Sail-ure of converkional rzae’ior s a fe ty  
channels. Rapid withdrawal of a con t ro l  roil, by t h e  opera-Lor, from t h e  
sh1.itdo.m condi’iion should cons1;j.tute misoperction. A f a s t  period on low-, 
intermediate-,  and high-flux cha:o:nel.s should ca.u.se t h e  rod withdrawal t,o 
st;op or, if t h e  period. were fast  enough, a scram and high-power indi.@at,ion 
should cause a scram. W i - t %  t hese  s a r e t y  in t e r locks  ’ilic sta-rtup accident 
should cause l i t t l e  o r  no damage t o  t h e  system. If by some manner t h i s  
accident, should contibue unchecked., it would resul-t rin a szvere core tem- 
perature  t r a n s i e n t  , whic‘ii, by onr of several. mechanisms, would be s e l f  
l imi t ing  but might des t roy  the  r eac to r  core. 
system remained i n t a c t ,  no sigi1ifican.t f r a c t i o n  of t h e  f i s s i o n  products 
wou.ld be released t o  t h e  r eac to r  contai-mmnt system. 

The tempera-ture t r a n s i e n t  that, would be experienced a s  a r e s u l t  of 
a s t a r t u p  inc ident  a t  t h e  Piqua. (organic-cooled.) yeactor‘ i s  shown i n  

I n  general ,  t h i s  accident can .be sevcre enough t o  cause core damage 

Even so, i f  the primary 
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Fig. 3 1. The temperature arid power would contiiiue to rise u n t i l  film 
'ooiliu-g occurred, a t  which time the  voids produced by boi.ling wou.ld in-  
-trod.uce negative r eac t iv i ty .  Continued power production would eventually 
yesul t  i n  meltir?g and rearrangement of the  cen t r a l  elements. This irici- 
d.eint i s  assixxed t o  take place with f u l l  coolant flow establ-i-sbed; t h e  ef-  
fec ts  would be a.dversely magnified by any reduction in flow. 

3.1.2 Control Rod Withdrawa.3. Accident 

An accident could be i n i t i a t e d  by the continuous withdrawal of one 
or  more control  rods a t  the rnaxinium rate when t,he reac tor  was operatriag. 
Except f o r  t'nc f a c t  t h a t  t h e  reactor  would be opera.-ting, this accident 
wo1iI.d be the  sa.me as -the s t a r t u p  acciderlt. The poten t ia l  consecpences 
could be worse, however, bemuse i n  t h i s  case the  reactor  would be a t  
some power and -tAe core would- have accurrrulated fiss ion-product s.c-t;tvi.ty 
proportional t o  t he  power and the time a-L power. Ho'wevei-, i.f the primary 
system did not f a i l ,  none of the  fission products woiild be relensed to 
t he  containment s t ructure .  As i n  the s t a r tup  accident, i f  the several  
sa fe ty  channels did not cause the reactor  t o  scmm, serere overheating 
of  t he  core cou.3-d OCCIJT, which would ult imately result i n  the  t,e-mri.natLon 
o f  the  excursion e i the r  by expu2sion o f  %lie moderating cool.ani; or by l o s s  
or f u e l  f r o m  the  core. 

poiat  plant  as ~ n o ~ l o w s  : 
The control  rod withdi.awa.1 accident was analyzed fo r  t he  Big Hock 

lrThe eontin1~ou.s wi-Lhdrawal of cont ro l  r o d s  a t  power will c a i ~ e  
a ~ P L W  peaking i n  the  azea from which the  rods are wi-thdrawn. 
Theue w i l l  'ue no excursion however, r l i x  t o  the strong negative 
void coefficien-t; of reac-Livity. 'The r a t e  of increase of power 
i n  t h i s  case i s  a function o f  the  i-ate of rod rerooval, t h e  par- 
t i c i d a r  rods removed, and. the control  rod an.d void conf igma t ion  
a t  t'ne time o f  the incident,  i n  any event, t h e  local power flux, 
and. t he  over-all. s t e m  formation b r i l l  increase smoothly. 'The 
bypass  vKive will contiriimusly increase i t s  opening t o  receive 
tile larger s t e m  f l o w .  Before the  flow capacity 02 %he bypass 
valve is reached, Wne reactor  w i l l  safely shut down from t he  
o v e r - f h x  s igna l  t h8 t  will a r i s e  from t h e  flux monitoring in-  
s t mment:ltioil. '' 

3,1.. 3 Poison R e m o v a l  Accident - 
The acci-dental removal of poison (other  than con-Lrol rod poison) 

could occur i n  those reactors  t h a t  u s e  soluble poisons in t he  coolant for 
reactivrity contol o r  burnable poisons t o  extend core l i fe .  In the? ease 
of t h e  soluble poison, i f  a.dininistrative control  were not properly ex- 
ercised-, the  poison Concentration mi-ght decrease at a t i n e  when some maxi- 
mum nuclear -i;ran.sient could oc1cu.1" as a r e s u l t .  The Indian Point  plant 
rises soluble boron i n  the  prlmary coolank as a burnnbl-e poison3 to a id  i n  
control.  I n  reactors  whem inso1iibl.e 'nurnable poison is used, a s t r i p  o f  
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t h e  poison may be attached t o  the  fixel element, The depletion of t'ne 
poison. compensates f o r  t he  f u e l  tha.l; i s  burned and thereby provides a 
core with a longer lifetime. 
from the  f u e l  element and drop from t h e  act ive core region, thus adding 
r e a c t i v i t y  -Lo t he  system. By t h e  very nature of t h i s  accident it would 
be inconceivable f o r  all t h e  poison t o  f a l l  from the  core a t  t h e  s m e  
t i m e ,  and s o  the  sever i ty  would be minimized by v i r tu re  of t h e  f a c t  t h a t  
t he  accident would occur over a period of t i m e .  ReactivTty increases 
were noted i n  the  SL-1 t h a t  w e r e  found t o  be caused by t h i s  pheriomenon.4 

Such s t r t p s  of poison could becone separated. 

3 . 1 . 4  Cold Coolant Accident 

!Rie cold coolant accident would occur i f  some or a l l  of the coolant 
c i rcu la ted  through t h e  core had been cooled below the  normal ivllet t e m -  
perature e I n  general, reactors  have a negative temperature coef f ic ien t  
of reac t iv i ty ,  and therefore,  with a. reduction of temnpera.ture, there  i s  
8n increase i n  reac t iv i ty .  Thi.s increase i n  r eac t iv i ty  can logFca.lljr be 
ca l led  a t rans ien t  i n  the  core, and -the sever i ty  of t h e  t rans ien t  i s  d e -  
termined by t h e  value of  -Yne temperature coef f ic ien t  and by the  degree 
t o  which the  inlet  coolant is  subcooled and t h e  coolant flows Ynrough 
.the core, I n  some eases t h i s  tncident could r e s u l t  i n  severe core damage. 
I n  plants where this could be a serious problem, safeguards must, be es- 
tabl ished -to prevent t h l s  accident e 

ant loop t h a t  had been l d l e  f o r  a period of t i m e  su.fPicieixt t o  allow the  
coolant i n  the  loop to become subcooled. Tnis coul-d be prevented by i n t e r -  
locks on t h e  valves that  ?solate t h e  loop or by administrative control. 
throu.gh Yle proper use of loop s t a r tup  procedure:;, which should- include 
heating of t he  loop pr ior  t o  s- tar t ing the  pump. 

reactor,  which has a l a rge  ne a t jve  temperature coeff ic ient .  The analysis 

"Since the Yankee reactor  has a r e l a t i v e l y  large negative 
temperature coef f ic ien t  of reac t iv i ty ,  a lowertng of tem- 
perature represents a.n addition of reac t iv i ty .  Such a 
dolrmward temperature change might come about through open- 
ing valves whLch previous1.y had i so la ted  a coolant loop  
containing water a t  R temperature below tha t  of t he  water 
i n  t h e  reactor  core. Protection against  such a n  occwrence 
is s.fforded by the  following: 
"1. Temperature i iker lock  which prevents valve opening 

u-riless t h e  cold l e g  loop temperature is  within 30°F' 
of t he  highest  cold l e g  temperature i n  the  other loops. 
SLOW opening valve perml.ts rnj-Xing of i.sol.ated loop 
m t e r  with water i n  the ac t ive  loops. Loop t r a n s i t  
time is short  compared t o  valve opening t i m e  which 
increases mixing, as  does t'ne configuration of reac- 
toy piping and in te rna ls  , 
Cold leg low temperature alarm. 

On.e probable cause of t h i s  accident would be t h e  sta.r%ing of a cool- 

Considerable a t t en t ion  has been given t o  t h i s  accident a t  .the Yankee 

of t h e  problem is  as  follows: F -  

"2. 

"3.  
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"4. Sta r tup  r a t e  protec-tion and 25% power J-eve1 scram, 
if a t  low power l e v e l s ,  and UO$ power level- scram, 
i f  a t  power. 

loop wt1.l. be borated when it i s  ~iiore than  30°F 
cooler  than  t'ne hi.ghes 1; core i n l e t  watcr tsmperature.  

"6. Adminiktratlve control. d ic ta - tes  -that. temperature arid 
boron concentrat ion w i l l  be matched before a loop i s  
cut in. 

"5. ,Mministrative con t ro l  d i e  t a t e s  t h a t  t h e  i.sol.ated 

The accidental-  dropping of one or more control.. rods i n t o  the ac t ive  
core or a reac to r  would cause a fl-iur depression and a power I-oss. From 
the  s a f e t y  standpoint,  this accridenl;, which causes the  r eac to r  condi- 
t i o n s  t o  change 5-n the  direckion 01" shut,down, does no'i present  a prob- 
lem. It i s  an llimsual circumstance, however, tha t .  cou1.d precipitate 
another accident  which might have serioiis consequences, '?his inc ident  
i s  usua l ly  analyzed f o r  t h e  sake of completeness of the s a f e t y  inves t iga-  
t i o n .  

case, t h e  accident  waul-d be simi1.ar t o  t h e  s t a r t u p  smri. con t ro l  rod w i k l i -  
drawal acc idents  ( secs .  3.1.1 and 3 .S .2) .  

'1Z?e con t ro l  rod m i g h t  a l s o  drop out o f  t h e  core. If' 'chis were t h e  

3.1.6 Loss of Coolant Flow 24ccident _.._..~ l_l 

Loss of coolant  flow accidenLs can be 07 various magnitudes, depend-. 
ing on t h e  mechanism t h a t  causes the impairment i n  coolant, flow. 

Th= loss of one o r  a l l  of t h e  c i r c u l a t i n g  pimps could be responsible  
f o r  khe l o s s  of  flow acei-dent. The por t ion  of flow l o s t  wo1iI.d determine 
t h e  severi'iy- of t h e  inc ident .  A complete loss of flow could r e s u l t  i n  
severe corc damage because loca l i zed  overheating of the f u e l  elements 
would occur. I n  many cases,  however, tiiemml_ly induced convectri.on would 
provide suf f  icieni;  fl-ow t o  prevent extensive overheating, even i n  tile 
event of complete flow 1-oss, and, when pnssi.bl.e, t h i s  is il design require- 
ment. Xi; is  t a c i t l y  assumed that upon stoppage of flow, t h e  appropriate 
sensors w i l l  ini-l ; iate a scram and shut  down t h e  r eac to r .  If t h i s  i s  not 
t h e  case, ovcrhea'iring of t h e  core may o c a x ~ .  However, the  Loss of flow 
and concurrent f a i l u r e  of t h e  coLi'wcl- system c o n s t i t u t e  a cornpoimil a c c i -  
dent involving the  f a i l u r e  of t w o  independent components, which could. 
poss ib ly  occur from a s ing le  i n i t j - a t i n g  event. 

tion t h a t  9 scram would occur 0.50 see  a f t e r  t h e  l o s s  of flow was i -n i t i -  
ateii. As ind ica ted  i n  t h e  following discussion,  i10 cladcli.ng failures 
w o u l d  be an t i c ipa t ed  as a r e s u l t  of Ynis accidei?t .  

The acc idh i t  analyzed for t h e  N.S. Savannah was based on t h e  assump- 



"The var ia t ion  o f  clad. temperatures a f t e r  the  lo s s  of f low 
i s  very sens i t ive  t o  the  assumption of the va.lue of the heat 
thansfer coef f ic ien t  a t  t he  clad surface. Fig. 20 [ s e e  Fig. 
3.2, t h i s  yeport] gives the  fue l  pin su.rfn@e and pe l l e t -  
center temperatures f o r  the case i n  which the  heat Lrunsfer 
coef f ic ien t  accounted f o r  I-oca1 and net bo i l ing  a t  t h e  s11:r- 
face of t h e  clad. The t h e m a l  conductivity of t h e  rnlxed 
hel.ium and f i s s i o n  products i n  the  gap was assumed 'Lo be 
0.03 Btu/hr-ft-"F. i3ecau.se o f  subs tan t ia l  res is tance t o  
heat t r ans fe r  i.n t h e  gap between the  pe l l e t  and t h e  clad, 
t he  clad temperature seeks t%le temperatxre of the coo1.an-t 
f o r  any reasonable value o f  surface heat, t r ans fe r  coef f i -  
c ien t .  In  this case, t he  maximurn clad surface temperature 
was 625°F. Fig. 20 represents the  conditions aclxal ly  811- 
t t c ipa t ed  i n  -LIE event of a complete 1 . 0 ~ ~  of coolant f l o w . "  
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3 .  I.. 6.2 Blocked Flow Charnel.. ._I-._ 

h. accident  with much less  severe consequences but  writh a g r e a t e r  
probabi.l.ity of accurreiice is t h e  blocked flow channel accident .  This i s  
a v a r i a t i o n  o f  t h e  loss OP fl..ow acciden'i i n  which the flow t o  a s ing lk  
(OT a f e w )  channel i s )  i s  e i t h e r  stopped. o r  limited. t o  the exten t  t h a t  de- 
pal-ture from ilucl-eate b o i l i n g  can Lake place.  I n  t h i s  event t h e  fuel. 
clement would overheat,  and ine3.ting of tile cladding might occur w i - t h  r e -  
sul. t ing r e l ease  of fission products t o  the coolant  stream. Tile coolant  
ac t iv i ' iy  monitor would indi..cate t h i s  t rouble ,  and- s t eps  woul.d be taken 
to r e c t i f y  the p o t e n t i a l l y  unsafe s i t u a t i o n .  ( see  ah:: sec .  3 . 5 . )  

3.1.7 Loss oi" Load ,4ccidenf, 
_l___l__ __^___I 

Upon l o s s  of  load, t h e  r e a c t o r  would s t a r t  on a t , ransient  t h a t  coul-d. 
become severe unless a scram were i n i - t i a t e d .  With loss of load the average 
coolan-t temperat-me wodd yo up, cooling of t h e  core  would be reduced, 
and seine f u e l  mel-ting could  occur. However, a scram s i g n a l  would genera l ly  
be in i t i a t ed .  by a 1.0s~ of load, and a :f?irrther SCi"aji7 sigrial might be given 
by the  coolant vo3.ume change t h a t  wou.l..d occur as a resul.:; of t h e  lncreased 
average temperature; t h e  volume change would be sensed a s  a high level. i n  
tihe pressuri.zer. 

'TIIF: l o s s  of load acc ident  a t  Yu.1-S. power was analyzed. fol- t h e  Yankee 
r eac to r ,  assuming bot,h scram and. nonscrarr, condi t ions.  Figures  3.3 and. 3 .  
show t h e  bchavtor of t h e  important, pai-anzters upon occurrence of t h e  ac-  
c i.de n-t . 

3.1.8 Step Increase i n  --- T,oad Accidext .... ~ 

I n  general., r eac to r s  behave qu i t e  well under t h e  inf luence of load 
changes, but, i f  t h e  r e a c t o r  i s  opernI,i.ng a t  f u l l  power snd a subs'ia:nt,i.al 
load increase  i s  imposed, t h e  r e s u l t i n g  e f f e c t s  m 3 y  be qu i t e  sevei-e. For 
example, i f  the  steam 7.i.ne t o  the t u r b i n e  siiddenly ruptured, t l i e  heat  re- 
mova? from t h e  primary system would increase  and cause an immediate tem- 
pera ture  change i n  th2  primary €l.ii.id. The con t ro l  system would. inser t  
r e a c t i v i ~ t y  t o  cornpensak f o r  t h i s  change, and. t h e  change i-tself, in lower- 
ing  t h e  average tern a ture ,  rflri-ght a l s o  I.nse1.l; r e a c t i v i t y  i f  t h e  system 
had a negat ive ternperalvre c o e f f i c i e n t .  The high power se t  point  would 
be exceeded and a scyam would be i n i ' i i a t ed  thai; would end t h e  transj.e:nt,. 
If Lhe control. system fa i l ed  -to shut  t h e  reactoi- down, severe core damage 
could be caused by t h e  core temperatiire t r a n s i e n t  t h a t  would folJ.ow. 

Soinc.;. f ue l  e!e:lments rn3.y be expected t o  rup ture  o r  slow1.y l e a k  f i s s i o n  
products iiiLo the primayy coolsnt  stream, The ex is tence  ol" one o r  more 
fai.1 ed f u e l  elements dcec not c o n s t i t u t e  ail accident coildi.ti.on, s ince  
power r eac to r s  are d.esign=d t o  operate  imder such a condi t ion.  Varri.ous 
a,c.ci.d~ents coul.d., however, cause t h e  f a i l u r e  of many more f u e l  elements. 
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Fig. 3.4. Effect of T,oss of Load Without a Reactor Scram on Parame- 
t e r s  of Yankee Reactor When Ogeratirg a t  485 Mw(t). (From ref. 5). 



3 ,  1.1. 

In  a pressurized. system the  f t s s i o n  prc>d.ucts would. nornal1.y be confi.ned 
by the pr iqary systern, but they cou.ld en ter  -the secontlary- system ’chr*ough 
some break between the two systems. In a boi l ing system, Yne s m a l l  amounts 
of gaseous f iss i i jn  product:; fl-ow.ing wi.th -the steam can be safe ly  re leased  
t o  the  atmospl?.ere a f t e r  a decay period. 

3 I. I 9 . 1  I3dircc-t; Cycle 

WFth the ri:lzd.I.rect-cyel.e sys t em i n  which -ihe primwy mo1a.n. t  g i ~ r e s  
heat t o  a second.nr.y (o r  ter.-tia.ry) coolant which, in iurn,  d.rives the tur- 
bine, the possibi- l i ty  of a leak occurring in {;he &ai; exchanger inii.st be 
investigat,ed, Some concentrntioli of fission p r o d . u c t s  may accumulate i r i  
tht. :prima,ry system withoixt causing undue ala,rrr? because i;he a c t i v i t y  ts 
contained.. If an interconneci;i.on (by tinbe fa i l ixe,  e t c  a ) be-tween primary 
and secondary systems occurs, dLspersa1 of l;he radioa.c-t;i-ve priiimi‘y ccmlnat 
may be minimized ’oy desigm -i.n which the  secondary system i s  mnainta.irde!l 
a’i a higher operating pressure. If an interchange i s  established between 

~ 

t t l I 2  -iwo coolanl; systems, 
oi1.s concentration iii the  
fissl.on-prod.net ax  tivi--ly 
trol -that would i .ai t i .atr  
excessive would precli-ide 

3 . 1  I 9 .2  Direct Cycle 

In ihe direct-cycle  

h . ~ ~ e v e r ,  the  f i s s ion  products na,y reach a c:l.snger- 
seeondm-y workjng f l u i d .  Close observa.tion of 
i.n all coolant strrarris and atlministra-Live e m -  
sh i~ tdo im and I-epair i n  case t he  a c t i v i t i e s  beeerne 
any serious discharge of conta-minaits. 

sysiom, the  primary coolant i s  a l so  the  working 
f1.u.j.d; t h a t  is, it drives  the turbine,  
be -the p i m a y  f l u i d  and i f  fi:3sioiii produeCs were present, they coul.d l;’rlus 
escspe frijmn the primary contal’-nrent system. It is obvious t hx i  t h i s  could 
impose a more severe l i m i t n : i  i . m  on t‘ne ac:t;ivity i n  -!;he primary cooLnn’i i.n 
order thal; the  contamina+;ion a t  the turbine remain C J f  negl igible  radio- 
1ogFca.l. s ign.l.ficimce . 

In -this case any steam leak would 

3.1.10 Toss of Coolant Accident 
-_.....__.l____--.-..-.--.- I 

LOSS Of C o C l l a l l t  CG1d.d rn . I lg2  frolll thR1; f?SC!ap?Pag -bhL”OU.gh 3, S T f l d - 1  leak, 
whi.cb could b:: accommodated by -the Peed pwrips, t o  th.e l.oss of cool.a.rrt 
within seconds. The accldent might be irtitj-ated by a m a l l  leak o r  by 
failiirce of solile component such as a flange, ‘valve, pipe, o r  even a large 
pree~su:re vessel .  In -ihis accident,, e(.)olant would d.rai.n f r ~ m  the priirmry 
loop. If t h e  drainage were sI.o-ci- enough t o  allow the  feed pumps or emer- 
gency in jec t ion  sy-sLerns t o  provide cooling Tor the  cox-e, mi-nor ill e f fec t s  
wou1.d be suffered; ‘but, i f  t he  re lease  of coolant were su f r i c i en t ly  sud.dcn 
t o  uyicovcr the core, the  fue3. elements would suffer a severe temperature 
i.ncrease th.at, might r e s u l t  i n  meltiJ.cjim of the core and subsequent re lease 
of f i s s i o n  products t o  t,he reactor  cont.ai-:rmen’c vessel -throu.gh the  f a i l u r e  
t ha t  allowed the l o s s  of coolant .  The l o s s  of coolant accident based on 
instantaneous depressuriza-Lion of the  primary system was anal.yzed for the  
i3od.ega B y  plant .  ??E ass1m;Gtions i-eleva.rtt t o  the  f1-zeI -transient:; were 
as follows : 



"(I-) A f u l l y  e f f e c t i v e  core spray would pi-ecludr s'ignifican-i; 
core  damage and Tesul t  i i i  I - i t t l e  or no o f f - s i t e  rad7.o- 
l o g i c a l  effec-1;. However, -this ana lys i s  assumes a highly 
improbable independent f a i l u r e ,  p a r t  i a  I.. inefYec'c ivenes s 
of t h e  core spray, whi-ch would permit ha l f  t h e  core  to 
overheat from decay hea t .  
The core heat-up cuwves a r e  shown i n  Fig. V I I - 2  [ see  Fig. 
3.5, t h i s  repoyt 1 .  These curves were estimated assuming 
tha'i coolant l o s s  occurs i n  about 8 see., as  S ~ O V J J  by 
t e s t  results, and t h a t  no decay hea t  wou.1-d be l o s t  from 
the  uncooled f u e l .  
T;oe f u e l  meJ_t:i.ng C U T V ~ S  are conservat ive because theu-uial- 
r a d i a t i o n  and o ther  'neat loss p o s s i b i l i t i e s  w'ili.ch have 
been neglected would 'ne expected t o  I . imi t  teniperatuj-es 
and t h e  exten-i; of meltdown rin the  overheated. f u e l . "  

Other, less severe acc idents  of t h i s  na ture  might he c o s t l y  and 

" ( 2 )  

-troubI.esome, bu't they  would 'oe of less consequence as far a s  hazards t o  
t h e  envirorment were concerned. i n  most reac tors ,  the  compl.ete l o s s  of 
coolant  acciden'i i s  t'ne maximnim c red ib l e  accident ,  and it i s  t h i s  acci- .  
den-L f o r  which the  coiltai.nrnent structu.rc i s  designed i n  most, cases.  

%ne foregoing discussion i s  based. on water-cooled reac tors ;  s i m i l a r  
accidents  could occur, however, i.n systems cooled with gas o r  molten metal 
or sal t .  The immediate s e v e r i t y  and t h e  long-term effects rnright be d i f -  
f e r e n t  from t'nose expected. with water-cooled r eac to r s ,  bu t  t h i s  -type of  
accident  I-~US'C be considered. regard less  oP t h e  reacbor type. 

PER CENT OF OVERHEATED FUEI 
[~~~~"C"N D IT ION I N D IC ATE D 

Fig  3 . 5 .  Fuel 'Yemperature Tra,nsi.ent Af t e r  Loss of Coolant Accideiit 
i n  the  Rod.ega Bay Plamt. (From r e f .  7) 
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3.1.11 hel-BandLina Accidents 

Fuel elements t h a t  are removed. from a reactor  soon a f t e r  opera-tion 
offer  opportunities for sesious accid.ents I Such elements contain f i s  - 
s ion products and, furt,hemore, they may 'Le dmiaged, broken, or weakened 
by thei-r use i n  the  reactor  o r  by ha.ndling during removal. 
elemen-ts have been i.rrad.iated, they represent, ~n appreciable heat source, 
and if the decay heat, i s  not removed, t h e  temperature within the  element 
may reach the  cladding melting temperature lin a short  time. The fuel . -  
inandling accidents generally considered are of two types : mecliariical 
fa i lure ,  which l ends  -Lo Siss  ion-product release,  and in su f t l c i en t  cool.iiig 
of t h e  :removed el-ernent, which could 1ea.d t o  melting. 
regarded as not  a sevem accident, i n  some Pac i l i t i . e s  such an accident 
could con.sti tute the mnaxim~un. cved.l.bl.e accident. 

Sirice these 

Although genera.1I.y 

3.1.11.1 Mechanical Fai lure  

Broken, damaged, o r  warped el.ements may present d- i f f icul ty  i n  the  
removal operation s ince the f u e l  transfer cask i s  norma1l.y designed t o  
accommodate t h e  rrne~g'r TueI elenent wit'n ample clearance :Cor minor. changes. 
%"ne poss ibl-e accidents are typified- by 'the r u e 1  element that, becomes jammed. 
i n  t h e  fue l  t ransfer  cask. 
pulled apart  o r  posstbly, because of tts improper posi t ion i.11 the  cask, 
have insuf f ic ien t  cool-i.ng. N.l these occurrences rnay 1ea.d. to f i s s i o n -  
product re lease t o  the refbel ing room (see sec. 3 . 5 ) .  

In  t h i s  case the  element may be broken o r  

3.1.1.1.2 .... Insuf f ic ien t  Cooling 

Loss or cooling or  of coolant could res.tl.l..t 7.n overheating, along with 
cladding f a i l u r e s  t h a t  would al.Low -fi-ss ion-prod-uct re lease.  E f f G r t S  sholj.ld 
be made 1.1-1 design and opera t ion  t o  minimize the  probabi l i ty  of loss OS 
cooling of t he  ti-ansfer cask. 

3.1 I 11.3 Kisoperat ion 

During handling of f u e l  the himan element rmst a l so  be corisidered, 
linproper procedures I n  the  use of any of t he  fuel-hand.1in.g eqiii.pment 
could r e s u l t  i n  e i t h e r  or both of t h e  d i f l i cu l . t i e s  mentioned. a-bove. 

3.1.12 Riel Elernen'G Failures 

By far the  most, prevalent incidents i n  reactor  operatiori have been 
f'iiel elemenl; fa i l - i res  . The e f f ec t s  a re  izsuall-y minor, coiitri'nuting only 
a minor source of a c t i v i t y  t o  the  c i rcu la t ing  cool..ant. Ehel. de-tnent 
f a i l u r e s  may be caused. by a nimber of mechanisms, 8s f o l l o ~ s s :  (I) over- 
heating due to hot spots or  coolant f l o w  r e s t r i c t ions ,  ( 2 )  stress o r  
fa.tig;ine cracking, (3 j s%rel.ling of elemefits caused by oxidizing metal l ic  
fluel or f i- s s ton - pi:odi.xc t, -gas a c curmlat i on, and ( 4 ) pos B i b l y  inc otnpat, Lb il. 7- - 
t i e s  between cladding and. eithe?: ii~.el. o r  cool-ant a t  various temperatures 
or f1.ii.x dens i%ies .  
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3.1.13 Chemical Heac Li.ons . . _ . _ ~  - 

Some reac to r s  use  a coolant  o r  a. modera-tor t h a t  ]nay, wile,i "Lhei-mally 
hot ,  r e a c t  with a i r ,  water, or steam. Sodium-cooled r eac to r s  could be 
sii'~ jecl; t o  a severe accident  invol-ving chernical reaet ioi i  of t h e  coolant 
wi-th a i r  or water upoil rup-Lure of t h e  primayy systcm. 
sys Lern could be sub jec-L t o  g raph i t e -a i r  or graph:-te-steaai reac t ions  t h a t  
could add g r e a t l y  t o  t h e  hazards of operati-oa. 
s'ceps a r e  Laken -Lo con t ro l  t h e  atmosphere sursoiinding Lhe r eac to r  t o  ex- 
clude L ' x  presence of ma-i;erials th t  could r e a c t  wi - th  coo1~~n-i; or modemtol-. 
For example; the emergemy cooling 1 - 0 0 ~  i n  Liie EGCR i s  designed -Lo add 
n i t rogen  t o  t h e  r eac to r  system t o  prevzn'i excessive oxidat ion of -t;he g a p h -  
it? iiioderator. 1.m some sec tdent  s i t ua t iom,  cladding-fuel  m d  cl.a.r?ciing- 
coolani; reac t ions  may be of concem, C!hemica,l rex'i,i.ons jtnvolving ?:e- 
ac-Lor mater ia l s  a r e  discussed i n  d e t a i l  iji Chapt;e:r 5. 

A graphi%e.-noderst,ed 

I n  -i;hese and o ther  csses,, 

3.J_. 14 General __..._.. 

There i s  v i r t u a l l y  no limit t o  t h e  f a i l u r e s  thai; may cause acci.d.ents 
of various proportions.  Each sys-tern riiust be anal-yaed for i'is own pecul ia r  
c h a r a c t e r i s t i c s  t h a t  may be the i n i t i a t i i i g  niechanisms f o r  an accid.en.t. 

Some accidents  may OCC1lT a s  a fuilct,ion of ioca-l,ion. For exampk, 
during a hurr icane a palm -i;i-ee may be hurled through the  vapor coriLariner 
o f  t h e  BONUS Reactor ( .Rierto Xico).  
Michigan) desig-ners considered t h e  p o s s i b i l i t y  of an a i r p l a a e  engine 
fa1.3.j.ng onto that, plan-t. Am earthquake w a s  considered by those anal-yzing 
t h e  s a r e t y  o f  t h e  Humbol.dt Bay :ka,ctor ( C a l i f o r n i a ) .  
(Army Reactors) operators  cms ide red  t h e  p o s s i b i l i t y  of  acts  o f  w a r  o r  
sabotage. 
the more possj_b~.e m e s  siio1J.l.d. be inc1.uded i n  any sa Cety anz7.y-i7i.s. 

The Enrico 'Fe imi  Plan-t (Dekroit ,  

'The Sivi-l and. SM-1.A 

These and "act of God" types of acc i~dents  m e  cou.ntlcss, but 

The accident t h a t  could occur ani1 would have assoc ia ted  with it -the 
most sevel-e s e t  of consequences as  f a r  as t h e  r a d i a t i o n  exposure of off- 
site persomiel i s  te.1-med t h e  ''maximum credi.bl_e accident;" (mea). Although 
t h i s  accideiil; i s  a c h a r a c t e r i s t i c  o-f a given plant,  t h e r e  a r e  only Lwo 
types of accidents  t h a t  compr:i.se t'ne mea. '!Be first i s  -ihe loss  of cool.- 
ani; accideiil;, with subsequent core mel'cing o r  possib1.e nuclear excursion 
and r e l ease  of f i s s i o n  produc-ts. The second i.s the f'uel-handling acci.dent 
i n  which a Tiuel- element, o r  assembly, i s  dropped or allowed. -Lo f a i l  i n  
such a way that i.%s f i s s i o n  products a r e  re leased .  After these L n i t i a t -  
ing events occur, Yne released. f i s s i o n  produc-Ls d isperse  through the sys-  
tem and Leak t o  t h e  envii-onmen-t a t  saxe rake de'cei-mined by t h e  conkainment 
v e s s e l  i n  questton. 

will determine the ser iousness  of the acci.de3t. This i s  a d i f f i cu~ l - t  prob- 
lem because of t h e  l a c k  of t h e  fj.m guide l i n e s  needed t o  make a "cut-and- 
dried" decis ion.  

'Those who def ine  tile mea must arialyze the  sei; of circumstances t h a t  

Judgment i s  necessary when pos tu l a t ing  the  axcident 
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and. iiievftab1.y involves a subjective eva,lut,i.on of the  product of prob- 
abi l i . ty  of occurrence and ha.zardous consequences 1/ 

a sertes of aceidxnts) f o r  the  mca; tha-t is, one that would have extremely 
darmging effects a a d  l ikewise 1.itttl.e chance of occmring. 
the oecixience o f  8x1. accident, ths-t would now be regard.ed as incredible  
vas postul.ated f o r  the e a r l y  power and power-denion~tration reactors ,  but 
since Lhe f i rs t  reactor i n s t a l l a t i o n s  were I.n remote I-ocations, t h e  e f f e c t  
of t h i s  "incredible " accide:ni; on t'ne general  p~blic WFiS n.egl.i.gible. AS 
the  d.esi.re for development of nuc3.ear power increased, i t  became Q ~ V ~ O U S  

that remo,te sites f o r  reactors  WOULCI not ofLen be avai.l.able, so more 
real ism had. t o  be injec-ted. i n t o  1;he 2volut ion of the naxi:m.m hazard. O f  
C O I X S ~ ,  real ism could no t  exceed lmiwledge on a given subeject, so a com- 
promise be-tween the completely i-cal-ist;?'.c approach and the pessiml:.sS,ii: 
assmiption of the worst conceivable accident had t o  be d r a m .  A? was 
nentioned before, 'Lhe product of  p robabi l i ty  t i m e s  the hazard i t s e l f  is 
involved 7.n detemflining t h e  aceiden-ts to be anal.yz,ed. Knowledge of t h e  
siubjecks per t inent  to reactor  safety i s  still not  as abiicdant as desired, 
but pragr-ess has been and i s  be7.zi.g mzde. 'Ilkere i s  now n great amount of 
ope rx thg  experience t o  draw fl'cjm, as well as s~me reasoilable apprcaebes 
t o  acc,ri,dent ana1ysj.s from the mechanistic po in t  of view, Al.tbough the  
m.ecba,i-ilstie apprcaeh has been u.c;ciid i i l  the  anal.ysis of only n few plant,s 
LO datr:?, it i s  reasonable to a s s u i e  Lhat, %as a b i l i t y  t r : )  assign a prob- 
ab?'.Ii.ty of f a i l i r e  to i3 given devi.ce or f j p t e m  increa.si-.>s, this i s  %he 
next s t e p  i n  the evolution oi" a logical- a c c i d e n t  anal.ysis. 

It wa.s init i~~1.1-y t h e  p o l i c y  .Lo 8,ss~rfle a very severe accident ( r e a l l y  

Ifis-torical.7.y 

L 

3 .  2. 1 i?eference Descr-i.-ut;ion 

The acci.dent most often postnlated-, for vater-cooled reactors a% 
l ea s t ,  i_s (I.) comp1.ete severance of 3 mai.n cool-ant pipe so  t h a t  c0ol.a:n.i; 
may be discharged unimpeded from ho-th ends of 1;h.e broken pipe, ( 2 )  r a p i d .  
expansion of this f l u i d  -to vapor tha t  contributes -to t h e  press~rre loading 
of t h e  reac tor  enclosure, and. ( 3 )  i-neltdoim (parrt ial  or ci.,-mpl.ete) of the 
fue l  w i t h  p a r t i a l  release of the contained f i s s i o n  products to t he  r e m  .- 
t o r  co:ntari.nrrient system. Tli is  accident, o r  some inodj-f -i.cat,i.on of" it, can 
al.so be postulated fur othel- types of reactor ,  such as l iquid-metal-  
cooled, gas -cooled, e t c .  I n  general., Ynis a.cci.deri% is a s ~ i ~ . m e r l  to OCCIIT 

at a t i - m e  when system cortdi.tiiri6 resul-L i.n the most severe se-t of con- 
sey11ences. 

3 .2 .  I.. I Fuel Material Cond iitions l__l_..l.._^_____________I__^__.__.___ 

In a l l  cases it, i s  assi~iiied that +;lie reactor  1x3s operated a t  ~li,axtm~lm 
power for a period. s f  t r i m 2  s u f f i c i e n t  t o  accu-mulate a I.arge fission-product 
inventory. l%is means, for the p ~ ~ p c s e  of aceid-ent analysis, tha-t; %he 
arnount of fission-prodiixt ac t iv i ty  is defined, It i s  usi.i%l-ly' d-efiiied a s  
-i;jze grea tes t  ai~iount; of tlci,ivi.ty t h a t  i s  tl-ioinght, possi'nl-e t o  ob ta in  i n  t h e  
given i-eacrtor dux5n.g opera.Li.on f o r  n long peri.od of t, i.me at, ma.xi7m.m power 
( see  a l s r ~  Chap-ter 7) . In special cases j  such as t h e  N. S, %.va,nna.h., ' h e  
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accideii t  a t  a psr t ic id-ar  location may be predica ted  on t h e  powx h i s t o r y  
of t h e  r eac to r  j.mmedisie?.y p r i o r  t o  tt,s a r r i v a l  a t  t h a t  1ocat j .m.  

An assuinption mst be made as  t o  t h e  f r a c t i o n  of contained a c t i v i t y  
-that, would. be yeleased upon occurrence of the accident .  Of course, it 
coul d be assumed t h a t  a l l  the  coii'cained. ac t iv i ty .  would be re leased ,  bu'c 
t h i s  JKNJI. .~ be uulrea? i . s t i c .  I-t; has been shown under s i . m l a t e d  meltdown 
condi t ions that, not all. f i s s io i i  prodxcts a re  re leased  f r o r n  t h e  melted 
rue].. I n  many cases,  wherL .fuel i s  mel.t,ed, rels-Ltvely small  amounts of 
ac t iv i ty-  a r e  rclec%erl.. A s  may be seen i n  'Table 3.I; t h e  fract,i.on of a 
given I"iss3.m produe-t t%at is re leased  may be depecdent upon t h e  fuel ma- 
t e r i a l .  l-t czr.  k e  seen t h s t  'ihe noble gases,  iodine,  telli~.-rZum, and cesiii.rii 
a.re t h e  cons t i t uen t s  t h a t  a r e  re leased  most r ead i ly ;  Lhe o-thers, i n  most 
cases,  a r e  n e g l i g i b l e  by comparison, al-though the t r anspor t  behavior axtd 
r e l a t i v e  maxirrrm permissible  con.cen-tmtions must be considered i ~ n  evalu- 
ai,i.ng the r e l a t i v e  i.mportance of -the var ious  re leased  a c t i v i t i e s .  (F iss ion-  
product ~el.e,zses f r am fue l s  a r e  discussed moi-e f u l l y  i n  Chapter 4 . )  The 
sa.-q?l.e calcila-Lion used by the ARC' i s  based on I.OO$ r e l e a s e  of the nnble 
gases, 50$ r e l e a s ?  OT the halogens, and I.$ r e l e a s e  of -!he r-einainiilg f i s s i o n  
products f rom the rcac Lor systejir to -the container (buildi.ng) following 
fuel. meltdown. Li i.s f u r t h e r  a.ssumed t h a t  50% 0 . T  t h e  released. i~odlnes  
are absorbed on sur faces  wi-t'nin -the reac'i,r-Jr eontainmer,'c system. 

3 .2 .1 .2  P r i m a n  Cool ant  Conditions 

Tn most cases t h e  normal opers t lng  condi t ions a re  not  assumed for 
the cool.ant a t  t h e  Liriie (7f the pos tu la ted  accident ,  but  r a t h e r  -t;he condi- 
t i o n s  spceili.ecl a r e  those  -Lha~L waul-d y i e l d  t h e  greajixsi; amoun% of s 'cored 
e x r g y  i n  the  cool m k .  I n  some cases the  r e a c t o r  i s  asslj.rrled t o  be i n  t h e  
hob standby condition; this meam t h a t  t i le  average temperature of t he  
coolant  i s  a-t 7.1;s highes t ,  and consequently t h e  s-tored energy i s  greai;est;. 
Tl i i  s c ondi-1; ioil is, howcver, no t  nece 3 sctr i l y  e ompat i b l e  w - i  Lh 'ihe coindit ion  
producing the  naximwri poss ib lc  SlilOUu1t i ) f  f i s s i o n  prod.ucts; even so, these 
two assumptions arc occas iona l ly  made, t h a t  i s ,  maxirmiiri possi-ble  amount 
of' i 'issi on Froducts  arid vaxi:nuin S ~ O  red erLzrgy. 

W i t i i  -the coolant condi-tions spec i f i ed  to y i e l d  t h e  greatest ,  amouni; 
of s to red  energy, t he  largest ,  ptpc i n  t h e  system i s  assumed t o  break. and 
al.J_ow coolant 'LO i -ss i ie unimpeded from both ends of the ruptuyed pipe.  
Ti?j.s assimption recul..i;s i-n an additional.  degree of conscrvai; i.m, s ince  
such a rupture  i s  cons idcred exiiremely improbable. 

given i n  Sect ion 3.  2.3 .  
applying these accidents  t o  t h e  pmhl.ern of containmeiii;, t h e  d.iscussion 
in Chapter 6. 

Examples of mea's t h a t  have been pos'zul.a-ted for -various r eac to r s  a r e  
For t h e  c a l c u l ~ t i o n a l  techr.rikpes involved i n  

3 . 2 . 1 . 3  Release and Disperston Coniii.ti-ons 
ll_...l _ . ~  -.I.......x._...I__ __ 

A s  was mentioned above ( see .  3 .2 . l . l . . ) ,  not  a l l  -the f i s s i o n  producbs 
t h a t  escape from the f u e l  af-Ler mel.bdown a r e  considered t o  be 8mi.l.abJ-e 
f o r  release froin t he  r eac to r  buildi-ng: for example, for t h e  snniple calku- 
1.ation uscd by .the ARC' and based. on i.nfo.rmation . L i l a  evailablc,  it ~s:a,y 
assu-rried t h a t  509g of -the -iodii?e relcs.sed wi..thri.n thc  reac-Lor bui.lding would 
be removed by dcyosi i; .!.oil. 

eipi.vale;-it t o  t h e  spec i f i ed  1 eak r a t e  of t h e  containmen-i; sysf,em. I n  the 
The contents  oi" the  Sut ld ing  a re  Issumed t o  l e a k  a t  8 r a t e  t h a t  7.s 
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examp1.e given in .  r e f .  3, t h e  l e a k  rate: i s  assumed t o  b? 0.7.$ of t h e  con- 
t a h m e n t  volume per day, and t‘rris i s  assumed i o  remain constan’i Tor t h e  
dura t ion  o f  -the accidznt .  

After lezkage f’i-0i-n t h e  build.i-ngj the fission produc ts are dispersed  
by diffusion.  and f a l l o u t  from t h e  atmosphere. Meteorolo$ical ei’fec’is e r e  
not treated i n  t h i s  repor t ,  excep~; t o  note t h a t  weaLher cond.i.ti.ons t y p i -  
f i e d  by a severe inversi.on genera l ly  resul’i in t h e  greates-l; possible c a l -  
cu la ted  doses ai; or  beyond t h e  s i t e  b0u.nd.ai-y. For more cornplete discussions 
of atmospheric d.i.ffusion it i s  suggesf,ed t h a t  refs. 9 a n d  10 be c0iisill:i;ed. 

3 . 2 . 2  L4ndvsis __. . .. ... . .Y. 

fun approach to t h e  m a  ana lys i s  thi-ollgh s t u d i e s  of var ious mechanisms 
t h a t  might operate  s iriiviLt,aneously o r  seqiillent3.ally and y-iel .d ,  f i n a l l y ,  
some se t  of seri-oils consequences i.s kno~wn as nechaa i s t i c  ana lys i s .  This 
method consi-sts 01 mzlI.yir,ing a l l  possib1.e acc ident  sequemes and t h e i r  
consequences t o  deteriiiine Lhe most severe acci.dent. A g r e a t  number o f  
poss ib le  combinations of events exi.si; i n  any giver, anal-ysis, and there- 
f o r e  -the g r e a t e s t  difl”i-cij.l.ty i s  i n  deterniini-rg, by individual  an.al.ysis 
of each s e t  oi” events ,  which accident  w i l l  be ’die mca. 

The t y p i c a l  f a i l u r e  seqilence t h a t  i s  general_]-y assumed cons?:.st,s o f  

1. Primary cool.ant loop f a i l u r e  wi.th sl>.bsequent I.oss of coolant ,  
2.  Secondary cool-ant loop  failure with a t  l e a s t  p r t i . a l .  loss of 

3.  Instr,nl;aj?eous fuel element; fa i l -ure  caused by the  r ap id  depres - 
4 .  Contiiiued. fa i . lure  of elements because of decay hea t .  

-that coolant ,  

s u r i z a t i o n  of the  core,  

These YaiLures appear to be 1,he same as those taken for ’&e noiirnechanistic 
ana lys i s ,  but  t h c  manner i n  vhi-cch each f a i l u r e  i s  determining i n  -the over- 
al.1 accident  i. s d. i . f f  e r en t  . 

The f i r s t  two s t ;ep  may be discussed toge ther .  4 rupturc. of t h e  p r i -  
mary coolani; 1.00~ i s  assumed, but  i n s t ead  of assuming tnstantaneous l o s s  
ol” coolant,  t h e  pi-ping loop  i s  analyzed TOT t h e  pos i t i on  >&ere a break 
woi1.1.d be t h e  mos-t serri.ous and would have a r e a l  p robab i l i t y  of occixr ing.  
A break of f i n i t e  s i z e  i s  assimed t o  occur a t  t h a t  po in t .  Knowing t h e  
s i z e  of rupture ,  t h e  upstream pressure,  and the coola.iit i:nvcntory, the 
t l m e  for blowdown of the loop  i s  calcula-ixd. The same sort of ana1.ysi.s 
i s  t‘nen made of t h e  secondar-y cool.ant system. Wif,ii t hese  two r a t e s  of 
energy ad-dl t ion t o  t h e  containmen-t system spec i f i ed ,  pressure and tempera- 
t u r e  versus  time curves can be drab%. Yhen, based on conservat ive heat; 
t r a n s f e r  Tates t o  the bi.i.ildri.ng, - to t h e  atmosphere, 01“ t o  t h e  s t r u c t u r e s  
insride t h e  container ,  the pressure and temperak-ure versus t ihe curves may 
be rev ised  dowmraml t o  fit t h i s  more real.i.sti.c case. The rev ised  cu-rves 
spec i fy  t;he contari.nment d.esign pr- Gssure .  

Fa i lures  of t h e  f u e l  el-e-cnents spec i fy  t h e  f ission-produci; inventory 
ava i l ab le  fa- leakage over t h e  acc ide r t  perri-od. It i s  assumed t h a t  a 
number of elements will f a i l  i n i t i a l l y  as a resul t  of t h e  ra’iher sudden 
depressur iza t ion  o.? - t i le  primary loop. This number i s  ca lcu lab le  when 
t h e  physical  cond.i.t.ion of -t‘ne f u e l  element clad-ding can be evaluated or 
est imated.  ‘flw-o. as decay hea t  begins to b u i l d  i n  a t  a prec3.i.c-table r a t e ,  
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other elements wi1.l f a i l  and re lease  ftssion prGduCts t o  the container. 
Again these a re  predictable fa i lures ,  s ince tne  temperature of an element 
can be calculated (conservatively) and the  temperature a t  which the  clad- 
ding w i l l  Ta i l  i s  known (by experiment). Once the  fuel el-ements hasre 
fa,.iled, ass.mnpti.ons concerning re lease  and p la t e  out must be made based 
ei-ther on special  ex-perlmerits or on general experiments such as those 
tha t  provided the bas i s  for the  numbers i n  ref. 9, that is, loo$ re lease 
of the noble gases, 5G$ re lease of the  halogens, and 1% re lease  of the  
so l id s ,  w i t h  SO$ of the  1-odines re ta ixed i n  the container and the  rest 
availab1.e f o r  re lease  from the  containment sys-tern. 

regard t o  the  i n i t i a l  faj.l-ure and equally extensive experimentation j.n 
t he  area of f'uel element f a i l u r e .  Howe-ver, it yie1d.s a resul-t  t h a t  i s  
more 1-ealis-Lie than t h e  conventiona.1. mca analysis.  A l l  sa fe ty  analyses 
contain the  mechnni.stic approach t o  some degree and include the  e f fee t ive-  
ness of various counterin.easures9' even though c red i t  may not always be 
allowed.. 'She EGCR analysis  i s  an exLwnple of a thoroughly mechanistic 

This type of study requires extensive research and analysis with 

onell (see see. 3.2.3.2).  

3 .2 .3  Examples of Assumed bK!A'S 

3.2.3.1 Conventional !@pes I_ 

1. Pressurized-Water Reactor. T%e Yankee Atomic Electr ic  Company 
postulated f o r  t h e t r  reactor  that, i n  .the event of the  I-oss of coolant 
accident, core meltdom. wou.ld be prevented by the emergency in jec t ion  
system, Ilo~7ev~r, it wa6 fur ther  shown tha t ,  even rill t he  case of fuel  
mel.tdcvn, no danger would be presented to the public. Therefore a more 
severe accident was analyzed as the  basis f o r  t h e  mca. The most exten- 
s ive  danger afforded by .the nuclear plant was the  poss ib i l i t y  of rel.ease 
of Lrission products. Because of t h i s  unlque dan.ger t o  the public, all 
reasonable masures  m s e  taken to g~1.a.rd against  even the  very unl ikely 
aecid.ent tha-t; could came rad ia t ion  hazards outside the  plant area.  The 
acc1d.en-t considered i s  outlined bel.ow. ' 

I t  was assumed t h a t  a 20-in. pipe I.n the  primary system i.rou1.d he 
severed, r e su l t i ng  i n  depressurization and v i r t u a l l y  complete lo s s  of 
water Lrrorn the  pr.irnary system. B l o > ~ d o ~ ~  of the  primary system woul.d re- 
s u l t  i n  an i n i t i a l  pressure r i s e  i n  the  'vapor container. t o  33.85 psig, 
whlich woul.d decrease t o  approxiniately 1.5 psig after 2 h r  (see a l so  chap. 
7 ) .  It was fu r the r  assumed. t h a t ,  for unexplained- reasons, tize sa fe ty  
j.njection system would not function and -Khat p w t i a l  core meltdown would 
occur. ?io cri t icnl-iLy of the fuel p e l l e t s  released by melting of t he  
cl.ad.d-ing would occur, bu-L ZO$ of the  ga.seous and vol.atLle f i s s i o n  products 
present i-a. t he  core after 10,000 h r  of reactor operation a t  4.85 Nw would 
be released. t o  t he  Trapor container and dispersed ho-mogeneous1.y 1;hereinn 
It was also assumed that t ne  gaseous and .Tolatile fissi-on products wou.ld 
be re leased instantaneously frorli t he  fuel i n to  the vapor container, a l -  
though the  :release ac tua l ly  wou1.d occur a f t e r  a f i n i t e  t i m e  interval t h a t  
would beg?-n several. minutes a f t e r  the  s t a r t  of t he  accident. The va-por 
container has a leak  rate o f  '70 f t  
an i n t e rna l  pressure a t  1 5  psi. above atrno6phere, and t h i s  leak  rate and. 
driving ?lead wei-e assiumed. t o  continue h d e f  i n i t e ly .  

(STP)/hr with the  vapo~ container a t  
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For many pressurized-water  reac’mrs, f a i l u r c  of t h e  second.a~y I.oop 

The teinperature t r a n s i e n t  Lr! -“ne coye r e s u l t i n g  froiil t h e  I.oss of 

piping,  e i t h e r  par t ia l -  or total, is  also assumed. 
add to .the loading  of t h e  containment she1.l. 

coolan t  and. fai.1.w-e of t h e  safety i n j e c t i o n  sys:;enl ~01~1-d b r ing  on core 
-mel.ting. 

water r eac to r ,  is al-so the r a p i d  loss of coolant, with subsequent C0i l ”e  

meltdown. 

T h i s  assu<npi;ion would 

Core melt ing as a fi.i.n.ci;i.on of t i m e  i s  shown i n  Fig.  3 .  6. 
2 .  Boiling--W=rtc:!r Reactors .  The m a  for t he  ?,ONUS Hea.ctor, a boi l ing- .  

‘I’he pos’culaLtA acc iden t  i s  ou,tl.ined. b d o w  : l2 
‘“The worst ci-ed-l’ole r e a c t o r  - m p t u r e  ace ident, i s  cons i-d-eyed 

t o  be a rupture of t h e  reactor primary wa-ter systeTn Tni)nri.ch i.s 
equival-ent t o  a c ros s - sec t iona l  a r e a  of a 16- in .  1-ine a t  t h e  
bottom oi“ the p r z e s s u ~ e  vessel., si.nce this has t h e  highest prob- 
a b i l r i - t y  of r e l e a s i n g  the n ~ x i m ~ ~ . u l  amount of fissi.on p.roduci;s. 

....... 

I-... .. .. _- ............. 

............... .- ~ -- 

......... 

-- i 
Fie;. 3 . 6 .  Core Meltdown Followirlg Rupturc of a 20-in.  Primary Coolant 

Pipe,  with No Safe ty  I n j e c t i o n ,  i n  the Yankee Pr~ssvi- izcd-Water  Reactor .  
(From re f .  5 )  
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The various assuniption.s used. as a basis f o r  calculat ing the 
e f f ec t s  of a maximum credible  accident are l i s t e d  below. Tlie 
assumptions regarding quru?t;ities of .various fission products 
released. from t he  molten f u e l  are t h e  same as typ ica l  values 
l i s t e d  i n  a yeactor s i t i n g  calculat ion example given .i.n the  
Code of  Federal Reg~~l-ations (10 CFE I.00). Ekperimental fuel  
meltdown data  &isti.fy the  use of these values. 
c r i t e r i a  assumptions used f o r  t he  dosage ca1culatS.on are  : 

The s i t i n g  

I) 

2 )  

3 )  
4 . )  

the core has been opera-Ling at fu l l  power f o r  an extend.ed 
period of t i m e  when a pipe rupture occurs; 
the reactor  w l 1 . l  become subcritical by 10% & a Pew sec- 
onds af-ker the  break; 
the emergency core spray system f a i l s  t o  operate; 
all. the  water S.n the  prressui-e vessel i s  discharged Ln 
approximately Li- seconds [see pig. 3.7 1; 

Fig.  3.7. Reactor Vessel Pressure as a Function of Time A f t e r  ${up- 
ture  of 1.6-in. RecFrculating Water Line in the BONTJS Reactor. ( F r o m  
r e f .  12 )  
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5 ) al.1 t%le  fuel.^ meI.i,s, r e l e a s i n g  loo$ of t h e  nolol.e gases 
(Xe, fi -to t h e  containment, bniI.d.i-n.g; 

6 )  f i f t y  per  cent  of the iia.!.ogen gases  (I, 3r) escape frcm 
t h e  rezc'cor vessel. and a r e  d ispersed  i.n:r,o t l i? containment 
bu i ld ing  ( h a l f  of t h i s  materi.al. pi out  on t h e  wd.l.s 
and i ntesi ia l  s i;mctwes oi" the containment buiI.ding);  

(products  o the r  t h s n  noh1.e gaszs  or halogens ) escape :Pron 
the  r e a e t o r  vessel. i n t o  t h e  contai:meil.t bu i ld ing  and a r e  
p l a t e d  out  on bu i ld ing  stmiictui-esj 
no cred.ii; is  tzken for t h e  na t i i r a l  shiel-di.:ng provLded b y  
t h e  h i l l s  surrounding the BONUS si te ;  
no ci-edi-i; i.s -taken f o r  scrubbing of f i s s i o n  prnduc'cs o r  
r educ t ton  of containment, p i ~ s s ~ r e  'rjy 'ihe water  moat i n  
t h e  :p imp room; 

1 0 )  no c r e d i t  i s  taken  for an.y heat 2ner.g t r e n s f e r r e d  t o  the 
contai .ment bu i ld ing  walls and o the r  s 'il-uc j;urcz; 

11) a1.l. r i s s  i o n  products rel-eased l;o the  coritain-ment b1i.il.d 

are assumed to I-emariii above thz maii i  i"1oor; 
12 1 'die cmta inment  bu i ld ing  i s  pessi.mi'-st i ca l . ly  assumed t o  

pressmi .ze  i o  4 .  3 ps3..~ and t o  have a constanl; leaka-ge 
r a t e  of 0.4% of th? con-t;ai..netl air per day thi-oughout the 
coiirse of t h e  acci-deni;, whi.ch i s  assimed t o  l a s %  f o r  a 
perri.od of 93 days; the 0.4$ vzhe i s  t h e  containment 
bu i ld ing  al lowable leakage r a t e  a t  t h e  des ign  p e s s u r e  of 
5 psig;  
t h e  bu i ld ing  spray comes on 30 seconds ai"-ter Llie b u i l d -  
i.ng becomes p res s ix i zed  and removes 95$ of t h e  hal-0gen.s 
s t i l l  suspended i n  t h e  b i i i ld ing  al;mosphere bui; does not  
E I I ~ O V ~  any of t h e  1natei-i al- deposi-Led on i n t e rna l  STIT-  

f a c e s .  * 

7) one per  c e n t  of the "non-vo1.atril.e" f:i.ssi.on products 

8) 

9) 

13) 

I I .-- If it is  pessimist,j.cal~l.y axsumcd t h a t  no h e s - i  i s  l o s t  
froin t h e  f u e l  once cool.ant f l w  ceases ,  -Yn.c h o t t e s t  spot  ri.n 
t h e  superheater w i l l  reach t'k clad mel t ing  tempex~ature (2500 
t o  2600°F) approximate1.y 60 seconds aftel? the  break  OCC:XTS, 

Most, of t h e  superhea ter  is ,  of coi.irse, Gperati.j?g ai; powcr 
l e v e l s  w-ell below those assumed t o  exis-1; at 'die h o t t e s t  spo t .  
As a resiil:b, t h e  c l a d  temperat,ure of ar~. m e r a g e  element w i l l  
t a k e  m o ~ e  than  11 minutes t o  reach t h e  mel t ing  -tempei.:iture. 
N-thciugb m e l t i n g  o f  the  c lRd w i l l  s t a r t  i.n shoiit one minijte; 
t h e  U02 w i l l  remain reI . .aLtwly unaffected. u n b i l  it reaches 
t h e  mel t ing  poini; of approximatel-y- 5000°F. Even f o r  -the 
'nottes:; el.eTKxtt, it will t a k e  more t han  7 i7fmi~-b1:s fox. t h i s  to 
occur; f o r  t h e  average superhea 1; element it w.1.1 t a k e  48 
minutes fo:c t'ne UO;? to reach  t 'ne rrlzlting point,. 

"For t h e  b o i l e r  fuel- the r e s u l t s  of ?.ass of watei- a r e  
s i m i l a r  t o  those  descr ibcd  for t h e  superheater except 'Lilat 

*This assumlYGion i s  i-nade, b u t  even when credi t ,  :i.s not  taken  fo:r: it, 
the o f f - s i t e  dose i s  not  i n  excess  of t h e  minl.mirms se t  f o r t h  i.n the Code 
of Federal. RegulatTons, T i t l e  10, Part 100. 
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t h e  cooling fol lowing t h e  scram is  more e f f e c t i v e  f o r  t h e  
boi l ing  during -bhe L+ secor?.d. peyiod- required for t h e  vessel. 
-to lose  a.11 3.ts water. 
reach the  melt ing t,emperaLure (3278°F) j.n approximately 80 
seconds i f  the core spray faj.1.s -Lo come on and no cool-ing i s  
provided. However, 16 minutes w i - l l  ha-ve elapsed before t h e  
clad on the average b o i l h g  element reaches the  mel-i;i.ng t e - m -  
pera t i re .  The U02 a t  t h e  hot spot  i.n the  b o i l e r  w i l l  reach 
i t s  melting point i n  approximately 4 mrinutes, but the  UO2 
from ari average boi l ing element w i l l  require  33 m i r i x t e s  Lo 
reach t h i s  -Lernpe:rature. 

above paragraph, w i l l  0ccu.r only i f  t.he emergency core spray 
system f a i l s .  If the gravrity actuated spray is turned or) a-t 
any time before melting has occurred., the  fwl w i l l  again be 
cooled and .fuel temperature ccxditions s imi la r  t o  those  which 
occurred with stclppage of' s-beam f low w i l l .  be prodmed. " 

3.  

The cladding a-t the h o t t e s t  spot w i l l  

"It should be noted t h a t  t h e  me!-tdown descrfbed i n  the  

L i qu i d  -Met al. - C o ole d Re act. or.  S inc e 1. ri qu. i d  -me t a].. - c o ol e d r e  act, o r  s 
operate with near m.bi.ent pressures i n  t h e  p r i  r y  coolarrt loop, there  
i s  ltttle reason t o  designate as credible t h e  l o s s  of coolant sccident.  
Ri.rthermore it is poss5-ble t o  design t h e  system s o  t h a t  t h e  'reactor cav1l;y 
and vessel. are a t  t h e  lowest p o h t  in t h e  system, and thus no break i n  
t h e  primary system cam al-low the core t o  be d-rained. 
t ransfer  of t h e  convec-t.ling s0diu.m is sufficrient t o  rely~ove the  a f te rhea t  
from t h e  fi~.el, core mel.tring is not considered credible  f o r  such a system. 
Since t h e  mca is defined as t h a t  accident which o f f e r s  the mosi dmger 
t o  the  publicJ a cal-eful. analysis  of a l l  other. possi'ole accidents and 
t h e i r  consequences m.st be made i n  order to id-e-ri--ti.fy t h e  mea. 

The maxim-urn  credible  accident for t.he Ballm Nuclear Power F a c i l i t y  
i s  t h e  dropping of  one fuel s1u.g ( o r  i t s  eyuival.ent lin sma1.J. p ieces)  from, 
the  fb.el.-handling machine. The likelihood. of t h i s  accident occurring 5,s 
rni.nimized by vario-u.s s a f e t y  in-terl  ocks and we1.l. - t ra ined operating person- 
nel .  

as l i s t e d  i n  Tab1.e 3.2. As may be seen i n  Table 3 - 2 ,  several  accidents 
were anal.yzed. f o r  both credibi l . i ty  and h a z a d  t o  t h e  puisllc, a.nd from t h e  
tabula-tion the  worst credible  accident was clea.rl-37 ev?'.d.ent. 

iire contained i n  the followil?_g discussion: 

Srin.ce t h e  he& 

The accident w a s  detem.ined to be the  rrica. from several  p o s s i b i l i l i e s ,  

Yhe arguments t h a t  perta.in t o  t h e  mea, the fuel-handLhg accident, 

"The design features of the fuel- h.andling rriachin.e nake it 
highly u.rilikel.y t h a t  any fbel. sl.ugs cou.ld be drogped frcm the 
cask during a ncrrmal. f u e l  t r ~ m f e r  operation. However, a Lion- 
routine s i t u a t i o n  is  postulated where one o r  more s l u g s  mlgh-t 
f a l l  from t h e  handling cask. Possible comcquences of suxh 
s i t u a t i o n s  have beer1 made based on pesstmistic values of heat 
generation, temperature, f ~ i e l  oxid-at ion ra-ke, and radioa.c-tivity 
released. Specif ic  cases considered are:  

The h o t t e s t  slug of %he elemen--t; drops i n t a c t .  
The h o t t e s t  slug drops i n  several pieces.  
All. slugs ol" one rod drop i r t s c t .  
~ l l  s ~ u g s  of one element d.rop in t ac t .  

1) 
2 )  
3 )  
iT) 
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"Case 2 represents t he  iiiost l i k e l y  of the  siLu.ations con- 
sidered.. 
i s  such tha-t; it acLs as a screen t o  keep the  f'uel wi-t'nin the  
process tube; t'nus, an i n t a c t  f u e l  slug w i l l  not f a l l  tizroii.gh 
it. For purposes of analysis,  pteces of the broken s lug a re  
assumed t o  have the same surface-to--volume ra-Lio as a cyl.indri- 
c a l  sect ion 1/10 as Long as a whole slug, and it i s  assumed 
t h a t  .the slug breaks in to  t en  pieces. 

"Heat generation r a t e s  are  based on a maximum decay power 
of .071 kw f o r  a 6-tn. slug, 10 hours a f t e r  reactor  shutdo-m. 
'Die ax ia l  pawer d i s t r ibu t ion  i s  assumed t o  have a cosine shape 
with peak-to-average r a t i o  of 1 .5 ,  as shown i n  Fi.g. B-2 [see 
Fig, 3.8, t h i s  report  3 .  Temperatures of dropped slugs a re  
calcula-ted by taki.ng i n t o  account rad ia t ion  and convection 
cooling. The slug temperature as a .function posi t ion i n  the  
fuel rod. i s  plotted. i n  Fig. R-2 [F ig ,  3.81. Smrface oxida- 
t ion  ra tes  (Flig. R-3) [Fig. 3.91 a re  based on experimental 
data  (3- 
of 5 nig/cm2-hr. f o r  800°F Us1 i n  moist; a i r  f o r  1 hr .  To ex- 
trapol-ate oxidation r a t e s  for lower temperatures, tile va r i -  
ahion of oxidation r a t e  of rnetallic uranium i n  a . i r  with teiii- 

perature was used..(2) [ r e f .  15, t h i s  repor t ]  The UC oxidat3.m 
r a t e  as R function of t he  slug posi-Lion i n  a rod I s  shown i n  
Fig. B-2 [Fig,  3.81. 

sented i n  Table E-1 [see Table 3.3 ,  t h i s  repor t ] .  " 

Construction of t he  lower rod hanger beneath t h e  f u e l  

[ r e f .  I&, this report  ] which gives a maxinium r a t e  

'%esul.ts of these slug oxidation ca.lcula-Li.ons a re  pre- 

1.0 .--- L 

2 
I 

0 2 4 6 
DISTANCE FROM FUEL CENTERLINE ( f t )  

Fig. 3.8. Fuel  Slw Relative Power, Temperature, and Oxidation Rate 
f o r  Uranium Carbidz Element Dropped oa the Floor of the Eallaln Reactor. 
(From r e f .  13) 



3-27 

200 
0 I 2 3 4 5 

rng/cm2--  hr IJC 

Fig.  3 . 3 .  Oxidatinn Rate of UrsLTlilVr? Cai;hid.e as a Function OS Tem- 
perature in the Ballam Reactor. (From ref. 13) 

Table 3. 3. Te-niperatiire, Oxidation Rates, and Radiati.on from UC Firel. Slugs 
on the Reactor Floor of the R a l l a m  f?eac’i,oya 

Hottest Broken One Erit  ire 
Slug Shrg Rod %I.ement 

....-....-...I...-_.____ ____. I.--- 

1 - e ~  temperature,b OF 51.0 430 5/kO--l60 5A0-160 

k i d a t i o n  1-a-te, P I  (UC )/em2 0 111- 1.1 0.5  0.62 av 0. 62 av 
Noble gases 

Activity released i n  1- hr ,  curies 0.54 0.39 7 * 1- 57 
Bx.i.Lding ac t iv i ty ,  c/cm3 5 . 1  X 3.5 X 1.0m6 6.5 X 5.2 x lom4 
Dose a t  s i t e  bou.ndary 

Neutral, stack release,  MY 3 . ~ ~  x I . O - ~  2.3 x i o - / b  4 . 3  x 1.0-3 3.5 x 10-2 
Strong lapse: ~ ‘ i ~ c k  release, nu- 2 . 2  x IO-” 3..5 x 1.0-“ 2 .8  x 2.2 x 10-2 

Todi.ne 

Activlty relezsed iii 1. h r ,  curies 0.63 0 .  I>& 8.0 64 
Dose at, s i t e  bounbzy  during strong 6.5 X lo-’+ 1.5 x lo-/* 8.3 x lom3 6.6 x 

lapse,  s tock release,  rads 

Oirect rad ia t ion  to s i t e  boundary ili 9.5 9.5 1 7  1. 1.370 
I. hr, m r  

... . _.-_.-__ 
R Prmu r e f .  13.  

’Based on one year of operation a t  l.8 h ( t )  and 10 h r  of decay a . f tc r  shv.tdo:m. 
c Most unfavoi-able weother conditions. 
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1. Organic-Cooled 2:eactors. The n1axifilii.m erredible i.i?cident f o r  .the 
Pi.cx;ua Xuclear Power Facj.7.i t y  was desigi-tated as  t h e  group of inc idents  i n  
which the coniml. rods would be wi thdraTV/ii wfi t h e  core 5 . n  a continuous 
and uncon%m:..led manner c?iiring t h e  s t a r t u p  f Llie r e a c t o r  following shu t -  
down from exLended operai;Top a t  full. power. Th3.s inc ident  rzroi4dd be t e r -  
minated by void forrnati~or, and t h e  meltdown of 50% of t h e  six ce 
el.ements, which coi>.ld re lease 7.5s of ihe core f i s s i o n  pi-odlicts 
to ta l .  amount, of e n e r g  re ieased  dhri-ng t h e  t r ans i en% would be 2750 Mw-see, 
which wou1.d cause 2 telnpei-ature inc res se  i n  t h e  cool an t  of less  iha-r? 100°F. 

would be snia1.1. 
i n  t h e  uricontrol.l.ed s t a r t u p  h c i d e n t ,  s I~mrl-tancous malfunctioii of 

t h e  con t ro l  rod. di-<~vc sys'iem and f a i l u r e  of a t  leas-l, t w o  complete channels 
of' t h e  p ro tec t ive  systeili ti. e.  , - the  perriod c i r c u i t r y  and t h e  power f l o w  
comparator clrcu5.t:ryj were assumed. Yhe r e s u l t i n g  Lransient i s  shown 
i n  Fig.  3.1~; i n  which the nzu-Li?oil power, hot-spot  temperatiire; hoi;-channel 
out1 e t  coolant temperature, and burnout margin a r e  yl-otted agarinst t h e  
t i m e  a.fLer sens ib l e  hea t  generaki-on (assumed. 1% of raLec2). Thc burnout 
margln i s  dk-fined as  the r a t i o  of c r i t i c a l  hea t  f lux t o  m x i m i > m  operati-ng 
hea-i; I"I..ux, where ti?? c r i t i c a l  hea t  flux i.s t h a t  he fl-iix necessary f o r  

.--.2Y- ............... ____ -....... _. 

T-hp , - p-cssure  ?'-ncreasc i n  t h e  .r"eactor sys  m due $,o t h i s  -i;emperaturc r ise  

A ,   ne incep:ej.on OF f i1.m boi.ling. 

Ry referei?ce t o  1'i.g. 3.1.: it can be seen khat 'slurnout would occur 
32 see af'cer sensi.ble hec t  genzrat ion,  and, s ince  the conserva t ive ly  a s -  
sirmed minriiii-mi shutdorm mai-gin i s  3$ & i n  -illis case,  
l e a s t  332 sec  (over  5 min) from t h e  sLar t  of rod  wif;hdrawal Lo reach burn- 
out .  
leve!. a t t a i n e d  in any 01 -;he i n c i d e z l s .  Once t h e  c r i - t i -ca l  hea-t fliix was 
reached, f i l m  b o i l i n g  w o d d  occur.  IT ii; is assumed t h a t  no hest would 
be t r r n s f e r r e d  thro-dgh t h e  f i l m ,  f'ue1. p l a t e  m e i  L i l y  would occiir approxi- 
mately 2 see a f t e r  burnout.  Referr ing again t o  Fig. 3.1, it can. be seen 
t h a t  t h e  power level. a t  burnout would increase  slowly 'uecaiise t h e  reac-  
Livi . ty  would be o n l y  slightly abo-ve 'chat reqcirer!. f o r  c r i t i c a i l t y .  Melt- 
ing or l..ess than  53$ of t h e  ci.x c e n t r a l  elements would make t h e  core sub- 
c-!-i_tical i n  Lhe comple-te absence 01 control rods.  The energy re leased  
during t h e  t r a n s i e n t  (from t h e  s t a r t  of 'Ae accident  t o  t h e  time a t  which 
shir.tdoi.rii occurred due t o  f u e l  mel.'r,ing 
as nentri-one6 ebove. This woirld presen-t; no rad2.ologi.ca3- hazard because 
t h e  melted fuel. would. be containEd w j . t h i n  t h e  reactor coolant; system. 

Since t h i s  acci.d.ej?t was unl ike  any prev5.ously considered by t h e  MC, 
a more convent,ionnl ai-tal.ysis was r1iad.e by Bi..l..es of t h e  Reactor S a f e t y  
Branch ( see  see .  7 .3 .  t? of chap. T i ) .  He coileluded t h a t  t h e  ' I . .  .hypotheLj.- 
cal. worst possi-Sle siluat;i.on probab1.y would mi; resul i ;  i..n i n ju r ious  dose 
r a t e s ,  particula-L-ly i n  view of t h e  opportuni ty  f o r  evacuation from t h e  
nearby areas .  A n y  c r ed ib l e  accidents  would cause subs t a n t i a l l y  l.ower 
exposure p o s s i b i l i t i e s  " 

it would t ake  a t  

The pezk power e t  burnout i.s 221$ of rabed power, t h e  h ighes t  power 

would be approxina~be7.y 2750 blw-sec, 

3 .  2 .  3 .  2 Mechanistic i 'me  

Thc Expr imen ta l  Gas-Cooler! Reactor (ECW) i.s an example of a power 
r e a c t o r  faciliiy f o r  which t h e  merhanis t ic  approach t o  t h e  evclluatioii of 
i t s  hazards vas used. The mechanistic approach is ted ious  i n  t h a t  it 
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reqiilxires the evaliiation of many seqiuences o f  events t o  f i n a l l y  a r r i v e  a t  
t%le mea. The following is  a descyiption and d.iscussion cS Lhe accident: 11 

11 1 Tae most severe cl.ass of  acei.d.ents Ynat can occi ly i n  t?ie 
EGCR i s  the  loss of coolant (depressurizat ion)  accid.en-Ls. 
accidents, i.n general., r e s u l t  i n  t;he iilost, severe h e 1  el.ement 
temperature %ransients  . In addi t ion -Lo i;hese teinpera-Lu.re trm- 
s i e n t s ,  the  extern.al pressu~e on the  f u e l  element cladding i s  
rediiced thereby changing t h e  force ac t ing  on the clsd.c-l..j.ng from 
an externa l  o r  collapsing force t o  3.a irxternal o r  bur';?ting force.  
This imternal pressure combined. with the severe tempers-Lure t r an -  
s ien ts  resu.1.t~ i n  the I.arg;sst r1.umber of predicted. fue l  element 
f a i l u r e s .  

"The maximum cvedible accident, however, cannot. be d-eter- 
mi.ned sole1.y on t h e  basis  of fuel e1-eiiie:n-L failures since th?se 
govern on ly  the re lease  of a c t i v i t y  t o  -the containmen*: she l l .  
1% i s  qui-be possible t'nat t h e  acctdent; which resizl.ts i.n the  
largest acL-ivi-Ly re lease  from the reac-Lor may not be Lhe ac- 
cfderit which r e s u l t s  i n  t h e  grea tes t  release of a c t i v i t y  be-  
yond t h e  coni;a.inment sht?ll-. For t h i s  reason, t h e  m t a i m m  @red- 
rible accident i n  t h e  EGCI? i s  a composite axcideut, and i ~ ~ 1 v . d - e ~  
tbe  most severe featui-es of sevei-al. depressuri..zation acci.%en:o:ts _I 

priiiiary coolant piping which depressurizes the  primary- system, 
suppresses core coolant flow f o r  30 see and. ca i~ses  internal.  
f a i l u r e  of t h e  steam genera-tor i n  t h e  ruptured eoolurik c i r c u i t .  
From the end. o f  the  clelj7-easurizati.on to the  end.  o:f the  aecid.et:d; 
t h e  most s evPrc' - reactor condition from the standpoint of rem.- 
t o r  cooling is  assumed. from one hour t o  several- days a f t e r  
the accident, the emergency cooling l o o p  m d .  t h e  nitrogeii pure 
gas system t o  control graphi te  oxi.datlon are assumed. t o  be i n  
operat ion. 

see of t h e  aecrident . No subsequent :?ud- element fail.uses occ1.w. 
[ A l e 1  clad temperatures 8s a func-Lion of t h e  for &he severr-a1 
core pOSitfGriS a r e  shown i n  FigS. 3.10. ] Concurrent 1 4 i - i ~  con- 

These 

"The MCA f o ~ "  t h e  EGCF, i.s id.emtified. as a rupture of the  

"Approxirr.ate1y 330 fuel  elements f a i l  dir.ri:q t he  f irst  30 

t r o l l e d  grapht te  
ments i s  assumed 

oxidation, .tine UO2 w:i.thin t'ne f a i l e d  fuel ele- 
t o  oxidize a t  t h e  rate given as  fol.l.ows: 

where : 

f = t h e  f r a c t i o n  of cxposed- U02 oxidized- 
b = t h e  oxidation ?+ate coeff i e-Lent ( s e c - ' )  
t = time ( s e e ) .  

i f .  E'or the  purpose of calculat ing release from the  c o n t a h -  
ment shell, 8 constant i n t e r n a l  pressixe of 9 p i g  i.s assumed 
f o r  t h e  f i rs t  24 h r  a f t e r  t h e  acci.dent. It is next assumed. 
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Fig- 3.1.0. Post  Accident Fuel  Cladding Tempera-tllres for the EGCR. 
(From ref. 1.1-) 
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t h a t  a t  24 lir a f t e r  the a.cci.deni, t h e  containnient she l l  in"irnal.. 
pressure i.s reduced t o  4-. 2 psig and remaI.ns constant from 2/+ 
t o  61 h r  a f t e r  the  accident. .,4t 60 hr a f t e r  t h e  accident -Llie 
pressure i n  the contairxnent; shell. i s  assurned. t o  be redu-ced t o  
zero psig.  Contai.rxient she l l  leakage i s  based on 0. 3$ of tlie 
contained mixture per day a t  9 psig. 

"Tize assumed coiitainrnent shell -internal.. pressures a.re 
conservative, based upon the ca.lculated pressure t m r i s i e n t  
following t h e  accident, and. the  capacity of t h e  contairment 
she1.l. fission product removul system. It i s  assu-rned .t;'nat the 
reac tor  opera-Lor places t h e  f i s s i o n  product removal. system i-:o:f;o 
operation 24 hr a f t e r  the accid-ent. 

public i s  due only t o  t'ne leakage (ass-Lmed t o  be a.t ground 
l e v e l )  from the containmerit s h e l l .  From 24 t o  61. hrr, the  dose 
I s  due both t o  contnj.nment s h e l l  kaka -ge  and t h e  e f f luent  from 
the  f i s s i o n  product removal system (at s tack  level.). 
t h i s  period the sta.ck d.ischa.rge r a . t e  i s  conserva-1;:i.vel.y assimied 
t o  be con.stant a t  the  h i - t i a l  r a t e .  Ilkom 61 hr to 3 days the 
d.ose i s  due t o  the fission product removal system ef f luent  
only. During -this period the s tack  d:lscharge i s  assumed con- 
stant. 

"After 3 days, {;he nitrogen purge i s  stopped.; conse- 
qu.ently, the  eTfliuent fr'om t h e  stack and t h e  a c t i v i t y  re lease  
from -the cofrta inment s11.ei.l. s tops.  A continued. re lease of ac - 
t i v i t y  t o  t h e  containment s h e l l  due -Lo oxidation of the UOZ 
i s  conservatively assumed t o  occur u n t i l  64 days af-ber. the  
s t a r t  of -Uie accid.ent. 

core terminates a t  apXroxi.mately 3 months after t,he s t a r t  
of t h e  accident.  " 

"For t h e  f i r s t  24 I i r  a f t e r  the  accident,  t h e  dose t o  t h e  

During 

"The requircmeni; f o r  af-terhea.t remoml. from t h e  reactor  

Ai lhe pressure vesse1.s a.rd the high-pressure piping used i n  mcl.ear 

reac tor  systems are not unl ike those used in the  steam-generation systems 
that employ a conventional heat 8ou.rce. Mecl-lanisrils t h a t  %end -to produce 
fa i lme i n  a cortiventionsl system are  present in a l l  systems designed t o  
contain themml1.y hot f 1 u i d . s  under pressure.  Wear, creep, corrosion, 
fatigv-e, s t r e s s ,  grapht t izat ion,  signa-phase prec ip i ta t ion ,  ete are 
present i n  all systems fa.i>rricated from conventional steels ; and s i m i  3.ar 
mechanisms are usual ly  present i n  t h e  more exot ic  a l loys  ~iow being used 
i.n the  rnaaizfacture of seine mxcl.ear p lan ts  a These mechanisms are 1xsilr21ly 
f a i r c l y  w e l l  understood, qu8,:l.i t a t i v e l y  a t  l.eas-t;, and by proper considera- 
t i o n  i~:n desi.gn the associated failu-res can l a r g e l y  be eliminated. T1-tj.s 
Fs evidenced by the low frequency of faiI.iires t ha t  h.ave been susta-inec? 
i n  conventional steam. power plants ,  

If a break oecurs i n  R conv-enti-ozinl. pl.anL, steam or hot water may 
be released, arid operating pzrsonnel. may six-Lain injury-; but, 5.12. general., 
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this i s  an inconvenience or hazayd only t o  -the operators  of t h e  plan'i.  
I f ,  however, a sirnillar r e l e a s e  occurs j.n a nuclear  p l an t ,  it may have 
associated with it t h e  add i t iona l  hazard of radioacti .vj . ty r e l ease .  For 
- th i s  reason, more r igorous adliwence t o  design c r i t e r i a  i s  necessary.  
Fur'Lhemore, t h e r e  is one add i t iona l  mechanism t h a t  may con-tribute t o  
t h e  fai l -ure  p robab i l i t y  i r i  a nucl.ear p l an t  - radi-at ion embrit t lement of 
s t ee l .  Fas i  neu-trons have a i;eiid.e!::cy to haraen s-beel-s and make t'oem more 
suscep t ib l e  t o  b r i t t l e  f r a c t u r e  a t  a given temperature.  Q i i t e  for tumately 
t h i s  e f f e c t  i s  seen only i n  the ves se l  contai.niag t h e  a c t i v e  core; and. 
fur-Liiermore, it i s  general.1.y confined t o  t h a t  p a r t  of t h c  ves se l  which i_s 
neares'c -the core.  Provis ion for all. t hese  f a c t o r s  i n  t'ne design of a 
p l an t  increases  t h e  conf i-dence i n  Lha-t, p k i a t  from the ssfe?;y s tandpoint .  

3.3.1 Pressure Vessels ____~..._.___.I_ 

The p o s s i b i l i i y  of ca t a s t roph ic  fai-lure of t h e  r e s c t o r  pressure  vessel. 
has not been consi.d.ered c red ib l e  i n  powej-. r eac to r s .  Since t h e r e  i s  l i t t l e  
experience wFth pressure ves se l s  as  appl ied to t h e  nuclear  YieI.dJ it i s  
necessary t o  draw from experience with high-pressure steam bo-j_lei-s. i n  
t h e  1iurdoold.t Ray s a f e t y  anal-ysis, l6 a statement of f a c t  and s-Lal;ri.sti.cal- 
evideiice i s  made t o  lend  support  t o  t h e  assumpLion -Lhat ca t a s t roph ic  
f a i l u r e  of the r e a c t o r  pressure vessel. is imred i -b l e .  It reads as follows: 

"S-t,ati.stics on r e s c t o r  ves se l s  a r e  not ava i l ab le  because 
of t h e  relative newness of - th i s  ap:pl.ication. However, good 
s t a t i s t i c s  ai-e a v a i l a b l e  on power boi.l.ers, and these  statis- 
t i c s  seem general.1-y appl-icable t o  r e a c t o r  ves se l s .  It is  con- 
servative1.y est imated t h a t  'ihere a r e  /+00-500 b o i l e r s  i n  t h e  
United S t a t e s  designed t o  opers te  a t  a pressure over 600 ps ia ,  
and t h a t  they represent, no t  less  than A003 bo i l e r -yea r s  of 
opera t ing  experience.  The f i r s t  such b o i l e r  was designed over 
30 years  ago. An examination of t h e  Iflarkford S-tearn Boi le r  
Inspec t ion  and. Iiisurance Company- power b o i l e r  s t a t i s  t . c s  shows 
no f a i l u r e s  of steam drums i n  power b o i l e r s  designed t o  oper- 
a t e  over 600 ps i a .  Tn no case have t h e  rnal;eri.als used i n  these  
druiiis been supe r io r  t o  those  used. i n  f a b r i c a t i o n  ol" r e a c t o r  
v e s s e l s . .  . . ?"ne al.S.owable design stress for t h e  ASME Code 
vesse l  i s  less  .than one-fourth t h e  u l t ima te  s t r eng th  of t h e  
ma'ie~i.al.. A d u c t i l e  shear  type of f a i l u r e  r e s u l t i n g  from 1-oad- 
iags which exceed t'ne ul t imate  s t r eng th  of t h e  ma te r i a l  over 
a s j-gni-ficant s e c t i o n  of t h e  r e a c t o r  v e s s e l  could. occur only  
from exfxeme overpressure or ex Lrerne overloading of a l a r g e  
sec t ion .  " 

Reactor ves se l s  a r e  not e a s i l y  examined O i l  a per iodic  b a s i s  a s  a r e  
ves se l s  f o ~  noimuclear use, and f o r  thi.s reason design and. cons t ruc t ion  
of nuclear  ves se l s  i s  more conservat ive.  With the  g r e a t e r  degree of con- 
ser-va'iism i n  manufacture, -the confidence i n  the "as b u i l t ' '  ve s se l  i s  
g r e a t e r .  With nuclear  vesse ls ,  speci.aJ. a t t e n t i o n  is  given t o  stress con- 
cen t r a t ions .  It would not be reasonable t o  expect t h a t  a vessel. could 
be b u i l t  wj-t'nout a reas  of high stress; nozzles,  opentngs, and suppor-ts 
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must ’oe provided, and these fea tures  give r i s e  t o  geometric discont inui-  
t ies ,  l7 and- hence local s t resses ,  but these s t r e s s e s  may ’oe minimized. 
There are two experimental programs und-er way to investiga-be pressure 
vessel f a i l u r e :  3 B r i t i s h  study directed a t  fast f rac tures  of pressure 
vesse1r;l’ and. a study o f  respomes t o  cyc l ic  stresses t h a t  i s  being done 
by the  Southwest Research I n s t i t u t e  i n  t h i s  country. (See slso the  d i s -  
cussion on ertbrittlernent of s t e e l s ,  see.  3.5. ) 

3 . 3 . 2  Pipi.ng 

Except for the  catastrophic  rupture of the pressure vessel, the event 
t h a t  ‘would general-ly result, i n  t h e  most severe accident in a nuclear 
f a c i l i t y  would be ruptu-re of the l a r g e s t  pipe i n  the  sys.te-m. It i s  fre- 
quently considered. t h a t  the mea i s  i n i t i a t e d  by the  rup-ture of the primary 
piping and -tAat. the  break r d e a s e s  f l u i d  i n  such a m y  t?iat maxrirrmn flow 
i s  possible  from both ends of the  broken pipe, t h a t  is, a “dov-%le-ended’’ 
rupture. 

It was pointed. out by I?ehiut Thiel.schl’ that “pipe i s  pipe” and 
whether  xed i n  a steam plant ,  refinery, o r  nuclear plant,  t h e  same de- 
s ign consideratious a r e  ri.mposed.. Wnen piping i s  properly designed, sized, 
and. s i m  orted, the  p o s s t b i l i t y  of  fail-ure i s  vir-t1nall.y el.i.minated., A 
~u.rv-ey’~ rmde of piping failures (nonnuclear) over the  last 30 years 
showed t h a t  t h e r e  ?nave been many s m a l l  leaks, cracks, and ruptures i n  
pipes, tuk~ing,  and f i t t i n g s ,  but only four ruptures  i n  Large p)iping have 
been reported, and -these f a i l u r e s  were a t t r i b u t e d  t o  i n f e r i o r  materials 
GT mamifacture. 

sys’cem mptui-e w a s  published.. 
ences i n  the study of  f r a c t w e  mec’na.nics, i s  simin22rized by the  fol_lowing 
conclusions : 

1, With the  proper app!.ication o f  present knowled.ge, frac-t;ures by 
fi.brous d u c t i l e  f racture  due to gross overstress  o r  by b r i t t l e  cleavage 
can be v i . r tua l ly  nil!.ed 0111; as credible  events (unless cycl ic  s ixa in  aging 
i s  fourid t o  r a i s e  the brit,tl.e-d.uctj.le trans;.t,icn temperatiwe above the 
service tenpera twe for caxbon stee1.s) . 

2.  Wi.th the proper a,pp!-ication o f  present knowledge, frEae-t;ure by 
creep-rupture a t  500 tm 650 ‘F can be virt;ual.ly r d e d  out, although cum- 
bin& creep and fatigue shod-d be furr.-t;her s.tudied with respect  l;o super- 
he& plant  piping. 

b i l i k y  of impact er0s:i.m fa,i lures i f  t h e  crl:.ti.cal. veloci.ty parameters 
were dete-rmined for Lhe s p e c i f i c  piping s t ee l s .  

~ , ~ . l - e  fmcture ,  an.d loca l ized  corrosiofi  cracking, a r e  now wel l  enough 
!mderstood tha t  t h e  pro’ua?z!,il.itg of t h e i r  0cC:iii”rence i s  accep-tdoly >.ow. 

knowled.ge are : 

fa t igue ox’ locali.zed corrosion, and car?. such defects,  i f  developed, propa- 
gate  t o  large-ares  fr-actixres by i.iistabl.e d.ii.ctile rup’cuxe? 

ReceritLy- a review o f  f r a c t w e  niodes as relalxd. t o  primaxy’ coolant 
The work, which c i t e s  near1.y 9.00 r e f e r -  

21 

3. Relation.ships exis-t; that could. be used .Lo eliminate any .possi- 

4 .  The remaining possibl..c fractixre m o c k s ,  fa t igue,  low-ener,gy due- 
L .* 

Irapoi-Lttnt questions that earlnot ’ne nnswwed. on the  basis of present 

1. Can long, shallow, crack-like defects  develop undeteetd.  due t o  
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2 .  
propagati.on, i n  the s p e c i f i c   material.^ of i n t e r e s t ,  f a s t  o r  ~ 3 . 0 ~  compared 
wi th  t h e  inherent  response time f o r  f l a w  and J.ea,k de t ec i ion  procedl.nres? 

3 .  Can se rv ice  experience -thus far, and short- term experimental  r e -  
sults showj-ng freedom from localized corrosioii  f r a c t u r e ,  be taken t o  imply 
corple’ce immunity fi-om a t t a c k  over a 10- t o  4~0-year s e rv i ce  exposure? 

A method of calcul .a t ing t h e   maximu urn s i z e  of a ducti.1.e rupture  was 
suggested by H. H. Ketchum. 2 2  The method i s  subject t o  some cri’crici.sm 
but  has been used iii many caszs  i n  arL e f f o r t  t o  def ine  s u m  minimum val.ues 
as guide l i n e s  t o  system design. It inusi; be noted, however, thai; t h i s  
paper22  dea1.s wi th  due t i l e  ruptures ,  whi.cb. aye genera1.l.y less severe than 
t h e  b r i t t l e  rup ture .  Increased k:rrowledge and exser ience i n  ’ihi.s f i e l d  may 
lend credence t o  t h e  niechanistic approach t o  t h e  ana lys i s  of t h e  mea. A s  
w a s  s t a t e d  before ,  almost a l l  fa-il.i.res i n  piping and tubing  have been of 
t h e  duci;:i.le type, and they were minor i n  importance a s  fa?? as ca t a s t roph ic  
events  a r e  concerned. Ketchum,22 rin h i s  e f f o r t  t o  compare h i s  computed 
results w i t h  a c t u a l  experience, accumulated data on t h e  pipe and tub ing  
f a i l u r e s  t h a t  have occurred. ‘Tab1.e 3.4 conta ins  much of - this  information. 
A second gro1.q of da t a  w a s  also assemriuled t h a t  included imf‘ormation on 
ruptures  under t e s t  condi t ions whi-ch r e su l t ed  i n  s t r e s s e s  i n  excess of  
-il.iose found under normal. condi t ions i n  an opera t ing  system. Under these  
condi t ions,  t he  r e l a t i o n s h i p  developed by Ke1;c’mim predic ted  f a i l u r e  s i z e s  
coiisi.derably smal.l.er t’nan actual. .  The s’m-Lement i .s made *‘ - that  when t h e  
r a t i o  of t h e  s t r e s s  t o  t h e  y i e ld -po in t  s t r e s s  (o-/mYy) i.s g r e a t c r  than  about 
YO$, Ketchum’s method becomes use l e s s  i n  predi ct,i.ng fa i lure  si.zes. 
3.5 gi.ves t h e  inforfnation taken under these  inappl icable  condi-Lions. 

Is  ’111~ tiiiie f o r  s e r ious  fa-bigue o r  corrosion crack (or lcak) 

Table 

3.4 PR0RABU;ITPES 

I n  order  t o  e s t a b l i s h  probahj . l . i t ies ,  a l a r g e  amount of experience 
mus-t be accumula‘ied wi.th a s i z e a b l e  number of events  tak ing  p lace .  The 
p r o b a b i l i t y  might be thought of as  a f r a c t i o n ,  with the iiimber of oppor- 
-tuni.tries f o r  t h e  occurrence of an event being the denominator and tlte 
number of a c t u a l  events  occurring being the iiumerator. A s  t h e  absolx te  
Val-ues of t h e s e  two numbers increase,  t h e  con€idence i n  t h e  YesuJ-ting 
f r a c t t o n ,  o r  p robab i l i t y ,  inti-eases. With t h i s  s impl_i-fi.ed pic’iure i n  
mind, i-i becomes obvious t h a t  a gi-ven func t ion  itiust be repeated many times 
Lo e s t a b l i s h ,  with good coilf idence, t he  1. i-kel~ihood of some occurrence i n  
t h a t  fumction. For example, many c a r s  must - t rave l  many .mil.es t o  establ.3.sb 
t h e  r a t @  (on a per mile bas i s ,  f o r  exmpl.e) a t  w-hich f l a t  t i res  w i l l  oc- 
cu.r. Using the same l i n e  of reasoning, many nuclear  p l an t s  mus”i  operate  
many hours t o  e s t a b l i s h  t h e  frequency of accridents, both se r ious  and 
minor. Such experience will not be accumulakd. i.n a suf f ic i -en t  amounl; 
f o r  a riiim’wer of years .  It is necessary and sensih3.e t o  apply- t h e  ex- 
per ience accumulated i n  o ther  i n d u s t r i e s  faced with s i m i l a r  problems, and 
t h i s  i s  done when nuclear  p l an t s  a r e  disciissed. 

po r t a t ion  of invidious reagen-ts f o r  many yea r s .  ‘The contairment of a 
The chemical indus t ry  has been faced wri.tin t h e  production and trans- 
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Calculhted Fai lure  S t ress  Ins ride Osts ide Xa1: 

(rin. ) ( i n . )  

Temperature ?res sure Length (ir:. ) 
Fl-3 I d  Diame-ter Dimeter  T h i c h e s s  (OF) (ps ig  j Description Materiel  

( in' ) M a x i r n u  Minimum 

Fai lure  

5'-in. meir: steam 
1 ine 

1 / 2 - i n .  a i r c r a f t  
k,ydrhulic line 

1- in .  t es t  loop  
l i n e  

6-in. turbine steam - -  
i5EU 

6-ln. stearn l e a s  

Atkome-lic valve 

TLr'oine lead  s i i p  

Turbine s t e m  lesC 

i o i n t  

I - in .  feed l i n e  

Test plpe creep 

Test pipe creep 

T e s t  pipe zreep 

%rbine steam lead  

ruptL;-re 

rup t - a e  

n p t u r e  

Norreturn 12-12. 
1500 -ps I valve 

fi:r'blne steam lead 

L'urbiae s t em lead  

I-ir?. t e s t  loop 
1 ine 

'=ype 347 s-ta-i-n- Steam 1050 
l e s s  s;eel 

illurninurn 

Type 304 s t h i n -  

?ype 304 s;ak- 
l e s s  s t e e l  

%?e 147 s",ain- 
l e s s  s t e e l  

Tyge 316 s t a i n -  
less steel  

Type 347 sthlin- 
less s t e e l  

Yy-pe 347 s l a i n -  
less s t e e l  

TySe 347 s t a i n -  
l e s s  s t e e l  

SA-210 s t e e l  

: C-L aLeel 

Hydraulic 

Water 

Steam 

Szeani 

brater 

S t e m  

0 il 

Steam 

dhter 

FJater 

3 O O K  

450 

930 

1 ~ 5 0  

213 

1050 

1050 

550 

952 

SA-21: s-tee1 Water 950 

SA-210 s t e e l  Vater 950 

A-332 carbon- S t e m  950 
rnoly-denum 
s t e e l  

molybdenum 
s-tee1 

A-302 ccrbon- Steam 950 

Type 347 st5,ln- Steac 1053 

A-302 cEraon- Steam 950 

less s t e e l  

molybdemn 
s-ceel 

Type 304 s t s l n -  Water 1100 
l e s s  s t e e l  

1800 

3003 

203c 

850 

1500 

3003 

2030 

2000 

L750 

3153 

2750 

1700 

1375 

1300 

2003 

1375 

4503 

8 

0 . 3  

0.957 

5 .761  

6.030 

0. 814 

6 

L. 745 

e .  957 

1.668 

1.660 

1.678 

6 .813  

14 

6 

6 .  813 

0.957 

10.2 1.1 

3.5  0 .  1 

1.315 0.179 

6.625 3.432 

7 .  L36 e .  718  

1.003 , 0.393 

8 -1 

6.625 0.94 

1.315 0 .179  

2.0 0.166 

2.3 E!. 1'7C 

2.0 0.161 

8.625 0.906 

19 .5  2.75 

7 . 8 8  0.940 

8.625 3.906 

1.315 0 .179  

5.06 

8 .  $3. 

8 .73 

8.47 

6.35 

L. 25 

6.29 

7 .25  

9.35 

2.555 

3.34 

4.71 

11. I 

15.92 

5 .98  

11. L 

2.885 

3 .66  

6 .07  

2.86 

2.62 

3 .79  

1.56  

3.76 

4 .34  

4 .36  

1.035 

1 .293  

2.155 

6.4@ 

9 .2  

3.56 

6. 40 

0 .  746 

21.9 

1:. 9 

25 .1  

27.4 

19.36 

43 .1  

19 .4  

16 .9  

16. 8 

58. 4 

49 .8  

32.6 

1 1 . 5  

6.3 

23.4 

11.5 

3.82 

2 . 4  ( e s t . )  Crack 9.6  in. long (out-  
s ide ) ,  estihazed 
9.6 x 215 = 2.4  i n .  
( Inside :! 

-tu.klng axis  

p a r a l l e l  t o  pipe ax is  

p a r a l l e l  -to plpe axis 

2 i n .  long inside 

8 ( e s t .  ) 

3 

Flap leagth p a r a l l e l  t o  

S p l i t  l o n g i t d i n a l l y  

4 Spl i t  longi tudlna l ly  

2 Crack 8 in .  Long octside; 

2.5  Spli-; pa ra l l e l  t o  ax% 

Crack a t  veld 2 

2 Crack ECJacent t o  weld 
i n  pareat metal 

6 Sgl i t  pa ra l l e l  t o  pripe 
axis 

i Crack 

0 .75  Crack 

0 .50  Crack 

4 Crack i n  r a d i a l  glane 
adjscent t o  beneL ( i n  
- 9%) graphi t izs t ion  

6 Crack graphitiza-tion; 
th ree  ot'ner smaller 
cracks in s imi la r  
valves 

_ -  

2.5 Crack adjacen-t t o  weld 
~ I I  paren-t metal 

5 Two cracks, each 5 i n .  
long, i n  r a c i a l  plsne 
adjacent t o  benu with 
.L ir,. of sound n1e-cal 
between ( i n  1 3 5 5 ) ;  
graphi t  iza-tion 

s-o'' - - 
axis  

p a r a l l e l  t o  pipe 

a From ref'. 21. 
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Table 3.5.  Inappliceble Data oil Pipe and T~51i-g Fa1hre.s" 

Calculated Fa i lure  S-Lress 
Length (in. Ratio, 

Inside Gut,side b3l2. 
Diar.eter Diameter Thickness Length Fa i lure  mterisl ~l.~id Tenperatwe Pressu-e 

u(p ( i n .  j 
Xaxin~i?n Minima (OF) !pSig) ( i n .  > ( i n .  ) ( i n .  ) 

Description 

"est pine cFeep SA-21C s t e e l  Water 950 P30C 1.682 2.C 3.150 0.668 155.5 9.2 S$it 

Tes-5 piTe creel? SA-210 s t e e l  Xa'ater 050 3730 1.678 2.C, 0.161 2.065 1.29 71 6.5 S p l i t  

Test tuhfng copper Oil Roon 3590 1..445 1.565 C.063 0.684 2.2 5 2.79 S p l i t  

ruPture 

.nptu-"e 

Test tuh5.c.g Copper Oil Room 3660 1..546 1.680 0.067 5.76 119 2.10 Spl.i'i. 

3750 1.570 1.720 0.075 0.986 Test tubing Copper Oil Room 

hon s t e e l  
:..250 :-.it50 0.100 13.48 Test pipe Medium car -  O i l  3oov 9200 

2.15 S p l i t  103 

144.5 2.4 S p l i t  

Wode1 2ressm-e SA-201 s t e e l  Water 70 62517 1.9. 5 I. 2 c. 75 0.645 119 43 S p l i t  
vesse l  

amon ref. 22. 
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highly  t c ~ x i c  substance u d e r  a s i g n i f i c a n t  pressine i s  a coinmon problem 
i n  chemical a.nd petroleum plants .  Accidents ha-ve occurred i n  these areas 
t h a t  resn l ted  i n  substan-Ltal- property damage and, i n  rtlariy cases, l o s s  of 
lFfe .  'Wiese events have contributed. t o  experience and h w e  provided f o r  
reasonable extensions of d.esiga considerations.  Also theye i.s a weal.th 
of knowledge avai lable  from tine expei-lence o f  the power industry. For 
many yeam, high-pmssure and high-temperature boi.l.ers and piping have 
beezi used i n  steam-generating pl-ants. Studies''> 19 have been made t o  ac- 
cumulate informa-tion coneerniag large mptui-es of pipes and vessels .  The 
resu.1-t~ show t n a t  no b o i l e r  designed f o r  high-pn?ssiire service has f a i l e d  
in 30 yeam (4.000 b o i l e r  yeal-s) of experTence and t h a t  o n l y  four  large 
pipe ruptures have been reported 'i:n a similai? length of time. Small leaks 
that required, i-eps.ri.r did cjcciir d-uring thi.s t h e ,  bu.t no failu.rcs of a major 
or catastrophic  nature, except those mentioned abovei have occurred. 

industry should permit t h e  application of these s t a t i - s t i c s  t o  1;be acci-  
dent analysis  of a rea.ctos plant,. Severa.1. yearcs ago, a n  es t ima-te  of the  
pro3ahTl-i.ty23 of a major nuclear :icci.d.ent occurr:ri.ng t h a t  w m l d  have an 
e f f e c t  Gn the general. pibl . ic was made. 'lchil.s estirflate :cas based on acei-  
d.ent sta'cis-tics from t h e  enklre indua-Lrial corntaunity, which were applied 
i n  a conservative rflaruier. 
f o r  an sccideilt for each yeactor  y e a r .  

wi.ir,h regayd. -to acc ideixt p:ro'oabilI.tJ.es i n  the nuclear. i ndus t ry  is such 
t h a t  exi.sting experience i n  noniiucl.em f ie lds  m u s t  be appl-ied. To be 
consis tent  % ~ i t h  the  general  phil.osophy of -the nuclear indus-txy :rel.evanl; 
t o  safety,  pessi-nis t ic  appl icat ion of e x i s t h g  fai.l.iire exl;eri.ence i s  made. 
This problem has bees reeognlized a ~ d  efl'orLs are being made -Lo gain ex- 
pei.*ience thi-ough several. extens i.ve fa i lure  pswbabili-ty studies . 

This so r t  o f  inioimation :!?om hdus- t r ies  c losely akin t o  the nuclear 

The probabl.li-t;y was one chance in lo5 to l o 9  

Ps can be from the  foregoi.ng discussion, {;be si;al;e of t he  art, 

2 4 - 2 6  

3 . 5  REACTOR ACCTDEJV ZXPZRENCE 

No reac-Lor x c i d e n t  approaching 'ihe maximwii credi-ljle acciderrt h a s  ye t  
occurred, so it is not posslble t o  ascertain from ac{;ual experience how 
conservatively these accidents have been anaf.yzed.. This situ.a-trion, how- 
ever, makes %he p r c h l e m s  of .the safety analyst  di:i"%isull;, sine@ he depellds 
upon the use of pro'oahil.i."r,ies f o r  evahmkzilion, and prob:M~I.i.ti.es iiflust be 
based on -the o c c i i r r e m e  of events. STnm no accident i3f 't~aax:i.mmm.'' -pro- 
port,i.ons has taken pl-ace, the  1xsser aecident,s must be 1.iserl. as a b a s i s  
f o r  the  safety evaluation of' a rcac-Lor. 

i n  0perratin.g reactor  systems i n  recer t  years. 'The tab les  deal-  with. ac- 
c idents  resu.l.ting from (1) reduction i n  cooling, 
a~id  ( 3  ) asoorted rfliscel.l.aneous fai.hires . 
these acciderits i s  avnila1)l.e i n  t h e  references ci.ted. 111 general., ccmpo- 
nent or tnstrument f a i l u r e ,  d-esigii def ic iencies ,  or operator emors i n i -  
t i a - t e  acci.dents, 8.nd a eolurm is included in each t a b l e  t h a t  ind.i_c:a'c~s 
.which of these i s  t h e  probable cai~se.  

It should be noLed. that t h e  reactors  listed i n  the  tab7.e~ are, Tor 
th.e most par t ,  experimental o r  research reactors .  'Il?ie pl-oduction rex- 
tors a t  Ii'anforci, t h e  t.i'ind:;caJ-e reac tor  ( NO. 1 j ,  sild. t h e  tis A;my r e a c ~ o r s  

Tables 3. 6,  3.  7, a n d  3. 8 I f s t  some of Lhe accld-ents .Ll.m:; h a w  ocr,u:cred 

( 2 )  nuclear excinsions, 
More det:illed. information on 



Tabie 3.6.  Reactor AczXents I x r o h i n g  Reduc-Lion i n  Cooling 

Date 3eference Location Reactor Cause" Fiature ot' Incident Remarks 

J m e  1951, 27 Arco, Idaho 1m7 DS FueC p la t e s  faiLed because bu'.ginK of 
;Cakes l imi t ed  coolant flow to ai '-  
f ec t ed  a reas  and caused hot snots; 
the f u e l  elements were modified t o  
co r rec t  tWs 

Jan. 19555 2g hani'ord, 
Washing tori 

"kw" 

April  13: 1358 27 Saclay, i7rance EL-? 

JLLy 24, 1139 29 Santa Susana, SRE 
Cal l forn ia  

f ip r l i  3, 1960 30, 31 P i t t sburg ,  FCE: 
Penzsyivania 

I k c .  12, 1961 32 Idaho Fa l l s ;  Ern 
IGaho 

Sov. 13, L362 33 Idaho Palis, W R  
Idaho 

u-%ly 1163 34 Oak Xdge,  
Tennessee 

OE: Cool-lng wa:er f l o w  zo one process 
tube was '>locked; some eiements i n  
t l l e  tube mel:.erl and caused damage 
t o  tha; channel 

An a;miin-dri char?el~ iio-ding a f i e 1  DD 
clemenz :ell  a t  a r e s u l t  of v ibra-  

xi& lack 0: siipport; 
ped coolant f low .LO ;h 
anc res -d ted  i n  f u e l  elemenc 

CF % e l  element failure ( r e l t i n g )  oc- 

f a i l u r e  

curred as a r e s u l t  oi' recuced cool- 
ins; t h e  reduct ion  was cased by 
fouling of coolant chamei s  by t k e  
de c orn3os i I; ion  products of z e t  ral ine  
{auxiliary coolant ), w3icii had leaked 
i n t o  -the primhry c o o l a x  

posslbJ.y lindequclte metaLlu:-g-:ca; 
'CF Became of rcduced. coo;ant f l o w  and 

30 in jury ;  no r e l ease  ol' ac tLvi ty  

!io s i g i f i c a n t  r e l ease  of  act::.vi ty; 
no r d i a t i o n  exposures; consider- 
sale dnna2-e -GO thc r cac to r  

Po ' n jury ;  no a c t i v i t y  r e l ease  

Yo r e l ease  oi' a c t i v i t y  

Contamination of primary cooiant,  
and some activity re leased  t o  a.L- 

bonCing becxeen meat and cladding, 
overheating and. subsequent f u e l  e l e -  
ment f a i l u r e  occmred 

mos ?here 

0% Six f'uel elements overheated and No s ign i f i can t  r e l ease  
J a i l e d  as a resu2: of fore ign  :.lat:er 
(par:  of a p l a s t i c  s igh t  box) lodging 
In  fl.ow channels and reducing cooling 

OE .q srnsl; por t ion  0:' one pia-te ;n a fuel Auilc',ng was evaccated 
e l e sen t  melted because oi' reddced n i f i c a n t  exposures o r  
coolant flow; t'is was cause& by u curre?, 
blockage of t h e  coolant ck,annel by 
deb-?i.s i d e n t i f i e d  as gasket n a t e r i a l  

3C P s r t i a i  meltdown of one o l a t e  i n  an Bui 

ot' a c t i v i t y  

but no s ig -  
damage oc- 

bu-; no in -  - 
element soon a f t e r  star-tup; t he  melt- j u r i e s  occurred and o d y  minor 
down was caksed by in su f f i c i en t  cool- damags 'was done LO -the r eac to r  
an:. l l o w  as a r e s u l t  0 r e s t r i cz io r i  
by a l a r g e  gasket lodged i n  ihe cool- 
a i t  c tannel  

a. 
?robable in ib iaz ing  cause: DD - &sign -2eeficiency; OE - Operatior 3r ror ;  CF - Componen: Fa i lure .  
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r - h  i ab l e  3.7. Reactor Accidents Involving %clear Excursion 

~~ 

3ac e ReTerence Location Reactor Causea Xature of Incldent Rerczrks 

&e. 12, 1952 35, 36 

28 Gct. 3 ,  1954 

Nov. 29, 1955 

:an. 6, 1956 

Oct. 15, 1958 

Nov. 18, 1958 

Mmch 15, 1963 

Chalk River, Ontario, &RX OE 
Canadh 

Hanford, WashEngton Production DE 
reac tor  

EER 03 37 Idaho Fal l s ,  Idaho 

28 Hsnford, Wsslilsgton -3-odtic';ion 9E 
r eac to r  

OE 38 Borls  Kidrich InsTi- C r i t i c a l  
asse&ly . L . .  bdtYe of Suclear 

Science, Vinca, 
Yzgoslavia 

39 NRTS, Idaho Fa l l s  

40 Ssclay, Frasce 

Jan. 3 ,  1961 4 ,  41-44 Idsho Falls, Idaho 

- 3 

: -;- ,ze A 

SL -I 

OE 

OZ 

DE 

While making r e a c t i v i t y  measurements, tine r e -  
ac tor  suddenly became divergent, t he  shutoff 
rods would not drop (ccechanical defec t ) ,  and 
tke  cooling water ;a  pokon, i n  - this  case)  be- 
gsn zo  oil; a i l  these  things coatr ibuted t o  
tr:e core IneL-ling thaC ensued 

h e a t i w  occurred; t h i s  caused therrral s t r e s s  
rupture  of f u e l  elements; the  e f fec ted  e l e -  
ments were located and removed 

An experiment 2as being performed with m t o -  
ca-lic cont ro l  bypassed; when shutdom was re- 
qxs t ed ,  opei-htor e r r o r  resu l ted  i n  a slow 
shutdown t'nat allowed overheating end f ie1  
element melting 

The reac tor  was s - t a r ~ t e d , x d  the  power r i s e  was 
sllowed t o  be so  rap53 t h a t  severe damage was 
feared; t he  excurston 'was stoppec and t h e  r e -  
ac to r  shut down before any ser ious conse- 
quence s oc cur red. 

i n  the  reac tor  tank; while vorkirig on an ex- 
periment near t h e  unshielded assea-aly, 320 
was inadvertent ly  added t o  13.2 reac tor  tan< 
;caking the  sys tex  c r i t i c a l ;  t h e  a z e l l  of ozone 
was the  f irst  inu ica t ion  of t rouble  

.~ 

Star tup  proceeded too  rap id ly  and Localized 

F'riaary reac-Lor cont ro l  is  'by  varying D20 l e v e l  

Durbg  t e s t s  t o  dietermine control  values, i n -  
strumentation s e t t i n g s  had t o  'be changed from 
normal; as  a r e s u l t ,  when the desired power 
was reacked the  servo ca l led  for more rod r e -  
movd;  t h e  incident  was ended 'by care re- 
arrengemnt Lue t o  melting 

3xperimeDzs reqa i r ing  speciPie periods a-'s low 
power were being ;-un; rod pos i t ion  f a r  t h i s  
-period was determined (by experiment ), -then 
t h e  rods were reinser ted;  bu-t t he  posi-Lion 
was inad-Tertently es tab l i shed  with O d y  one 
rod out, add vben t h e  rv.n h i a s  nade, both rods 
were withdrawn, thas i s i t l h t l n g  an excursion; 
t k f s ,  followed by 'she f s i l u r e  of instmmeata- 
t i o c  t o  scrax tke resctoi-, a l loved the power 
t o  go ;o 13 1NW 

With the reaczor shut dowr, azd the  ?:ea5 opened 
t o  do mintenance,  t he re  was a gross reac-  
t i v i t y  in se r t ion  (wi"%lc?rawal of tk centrrsy 
cont ro l  rod)  which i n i t i a t e d  a auciear  ex- 
cursion; raFi6 s t em generztion eaused a 
"water haxmer, 
ab le  daaage 

which resul.ted i n  consider- 

Melted fhel, contaminated cooling water, and 
other  contmzinants vere  re leased t o  t'ne 
roon: belosJ tZe r e sc to r  

No significaz<c re lease  or' ac t iv i ty ;  no r ad i -  
a t ion  exposures 

Building was evacuated; no in ju r i e s ;  no over- 
exposures; no re lease  of a c t i v i t y  

Xo re lease  of a c t i v i t y  

Several  ind iv idus ls  received s i g n i f i c a s t  expo- 
sures; I'lve victims recetved bone marrow t r ans .  
p i  sat s j oze of t h e  f i v e  died 

Bo injury;  l imi ted  coztamination a t  t h e  s i t e  

Xegligible exposure; no ac^,ivlty re lease  

Three operators were k i l l ed ;  i n  t h e  recove,ry 
operation, 14 persons received doses ranging 
frairi 5 t o  27 r; severe core damage occcrred 
ana contamination was extensive; no con-cad- 
]nation (21- exposure t o  %he pdblic occurred 
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Table 3.8. AccideDts Involving Miscel.laneous Fai lures  

?ate  Befererce Locakior: Reactor Causea I?a:ui-e of I i c i d e n t  Renarks 

Oct.  lC, 1957 27 VinZscnle, 2.K. WLidscale, DD 
No. 1 

Yay 23, 1958 45 Chalk 3 iver ,  Cintario, NRU 
Canada 

Eov. 7 ,  1959 31, 40 Idaho Fall-s, Idaho 

Oct. 7 ,  1962 47 YcxLllurdo Sound, PM-3A 
Antarct ica  

CF 

CF 

CF 

k r i n g  axea . l igg  operat ion t o  reduce 
t h e  Wigiier ecergy of t h e  graphi te  
p i l e ,  there  was overhea t iw Gf t h e  
graphi te  that caused fuel. cladding 
f a i h r e s  which l e d  t o  oxidation of 
t h e  exposed u r a n i m  f u e l  and subse- 
quently t o  f i r e  i n  t h e  graplnize ard 
uranivrr. 

t h e  feel t ra i i s fe r  cask; t h e  rod. i g -  
n i t e d  end burned f o r  15 min; i t  was 
covered with wet sand t o  e x t i r e . i s h  
t h e  f i r e  

Par t  of a broken f u e l  rod f e l l  f-om 

JW$cure of an in-p i le  tube contain-  
ing an experiment re leased con- 
t aninated 1S.qui.d 

RyS:rcgen, I-esking f r o x  ';he primary 
sys'iem (p:_"o3obly rror a valve SOE- 
c e t ) ,  co:.lecte<. j.c ?:le t o p  of one 
of t h e  +:Tree coa%aimen:; t a n h  and 
was i g n i t e d  by an e l e c t r i c a l  short 
ir. ar inst -nnect  l i n e  

FoErzeen vorkers exposed g r e a t e r  
than 3 reir; mxirnm exposure 
4.66 rem, rnaciimm thTpoid dose 
3.5 rad; iodine, t e l l u r i u n ,  
cesium, and strontlurr, were re- 
leased  and caused contarn ix t ior  
ir t T e  vic!.nhy 

Serious contamination r e s d t e d  
i n  ICOC :T/:qr ;;ieXs s e a r  -ihe 
elements; a t o t a l  of -6% rnea 
were used j.n c l e a m p ;  ore  man 
received 13 r; 2, -10 r ;  the 
rest, l e s s  than 5 r 

Considerable coatamination, but 
no i n j u r y  o r  overexposures 

No irjuyy; no activity re lease  

aFrobaSle i n i t i a t i n g  ceuse: DU - Design DelLciency; CF - Conponeat 
Fa i lure .  
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a r e  t h e  only ones tha-t could be considered as being ot'lej? than expertmen- 
t a l ,  and i n  these cases t h e  ins ta l la . t ion  is, f o r  practical. p ~ r p ~ s e s ,  ex- 
perimental. The point is t h a t  no reactor b u i l t  f o r  power productiori has 
experj-enced an acci.dent that released. enough actti.vity t o  cause s i g n i f i -  
cant i r r a d i a t i o n  of iiurrmn beings e 
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4.. FISSION- PRODUCT RELEALSK AND TRANSPORT* 

M. H. FonLana** 

4.1 INTRODUCTION 

Energy, which i s  the  main useful  product i n  a nuclear reac-tor, re-  
sults from the  f i s s i o n  of a heavy nuclide i n t o  two nuclides of generally 
unequal weight and charge. These Tission products are i n i t i a l l y  i n  a 
highly exci ted s t a t e  and decay t o  more sta'ole states, usimlly by be ta  de- 
cay, with tile re lease OT excess energy i n  the f o r m  of gam? rays. The 
fundamental pro'olem of nuclear sa fe ty  i s  the protect ion of operating per- 
sonnel and the  general pu3lic from the hardid- e f f e c t s  of these f i s s i o n  
product s . 

I n  order t o  assess the degree of hazard., it i s  necessary t o  evdinate 
the amount of hazardom f i s s i o n  products present and, given a mode of ac- 
cidental. f a i l u r e  of t he  reactor  system, t o  determifie the degree of release 
t o  the  surroundings md t h e  e f f e c t s  on the nearby population. The impor- 
tance of a fission-product element from a safe ty  standpoint de_pends on 
i t s  radiological  h a l f - l i f e  and the  energy of i.ts rays> i t s  vol .a t i l i ty  
and a b i l i t y  t o  be transported through long distances,  and i t s  b io logica l  
uptdce and half-l ife.  Tables 4.1- and 4.2 present sorLe cha rac t e r i s t i c s  
of the  hazardous f i s s i o n  produc-ts (see r e f .  1). It i s  the f u r ~ t i o n  of 
t h i s  clna.pter t o  present m.eans of corp1uting the  fission-product inventory 
and t o  report  t he  results of recent, experiments on and analyses of f i ss ion-  
product re lease from molten fue ls ,  the transport; behavior of I i s s i o n  
products within the  containnent vessel ,  and the consequences of thefr ye- 
lease i n t o  the  atmosphere. 

The reader wKI-1- notice a grea te r  ani.ournt of usable material  i n  some 
areas  than i n  others .  This r e f l e c t s  the r e l a t i v e  s t a t e  of knowledge of 
the various top ics  covered by this chapter. For instance, the f i s s t o n -  
product inventories can be calculated quj.te well, i f  the neutron f lux,  
i r r ad ia t ion  time, and decay time are  known. On the  other hand, the de- 
termination of f r ac t ions  of various f i s s i o n  produciis released from m.olten 
fuels  imder vasious conditions, and. t h e i r  t ransport  beha,vior, can only 
be crudely estimated. The nomenclature common t o  t'ne par t icu lar  f i e l d  
of i n t e r e s t  has been Yetained; t h i s  r e s u l t s  i n  d i f f e ren t  usages within 
t h i s  chapter. This s i t ua t ion  i s  unfortiunate but i s  prefer8bl.e t o  presen- 
t a t i o n  of material  i n  strange nomenclature. 

-++See Appendix G f o r  relevant in fomat ion  published since t h i s  chap- 

%-%MY. Fontana, now with Purdue University, l e f t  the  Oak Ridge National 

t e r  w a s  prepared. 

Iahoratory a f t e r  completing the i n i t i a l  d r a f t  of t h i s  chapter. The review 
and. f i n a l  revis ions were the res-ponsibil i ty of G. W. Keilholtz and C. ,J. 
Barton of OFNL, who are indebted t o  R. X. B i l l i a r d  of General Elec t r ic  Com- 
pany (Hanford) and. D. A. Collins, F. G. May, and E. M, Nicholson of the  
United Kingdom Atomic Energy Authority, as well as others, f o r  sigxific:i2al; 

contributions t o  - this  work. 
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Table 4.1. Cha.racter is t ics  of Important Short Half-Life Fission-Product Iso”,pesa 

......_... _.._ 
Act iv i ty  i n  Kilo- 
cur ies  per ?@J of 

T h e m 1  Pover Boi l ing Point Health Physics Vola t i l i t y  (“C) Propert i  e s 
Isotope Half-Life 

A t  1 Dag After  
Shutdown Shutdown 

AT-83 2.3 h 
-84 32 i ~ 1  

-85 3 m 
-87 56 s 

Kr-83n 114 m 
-8% 4.4 h 
-87 78 111 

-88 2 .8  h 
-89 3 m 
-90 33 s 

1-131 8 d 
-13zb 2.3 h 
-133 21 h 
-1.34 52 m 
-135 6.7 h 
-136 86 s 

Xe-l31m 12 d 
-133m 2 .3  d 
-1.33 5.3 d 
-135m 15.6  m 
-135 9 .2  h 
-1.37 3 . 9  m 
-138 17 III 
-139 r+l s 

Te-127m 105 d 
-1.27 3 . 4 h  
-12% 34 d 
-123 72 Ill 
-131m 30 h 
-131. 25 F. 
-132 77 h 

-1.33n 6 3 m  
-133 2ii1 
-13(+ 44 in 

-1.35 2 n  

3 
6 
8 

15 

3 
8 

1 5  
23 
31 
38 

25 
38 
54 
63 
55 
53 

0 .3  
1 

54 
16 
25 
48 
53 
61 

0 .5  
2 .9  
2 .3  
3 .5  
3 . 9  

26 
38 

54 
54 
63 
55 

0 
0 
0 
0 

0 
0 .2  
0 
0.1 
0 
0 

23 
0 

25 
C 
4 .4  
0 

0 . 3  
0 . 7  

47 
0 
4 
3 
3 
0 

0 . 5  
0 . 5  
2 .3  
0 
2.2 
0 

31  

0 
0 
0 
0 

59 Highly v o l a t i l e  
1 1  I 

11 2 ,  I 

11 I I 

-1.53 Gaseous 

I ,  

,I 

External whole body 
rad ia t ion ,  mode rat e 
hea l th  hazard 

External rad ia t ion ,  
s l i g h t  hea l th  
hazard 

External. r d i a t i  on, 
i n t e r n a l  i r r a i i i a t  ion 
of  th)roirl, high 
rad io toxic i ty  

Xxternal radiaiiori, 
sl.ight h e a l t h  
hazarii 

Extemal  radiat ion,  
moderate hea l th  
hazard 

Health hazard from 

External rad ia t ion ,  
1-132 daugMerb 

moderate hea.?.th 
hazard 

a-q. 

b38 kc of 1321 per  Mw of thermal power i s  generated i n  t h e  reac-tor by decay of 132Te. 

rron! Beat t ie ,  r e f .  I., pp. 10-11. 

Analyses that follow w i l l  a l s o  consider the 1321 foizrzd outs ide t h e  reac tor  by decay of I3’Te 
release? from a reac tor  accident,. 

A t  the  t i m 2  of th is  writ ing,  a.n ac t ive  research. progi-am is under way 
a t  the Oak Ridge Nationa.1. TAboratory (OH\J-L) and other f a c i l i t i e s  -through- 
out the couniyy t h a t  should develop a n  increasing amount of bowl-edge on 
fission-product behavior and thereby make the data reported i n  p a r t s  o f  
this chapter subject to change and improvement. it i.s important, there-  
fore ,  that anyone i n t c r e  sterl i n  applying these r e s u l t s  consult -the l a t e  st 
progress reports ,  such as the ORNL Semiannual Nuclear S a f e t y  Program 
Progress ReporLs. Tile i i a te r ia l  covered i n  t h i s  chapter i s  also t r e a t e d  



4 . 3  

Table 4 .2 .  C h a r a c t e r i s t i c s  of Irripi-ta.-nt Long Hal.f-T,ife Fission-Produc I, I s o t o p - ~ s ~  

Act ivi- ty  i n  Ki locur ies  
per MW 03 TIierrra.1 Powerb 

Eoi  7.1 ng 
Eenlth P’qjsicc 

Fi-(7pertj.e s 
V o l a t i l i t y  I Sotope IiaLf-T,ife A-fter Po in t  

(“c: 1 A f t e r  1 
Year of Years of 

I r r a d i a t i o n  I r rad iaLion  
-_II_ 

-_11-1- 

K r - 8 5  10.4 y 0.12 0.6% -153 Caseous S l i g h t  h e a l t h  
hazard 

Sr-89  54 d 33 33 1366 P4odci”ateljT v o l a t i l e  I n t e r n a l  hazard to 

RR-1.06 1 .0  y 5 10 40% * Highly* v o l a t i l e  I n t e r n a l  hazard -to 

-90 28 y 1. . 2  6.0  1366 Moderately vo1.ati.l.e bone a i d  I.img 

or.iides, RuO3 and kidney and GI 
R u O 4  t r a c t  

cs-1.3’7 33 y 1.1 5.3  6’70 High1.y v o l a t i l e  I n t e r n a l  haznr-d t o  

Ce-1.44 282 d 30 50 3470+ SligMly* volz; t i le  .Lntem,.aI haznrd t o  

T ~ ~ h ~ l . e  hody 

bone, I.iv?r, and 
lung 

Ba-l& 1 2 . 6  d 53 53 1640-x- Moderately v o l a t i l e  Internal. hazard t o  
bone and lung 

. I _ _ _ ~  
?From Beat t ie ,  ref.  1, pp. 10-11, vit’n a few correc t ions  ind ica ted  by a s t e r i s k s .  

b38 kc of 132i per Mis of thermal power i s  generated i n  t h e  r e a c t o r  by decay of ‘32Te. 
Analyses th3t follow wi.ll. a l s o  consider  t h e  1321 fo-med outs ide  t h e  r e a c t o r  k~ dec8y of 132’Te 
released from a r e a c t o r  accid.eiit, 

i n  sore detail  i n  the AEC-~poi~~ored book Safety I n f o m t i o n  f o r  the 
Techriology of Reactors t o  be pliblished i n  two volumes by the MTT Press 
d.izrl.ng the  l a t t e r  par t  of 1964. 

I n  designing a nuclear fac i l - i ty ,  It i s  necessary t o  determine the 
arnc,unt s and kinds of hazardous materials generated, released from the  

and avai1.abl.e f o r  re lease from the surrounding st ructure .  T h i s  
knowledge, i.n turn,  d i c t a t e s  the  rneans to he taken t o  control the hazard- 
ous material .  Since thi.s report i s  pri.raari1.y intended f o r  the nucl.ear 
engineer, nuclear physics w i l l  be kept t o  a minimum; the emphasis is being 
placed on the calculat ion of fission-produc-1; Lnventorj as a function of 
i r r a d i a t i o n  t i m e  and decay time. 

4. 2.1  Fiss ion -Product Di s t r ibu t ion  - 
The f i ss ionable  nuclei are 232Th, 23eUl  239Pu, 2331J, and 235TJe Of 

these, only 239Pu, 233U,  and 235U are f i ss ionable  by thermal neutroris; 
the others  r e q i i r e  highes en.ergy neutrons t o  cause fission. O f  the l a t te r  



three, 235U i s  by far  the most commonly used- isotope a-t t h i s  time, and 
most of the  discussion here w i l l  be drirected -to evaluation of i t s  f i s s i o n  
products; however, the others  w i l l  be considered because of the current 
a t t e n t i o n  being given t o  them. A t  any r a t e ,  from the hazards poin-t of 
view, the fission-produ-ct d i s t r i b u t i o n  i s  no'i rad ica l ly  different, among 
the heavy nuclides 

Each f i s s i o n  process results i n  two elements t h a t  a re  generally of 
unequa,l weight; the m a s s  numbers peak a t  approximLely 90 t o  100 and 134 
to 144 f o r  y 3 5 U .  
posi t ion of the heavy groiip of products remains fixed, vhiLe the l i g h t  
g m i q  s h i f t s  t o  hi.gher 

The mass yie lds  f o r  slow Lieutron-induced f i s s i o n  are shown i n  Figs.  
L k . 1 ,  4.2, and A.3 f o r  235U, 233U, an.cl 239Pu, respect ively.  The y ie ld  i s  
the probabi l i ty  t h a t  a fraggient of a given rmss number wi.1.1- be formed. rin 

f o r  the f i s s i o n  of 235U and 238U by thermal neu-Lroiis and. by 8- and I.&Mev 
neutrons. The e f f e c t  of higher neutron energies i.s t o  increase the trough 
y ie ld ,  t h a t  i s ,  t o  y i e l d  more symmetric prod.ucts.  

With increasing mass of the  f i ss ioning  nucleus, -the 

fis--' bJ.on. The e f f e c t s  of d i f fe ren t  neutron energies a re  shown j.n Fig.  4.4 

The f i s s i o n  process can be 7rrri-Lten as follows: 

Y '  8 ;= d1 - t - ,  d2 -t vn + E  n +EM + E  z Z1 2 2  

(4.1) 

A, + A2 + v ::: n , 

where 

Z# 1- mass of the o r i g i n a l  nucleus, 

= masses of the products, P P I  14% z1 y z2 
Y 

E = k i n e t i c  energy of the  neutrons, 

E$ 
Ey = energy o f  prompt gamma rays emitted during fiss-ion, 

nwdber of neutrons of r e s t  m a s s  11 ern:i.t,ted, 

kineti.c energy of the  fragments, 

Z1, 22 = atomic number of products, 
AI, A2 = mass of products, 

Z = atomic nunber of f i ss ioning  nucleus, 
A = atomic ~ m s s  of f i ss ioning  nucl.eus. 

It can be seen from Eq, (4.1) t h a t  a la rge  var ie ty  of A1 and A2 and 
of Z 1  and 22  i s  possible.  The d i s t r i b u t i o n  of charge (Z, and Z2) for a 
given mass appears t o  be normally d i s t r i b u t e d  about a most probable charge 
(Z,). i n  thermal fiss3-on of uranium, the width of this d.istribution ap- 
pears t o  ke s i m i l a r  f o r  all. masses and can be p lo t ted  as shown i n  Fig, 
4.5. The term Z-ZP i s  
the difference between the charge of the p a r t i c u l a r  i-sobar i n  question 
and. the  most prrobable charge f o r  i t s  mass. I n  oi-der t o  use F i g ,  4.5 ,  j-i, 

becomes necessary t o  evaluate the most probable charge (Z,). 
ru le  i s  t h a t  l i g h t  and heavy fragments would be equally f a r  from s t a b i l i t y .  

The y ie ld  on the curve i s  the independent yi.e.l.d. 

Glendenin's 
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Fig.  4.1. Yie1.d-Mass Curve for Slow-Neutron-Induced Pl.ssion of ’’ 5U. 
(From Steinberg and GlenCienin, r e f .  2, p. 11. ) 

Fig. 4.2.  Yield-Yass Curve for Slow-Neutron-Induced Fiss ion  of 2 3 3 U .  
(From Steinberg and Glendenin, r e f .  2, p.  11. ) 
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Fig .  A.3.  Yield-Mass Curve f o r  Slow-Neutron-Induced FissTon of 
239Pu. (From Steinberg and Glendenin, ref. 2, p. 14). 

: 1 0 0 0 ~  ... . . . . . .. . . __.. . . 10 "- 

t a 

1, " 

1.0 

0.1 

0 
? 

0 

x 
0-01 

u1 
lL  

2 
3.00; 5 

D 0CCl 

0 OOGC' 

70 80 90 100 110 120 130 140 150 
Mass number 

Fig .  4.4.  The Measured Mass Yields from Fission of 2 3 5 U  arid 238U 
lnduced by Neutrons of Various Energies ( t h .  = Thermal.. Neutrons; I " . s ,  = Fis-  
s ion  Specirurn Neutrons). (From Leachman, ref I 3. ) 
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-3 -2 -1 0 1 2' 3 
C h a h  position (Z-Hp) 

Pig. 4.5.  Variation of Yield with Nucleal- Charge. (From Pappas, 
ref. 4 . )  

T h i s  a l lows  i-ndependen-t; y ie lds  t o  be ploLted, as  in Fig. 4.5. The fo-mula 
for Zp is 

z 
Wl-ten A1 is the most stable c'ml-ge for the mass in question (see Table 
4 . 3 ) .  
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Table 4 . 3 .  Most Stable Charge for Fission Chains" 

Mass 

70 
1 
2 
3 
4 
5 
6 
7 
8 
9 

80 
1 
2 
3 
4 
5 
6 
7 
8 
9 

90 
1 
2 
3 
4 
5 
6 
7 
8 
9 

31.2 
31.5 
31.9 
32.2 
32.6 
33.0 
33.4 
33.8 
34.2 
34.6 
35.0 
35.4 
35.8 
36.3 
36.7 
37.1 
376 
38.0 
38.5 
38.9 
39.4 
39.9 
40.3 
40.8 
41.3 
41.7 
42.2 
42.6 
43.1 
43.6 

Mass 

100 
1 
2 
3 
4 
5 
6 
7 
8 
9 

110 
1 
2 
3 
4 
5 
6 
7 
8 
9 

120 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Z A  

41.0 
44.4 
44.8 
45.2 
45.6 
46.0 
464  
4.6-7 
47.1 
47-4 
47.7 
48.1 
48.4 
48.7 
49.0 
49.3 
49.6 
49.9 
50.2 
50.5 
50.8 
51.1 
51.4 
51.7 
52.0 
52.4 
52.7 
53-0 
53.3 
53.6 

Mass  

130 
1 
2 
3 
4 
5 
6 
7 
8 
9 

140 
1 
2 
3 
4 
5 
6 
7 
8 
9 

150 
1 
2 
3 
4 
5 
6 
7 
8 
9 

53.9 
54-3 
54.6 
55.0 
55.4 
55.8 
56.2 
56.6 
57.0 
57.5 
58.0 
58.5 
59.0 
59.5 
60.0 
60.5 
60.9 
61.4 
61.8 
62.2 
62.5 
62.9 
63.2 
63.5 
63.8 
64.1 
64.4 
64.6 
64.9 
65.2 

... 

'From Glendenin et al., Ref. 5. 

Z Z The values of A and A2 a r e  uncertain f o r  any p a r t i c u l a r  mass, es -  
pec ia l ly  i n  ihe  region of closed nuclear shel.1.s (Z  := 2,  8 ,  20,  28, 50; 
N = 2,  8 ,  20, 28, 50, 82,  126), by as much as one unit 

4 . 2 . 2  Rad-ioactivity o f  Fission Prod.iicts 

'The f i s s i o n  products formed i n  low-energy f i s s i o n  tend Lo be formed 
with a neutron excess and m e  general ly  i n  ail exci-Led s t a t e .  I n  reachiw 
s t a b i l i t y ,  Lhe only processes apparent 'LO any grea t  extent i n  the  f i s s i o n  
products are  gamma em.i.ssion (as a niicl.eus passes t o  lower energy l e v e l s )  
a:nd be ta  emissioil (as the excess neutrons a r e  changed t o  protons) .  
neutron emission a l s o  occurs i n  a few instances from nuc1.i.des t h a t  have 
short  half - l ives .  
so important t o  reactor  eontyol. However, these are o f  no significance 

Direc t  

These are the so-called "deI.nyecl" neutrons, which are 
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i n  sa fe ty  considerations not involving reactor  k ine t i c s .  I n  high-energy 
f i s s i o n  .the charge d i s t r ibu t ion  of the i n i t i a l  product can be su f f i c i en t ly  
broad t o  include neutron-deficient isobars,  a-i;o-ms o r  elements having the  
same atomic weight but  d i f f e ren t  atomic numbers, and in these cases other 
kinds of radioactive decay can occu~?. 

The f i s s i o n  products can e x i s t  as d i f f e ren t  isomers, i .e .  , differen-L 
excited s t a t e s  of" the  same nuclear configuration. The transformation bc- 
tween l eve l s  i s  effected by t h e  emission of garmna pho-ton:; or by internal.  
conversion. I n  in t e rna l  conversion, one of the  elec-trons i n  the atomic 
s h e l l  i s  emLtted with an energy equivalent t o  the  difference between the 
t r ans i t i on  energy and the  binding energy of th.e e lectron i n  the atom. 
Most frequently,  t h i s  atom comes from i;he K shell that i s  closest  t o  the 
nucleus (ac tua l ly  the  probabi l i ty  of an electron being near Lhe nucleus 
i n  the  K s h e l l  i s  grea te r  than it i s  i n  the L sbe l l ,  and so on) .  
i n  the K s h e l l  i s  filled by an electron from. the  L she1.l and holes a.ppe3.r 
i n  each s h e l l  that  can be f i l l e d  by electrons from the next distant, s h e l l  
and. lead t o  a cascade. This i s  accompanieci by x rad ia t ion  as the el-ect-ron 
cascades from higher t o  lower she l l s  and can release f w t h e r  e lectrons 
with a k ine t i c  energy equal t o  the x-ray energy characteYistic 02 the  di2- 
ferenee i n  s h e l l  l eve l s  minus the binding energy of the emitted electron.  
These a re  known a s  Auger electrons.  

B e t a  decay i s  accompanied by the emission of a neutrino, which i s  of 
no significance so far as exposure hazards are  concerned. I? theo-q- of 
beta and gamma decay i s  avai lable  t h a t  can be used t o  predict  hz~lf-lives 
and energy t r ans i t i ons  depndent  on nuclear spin, par i ty ,  atomic and charge 
numbers, and beta. maxi-mum kimetic energy, but, it w i l l  not be used i n  t h i s  
discussion. 

atomic number, and Talile 4.5 gi.ves the mss nulnbers, half-l.ivess, decay 
constants, neutron absorption cross sect ions ( i n  barns),  yields ,  mmximnun 
and- average be ta  energies (and the  percent of the  t r a n s i t i o n  yiel&ing 
them), gamma energies (and percent of t r a n s i t i o n  ytelding tIiem), to-tal. 
gamma energies, shielding groups, and t o t a l  energy of radia-Lion. Yield 
values not i n  parentheses are reconmended by Glendenin and. Steinberg 
while those i n  parentheses are cal.culated values.  Branching rati.os are  
subject t o  some zmce-dainty.' 

I n  addi t ion t o  the  cumulative and chain yields ,  independent y ie lds  are 
given. where kvown. The average beta  energies vere co~pu'ced as one-third 
the  T a x i m u m  be ta  energies.  
equal-c'mrge displacement a re  shovn i n  parentheses. Eqerimental  vslues 
of decay energies were used when avai lable;  when nolle were available,  the 
energies were e s t i m t e d  e i t h e r  by use of Q values o r  on the 'uasis 0-f mass 
difference.  For shielding plurpose s t he  gama t r ans i t i ons  were c l a s s i f i ed  
i n t o  four  energy groups: group I, 0 t o  0.25 Mev; group 11, 0.26 to 1.00 
Mev; group 111, l.01. to 1-70 Mev; group IV,  1.71 Mev and. higher+ The 
gama energy t r a n s i t i o n  values a r e  gLven and can be grouped as required. 

I n  Tables 4.4 and 4.5 ,  the  superscript  EL denotes an independent f i s -  
sion yie1.d; b shows t h a t  it is  xn energy valGe computed from the  T ~ S S  
change by me%s of the tab le  of atomic xisses; '  c denotes a, nuclide which 
decays, i n  par t ,  by K-electron capture o r  posi t rzn emission; and d denotes 
an energy computed from -the t o t a l  d i s in tegra t ion  energy (o r  Q valce). 

The hole 

Table 4.4 gives the  fission-product chains i n  the  order of increasing 

3 

Table 4.5 gives the  micleas propert ies  of 235U f i s s i o n  products, 

Those y ie lds  calculated by the  method of 
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Table 4 . 4  (conkinued) 

Atomie No. 
Maas No. 

58 59 60 61 62 63 64 

145 3.0m ca -+ 6.0h Pr -> Stable Nd 
4.2 4.2 

946 

147 

148 

149 

150 

151 

152 

13.9m Ce - 24.4m Pr Stable Nd 
(3.2) 3.3 

11.3d Nd .-> 2 . 6 ~  Pm 
2.6 2.6 

Stable Nd 5.3d Pm 
1 .EQ 

2.011 Nd -> 54h Pm 
1.3 1.3 

>2 X 1015y Nd 
0.74‘ 

-> 1.4 X 10”y Sm 

-* Stable Sm 

.-> Stable Sm 

Stable Sm 

15m Nd - 27.5h Pm - 93y Sm .-> Stable Eu 
(0.48) 0.5 0.5 

Stable Sm 

0.3‘ 

153 

154 

47h Sm - Stable Eu 
0.15 

Stable Sm 
0.09Q 

16y Eu + Stable Gd 

N 
P 



4
.2

2
 

d 
z E U
 

.- 

2 
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Table 4.5. Nuclear Propert  ie s of 5U Fission Products* 

Arranged According t o  Increasing Order of Atomic Number a i d  Mass 

30Zn 72 49h 3.93 x 10-6 ... 1 . 5 ~  0.3 -95  -0.122 --- -.. II -100 0.9Ib 1.03 

5.75 x 1 0 - ~  ... (9.8 x lo-') 4.9' 100 1.6' _ _ _  - 0  _ _ _  ._. .̂.O 1.6' 

1.6 - 5  

_I.__._ _..- 73 <2m 
I 

,lGa 72 l 4 . a  1.351 X lo-' ._. 1 . 5 ~  1 0 - ~  0.6 40 0.390 2.51 26 I I  -126 2.70 3.09 

0.9 32 2.21 33 111 -12 

1.5 11 1.87 8 I V  -67 

2.52 8 1.59 5 

3.15 9 1.20 <2 

1.05 5 

0.84 1M 

0.68 <2 

0.63 24 

73 5.w 3.83 X lo-' ..- 1 X lo-' 1.4 100 0.17 0.054 100 I 200 0.068 0.538 

(2 x lo-6)n 0.0135 100 

0 0.94 1.5 x  IO-^ 
0 13.7 1 x 10-4 

1.41 x IO-' --- 8 x 

0 0.60 3 x 

0 

0 

0 

15 

85 

0 

0 

0 

0.353 

0 

0 

0 

0.572 

0.418 

0.265 

0 

0.215 

0.159 

0.26 

0.21 

0 

0 

0 

O.0Sd 

0 

0 

0 

0.43 

.,-,G. 72 
73 

74 

75 

0 

0 

0 

0.614 

1.137 

0 0.015 + 0.30 2 x 

1.30 X 10-2 ... 5.4 x  IO-^ 
Stable 

526 

0 

2.7 

0 

0.90 

0 

0.384 

0 

1.27 

76 

77m 

0 

100 

1.60 x 1 0 - ~  --- 3.7 1 0 - ~  Q.09* 71 1 7h 0.71 

1.379 

7.196 

0.9 

23 

35 

1 2  

100 

0.523 ... I C 4  - 100 

1.41 

1.34 x 10-4 -- 1.8 x 10-2 78 86 m 0.3 0 0 .- 0 0.3 _.. 
. ,pa 75 

77 

78 

Stable 

38.8h 

9lm 

0 

4.96 X 

1.n  IO-^ 

4.1 8 x 1 0 - ~  

-_. 9.1 x 

--_ 2 x  10-2 

_._ 4 x 10-2 

2 x 

.I (0.125) 

0 

0.7M 

1.4 

4.1 

2.1 

5 . lb  

0 0  0 

-100 --0.233 0 

30 1.10 0.27 

70 

100 0.7 0 

100 l.?b - 

0 0  0 .__ _._ 
0 .." ... 0 0.233 

-- II -300 O.ed 1.90 

1.28 x 10-3 

1.16 x 

79 

81 

0 0.7 0 .-. *.. 
- 0  .- .._ -20 1.76 __ 
1M) I 100 0.162 0.162 

0 .._ _._ 0 0  

0 0  0 .- -* 

1W I 100 0.0% 0.096 

0 0.0.53 0 .__ .__ 
0 .-. ... 0 0 

77m 

77 

78 

19m 

79 

Bo 

17.5, 

Stable 

Stable 

3.9m 

6.5 x 1O'y 

Stabla 

3.96 x lo-' 

0 

0 

1.28 x io-) 
3.38 x 1 0 - l ~  

0 

..- a x lo-' 
40 9.1 x 10-3 

0.4 2 x 10-2 

... 4 x 10-2 

_-- 4 x 10-2 

0.03 + 0.5 e x  10-2 

0 

0 

0 

0 

0.160 

0 

0 0  0.162 

0 0  0 

0 0  0 

0 0  0.096 

1W 0.053 0 

0 0  0 

81m 5 6 %  2 . u ~  io-' ._. E X  10-3 o o o 0.103 100 I 100 0.103 0.103 



4.24 

~ ~ 

34Se 8 1  17m 6.80 x IO-' --- 0.137 1.38 100 0.48 0 0 -". ._" 0 0.46 

...... 82 Stable 0 2 0.2Sa 0 0 0  0 0 0 0  

830, 67s 1.03 x IO-' .-- 0.30 3.4 IO0 1.13 0 -"- .-- ..- --- -1.13 

83 25m 4.62 Y IO-' .-I 0.21 1.5 100 0.5 0.950 ... I - 2 W  23.1' -3.6 

0.176 ..- II -200 

0.061 

0.04 

e4 -2m 5.78  IO-^ 1.1 2.94' 100 0.98' -- - 0  ...... - 0  0.98' ... 

3 S R ~  79 Stable 0 2.6 + 7.6 

81 Stable 0 2.6 

82 35.87h 5.37 x 10-6 --. 

83 2.4h 8 . 0 2 ~  IO-' .- 
84 30m 3.85 x 10-4 --. 

OS 3.0m 3.85 x .-- 
87 55.6, 1.25 x 10-2 ..- 

88 15.51 4.47 x 10-2 --- 
89 4.51, 1.54 X IO-' --^ 

36Kr 82 Stnbl. 0 45 

83m I l 4 m  1.01 IO-' -.- 

83 Siobl. 0 205 

84 Stablr 0 1.0 + 0.06 

85m 4.36h 4.41 x lo-' 0.096 

85 10.27~ 2 . 1 4 ~  < I 5  

86 Stable 0 0.06 

a7 78m 1.18  IO-^ <470 

88 2.77h 6.95X IO-' -._ 

3.7 x 10-2 

3.8 x 

0.113 

0.48 

1.1 

1.5 

2.7 

(2.9) 
9 

- 
3.5 x 10-5 

0.48 

0.18 

1.1 

1.5 

0.3 

2.1" 

2.7 

3.7 

(0.8)a 

0 0  

0 0  

0.465 100 

0.940 100 

1.72 35 

2.53 16 

3.54 9 

4.68 40 

2.5 loa 

2.6 70 

8.0 30 

8.70' 100 

7.10' 100 

0 0  

0 0  

____ 

0 0  

0 0  

0.835 80 

0.695 99+ 

0 0  

1.27 25 

3.63 75 

0.52 70 

0.9 IO 

2.7 20 

0 0 0  

0 0 0  

0.155 1.312 ... 
1.031 ._. 
0.823 -.. 
0.766 --- 
Oh92 --- 
0.608 .__ 
0.547 ..- 

0.313 0.051 IM 

1.065 1.89 .-. 
0.89 ..- 

0.83 0 0 

1.41 5.4 56 

- 3  14 

2.70' -- - 0  

2.39 --- -0 

o a o  
0 0.0322 100 

0.0093 100 

0 0 0  

0 0 0  

0.233 0.305 20 

0.1495 80 

-0.232 0 - 0  

0 0 0  

1-01 2.3 (25  

1.89 <15 

0.41 <zs 
0.331 2.40 35 

2.19 18 

1.85 IS 

1.55 1 4  

1.20 4 

0.85 23 

0365 5 

0.191 35 

0.163 7 

0.028 7 

...... 0 0  

0 0  ...... 
II -1003.6 '  -3.8 

111 -200 

I icn 0.051 0.364 

II z 1 5 0 2 . 4 b  3.5 

I V  -50  

... -. 0 0.83 

I V  70 -3.7ad -5.19 

..- ._. - 0  2.90' 

...... - 0  2.37' 

I 2w r m i s  O.OAIS 

-. ........ 

.~. _._ 0 0  

.- ... 0 0  

0 0  ...... 
I 80 0.181 0.414 

II 20 

.-- -.. - 0  0.232 

...... 0 0  

II -20  0 . 5 ~ 5 ~  1.57 

I V  -25  

I 49 2.17 2.40 

II 2a 

111 18 

I V  68 



i ... -. 
i ...... 

o'ln. 

5'1 -* 
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Table 4.5 (continued) 

38Sr 92  2.7h 7.13 x IO-' -.- 6.1 

(0.6)O 

?3 7m 1.65X  IO-^ -. (6.4) 

(2.0)Q 

?r 2.0m 5.78  IO-^ - -  (5 .8 )  

(2.9)n 

(4.7) 

(3.1)a 

(1.7) 

(1.6)n 

95 Shart ... .. 

97 %or+ ... ... 

. . . . ... . . . . .... . . . . . . . . . ... . . 
39Y 8P Stablo 0 1.4 4.8 

90 64.5h 2.98 X <6.S 5.9 

91m 51m 2.26 x IO-' - - -  2.4 

91 5Bd 1.38 IO-' -.- 5.9 

92 3.60h 5.35 x 10-5 -.- 6.1 

93 10.Ch 1.93x IO-' .-- 6.5 

(0.1)" 

94 1 6 . h  7.00 x IO-' ... 6.5 

(0.7)n 

95 10.5m 1.10  IO-^ -.. (6.4) 

(1.7)= 

(4.8) 

(3.1f 

97 Short ... ... 

1 . 1 4 ~  io0 0.4' --- - 0 ... ... - 0  0.4' 

4.13' 100 1.4' - - -  - 0  ... ... - 0  1.4' 

2.63b IO0 0.9' --. 2 0  ... ... -0  0.9b 

5.55b 100 1.8' ... 2 0  ... ... -0 I . $  

6.90' IO0 2.3' --- 5 0  ... ... - 0  2.3b 

0 

2.18d 

0 

1.537 

1.3 

2.7 

1.6 

3.1 

.... .. . .. ..... ... ..... . . ............ ___ 
0 0  0 0  0 0 ... ... 

100 0.73 1.4 0.4 111 0.4 - 0  -0.73 

0 0  0.551 100 II 100 0.551 0.551 

. L I O O  0.512 1.22 0.3 1 1 1  0.3 - 0  -0.512 

.. -1.2b 0.6 -. I I  -.- 2 0  -1.2' 

... 
100 1.03 0.7 100 I1 100 0.7 1.73 

5.4 IO0 1.8 1.4 100 I11 100 1.4 3.2 

3.66' 100 1.2 0 0 --- .-. 0 1.2 

5.06' 100 1.7' - - -  - 0  ... ... - 0  1.7' 

90 Stublc 0 0.1 

91  Stable 0 1.5 

92 Stabls 0 0.2 

93 1 . 1  10% 2.31 x 1 0 - l ~  (4 

95 6% 1.27 X IO-' --- 
94 Stabla 0 0.07 

96 Sroblr 0 0.05 

97 17.01. 1.13x  IO-^ -.. 

4 1 N b  93m 4.21 5.24 x  IO-^ --- 

93  Stoble 0 1.1 

95m 90h 2.14 x ... 
95 35d 2.29 IO-' .-- 

5,9 0 0 0  0 0 ... ... 0 0 

5.9 0 0 0  0 0 ... ... 0 0 

6.1 0 0 0  0 0 ... ... 0 0 

6.5 0.063 100 0.021 0 0 .-- --. 0 0.021 

6.5 0 0 0  0 0 ... ... 0 0 

6.4 0.364 57 0.127 0.717 98 II 99 0.733 0.560 

0.3% 42 

0.8R3 1 

0 0  6 . 8  0 0 0  0 0 ... ... 

6.2 1.91 IO0 0.64 --- --- II 100 0.75' 1.3pd 

( 1 .4)Q 

2.1 0 0 0  0.0292 100 I 100 0.0292 O.D?O? 

6 .5  0 0 0  0 0 ... . 0 0 

0 .ob 0 0 0  0.235 :W I 100 0.235 0.235 

~ ................ . . .. . . . . . -. 

6.4 n . i m  100 0.053 0.745 100 1 '  100 0.745 0 . m  



d , N b  96 13.Ah n.13 A 10-6 5.7 x wdn 0.37 8 0.240 1.187 32 I 17 2.40 2.64 
1.078 52 II 210 

0.840 16 Ill 84 

0.804 6 

0.170 100 

0.750 92 

0,530 61 

0.451 17 

0.238 10 

0.216 7 

PVm 50.7 1 16 < 10-2 ..̂  6.2 0 0 0  0.747 100 II 100 0.747 0.747 

9? 7 l . l m  1.60 x IO-' --- 6.2 1.261 100 0.422 0.665 100 I I  100 0.665 1.087 
..l_l_l._. ...... ......_ ____s_ .... _c_I __ __I- ........ 0 0  

95 Stublo 0 13.d 6 A  0 0 0  0 0 ...... 
96 Stab!* 0 5.7 x 10-4 0 0 0 0 0 ...... 0 0 1 

0 0 0  0 0 ...... 0 97 Stnbla 0 2 6.1 0 
0 0 0  0 0 ...... 0 a8 Stabln 0 0.13 5.9s 0 

99 67h 2.68 x lo-' --- 6.1 0.45 - 1 3  0.376 0.780 .." I 90 0.24~ 0 .516~  

0.140 --- 
0.041 -.. 

6,Sa 0 0 0  0 0 ...... 0 0  100 Stable 0 0.2 

101 14.6- 7.91 X I O - '  --. 5.0 1.2 70 0.5 0.960 70 I 100 0.864 1.36 

2.2 30 0.191 100 / I  70 --. 
loa  l l m  9.63 x lo-* ..- 4.2 0.92b 100 0.31b -." -0 ...... -0 0.3Ib 

105 -5m 2.31 --- (0 .6 )  4.?dh 100 1.65b ... -0  ...... -0  1.65' 

,,,Tc 9 9 m  5.04h 3.19 x -"- -0 .6  0 0 0  0.141 100 1 100 0.141 5.841 
........ l_l_l.___ ...___._ I..-̂  

99 2 . 1 2 ~  1 0 ~ ~  1.04 1 0 - l ~  19 6.1 8.210 100 0.097 0 0 --- ..- I) 0.097 

101 1 4 . h  8.15 i la-' --- 5.0 1.m 100 0.40 0.20 I C O  1 1  100 a.30 OJO 
107 <25r 2.77 x 10-2 --- 4.2 3.31b 100 1.10' I-. 2 0  ...... --0 1.lb 

105 Short ... ... l0.9) 3.246 100 1.086 ... -0 ...... -0 1.Ib 

107 ~ ( 1 . s ~  7.7 ._. (O"161 4.5b 100 1 2  ..- - 0  ...... - 0  1.5' 

... (0.3)" 

-.. ........ I ....... ____. .......... ____ 
... ...... **R" 99 Stubla 0 6.1 0 0 0  0 0 0 0 

101 Stabls 0 2.46 5.0 

102 Stobla 0 1.2 4 ~ 2  

bo3 41d 1.96 x IO-' -_- 2.9 

644 Stab!. 0 0.7 18" 

105 4.33 4.98 10-5 ... 0.9 

106 1.01 2.20 x PO-*  ... 0.38 

107 I r n  2.89 10-3 .-. 0.2 

10.04). 

...... 0 0 0  0 0 0 0 

0 0 0  0 0 [I 0 ...... 
0.217 95 o m 0  0 . m  9 s  II '35 0,473 0.567 

0.698 5 

0 0 0  0 0 0 0 

1.150 100 0.383 0.726 aoo II loo O J Z ~  1.10~ 

...... 

0.0392 1W 0.0131 0 0 ...... 0 0.0131 

2.81b 100 0.94h ._- - 0  ...... -0 0.94' 



Table le.5 (continu-ed) 

... 2.9 0 0 0  0.040 TOO I 100 0.04 0.04 ,5Rh 103m 54m 2.14  IO-^ 
...... 103 Stobls  0 1 2 +  138 2.9 0 0 0  0 0 0 0  

105m 4 5 s  1.54 Y IO-' 0.9 0 0 0  ... 0.130 IM I 100 0.130 0.130 

IO5 36.Sh 5.27 x 10-6 --. 0.9 0.25 IO 0.183 0.322 IO II 10 0.032 0.215 

0.570 90 

... 0.38 %1.0 6 1.05 2.41 0.25 II 38 0.245 1.30 106 30s 2.31 x IO-' 

2.0 3 1.55 0.5 111 2.5 

2.44 1 2  1.045 2 I V  I 

3.1 1 1  0.07 1 

3.53 68 0.624 12 

0.513 25 

0 0.4 1.2 100 0.4 0 0 .-- --- I07 26m 4.44 x 10-4 --- 0.2 

109 < I h  1.93 IO.-( --- (0.028) 2.39' 100 0.d' --- -0  ...... - 0  0 2  
..... .............. ........... _____I. 

-_I__ 

... ...... 0 0  

0 0  

,6Pd 105 Stobte 0 0.9 0 0 0  0 0 

...... 106 Stobl. 0 __. 0.38 0 0 0  0 0 

108 Smbla 0 0.07 + 11 0.08" 0 0 0  0 0 ...... 0 0 

110 stable o ? + 0.4 0.02a 0 0 0  

111 221n 5.25 1 0 - ~  0.018 

107 7.5 x 106y 2.92 x 10-l' .-- 0.2 0.04 100 0.01 0 0 .-- .-. 0 0.01 

109 13.6h 1.42 x .-. 0.02R 0.961 TOO 0.32 0 0 --- ..- 0 0.32 

...... 0 0  0 0 

... 2.13 100 0.71 0.73 - - ~  II - 0  - O b  0.71 

0.65 ..- 
0.56 --- 
0.38 -.. 

I12  2lh 9. I 7  x ..- 0.011 0.2 100 0.07 0.018 IO0 I IW 0.018 0.088 

4 7 A ~  107m 44.31 1.57 x IO-' .-- <0.2 0 0 0  0.094 100 I 100 0.094 0.094 
........ .- __ .....-.I___ ............ 

...... 0 0  107 Stabla 0 30 0.2 0 0 0 7 0 0 

109" 39.2s l.7V x IO-' .-. 0.028 0 0 0  0.088 1M I 100 O.Oi38 O.O%B 

l l O m  270d 2.98 z IO-' ... 2 X 0.087 58 0.128 1.516 .-. I 1.3 1.2Ad 2.7d 

...... 0 0  109 Stobls 0 1 + 82 0.028 0 0 0  0 0 

0.530 35 1.389 -.- I1 -295 

2.12 3 0.935 ... Ill 1.50 

2.8.5 3 0.885 --- 

0 . a ~  ... 
0.759 --- 
0.706 -.- 
0.676 .-. 
0.6% .-- 
0.116 --- 

6 x 2.16 60 0.811 0.66 I00 II 100 0.66 1.48 

2.84 40 

0.m 1 0.340 8 II 8 

0.018 0.70 8 0.337 0.243 1 I 1 0.030 0 . M 7  

1.04 91 

I10 24.2s 2.M x 10-1 .-. 

111 7.6d 1.06 x 10-6 -.. 
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Table 4.5 (continued] 
........ 

Energy of Rodioiicn 
.._. 

Gamma Transitions Abrorplion 
Craps Yield.  Y Beta Par,icl.a ....... Total 

h c t i l m  (4b) 
...___ .......... ......... 

crcay 
Conotanr, 

A Ab--'\ 
Shielding "'" E 

(n,) Ar' ' b  E 

Half-libr. 
Mns. 

Nwlid. Numbrr, 

5 (Uov) we") c d v ,  G o u p  (X) (& W r )  
........ ___ 

6.02 Y lo-' .- 0.011 1.0 15 1.04 1.4Q --I I1 --0 *,06 1.04 ,,Ag 112 3.a 

0.,52 _-- III - 0  1.7 20 

3.5 40 

1.1 15 

113 5.P 3.63 x 10-5 -"- 0.01 2.0 100 0.67 o o --- -__ 0 0.67 

114 2m 5.78 x 10-3 ~~. 0.01 4.11b 100 1.37' -.- - 0  -0  1.37h 

115 20m 5 . 7 ~  >( IQ-4 .._ (20.01) 3.0 In0 1.0 0 0 -- ""_ 0 1 .o 

110 Stoblo 0 0.2 + 7 2 x  o o o 0 0 .._ _ _ _  0 0 

0 0 111 S*.Ele 0 -_" 0.018 0 0 0  0 0 .I" _ _ _  
112 Poble  0 0.02 .+ ? 0.011 0 0 0  0 0 ._- ._" 0 0 

113m 5.ly 4.3ox 30-9 .- ? 0.59 100 0.20 0 0 --- .." 0 0.20 

0 0 113 SWll .  0 

114 Labl. 0 0.14 + 1.1 0.01 0 0 0  0 0 .I" -I. 0 0 

115 1 3  1.86 BO-7 _-- o.00071 0.7 2 9.53 1 . 2 ~  "._ II - 0  0 . 0 5 ~  0 . d  

-- 

23,000 0.01 0 0 0  0 0 .~. _ _ _  

1.61 98 0.96 -. 111 - 0  

0.50 -_- 
O.Qb --- 

115 5% 3.63 x 10-6 ."" Q.OOQ$ 0.58 42 0.296 n.52.5 "." II 42 o.sd 0 . d  

1.11 55 0 5 0  """ 

0.360 __. 
136 Stublr 0 1.4 + ? 0.01' 0 0 0  0 0 _ _ _  _- 0 0  

117m 2.9h 6 . M X  10-5 .- 0.01 ..- ( 1  0 .._ 2BO ..- II >90 CQ.7Bb <0.79' 

1.55 I_- 111 -0 

1.27 --- I V  -0 

0.84 .." 
0.13 ..- 
0.33 -.a 

0.28 _-- 
0.17 .._ 

117 5Om 2.31 x IO-' ..- 0.010 -1.6 --- c0.79' -- n.0 .I^ ..- - 0  a . a b  

118 - 3 ~ ~ "  i . m x w 4  --. 0.01 1.Wb 100 0.36b --- -0  --- ._" -0  0 . 2 6 ~  

-3.0 ._- 
..........._.._.._.__-_..__l.-l.-I- .................... ~ 

0 0  dgln 113 Stabla 0 60 .i 2 ? 0 0 0  0 0 "- .I_ 

115m 4.5w 4.26 x ."- o.no9w 0.83 6 0.017 0.335 74 II 84 0.317 0.334 

115 6 x 1Q"y 3.66 x 165 t 52 9.0099 0.63 100 5.21 0 -0 -.. --- - 0  0.21 
1 I7m !.%?!a 1.01 x 10-4 ... 0.0 10 1.62 23 0.449 0.311 22 II I? 0.191 0.643 

1.75 K 10-4 " " ~  2 x a . m  100 0.247 0.56s --- I 1.10 0 . 0 9 ~  0 . 3 d  

? -0.5 

0.161 78 I 78 1.77 55 
117 l.lh 

0.161 "_- II -15 

. . . . . . . . .  11s 4.5m 2.37 x 10-3 -". 0.01 1.5 Pa0 8.5 ? 

i i v  i7.3m 6 . 6 0 ~  -- 0.01 2.7 100 0.9 0 0 _-_ -- 0 0.9 
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Table 4.5 (continued) 
__ 

Energy of Rodlotton 

115 Stobla 0 -.. 
117m 14.0d 5.73 x  IO-^ .-. 

117 Stable 0 -_. 
118 Stobls  0 0.01 ? 

l lPm 11% 2.91 x lo..* ... 

I I9 

120 

121 

121 

I23 

123 

1 24 

125 

Sqible  

Stobla 

2 7 . 5  

5tnbla 

131d 

39.5" 

Stable 

9.44 

0 

0 

7.00 x 

0 

6.12 K lo-' 

2.92 x 10-4 

8.53 x 10-7 

0 

..~ 
"-0.001 + 0.03 

1 . 2 x  10-2 

0.001 + 0.1 

.-. 

.__ 
0.75 

_.. 

129 9.5m 1.22 10-3 ... 

126 50m 2.31 x  IO-^ -_. 
127 l.5h 1.28 x io-' .-. 

0.01 

a  IO-^ 

0.010 

0.01 

i o . 0 1  

0.01 

0.01" 

0.013' 

0.0012 

0.014 

0.014 

0.02" 

0.012 

0.011 

0 .  I 

(0.24) 

0 0  

0 0  

0 0  

0 0  

0 0  

0 0  

0 0  

0.383 100 

0 0  

1.42 100 

1.26 100 

0 0  

0.40 5 

2.37 95 

0.51 ..- 
1.17 --- 

0 0 0  

0 0.162 IO0 

0.159 100 

0 0 0  

0 0 0  

0 0.w53 100 

0.0242 100 

0 0 0  

0 0 0  

0.128 0 0 

0 0  0 

0.47 0 0 

0.42 0.153 100 

0 0 0  

0.76 1.90 5 

-0.7 0.325 100 

2.04 - 100 

2.55' 100 0.85' - - ~  -0 

4.84' 100 1.61' --- - 0  

0 0 

0.321 0.321 

0 0 

0 0  

0.0895 0.00 

0 0 

0 0 

0 0.128 

0 0 

0 0.47 

0.153 0.57 

0 0  

0.095 0.86 

0.326 - 1.03 

- 0  0.85' 

-0  1.61' 
_ _  
5,Sh 121 Stoble 0 5.7 0.014 

123 Stabla 0 0.03 + 0.03 + 2.5 0.015 

125 2 . 7 ~  8.14 x _.. 0.023 

126 

127 

128 

129 

130 

131 

132 

133 

134 

9h 

93h 

1 . lh  

4.6h 

12" 

21.08- 

1.9m 

4.lm 

451 

2.14 x  IO-^ -". 

2.07 x --- 

1.75 x IO-' -*. 

4.32 x  IO-^ _.- 
9.63 x IO-' -.. 
5.50 X IO-' --- 
6.08 x I O - ~  ._. 
2.02 1 0 - ~  .-_ 
1.54 x 10-2 .-. 

0.10 

0.25 

(0.01)" 

0.5 

1 .a 
2.0 

(2.7) 

(3.4) 

(3.8) 

(3.0) 

0 0 0  

0 0 0  

0.125 29 0.102 

0.300 45 

0.414 I 2  

0.612 14 

1.0 100 0.33 

1.2 103 0.4 

5.68' loo 1.9' 

6.68' too ~2~ 

5.49' 101) 1 2  

4.42' 100 1.5' 

7.64' 100 2 A b  

6.41' 100 2.1' 

a s b  io0 2.9' 

0 0  

0 0  

0.637 .- 
0.601 -.. 
0.465 -.- 
0.425 --- 
0.175 ... 
0.110 "- 
0.035 --_ 
0.90 100 

0.4 100 

0.72 100 

- 0  

. ._ -0  

- 0  

- 0  

-0  

-0  

... -0  

... 

... 

._. 

.._ 

... 

._. ... 0 

0 ._. .._ 
I 28 0.46d 

I1 72 

II 200 1.3 

II loo 0.72 

0 

0 

0 . d  

1.63 

1.12 

1.9' 

1.5' 

2.1' 

1 ,ah 

2.1' 

2.9b 

2.6' 



130 > I b l l S y  

131m 3M> 

131 2 4 . h  

132 77% 

1?3m 6% 

133 2m 

111 4dm 

135 C2m 

2.63 i( 10-4 - I .  

5.79 x 10-1 --. 
..... 

0 6.1 

129 1 . 7 2 ~  10'" 1 . 2 8 ~  11 

131 8.89 9.96 x tO-' 6B3 

I32 2.4h 

3 x  10-3 0 0 

a.io 
Q.G23 0 0  

0 0  

0 0  0.056 

0.25 0.7 100 

0.5 0 0  

0.26 0 0  

1 ,o 1.8 100 

2.0 0 0  

0.44 0 0  

2.9 1.4 4 5  

(0.21" 2.Q 55  

4.4 0.22 100 

(1.0)" 

4 0  1.3 70 

(2.2)" 2.4 70 

(3"7)'- 

0 0  4.6 

6.7 3.80' 1:Q 

(4.2) 5 . 9 8  IC0 ..I._._._II 
0.25 0 

1 .n 0.15 

2.9 0.250 

0.335 

0 .408  

o . a n  
4.A 0.7 

0.9 

1.16 

1.53 

2.12 

6.5 0.5 

0 .Sa l " 4  

7 "6 1.5 

0.9- 2.5 

0 

I eo 
2.8 

4.3 

57 2 

0.7 

1s 
20 

23 

24 

18 

6 

9 1  

70 

30 

0 

0 

0 

0 

0.23 

0 

0 

0.6 

0 

0 

0.511 

Od73 

0 

0 3 4  

1 "27b 

?-Ob - 
0 

0.05 

0.191 

0.434 

0.45 

0 69 

0.110 100 

0 0  

0 0  

0.0985 lOa 

0 0  

0 0  

0.106 100 

Q.8 100 

0.3 100 

0 0  

0.177 109 

0.7 45 

0.16 100 

0.231 100 

0.4 IO0 

1.0 70 

0.6 100 

_ _ _  - 0  

-_" 1.0 
.... 

0 0  

0.03Q IO0 

0.722 3 

0.437 9 

0.364 80 

0.294 5.3 

2.2 2 

1.96 5 

1.40 11 

1.16 8 

0.96 20 

0.777 75 

0.673 100 

0.624 6 

0 5 2 8  25 

1.1 1 

0.85 5 

O S 3  94 

1.78 -15 

1.10 -3.5 

o.a6 -30 

0.20 -0  

0.;2 - 0  

I 100 

__. .._ 
".- ... 
I 100 
... .._ 
... ... 
I IC0 

II 100 

._" _". 
I 100 

I IS0 

II 4s 

I 105 

II loa 

II 170 

... .~. 

.__ 

0.110 0.110 

0 0  

0 0  

0.09 0.09 

0 0.23 

0 0 

0.106 0.106 

1.1 1.7 

0 0  

0.177 a . i n  
0.475 1.052 

0.231 3.861 

0.4 0.4 

1.3 1.Pd 

-"o 1 . d  

- 0  2.0b 

0 0 

o m  0.09 

0.?9 0.58 

1.992 2.43 

0.395 1.01 

b l . 2 7  -1.92 
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Table 4.5 (cont inued]  

5 3 1  135 6.68h 2.89 -~. 5.9 0.5 

(1.7)d 1.0 

1.4 

136 36s 8.06 x  IO-^ -"- 3.1 3.6 

5.0 

6.4 

137 22.0. 3.15x "-- (4.9) OS6 

138 5.91 1.17x 10-1 ... (3.4) 7.69b 

139 2.7, 2.57 x 10-1 ... (1.4) 6.48' 

35 0.308 

40 

25 

--- -2.1 
... 
% IO0 

100 0.19 

I00 2.56' 

ion 2 . 1 6 ~  

1.R -50  1 1 1  - 5 0  1.54 1.85 

1.27 - 5 0  I V  - 5 0  

5,xc 129 Stnblo 0 45 0 0 0 .- ._ 0 0 1 .o 
4 x 10 

0.03 

2.9 

4.4 

0.16 

6.5 

7.6 

1 .a 
6.2 

0.3= 

0 
- 4 0  

0 

6.68 x IO-' ..-- 
0 I 2 0  

0 7 + 0.2 

3.49 x 10-6 --- 
1.52 x --- 

0 ? + 0.2 

7.40 x IO-' ._- 
2.11 I O - ~  2.8x lo6 

131m2 

131 

132 

133m 

133 

134 

135m 

135 

12.0d 

Sfable 

Stabla 

2.3d 

5.27Od 

Stable 

15.6m 

9.1% 

0 

0 

0 

0 

0.345 

0 

0 

0.548 

0.910 

0.163 100 I 

0 0 --- 
0 0 --- 

0.233 100 I 

0.081 100 I 

0 0 .-. 
0.52 100 II 

Oh0 4 I 

0.37 1 II 

0.250 96 

0 0 --- 

100 
.__ 
._. 
100 

100 

._. 
100 

96 

5 

0.163 0.163 

0 0 

0 0  

0.233 0.233 

0.081 0.196 

0 0  

0.52 0.52 

0.268 0.570 

0 

0 

0 

0 

100 

0 

0 

5 .  

95 

0 

0 

0 

0 

0.115 

0 

0 

0.302 

Stoblo 0 0 134 0 0.15 6.3 

3.2' 

(5.91 

(1.3)" 

(5.51 

(2.1)" 

(4.7) 

(2.9)' 

(3.7) 

(1.8) 

(0.2) 

(- 0) 

0 0 0 

2.96  IO-^ 137 3.9m 4.0 1.33 0 0 -.. 0 1.33 

6.79 x  IO-^ --- 
J 

1.69 x IO-' ..- 

3.02' LO* -0 1.0' 138 17m 100 ... - 0  .". 

5.1bb 1.7' - 0  1 . 9  139 100 41% 

3.97' 

6.01h 

6.95' 

5.78' 

1.3' 

2.0* 

2.3' 

I .pb 

"-0 1.3' 

- 0  2.0b 

- 0  l.9b 

- 0  2.3' 

146 

141 

143 

144 

1W 

100 

1 off 
100 

... 

.." 

... 

... 
0 0  s s C ~  133 Stable 0 0.16 + 26 6.5 0 0 0  0 0 ... ... 

135 3 .0x  106y 7.33X 15 6.2 0.21 100 0.07 0 0 I.. --- 0 0.07 

136 13d 6.17 IO-' .._ 6 X IO-'' 0.35 100 0.12 0.9 100 I I  100 0.9 1.02 

137 26.6~ 8.27 x 10-10 c2  5.9 0.523 92 0.192 0 0 .-. -_. 0 0.19 

1.17 0 

138 32m 3.62  IO-^ 8.7 5.8 2.0 33 1.08 1,44 100 II 100 2.01 3.09 

2.9 IO 0.98 43 111 100 

3.4 67 0.463 33 

(5.9) 3.89  100 1.3' ... "-0 .-_ ... - 0  1.36 

(I.ZP 

139 9.5071 1.22 IO-' --. 
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Table Ct.. 5 ( (3 ont inue d ) 

-- . .. . .. 
55Cm 140 661 1.05 )i IO-' 0.63 (6.01 5.93' 100 2.0h -._ "0 .._ .~. - 0  2 . d  

(2 .3)U 

(2.9)' 

l d l  she? .._ .- (4.7) 4.75' loa 1.6' --- -0  ._. -- - 0  1.66 

142 -1m 1.16 x lo-' 1.76 (3.4) 6.a3b 100 2.3' --- - 0  _.. ... - 0  2.2 

143 Short .__ -__ (1.9) 5.66b 100 1.9' 0.29 -0  I - 0  - 0  1.9' 

(1.7)" 0.12 -0  II 2 0  
144 Short ... ___ (1.0)" 7.72 100 1.6' -_- -0 ... - " ~  -0  7.6h 

56B. 135 

136 

137m 

137 

124 

1 39 

1 60 

141 

142 

113 

144 

Stuble 

Stoblm 

2.60m 

Stable 

Snablo 

85" 

i 2 . a ~  

18m 

6rn 

30% 

Shots 

0 5.6 

0 0.4 
4.44 x 10-3 ... 
0 4.9 

0 0.68 

1 . s ~  1 0 - ~  4 

6.27 x 

6.42 10-4 ."" 

1.83 10-3 .- 

2.31 x lo-? __. 

_- -I 

6.2 0 0  

6 x l O - l  0 0 

5.4 0 0  

5.9 0 0  

0 0  5.8 

6.0 0.82 19 

(0,l)Q 223 66 

2.38 15 

0.680 40 6.3 

(0.3)" 

1.022 60 

5.9 1.8 1c<) 

(1.V 
(5.6) 2.26' 160 

(2.2)" 

(4.9) 4 . d  100 

(3.0)" 

(3.5) 3.18' 100 

(2.5)" 

0 

0 

0 0.661 100 

0 0 0  

0 0 0  

0.220 1.43 19 

0.163 64 

0 0  

0 0  

0.268 0.54 ?n 
0.30 10 

0.16 10 

0.03 loa 
0.93 0 0 

0.75' -0  

-~.  I" 0 0 

0 0 _- .__ 
!I 100 0.661 0.661 
... _r 0 0 

0 0 _- ._. 
I 66 0.380 0.600 

111 19 

I 110 0.237 O..WS 

II 40 

_-_ -0  1.5' 

57L' 139 Stobie 0 8.9 6 .O 0 0  

143 40 .a  4.79x 10-6 3 6.3 1.32 70 

1.67 20 

2.26 10 

141 3.7h 5.20 Y --. 

142 34m 1.56 x lo-' -- 

1113 i 9 m  6.08 x ?O-' .". 

144 short ._. -. 

6 .O 0.9 5 
0.1" 2.43 95 

5.9 2.5 100 

(0.3)Q 

6.2 3.05b 100 

(1.3)a 

13.8) 5.12' 100 

(2.3Ia 

0 0 0  

OA95 3.0 1 

2.5 5.4 

1.596 94 

0.8151 1P 

Q.4967 39 

9.32116 5.4 

0.093 1.8 

0.785 1.5 5 

0.83 0.87 IP 

0.63 90 

1.0' "I. -,o 

1.76 -_ ,- 0 

0 0 

2.11 2.41 

0.875 0.84 

0.66 1.49 

- 0  1.0b 

-0  1,7' 
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Table 4.5 (cont inued)  

5gCe 140 Stnbls 0 0.6 6.3 

141 32d 2.51 x io- '  I- 6.0 

142 Stable 0 1.8 5.9 

143 3% 6.01 x .-. , 6.2 

144 290d 2.76 x IO-' ..- 6.1 

(0.3)" 

145 3.0m 3.85 IO-) -_- 
146 l3 .9m 8.31 x lo-' -.- 

4.2 

(3.2) 

0 0 0  

0.442 67 0.163 

0.581 33 

0 0 0  

0.71 30 0.355 

. ..:J 40 

1.39 30 

0.170 30 0.087 

0.300 70 

2.67' 100 0.89b 

0.7 1QO 0.23 

0 0 -. .- 0 0  

0.145 67 I 67 O.OY7 0.260 

0 

0.660 

0.356 

0.289 

0.126 

0.134 

0.100 

0.0807 

0.053 

0.0337 

._. 
0.32 

0.27 

0.22 

0.142 

0.110 

0 0 ._ ._. 

15.2 I 12.1 0.334 0.689 

12.1 II 87.9 

60.6 

12.1 

0 

- i o  I -50  O.O& 0.130~ 

-10 - 10 - 10 - 10 
- 0  ._. __. -0  0.9' 

I2 I 71 0.327 0.56 

24 II 64 

3s 

7 - 57 
5pPr 141 Stabla 0 1 1  6.0 0 0 0  0 0 -_ -- 0 0 

143 13.7d 5.85 1 0 - ~  --- 6.2 0.932 100 0.311 0 0 --- -"- 0 0.31 

I44 17.5m 6.60x lo-' ~- 6.1 0.8 3 0.97 2.185 1 II 4 0.08 1.05 

1 . 4 ~ 0 2  1 1 1 2  2.3 2 

3 695 4 I V  1 2.98 95 

3.21 4.2 -1.7 100 -0.6 ..- -0 _- _._ - 0  -0.6 145 6.W 10-5 ..- 
146 24.4m 4.73 x IO-' --- 3.3 2.2 44 1.01 1.49 33 II 122 1.12 2.13 

(0.1Y 3.7 M 0.75 22 Ill 33 

0.46 100 
..... . ....... ~ ...._.. 

doNd 143 

144 

145 

146 

147 

148 

149 

Stable 0 290 6.2 0 

1.5 x 1015~ -0 4.8 6.1 0 

Stable 0 52 4.2 0 

Stable 0 9.8 3.3 0 

11.3d 7.10 IO-' .-- 2.6 0.38 

0.60 

0.83 

Stoble 0 3.3 1.8" 0 

2.Uh 9.63x IO-' .- 1.3 0.95 

1.1 

1.5 

0 0  0 0  

0 0  0 0  

0 0  0 0  

0 0  0 0  

25 0.228 0.532 25 

0.318 15 IS 

60 0.092 60 

0 0  0 0  

.__ -0.5 0.650 ... 

.- 0.538 .-. 
2 100 0.424 --- 

0.266 -.- 
0.240 _.I 

0 

0 0 

0 0 

0 0 

.._ ._. 

... ._. 
_- _.. 
... _- 
I 60 0.236 0,464 

I1 $0 

0 0 .__ .." 
I 2 0  -0 -0.5 
II - 0  
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'Pab'1.e 4.5 (cont i .n i~d)  

{cantinuad) 

150 > 2 ~ 1 0 ~ ~ ~  -0  2.9 

151 1%" 7.7 10-4 _.. 

0.226 

0.21 1 

0.198 

0.188 

0.124 

0.114 

0.112 

0.097 

0.030 

0.74O 0 0 0  0 

(0.48) 1.93 100 0.64 1.14 

0.73 

0.421 

0.117 

0.110 

0.085 

.__ 

... 
61Pm 147 2 . 6 ~  8.16 x 60 t 2.6 0.223 100 0.074 0 0 __- -_- 0 0.074 

Id9  5 6  3.56 x .- 1.3 1.05 100 0.35 0.285 100 I I  I00 0.285 0.635 

151 27.5h 7,013 x lom6 ... 0.5 1.1 100 0.37 0.715 I_. I **IO0 0.5' 0.07' 

(0.02)'" 0.340 -_- II -100 

<0.25 -.. 
0.177 _". - -----.....I..._..._.___________ 

625m 147 1.4~ 1 0 i l y  -0  .._ 2.6 0 0 0  0 0 ... .." 0 0 

1.49 Stablc 0 50,000 1.7 0 0 0  0 0 ... .-_ 0 0  

191 931 2.37 x w-l0 iz,oao 0.5 0.076 1W 0.025 0.019 lh? I 100 0.019 0.044 

152  Srobl. 0 150 0.3" 0 0 0  0 0 

153 4Tn 4.?0 x 30-4 .-- 0.15 0.26 io 0 . 2 1 ~  0.538 IO I - 1 0 2  0.149 0.3611 

0 0 --. ".. 

0.64 29 0.1717 - 0  I I  10 

0.1026 73 0.70 4 1  

0.81 17 0.0691 29 

1% Stoble 0 5.5 0.09" 0 0 0  0 0 .." I.. 0 0 

155 r3.5m 4.91 x IO-' -._ 0.031 1.8 100 Od 0.246 100 I 206 0.35 0.95 

0.105 100 

155 -10h 1.93 x IO-' .__ 0.013 0.9 1(x, 0.3 ? 1 .-_ ... ? 0.3 

63E" 151 Simbla 0 1460 +?OM 0.5 0 0 0  0 0 0 0 _- __. 
0 0 _ _ _  -_ 0 0  0.15 0 0 0  153 Stable 0 400 

155 1 . 7 ~  1.29 x 14,000 0.031 0.892 84 0.0% 0,1368 ."" I -500 0.7' 0.76' 

0.252 16 0.1309 ... 
0.1045 -- 
0.0858 .." 
0.0593 _- 
0.0187 .." 
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Table 4.5 [continued) 
................... ..... ... 

Energy of Rodiot im 

......... ................... .. 

63Eu 1% 15.46 5.21 IO-' ... 0.013 0.5 60 0.43 2.0 -60  IV -60 1.2 1.63 

2.4 SO 

1.25 0.0074 1.0 75 0.392 0.60 100 I 100 0.0 1.19  IO-^ .-- 157 1 5 . 6  

1.7 25 0 . 2  100 II 100 
. . . . . . . . . . . .  I . +  2 . d  158 6 h  1.93 IO-' ... 0.002 2.6 100 0.87 

6,Gd 155 

156 

157 

158 

159 

Stobla 

Stobls 

Stable 

Stoblo 

l8.oh 

0 70,000 

0 

0 160,000 

0 4 

... 

1.07 -. 

0.031 

0.013 

0.0074 

0.002 

1 . 1   IO-^ 

0 

0 

0 

0 

0.9 

0 

0 

0 

0 

100 

0 0 

0 0 

0 0 

0 0 

0.3 0.38 

0.055 

0 0 

0.5 0.36 

0.316 

0,102 
~. ....... 

0 0 

0,17 0.05 

0 

0 

0 

0 

100 

100 

0 

0 0  

0 0  

0 0  

0 0 

0.46 0.76 

.-. ... 
.". .__ 

I 

II 

... 
I 

I 1  

100 

100 

_.. 
100 

200 

160 

161 

Stabla 

3.6m 

0 1.5 

3.21 10-3 ... 
3 x 

8.0  IO-^ 
0 

1.6 

0 

100 

0 0  

0.76 1.26 

... 
_.. 

~ 

0 

100 

~ 

0 

100 

.......... 

100 

65Tb 159 

161 

0 44 

1.15 x -I- 

1 . 1   IO-^ 
8  IO-^ 

0 0  

0.05 0.22 

0 

0.5 

._. 
I 

66Dy 161 Stable 0 ._. S ~ I O - ~  o o n 0 0 ...... o n  

*From Blomeke and Todd, Ref. 7. 
"Independent fission yield. 

bEnergy valuo computed from the mass change. 

'Nuclide which decays in part by K electron capture and positron emission. 

dEnergy computed from total disintegration energy or Q volue. 

4 .2 .3  Calculation of' Pissi-on-Product Inventories 

I n  calcul.ating the inventory of f i-ssion products, the foll.owing fac-  
t o r s  miist be considered: i r r a d i a t i o n  time, neutron flux, independent 
y ie ld ,  decay constant of the nuclide i n  question, decay constant of pre- 
vious (parent)  isobar i n  the same chain, neutron cross  sect ion of the 
nuclide i n  question, neutron cross section of the nuclide with the same 
atomic number i n  the chain of one lower rmss number, branching r a t i o s ,  
and decay time a f t e r  i r r a d i a t i o n .  The generalized decay scheme proposed 
by Stough-ton and. Halperin' was used by Rlomeke and. Todd7 t o  calculate  
their r e s u l t s .  

The solut ions of the decay equations a re ,  for the time a f t e r  shut- 
down ti, 
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where S . . . represents  
A13c 

- 251; -Ct ... 4- 
e e - A t  

( B  - A)(C - A )  
e 

(A  - C)(B - C )  ( A  - B)(C - B) . . e  4- 

I n  calculntfmg the decay, if branching occurs, the  two r e s u l t i n g  
chajns can be treated. as separate systems Bl.onieke and Tod.c2 tal-culated 
the solut ions of decay equctions for all the  f i s s i o n  produ.c.1;s l i s t e d  i n  
iTdYLes 4.4 and 4.5 using a digi ta l .  camputes. 
computed f o r  the following values of p a r m e t e r s :  

Murrierieal va lues  of N were 

Thexmid..-Neintron I r r a d i a t i o n  CooLing 
Fllur, q5 Time, T T ime ,  t 

-- 
(neutrons/cm2. sec)  ( sec)  (see 1 -- 

101-2 105 io3 
3 x 105 
7.06 
3 x loG 
1.0‘ 

T1x resul-ts w e r e  presented in the foirn of charts, glvi.ng the rati.os 
N ~ / N * ~ ~ ,  -LIE sa tura t ion  valu.es of t ~ i e  isoto e i n  yu-estion expressed as a 
f r a c t i o n  of the i n i t i a l .  nur~ber of atoms of ‘357J o r i g i n a l l y  present;  N,/N,, 
the  f r a c t i o n  of the sa tura t ion  value at, a, time T of i r r a d h t L o n  at a con- 
s t a n t  f lux; and NI;/N=, the f r a c t i o n  of khe shutdown value at cooling time 
t . T h u s ,  by r e f e r r i n g  t o  t f r e e  char ts ,  the  fi.ss-j.on-prodii.ct inventory can 
be determined. The f i s s i o n  products of spec i f ic  i n t e r e s t  from a hazards 
viewpo.i.nt a re  ind.exed i n  Table 4.6“ The i.nfo??rmtion on these fission 
prod.ucts -may be f01~1d b. Pi.gs. 4.6 through 4.49 a d  i n  Table L I . . ’ ~ .  

0 
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Table 4.6.  Index of D a t a  f o r  CeLculaLion of Bio logica l ly  
Importanl; F i s s ion  Products 

C rit  i c a l  
Organ. 

Nuclide 5 

Bone 54d 89Sr 
28y 90Sr 
64.Th 
9.7h "Sr 
51111 91q 
58d 'IY 
63d 9 5 Z r  
90h 95n!Nb 
35d 95Nb  
17h 9 7 ~ r  
60s 97% 
72 .Im 9r'm 
67h 9 9 ~ ~  

6 OLkh ggL'I'~ 
93h l2 Sb 
12.8d 14'Ba 
40.2h '+'La 
32d 
33h '"Ce 
1 3 , 7 d  14'Pr 
290d I4'Ce 
17.5m 1 4 4 p r  
11.34 14?Nd 
2.4y l ' 7 h  

54h 14'Prn 

Thyroid 8.05d 13'1 
2.4h 1321 
20.Bh 1331 
52.5rn 1341 
6.68h 1351 

Kidney Lvld lo3Ru 
57m 1n3mR~i 
36.31 I o 5 R h  
1 . 0 ~  '06Rii 

30s l o 6 R h  

9.3h l2 "Te 
33d 129ml'e 
72m l2 Te 
30h 13'-rTe 
24-8m 131Te 

Muscle 2 6 . 6 ~  13r1Cs 

93d l2 719e 

2.60-ffl 137mnua 

F i g e  4..7 
Fig .  4.6 
Fig.  4.7 
Fig .  4.7 
Fig.  4 , 8  
Fig.  4.7 
Fig .  4.7 
Fig .  4.7 
Fig .  4.7 
Fig .  4.7 
Fig .  4.8  
Fig .  4.7 
Fig .  4.7 
Fig ,  4.7 
F i g .  4-.7 
Fig .  4.7 
Fig .  4.7 
F i g .  4.7 
Fi.g. lt.7 
Fig .  4.7 
Fig .  4.6 
Fig. 4.8 
Fig .  4.7 
Fig. 4.6  
Fig .  4.7 

Fig .  4.7 
Fig .  4.7 
Ftg. h.7 
Fig .  4.7 
Fig. 4.7 

Fig.  4.7 
Fig .  4.8 
Fig .  4.7 
Fig.  4.7 
Fig. 4.8 
Fig. lt.7 
Fig .  4.8 
Fig .  4.7 
Fig .  4.8 
Fig .  4.8 
Fig.  4.8 
Fig .  4.6 
Fig. 4.8 

Fig .  4.9 
Fig.  4.3.0 
Fig.  4.11 
Fig .  )+.1.2 
Fig .  4.12 
Fig .  4.3-3 
Fig.  4.14 
Fig .  4.1.4 
Fig .  4.14 
Fig .  4.12 
Fig .  4.12 
Fig.  4..12 
Fig .  4.1.5 
Fig .  4.15 

Fig .  4.14 
Fig.  4 .  I.)+ 
Fig .  4.14 
Fig.  4.12 
Fig .  4.13 

Fig .  4.13 

Fig. 4.16 
Fig. 4.15 

Fig .  4.17 
P i g .  4.15 
Fig .  4.12 
Unity 
F i g .  4.3.2 

Fig .  4.18 
Fig .  4.113 
Fig .  4.12 
Fig .  4.13 
Fig ,  4.1-3 
Fig .  4.13 
Fig .  4.13 
Fig .  4.18 
Fig .  4.13 
Unity 
Unity 

F ig .  4 .19 

7 r i g .  4.1.5 

Fig .  4.1.3 

F-ig. 4.15 

Fig.  4.19 

'Table 4.7 
Table 4.7 
Fig .  4.20 
%a,ble 4.7 
Fig .  4..21. 
Figs .  4.22, 4.23 
Table 4 .7  
Fig .  4.24 
F i g ,  4 .25  
Table 4.. 7 
'Table 4.7 
F i g ,  4.26 
Table 4.. 'I 
Fig .  4.27 
Fig .  4.28 
Table 4.7 
Fig.  4.29 
Figs ,  4.30, 4.31 
Ta,bl.e L b .  7 
Fig.  4.32 
Table 4.7 
Table 4.7 
Table 4.7 
Figs .  4.33, 4.34 
Fig .  4.35 

Talole Lt.7 
Figs .  4.36 t o  4.38 
Fig .  4.26 
Fig .  4.39 
Table 4.7 
Table 4.7 
Table 4.7 
Fig ,  4.40 
Table 4.? 
Table 4.7 
P i g .  4.41 
Figs ,  4 . 4  t o  4.44 
Figs .  4.45, 4.46 
Figs .  4.4.7, 4.4% 
Fig .  4.39 
Fig ,  4.49 

Table 4.7 
Table 4.7 
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FTg. 4.7. Sat,uration Values of Radioactive F t s s i o n  Prodiucts. (From 
Alomeke and Todd, ref. 7. ) 

.Fig, )k.8. SaLuration Values of Radioactive Fis s ion  Products.  (From 
Blomcke and Todd, r e f .  7. ) 
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IRRADIATION TIME, Z- 

Figs 4.10. Fraction of Sa tu ra t ion  V a l u e  of 28y ''SI? as a Function 
of Irradiation T i m e  and Flux. (From Blomeke and Todd, r e f .  7, p.  91. ) 
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IO 5 IO6 10’ 
IRRADIATION TIME, I- (sa) 

IO * 

Fig. 4.11. FractTon of SaLLcration Val1J.e of G4.5h as a Function 
of I r rad ia t ion  T h e  and Flux. (From Rlorneke a i d  Todd, ref .  7 ,  p. 9 2 . )  
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ORNC --LR- DWG - 49492A 
1 oo 

1 8 '  

1 o-2 

lo-" 

1 o5 1 o6 1 o7 
T ,  IRRADIATION TIME (sec )  

loa 

F ig  .'t. 13 a Fract ion of Sn.tur.rati.on V d . 1 ~  of Various Radi.onctive F i s -  
(From Blomeke and Todd, sion ProCiucLs as a %uric-Lion c$ Zrrcl,Cii.a-Lion T i m e .  

r e f .  7, p .  101. ) 
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1 O0 
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1 d 2  

lop3 

10-A 

105 1 o6 
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T , IRRADIATION T I M E  (sec)  

Fig, 4 .14  I Fraction of Sa tu ra t ion  Value of Various Hadioactive 

1 OB 

Fis- 
si-on Products as a Fimction of IrradiaLion T i m e .  
r e f .  7, p. 9 4 . )  

(From RLornekc and '?odd, 
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Ffg , 4.1.5. Frac-Lion of Saturatiox Value of Various Radioactive Fis- 
(~r.om ~lorneke and T ~ c I . ~ . ,  sion li>rdu.cts as a Function of Irradiation ~ i . m e .  

ref. 7, p. 107. ) 



IRRADIATION TIME. r (sec) 

Pig. 4.16. Fraction of Satiflabion Value of 2.6~ 147Pm as a Fiinction 
of 1 r r a d . L a i j - m  Tine a,nd. Flux. (From Blomeke and Todd, ref. '7, p .  116. ) 
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I .  I I 

TIME AFTER SHUTDOWN. t (sec) 

Fig ,  4.20. Frac t ion  of Shutdown V a l u e  of 64.5h Remaining at 
Various T i m e s  A f t e r  Shutclown. (Prom Blorreke and Todd, re:?, 7, p. 203.. ) 
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IO 

0. I 

TIME AFTER SHUTDO'WN. t (sec) 

Fig. 4 . 2 2 .  Fract-ion of Shutdown Value of 58d "Y Bemaini.ng at; 
Varrious T i m e s  Af t e r  Shutdown. (Fro111 H?-omeke snd .  Todd, ref. '7, p .  184. ) 
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1.8 

IO"' 

10-2 

18-9 

IO-' 

18"s 

E AFTER SHUTDOWN. t (sec) 

Fig. 4.26.  Frac t ion  of Shutdown Value of' Radioactive Fission Prod- 
(From Blomeke and Todd, ucts Remaining at Various Times After ShutdowLi. 

r e f .  7, p. 156. ) 
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TIME AFTER SHUTDOWN, t (sec) 

Fig. 4.28. Fraction of Shu-tdown Value of 93h I2?Sb Remining at 
Various ' T i m e s  A f t e r  Shutdown. (From Blomelce a,nd Todd, r e f .  7, p. I.61.. ) 
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TIME AFTER St-iUPOOWN, t ( s e d  

F i g .  4.30. Fraction of Shutdown Value of 32d '"Ce Remaini-ng at 
Various Times AYter Shutdown. (From 31-omeke and Todd, re f ,  7, p.  181.) 
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1.0 

TIME AFTER SHUTWWN, t ( s e d  

Fig .  4 . 3 2 .  Fraction of Shutdown Value of 13.7d 143Pr Refmining at 
Various Times  A f i e i '  Shutd-mm. (From Blmneke and Todd, ref. 7, p. 170. ) 



1 r i g .  
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Fi-g. L k . 3 4 .  Frac t ion  of Shutdown Value of 2 . 6 ~  11t7F-, 111 Remaining at. 
Various Times After Shutdour .  (Frolu HLomek and 'Todd, ref. 7, p. 1-97. ) 
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TIME AFTER SHUTDOWN. t (sec) 

Fig. rb.36. FracLion of Shutdown Va,l-ix of 2,'t.h I 3 * T  Remaining at 
Vari-ous 'I'irnes M t e - r  S'utdown. (Froro Rlomeke and Todd, ref. 7, p. 162.) 
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c 
z 

TIME AFTER SHWTDOW 

Fig. 4.37.  Frac t ion  of Shitdowii Value of 2.4h 1321 Rcrmining at 
(Prom Blomeke mid Todd, ref. 7, p.  3.63. ) Various Times  A f t e r  Shutdown. 
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Fig. r! .do. Fraci;ion o r  Slnu.td.own Va1u.e of 36.5h ' "Rh Rermini.ng a.t 
Various ' T i m e s  After Slnikdoim. (From i3lorileke and Todd, r e f .  7 ,  p .  3.53. ) 
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Fig .  4-43 .  Frac t ion  of S h u t d o m i  Value o f  7.3h 127Te Remining at 
Various T i m e s  After Shutdown. (E ' rom t4l-omeke md Todd, T P ~ ,  7, p.  174.) 
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TIME AFTER SHUTBOWN, f ( s e d  

Fig  4.43 Fraction of Shutdown Value of 9.311 l2 7Te Ren;ari.ni.ng at 
Various T i m e s  After Shutdown. (From Blomeke and Toad., ref. 7 ,  p. 175. ) 



4.76 

Fig. 4.44. Fraction of' Shu~tdown V a l u e  of 9.3h 12r'Tz Remining at v 
Various 'II'j-nies After Shutdown. (P'rom Blomeke and. Todd., ref. 7, p. 176. ) 
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Q 2x105 4 6 8 I O  406 12 I .4 

TIME AFTER SHUTDOWN. t ( s e d  

F i g ,  4.45. Fraction of S’nixtdovn V a l u e  of 33d 12gr%’e Rermining at 
Vayious T r i m s  After Shutdown. (From El-omeke and Todd, ref. 7, p. 1‘17. ) 



F i s %  4.46. Fraction of Shutdomi V a l n e  of 33d 129rr*~1e Remaining at, 
Various T i m c s  Af i e r  Shut(&ym. (P’rom Blo i  eke and Todd, ref. 7, p. 178.) 
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IO 

V a  

0 4 6 a 106 12 14 
TIME AFTER SHUTDQWN, 4 (see) 

Fig. 4.47. Fract ion of Shutdowi VaLue of 7 2 m  "'Te Reminjng at  
ious Times A f t e r  Shiitdovn. (From Blomeke and Todd, yef. 7, p.  179. ) 
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0 I 07 

F i g -  4.48. h r a c t i o n  of Shuidoun Value of 7217 '*'Te Liemining at 
Various  T i m e s  A f i e r  ShuLIovn. (From Bloineke ani: Todd: ref. 7, p. 160.) 
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Table 4.7. FracLion of Shutciown Value of 
Fi-ssion Products Remining %t Various 
Times (t, sec) After Shutdown, N t / N T  

[Range 1 3 ( N t / N , )  3 LO'c5],  Accuracy -10% 

5 4 ~ ~  * 9 ~ r  

28y " ~ r  
7.7h "Sr 
63d 95Zr 
3.7h 9 7 Z r ,  90h 97mNb 

U . 8 d  140Ba 
33h '"Ce 
290d 'lF4Ce, 17.5m "&'+Pr 
11.3d 14r'Nd 

6.68h 
41d Io3Ru, 57m '03?Rh 
1.0~ 106R~, 30s '06Kh 
2 6 . 6 ~  13'7Cs, 2.60~1 13'7f%a 

6fli 9 9 ~ 1 ~  

8 . 0 ~  I3 l1  

-6.38 x t 
-3.41 x 10-"0 t 
4.54 x t 
-5.55 x 10-8 t 
4 . 7  x IO+ t 
-1.262 X lom6 t 
-2.73 x t 
-2.525 x lom6 t 
-1.203 X lo-' i 
-3.09 x t 
-4.31 x 10-7 i; 

-9.62 x t 

-1.255 x l o m 5  t 
-8.46 x lom6 i 

-3.635 X 10-l' t 

I n  calcu.l.ating the  act j.vj.ty of f i s s i o n  produc'is outsri.de -the ranges 
of val.ues given by Blorneke and 'T'od_d,'7 i t  is often suf f ic ien t  t o  selec-t 
(by inspection) the products that w i l l  be important i n  the times of ir- 
radi.ation and cool-ing i n  question. I n  cases where the  e f f ec t s  of irradia- 
t i o n  of the  f i s s i o n  products a re  negligible,  the d i f f e r e n t i a l  equations 
of growth can be simplified t o  

(a .  7) 

(4.91 dJY --$- = Y 3 F  t A2N2 A3N3 , 

Solving t h i s  case Poi- N1 = N2 .- N3 = 0 a t  T = 0 yields  

(4.10) 
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n = number of cycles (t = nT), 

Y = currriulat ive y ie ld .  
Y i  = independent y ie ld  of f i s s i o n  product i, 

Various cases riay be considered, such as: 

CASE 1 - Accumiilation i n  a cycle i n  which there  i s  no i'emoval by process- 
ing o r  neutron capture. 

Consider a small fragment of uranium (mu) e i t h e r  as metal o r  in so- 
l u t i o n .  Star-Ling from zero time, when Lhe mater ia l  f i r s t  e n t e r s  the re-  
actor ,  -tile amoiint of a f i s s i o n  product (&Vi) which accimiiLaLes i n  the 
f i r s t  i r r a d i a t i o n  is 

After the  first cycle ( L i m e  T), 

After the next irrad-iations,  

After two cycles, 

dX. = YO- OdN 
1 f u  

After  11 cycles (nT = t), 

-2hiT (n-1)Ai.T 
+ e  + ... + e 

-AiT + e-2AiT Summing the geonetric s e r i e s  (1 + e + ... ), 
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I2 the t o t a l  c i r c u i t  time T i s  short  compared with -the h a l f - l i f e  (0.693/Xi), 
then 

\ L /  

(4.15) 

Equation ( 4 . 1 5 )  i s  the  same as Eq. (4.10) for continuous i r r ad ia t ion  over 
t he  whole period, except t h a t  the  flux (4) i s  replaced by a time-averaged 
f lux 

(4.16) 

CASE 2 -Accumulation i n  a cycle i n  which no processing occurs, but i n  
which the  f i s s i o n  product i s  removed by neutron capture during 
i r rad ia t ion .  

For case 2, proceed i n  the same manner as t h a t  leading t o  Eq.  (4.l .4);  
the following i s  derived: 

where, as previously, T = tl + t2; t = nT; and 5 = @(tl/T). 

CASE 3 -Accumulation i n  a cycle i n  which complete removal occurs at  each 
cycle (1) of a f i s s i o n  product formed from an equilibrlwn pre- 
cursor and (2)  of a f i s s i o n  product formed d i r e c t l y  i n  f i s s ion .  

~n case 3, (I.) appl ies  pa r t i cu la r ly  to gaseous products i n  an aqueous 
honogeneous reactor,  which a re  removed during f u e l  cycling, although the  
precursors s tay i n  f u e l  solution, and (2 )  i s  more applicable t o  a so l id  
fuel cycle i n  which both -the product and i t s  precursor a re  removed i n  each 
cycle,  Consic'er the cycle i n  three stages, as shorn i n  Pig. 4.50. L e t  

ORNL-DWG 63-6698 

1_ 

I .......... ................... 

1 

Fig. 4.50. Reactor Fuel Cycle. 
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t h e  time of leaving the  prclcessjng plant be t - 0, Lhen the amount a t  a,jny 
time t after lea ,v- i lq  the processing plant is, in stag? 3 ,  

(4.18) 

111 stage 2 ,  

I n  stage I.> 

For cycle ( 2 ) ,  aicrf&~l, = raLe of PormLiori  in the  core; (hi  C. u j ~ ~ ) ~ j ~  = 
r a t e  of decay i.n the core; m d  A i d N j -  = rate of decay outside the core.  
I n  stage 3,  

m . = o .  ( 4 .a. ) 
1. 

I n  stage 2, 

I n  stage 1, 

The accumulation of  fission producis in aay stage i s  then obtained 
by integi-at7 ng over the time during which ihc uranium yemains i n  thai 
Stage, 'Thus, f o r  the core, 

mpt,  
I 

where dNi i s  given by Eq. (4.19) or ( 4 . 2 2 ) .  
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4.2.3.2 Simxmry and Comments on Evaluating Fission-Product 
Buildup and Decay 

I n  many cases, the  operating t i m e  of t h e  reac tor  has been s u f f i c i e n t l y  
I n  t h i s  long t o  bu i ld  up equilibrium concentrations of fission products. 

case the equilibrium value of a d i r e c t  f i s s i o n  y i e l d  nuclide can be deter-  
ml.ned by the r e l a t i o n  

where (d-Ni/dt) = 0. Therefore 

This can be elcpressed i n  t e m s  of core power, 
10” fissions/sec y i e l d s  1 w a t t  of t h e m a l  power; therefore 

(4.24,) 

using the f a c t  that 3.1 x 

( 4 . 2 5 )  

vhere I\Ji i s  given i n  atoms per un i t  v o l i m  and p i s  the power i n  the rc- 
gion of the core of i n t e r e s t  i n  w a t t s  per unit vo1w.e. Equation ( 4 . 2 5 )  
can be e q r e s s e d  i n  terms of cur ies  by substituti.ng the  f a c t  t h a t  3.7 x 
10’O dis/sec = 1 cur ie .  The a c t i v i t y  of a nuclide i s  givcn by 

A p t  

- 3.7 x lCil0 ’ 
- -  ‘i 

where Q i / V  i s  the a c t i v i t y  of nuclide i i n  ciir ies per un i t  v o l u n ~ .  
The t o t a l  core inventory i.s 

( 4 . 2 6 )  

( 4 . 2 7 )  
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Therzf ore , 

&. J. = 0.83EXiP , (4 .28 )  

where P i s  t o t a l  core power. I n  the case ol" R one-precursor model, 

_I_ .- - 'E OY. + hi-lNi.l -- AiNi . 
d t  f 1 

When N is at equilibrium, i -1 

Y .  + Yiml 
N .  1 = Ef@(L-Ai . 

CWn 
Since Y I- Yiml is the cumulative yield,  Yi , i 

( 4 . 2 9 )  

( 4.30 ) 

( 4 . 3 1 )  

(4 .32 )  

(4 .33 )  

Often i t ;  i s  s u f f i c i e n t  to use a two-precursor model. C0nsiderin.g 
the  casz of removal. by neutyon cap-Lure, but  no increase  by neutron capture  
j.n the A.-1 chain,  t he  genera l  equa.tion -that can be used f o r  bokh bui ldup 
and decay ( f o r  a constant power l e v e l )  i s  
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N? = i n i t i a l  value of nuclide i, atoms per l i l i i t  voluime, 
1 

i 
= (hi + u . 4 )  = effective removal decay c m s t m t ,   see, h,ff 1 

Yind = independent y i e l d  of nuclide i, 
i 

k = branching r a t i o  from nuclide i-1 t o  nuclide i, f r a c t i o n  of decay 

of Ni I going .to N i' 

EC~LB-L~O~I  (4.34) can be used for de-terminirg Lkie  ac.1;ivity irrventory 
f o r  var ia t ions  i n  power l e v e l  by dividing the power histoory into periods 
of consl;ax4t power. The value of Ni can he calculated at the  end. of one 
-time period- a i d  can be used as NY, the i n l i t i a l  value for tile following 
t i m e  period.. 

puter to solve Eq. ( 4 * 3 4 ) .  
sui-Led for a,nal.ysis by an:fiog ccniputers. 

Considerable s a v h g s  i n  labor  can be nbtained by u s i n g  8 d i g i t a l  eom- 
The buildup and 6eca.y eqiial;ions itre also well. 

4.3.1 Introduction -- 

The de-terrrtination of the armwit o f  fission products i-ekased. from 
the fuel e l e m n t  as a eonseqixenee of an. accident i s  c'o'ovlously a difficult 
procediire, even when t h e  eond:itians d1.x-ing arid after -the a-cc-i.cl.ent, are wel.1 
specif ied and of a siinple enough nature to 'oe t reated annl.ytri.cal.ly. There- 
fore the procedure l s  to choose a- m~ximxn c red ib l e  accident (mea), thhe con- 
sequence of whieh, i n  terms of exposiire to thhe puhl.iC:, wo-uld be WOTSC~ t han  
other credible  occurrences. 

coidd result; in a l o ~ e  of cool,wt, posslible dsrangement of: c o ~ e  cornso- 
en t  s, blowe:e. or  pump fail.ix:ee s, and other rim,lfuncZ;ions, dcpciiding 011 .the 
pa_'- r lJicular * reac tor  i n  question. The effec- ts  of ti.7Ti.s vtolent  surge should 
be rwna,l_yzed and the reactor  b u i l t  so that, at  least, t h e  control  rod-;: w i l l  
i n s e r t  Under t h i s  sequence of events the fuel temperature wf.1.~. rise (dile 
-Lo afterheal; generation) i f  adeyixnte cooling i s ~?i?t ;%va.i.l3.bie and cause 
e-rentual. fni.l.ure of the cladding and possi'oly rn.eI.-Ldo-wn of t h e  fwl. 

power reactors ,  the discusai.nn here concentrates on the 'oehavior of TQ. 
With t h i s  type of fuel. and an accident of the t m e  described. above, the  
cladding would melt (or oxidize) be~:o~e the f u e l  and irrmediately release 
the f i s s ion  products .that had been released from ';he I?Qz fuel. Cii-u*tng i t s  
operating IA.fetime .1 The structural .  rig-idity of ihe  f"ue?_ would .  be lost w t t h  
the  cladding gone, and. -I;hr-: p e l l e t s  woadd drop t o  s o m e  posl'.tion on the f u e l  
support structures 31" t o  the bottom of the r eac to r  vessel.. 
water remained- on the 'oattrsm of the vessel, adequate cooling could be main- 
tained t o  grea t iy  red1.1.ce fw-t;her fiss ion-product release. 
ing were not  atvsil.able, the f u e l  would continue to rrise in tenlpe;'a:;urc, anc3 

Csnu;io~ly, the mca i.s taken as a ru-pt11.re of a riuzlin coolant pipe +;hat 

Since clad UOz i s  the p.redomil?,anl; ma-Lerl.a.1 1.1.sei-l for fuel. 3.n 1.a;rge 

If a pool 02 

€rowe73t?1-, if cool.- 

*See Appendix G for relevant, in?frxmnatli.on published since this chapter 
was prepxred * 
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t h e  U 0 2  crysta1.s would undergo g r a i n  groi.s'ch, i n  which case  much of t h e  
f i ss ion-product  ma.terial. t rapped i n  -the c r y s t a l  mat,-ri.x would be r e k a s e d .  
If' t h e  process  weye continued t o  t h e  mel t ing  p o i n t  of U02, a g r e a t  d e a l  of 
a c t i v i t y  would be r e l eased .  The overheat ing could t a k e  p l ace  i n  either an 
ox id iz ing  or red-iici-ng atmosphere. I n  t h e  former case -the re1 ease  w0uJ.d be 
enhanced. by t h e  oxidat,lon of U02 t o  U308. 

Some d a t a  ext.st f o r  Lhe r e l e a s e  of fisstoii products  from molten f u e l s  
that  were obtained i.n experinien-ts u t i l i z i n g  out-of - p i l e ,  nonnuclear hea t -  
J.ng and i n  a s m a l l  number of experimenLs rinvestigatirig i n - p i l e  meltdown. 
The e x t r a p o l a t i o n  of t h i s  d a t a  Lo a. full-sca1.e r e a c t o r  i s  a major problem 
because of the di-fferences between t h e  experiments and the r e a c t o r  and 
among var ious  des igns  of r e a c t o r s  Information a l r eady  obta ined  i n  l a r g e  
v e s s e l s  (See See.  4.4 .4)  and d a t a  that  w i l l  be produc2d i n  programs j u s t  
g e t t i n g  imder way (NSPF, CSE, and LOFT) should a i d  i n  so lv ing  t h e  extrapo-  
l a t i o n  problem. 'The ma te r i a l  p resented  i n  - th i s  chapter  dea,ls w i th  t h e  
var ious  physri.ca.1 processes  t h a t  are l i k e l y  t o  be invol.ved. Experi.nienta1 
programs are i n  progress  t o  def ine  t h e  r e l e a s e  of a c t i v i - t y  more c l e a r l y ,  
and a body of knowledge should grow quickly beyond what i s  given he re .  

4 . 3 . 2  P r e d i c t i n g  . . . Cladding .... Fail ui-e 

After a,n acc ident  imder the condi t ions  o u t l i n e d  above, the tempera- 
t u r e  of t h e  cIs.dd.ing w i l l  r i .se.  The I^-j-ssioii gases  t h a t  a r e  vo1atil.e a t  
~iiese temperatures  w i l l  con-tri-bii.te t o  the ri.nt,errial p ressure  on t h e  c lad-  
ding, and the  p re s su re  w i . 1 1  i nc rease  wi th  'ies:perature. Also ,  as t h e  -tern- 
pe ra tu re  increases ,  the cladding s t r e n g t h  w i l . l  decrease,  and eventua1.J.y 
t h e  cladding w i l l  f a i l .  The determina.t ion of i n t e r n a l  pressure  on the  
c ladding  i s  b a s i c a l l y  a design pro"u1em and wi .11  not  be t r e a t e d  here  i.n 
g r e a t  detai l . .  

L ?  

4 .3 .2 .1  Release of F i s s i o n  Gases froln UO;! During I r r a d i a t i o n  .. . 
---~-̂  .- I-.._...-1_ 

'There are two major mechariisrris c o n t r o l l i n g  t h e  r e l e a s e  of f i s s i o n  
products  from U02 dur ing  j - r r s d i a t i o n :  
matri-x and ( 2 )  rei-ease from t h e  crystals undergoing grai.n growth. Other 
e f f ec - t s  (such as r e c o i l s  and knock-ons) are secondaly t o  the maJor e f f e c t s  
under mos-t condi t ions  and w i l l .  not  be t r e a t e d  here  i n  d e t a i l .  

data,, it may be necessary  t o  assume that a3.J.. v o l a t i l e  fri.ssion products  
w i l l  be r e l eased  upon g r a i n  gro-wth. i t  i s  t h e r e f o r e  important t o  d e t e r -  
mine t h e  ex ten t  of g r a i n  growth during opercatine coiidj.tions. A s  shown i n  
F7.g. 4.51, t h e  g r a i n  growth i s  time dependent, bu t  it w i l l  occur over a 
period. of a few d.ays a t  a tertiper.a,tirre of ~ r / O O o C .  

'The determina-Lion of temperature i n  U02 i s  a d-ifficul'c problem be- 
cause of the  dtscont inuous na,tiire of the  material a f t e r  i r r a d i a t i o n .  Re- 
a c t o r  condi t ions  rmy be compare(1 wi th  exper.j_rnent conditi.ons by means of 
the condu-ctivity i n i e g r a l  : 

(1.) diffusi .on fi-oii the c r y s t a l  

1, Determination of Grain Growth. I n  t h e  absence of experimen'ial 
_._111 ___ 

(4.353 
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Fig. 4.51, G m i n  Size and Temperature Relationship for UO-, Sllc-eri- 
.Ir,ental.l.y Derived. f o r  1.5 min of HoLdlng Time and. ExtrapoZated to Longer 
Times  by use of the Eqmtlion, D = K-L"O.  ram Eicl-ieiiberg et; al., r e f ,  
LL. ) 

(4. .36) 

where 're i.s the cen . tm1  temperature i n  O C ,  Ts is surface temperaLvre in 

( 4 . 3 6 )  does not require de%ailed knowledge of -the -LhenmI- ~onduc'c2vity 
and therefore can be used t o  coinpare eicperimental r e su l t s  w i t h  the re-  
a c t ~ ~ -  d a t a  urnd.er a:ml_ys-i.s. 
by the inequality 

0 1  L, and W i s  the l i nea r  heat ra.+,e of the fue l  ekments in w/cm. Eq~43ti.on 

The existence of g:caln groT,h  can he cb.eckerl. 
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where 

Tsr = p e l l e t  swrface temperaiure of t h e  r e a c t o r  under s-kudy, 
Tc, = pel.let cen' iral  temperature i n  t h e  r e a c t o r ,  
T,, = p e L l e t ,  su-rface temperature i n  t h e  experiment, 
Tgg = g r a i n  growth -teiiipei?at,ure. 

c r  - sT 
T 

s,'" K ( T ) d T  can be obtained froia expe r jhen ta l  data, and the correct:-on 
se 

ierm sa, 

K ( T ) d T  can be rletermined from t h e  r e a c t o r  power from E q .  ( 4 . 3 6 ) ,  
ST 

T 
K(T)dT must be c a l c u l a t e d  using t h e  bes'i a v a i l a b l e  d a t a  f o r  

i 
sr 

thermal conduct iv i ty .  Table 9.19 i n  

JTTgg K( 'Y)d i '  i'or 33 experiments f o r  

sizes, e t c .  The l-owest u se fu l  value 

Se 

ref .  1.2 g ives  some va lues  of' 

irarioiis claddi-ngs, f i l l  gases,  &le% 

of ly gg K(T)dT rcpor t zd  i s  23.8 
T 

se 
w/cm for a helium f i l l  gas;  a l l  val.ies obtained i n  an  argon f-7.1-1- g a s  were 
h igher .  Values f o r  H20 fil-1.. gas  were lower, bu t ,  s ince  it i s  not  l i k e l y  
that any r e a c t o r  would operahe w i t h  water  w i th in  'LIE cladding during t he  
opera t ing  l i f e  t h e  und-er design condi t ions ,  t hese  va3.ms are usua l ly  not  
cons fde red. 

The d-e t emina t ion  of  the oxide surface temperature i n  t h e  reacLor 
i s  complicated by t h e  unce r t a in ty  in the  themla1 cond.ixtance a t  t h e  i n t e r -  
f a c e  between -the c ladding  aiid. the UOz. It i s  not s u f f i c i e n t  t o  sirnp1.y 
c a l c u l a t e  an e f f e c t i v e  t h e m 2 1  conduc'cance us ing  the  thermal conduct iv i ty  
of the f i l l  gas and the d iamet i5ca l  c learance  because t h e  p e l l e t  wouLd 
no-t rermin centered  if i L  were i n t a c t  and, under most condi i ions ,  t h e  
p e l l e  i; would. fragment a f t e r  i r r a d i a t i o n .  Corisequent1.y analLytical pre  - 
d i c t i o n  of the  oxi.de-l;o-cl.ad~ii?g gap conduction i s  imposs ib le .  The r e -  
sults of experiments are c o r r e l a t e d  i n  Flg. lt.52, i n  which t h e  sheath- to-  
fuel. tlieriiIa1 conductance i s  r e l a t e d  t o  tile r a t i o  of t he  assembled d i a -  
m e t r i c a l  c learance  to the p e l l e  f, d-iame'cer 

Whejz t h e  sur facz  'ieinperabure of t h e  clad-ding i s  k.nown from t h e  de- 
sign condi t ions  of t h e  r e a c t o r ,  it i s  poss ib l e  t o  ca.l-cu.l.ate the  sur face  
temperature of t h e  f u e l  f o r  use in E q .  (4 .37 ) .  The c o r r e c t i o n  term 

1 '1 

lI K(T)dT can be obl,ainP? from F i g .  lt.53, i n  which ./;oooc K(i ' )dT is 
sr 

p l o t t e d  versus  the tempsraturz  T us ing  the thermal. conduc t iv i ty  d a t a  of 
Kinger~'~9'~- and of Bedge and Fieldhouse . I5  

data were obta ined  on cracked- U02 and- are g e n e r a l l y  conceded t o  yi.eI.d. a 
low value of conduc t iv i ty .  The Kingepj  d a t a  a r e  bel-ieved t o  be accu ra t e .  

The Hedge arid FrEeIMhouse 
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'The t e r n  4,TSe K(T)dT can be obia ined  by the  r e l a t i o n  
sr 

i f  t h e  inequal.i.ty of Eq.  (4.37) does not  hold, g r a i n  growth w i l l  oc- 
c u r .  The e x t e n t  of g ra in  growbh a t  a given p o s i t i o n  i n  t h e  r e a c t o r  can 
be es t i r ia led  by t h e  r e l a t i o n  

( 4 . 3 9 )  

I 
sr 

where V /V 
Equation (L+.39) i s  s t r i . c t l y  t r u e  i n  c y l i n d r i c a l  geometry f o r  t h e  assump- 
tio-n t h a t  an  average thermal  conduct ivi ty-  of t h e  form 

i s  t h e  f r a c t i o n a l  volume of U02 undergoing g r a i n  growth. 
6% t t 

Y' J,, '' K ( T ) d T  

ho1.d.s throughou-t t h e  t u e l  pel-let , ri~ncluding the grain-growth region, and. 
tha t  cons tan t  heai; genera t ion  e x i s t s  i n  t h e  p e l l e t .  

For hazards  ana lyses ,  it i s  somel;iilies s u f f i c i e n t  t o  assume t h a ~ t  a l . 1  
the P:Lssion products  t h a t  a r e  vel-atile at grain-growth -'iernperatiires w i l l  
be released. from t h e  f r a c t i o n  of the fuel. undergoing g r a i n  growth. Table 
4 . 8  l i s t s  the  melt ing and b o i l i n g  p o i n t s  f o r  some important e lementa l  
f i s s i o n  products .  Data'" on diffusiot?  rates i n  Lhe temperature range 
spanning t h e  grain-growLh reg ion  a r e  g iven  i.n Table A.9. Other d a t a  from 
the  same source g iv ing  t h e  ePfec t  of burnup o r  di . t fusion rates are l i s i e d  
i n  'Table l + , l . O .  
u c t s  i nc reases  w i t h  inc reas ing  burnup, except  poss ib ly  f o r  t he  low- 
v o l a t i l i t y  elkment s. 

It i s  u n l i k e l y  t h a t  cl.ad U02, as r e f e r r e d  t o  here, would be made i n  
o t h e r  than cylindricaJ.  f o r m ,  b u t  p l a t e  f u e l  elements h ~ v e  been m,dx wi th  
U02 dispersed  i n  a meLal mt ; - ix  to which t h i s  discussion.  would not  be 
app l i cab le .  'Therefore f o r  -ihe sake of completeness, t h e  use of t h e  e m -  
duct iv i - ty  inLcgral t o  p r e d i c t  g r a i n  growth i n  slab and. spherical .  ge0ine.tr-y 
i s  described below. 

The la t ter  d a t a  i n d i c a t e  tha t  d i f f u s i o n  of f i s s i o n  prod- 
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Table 4.8. Melting aid Boiling Points of 
SorrLe Fission-Product Elements 

Melting Point Boiltng Point 
("C) ("C) 

Element 

Xenon 
K rm t; on 
Iodine 
T e Iliiri urn 
Cesiurn 
Ruthenium 
Strontiur!1 
B a r i u m  

-1.12 
-156,6 
3.13.7 
452 

28.6 
2450 

774 
72 5 

-107 1 
-152 9 

184 
1390 
685 
4080 
1150 
1640 

Table 4.9. Diffusion of F iss ion  Products f-rom U02 
Heated 5 . 5  h r  i n  Piirif icd HeLiumaY 

Percentage of Fi.ssion Products lieleased 
Temperature - 

I Te Cs Ru. ST Ba Zr U ( "C  1 Rare Gross 
Gases Gamma 

1515 
1610 
1710 
1800 
1.900 
1980 
2 105 
2150 
2290 
2260 

1.3 0 .9  5.8 2 .9  
2.7 2.1 6.5 12 
2 - 6  6 .3  9.6 20 
3.7 5.2 12 21 
9.7 J.2 16 48 

12  12 42 76 
25 23 40 ,dl 
59 18 74 95 
65 33 75 96 
87 38 84 96 

1.4 
I. . 7 
2.7 
3.2 
8.6 
15 
24 
53 
70 
65 

0.9 0.1 
1.5 0.1. 
3.8 0.4 l . 3  
6.9 1.0 
8.5 2.3 

1.3 4.2 8.7 1..8 
22 1 3  21 0.5 0.5 
49 28 40 12 0.4 
50 36 59 18 
30 55 75 35  1.3 

t %'race -leveJ_-ir.rad.i.ated PNR--Lype U02 samples heated in t a i i t a l u m  

bEleI.iuni pu-rified by contact; v i t h  hot zirconiLini spoage; 3107~~ ra te ,  

crucibles  by FC? induction. 

50 cwn3 ,/Tin. 
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Table 4.10. Ef fec t  of Burnup Tevcl  arid Temperature on Dil"fusion 
of' Fission Troducts froin U02 Heated 5 .5  hr i n  Pure Ifdimi 

I-..- .-. --- I 

Peieeniage of Ind iv idua l  Fission 
Products  Rekased"  1 r r a d i a t  ion 

Le ve 1 Tempe rat  w e  
- -I-- 

(Nwd/ton) Xe-Kr I 'Ye Cs RU Sr Ha 
("C 1 

14.00 Nlb 
1005c 
l O 0 O b  
4O0Ob 

161-0 -Ib 
1.005C 
1 000b 
4000b 

b 

1005' 

4O0Ob 

1780 -1 

1.000b 

1980 -1b 

lO0Ob 
1 c)05c 

4000b 

0.6 4.0 
0.8 0.9 
0 . 5  1 . 6  
6.1 23 

2.7 6.5 
2.6 3.7 
6.0 5.5 
14 25 

3.7 12 
1- 2 24 
14 26 
4-2 59 

12 41 
29 53 
49 63 
71 81 

3 . 9  
0. €3 
1.2 

1 6  

12 
12 
27 
48 

21 
67 
35 
60 

75 
74 
90 
8 1. 

0.02 
2 . 6  
0 .5  
21 

1 . 7 
3.2 
20 
43 

3 . 2  
2 r/ 
22 
40 

1.5 
84 
70 
98 

0.02 
0.001 
0 . 0011. 
0.006 

1.5 
0.1 
0.3 
0.2 

6 . 9  
0 . 4  
0.4 
5.7 

1.3 
6 . 0  
4.8  
1.5 

0.001 
0.1 
0.06 
0.08 

0.1 
2.0 
0.2 
0.5 

1.0 
9 .0  
3.7 
5.8 

4 .2  
1.5 
-10 

33 

1. . 8 
0 .5  

1 7 
12 
1.5 

39 
21 
18 

57 
51 
60 

8.7 

- _ _  
a 
Lnc7 udes that portion adsorbed on c ruc ib l e  and r e f l z c f o r  parts. 

'PWR-Lype U02 (93 t o  94% of i l ieoreticsl  density); only the  1- Mwd/ton 
p e l l e i s  were ful-1 s i z e  (7g); high-bur'nup samples were 0 .1 -  t o  0.2-s f m g -  
m m t s  with a total wei-ght of 1 t o  2 g .  

EGCli-type U02 (97s of t h e o r e t i c a l  density) ; samiiles were s i m i l a r  to C 

PWti samples in t o t a l  weight and fragment s i z e .  

I n  an i n P i n i t e  slab geometry, under ilie same assumpiinns as those 
used i n  deriving the re la t ions  f o r  the cylindrical &;eometry, the f r a c t f o n  
of fue l  underqoing erain growth i s  

......- _ _  
m (4.40) 

L" rs J 
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The r e l a t i o n  between the conductivity i n t e g r a l  and the volume heat gen- 
e r a t i o n  i s  

sTrc K(T)dT = 4 (L2) , 
5 s  

(A.41) 

where Q i s  the volume heat generation rate i n  w/czn3 imd L i s  the G.L& 
half-thickness i n  crn. I n  a spherical  geometry, 

v.i?s 

V t o t  
= [  

and. 

QR2 K(T)dT = - 6 ’  rs 

(4.42) 

(4.43) 

where R i s  the radius of the sphere i n  cm. 

of gra in  growth has been established, the release from the region of the 
U02 not undergoing grain growth must be detel-mined. For low-density 
s in te red  U02 (91-93$ of t h e o r e t i c a l  dens i ty)  the Booth model18 has been 
found t o  y i e l d  useful  r e s u l t s .  I n  t h i s  model t h e  UOZ compact, i s  assumed 
t o  consis t  of an assembly of spheres communicating with t h e  atmosphere 
through channels of open porosi ty .  The radius  of t h e  spheres i s  -Laken 
a s  

2. Release from Regions Without Grain Growth. Once the existence 

(4.44) 

where a i s  the radius of the  equivalent, microsphere i n  em, d i s  f rac- t ion 
of t h e o r e t i c a l  density,  and S i s  the t o t a l  surface a rea  per unj:t; volume 

with appropriate boundary conditions, should represent the r a t e  of d i f  - 
fusion of f i s s i o n  prodiict from U02? assuming no resis tance i n  the open 
porosi ty .  

produced a t  a constant r a t e  at a constant temperature without radioactive 
decay i s  

i n  crn2/cm3. Thus rmthermtical- solut ions of F iek’s  second l a w  f o r  spheres, 19 

The d i f fus ion  eqimtion i n  spherical  geometry f o r  a f i s s i o n  produet 

(4.45) 
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where 

c = concent ra t ion  of f i s s i o n  producLs 
atoiris/cm3, 

r - radial p o s i t i o n  i n  sphere,  em, 
i = L i m e >  see,  
D = d i f f u s i o n  c o e f f i c i e n t ,  cm’/sec, 
73 - r a t e  of produciion, atorns/sec.cm3 

as  a function of r ad ius  aJid time, 

The soluLion for f ,  t he  f r acb ion  of a given f i s s i o n  product released 
i n  t i m e  t ,  is20 

For f < 0.57, corresponding ’LO values of 

t h e  value of f j.s given by t h e  approximation 

(4.4?) 

Again, t h e  second t e r m  is n e g l i g i b l e  f o r  va,lues of 

For iiouisothermal condi t ions  ihe pellet must  be subdivided i n t o  radial 
zones of cons tan t  iernperature and t h e  above eyuatiori app l i ed  for each 
zone. 
t h e  d i f f u s i o n  c o e f f i c i e n t  D as expressed by 

‘Yhis i s  necessary  because of  tile s t rong  temperature  depeoilence o f  

u = I). ex-p (-Q/w) , ref (T 1 (4.48) 

where 

= t h e  difYus?:.on coeWi.ci.ent a t  a, re fe rence  t e ~ p e r a t i ~ i y ,  cm 2 / s e e ,  % e f ( T )  
Q = a c t i v a t i o n  energy, ca.~-/g-nm~.e, 

T = absol.iite teniperature,  O K .  

R = g a , ~  c o n s t m t ,  cal/g-mole-a~, 
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~. 

The above tedious procedure w a s  followed by Robertson e t  to 
obtain the r e s u l t s  presented in Fig .  4.54. The ealculat ion w a s  d-one f o r  
a p e l l e t  surface teraperature of 400°C and gave the f rac t iona l  re lease of 

xmon as a function of U ~ ~ O O  t and .f40i K(T)dT,  where D{koo is the value 

of D / a 2  at  1400°C and. t i s  the t i m e  of i r r ad ia t ion .  
were ca1culal;ed using an ac t iva t ion  energy of 46,000 cal/g-inole, compared 
with the more commonly accepted 71,000 cal/g-mole . l2 
s tan t  D f o r  Pission gases i n  U02 as 8 function of 1 / T  i s  shown i n  Fig. 
4.55; note the values of a given on the f igure .  

T 

The data  of Fig. 4.54 

The diffusion con- 

The values of D ~ ~ , o , o  versus 

.................. 

T 

1 0' 

4 0' 

io-' 

N 

$ 40-2 
0 

4 0 - ~  

/ .......... ~ 

/ 
5 ................... 

O R N - D W G  63- 6700 

~ ..... ........... 

SURFACE TEMPERATURE OF 
OXIDE ASSUMED 400" C 

D = DIFFUSION RATE crn*/sec 
AT f 4 0 G " C  

0 40 20 30 40 50 60 
F.P. XENON RELEASED (70) 

Fig .  4.54.  Fract ional  Release of Xenon i n  a Cylindrical  UcJ2 Fuel 
Element a s  a Function of Thermal Ka'cfng, Time, and Diffusion Rate. 
Robertson e'i al-. , i-cf, 21. ) 

(From 



I I I I I I I I I I I 1 - 1 1  : 

+J 
0 
0 

3f-g. 4 .55 .  3ifSusion Constact D for Fisslon Gases ir, 4. (Fray 
SeiLe, re;". 12, p.  496.) 



4.101 

t h e  densi ty  of the  p e l l e t  are given i n  Fig.  4.54. This treatment neglects 
an important f a c t o r  t h a t  has been shown t o  a f f e c t  r a t e s  of escape of f i s -  
s ion gases from U02 at  elevated temperatures. T h i s  i s  the so-called burs-t; 
e f f e c t ,  which has been noted by nearly a l l  inves t iga tors  i n  t h i s  f i e l d  
and which i s  s t i l l  not c l e a r l y  understood, although it h s  been subjected 
t o  r a t h e r  vigorous a t tack .  Davies and Long,22 s t a t e d  -that whenever t h e  
temperature of the UOz sample i s  ra i sed  rapidly,  e i t h e r  in -p i le  o r  out- 
of-pile,  both t h e  i n i t i a l  rate of evollJti.on of f i s s i o n  gas and the  t o t a l  
amount evolved are higher than ant ic ipa ted  by d-iffusion l a w s ,  and t h i s  
phenomenon p e r s i s t s  even after several anneals at  successive t e m p r a t u r e s ,  

PER CENT THEORETICAL DENSITY 
7 0  75 60 85 9o 9s 100 

1 I I I I I I 

0 0 

1. 
2. 
3. 
4. 
5. 

MINES 
M. BR., 
C.G.E. 
8. M. I. 
HI. A.  P. 0. 

a I I I I 
8.0 8.5 9.0 9.5 10.0 10.5 11.0 

DENSITY OF PELLET, Q/CC 

Fi.g. 4.56.  Diffusion Constant of 133Xe, D / ( D / a 2 )  at l4QOoC, as a, 
(From Booth and Ryrnter, r e f .  25. ) Function of Density of Sintered UOz . 



An invest igat ion conducted by SLevens and h i s  c o - t ~ o r k e r s ~ ~  indicaied 
t h a t  an oxidrized surface l a y e r  i s  a major caiise of the burst  e f f e c t  with 
l i g h t l y  i r r a d i a t e d  U02. 
hi-ghly i r r a d i a t e d  UO? by Parker and h i s  eo-workers, 
re lease w a s  not, es tabl ished,  

by receni; studi.es22 t o  have a sigai9i.cant e f f e c t  on release r a t e s  of fi-s- 
ston gases. 
seems p:CObabl€, hovever, that the defects w i l l  h.ave a m h . O r  C f l ” e C t  on 
fissi-on-gas release T’rorn reactor-grade UO;! , compared. with the surface 
l a y e r  e f f e c t  discussed above. 

w i l l  r i s e  rapidly i n  I..oss-of -coolant accidejlts. Therefore the existence 
of the  burst  e f fec t ,  which i.s no-t axnermble t o  t h e o r e t i c a l  predictions,  
makes the value of ca.l.culations based on diffusioi? da~t;a alone questionable. 

s i t y  arid $Treater, exhi.bits less fj-ssion-gas release t1la;i-L t h a t  predi-cted 
by the Boo’ih model. 

This e f f e c t  was also observed i o  occin- with 
but the mechanism or  

Emission from pores and. other  defects  i n  the  U02 l .a t t ice  w a s  shown 

Such defec.Ls xi1.l c e r t a i n l y  be produced. by i r r a d h t i o n .  1‘; 

There can be l i i i l e  doubt t h a t  the temperatu7’e of U02 f u e l  i-naieria1.s 

Iitgher densi ty  UO;!, i. e U02 of approximate1.y 77s iheol-etical den.- 

For f u r t h e r  infoimation see r e f s .  3.2 and 2 4 .  

4 . 3 . 2 . 2  Prcasure B u i - l d u p  and Cladding .__ ....... ~ .̂_,. S i r e s s  . . . i n  . . . . . . a Fuel  Rod -. ._.- 

The fission gases t h a t  are released t o  open pores and thence t o  the 
f r e e  volwiie within tile f u e l  sheath contribute t o  the i n t e r n a l  p r e s s i r e .  
I n  calculat ing 1,he steady-state pressure, 
e f f e c i s  OF the higher temperatures withtri 
by a r e l a t i o n  of the form 

where 

it i s  necessaly t o  include tiLe 
the open pores i n  ihe pel le i ;  

(4.49 ) 

P = p a r t i a l  pressure due t o  nuclide i, 
Ni - t o t a l  number of moles of nuclide i- released t o  the opeir pores, 
I 

V = volume of void space inside el-adding avai lable  f o r  gas sLoragej 
T absolute temperatim?, and 
R = sas constant.  

I n  pract ice  i t  i s  possible io divide the void volume into e l e r n p n h s  of 
approxiiixitel-y uniform temperature. For t h i s  case, E q .  (4.1t9) can be ap- 
proxi m t e d  by 

N, R 
P. = 
1 (4 .50)  
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where 1; i s  the number of' volume elements. I n  the case where the tempera- 
ture within the fuel i s  known analyt icr t l ly  and the  void space outside the 
f u e l  i s  a t  uniform temperature, Eq.  4.49 becomes 

N, R 
(4.51) 

vhe re 

VO = void volume outside the fuel but, inside the cladding, 
To = temperatiire of void space outside t h e  fuel, and 
Vf = volume of void space inside the f u e l .  

Eqmtions (4 .49)  and (4 .50)  r e f e r  t o  those nuclides behaving as perfect 
gases at the  temperature i.n question. If a portion of the vol.ixne w a l l s  
( e  .g., the cladding) i s  maintained at a texperature below the boilFrzg 
point of a given nuclide, the corltribution t o  the t o t a l  pressure Prom 
t h a t  nuclide i s  tihe vapor pressure a t  the average temperature seen by the 
nuclide i n  the volume i n  qes-Lion. Vapor pressul-es of some f i s s i o n -  
product el-ements and coinpounds a r e  given i n  Fig, 4.57. 

can be seen that the i n t e r n a l  pressure w i l l  r i s e  according t o  Egs.  (4.50) 
and (4.51) f0.r Lhose nuclides behaving a s  a p e r f e c - t  gas at these -tenxpera- 
t u r e s  and w i l l  f u r t h e r  i-ncrease i n  s teps  as -the cladding (the coolest  par t  
of the f u e l  element) i n  i t s  temperakure t r a i s i e n t  reaches the boi l ing  
points  of abundant nuclides, such as cesium aad rubi.diiim. 

occur by rapid. creep. 
less s t e e l  a t  high temperatures are given i n  F ig .  4.58, which shows the  
time required t o  rupture cladding t h a t  i s  bearing various taa.gent5.ai 
s t r e s s e s  a t  various temperatures. 

i n  r m y  cases of rapid. temperature r i s e ,  it i s  s u f f i c i e n t  t o  postu- 
l a t e  t h a t  t h e  cladding wj-ll.. f a i l  at  its meltiiig po in t  i m l e s ~  the cladding 
s t r e s s  i s  qui te  high. O f  course, t h i s  depends on the partici.iLa,r reac-tor 
de s ign i n  que st,i.on. 

I n  the  case of aii accident, as the fuel. temperature increases, it 

If the  temperature r i s e  i s  relaLivelj. slow, cladding f a i l u r e  w i l l  
Some s t ress-rupture  proper-ties o f  type 304 s t a i n -  

4 , .  3 3 Release from Fuel. After Cladding Fai-l-ure 

011 f a i l u r e  of the  cladding, the fission produc-1;s released from t h e  
f u e l  matrix (but CGntained ?.ri-l;hin tile cladding) w i l l  be released im- 
ned-iately iml.ess they reac t  with the clacldling -to forin d l o y s  or  stab1.2, 
norivolatile compounds. De termination of f u r t h e r  re lease from .the fuel 
i s  complicated by not knowing the exact corid-ition thxl; will e x i s t  a t  t h i s  
time and. by the scarci ty  of exGerin:enta.l and t h e o r e t i c a l  information t h a t  
coifid be used t o  predict; the amoimLs of f i s s i o n  products t h a t  w i l l  be 
released. I-L should be remembered that  he experimental data presented 
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Eri.g. 4.57. Vapor Pressixes of Me'cals and Oxides, (From Creek et 
al., ref. 26, p .  6.) 

3 01 G.C2 0 . 0 5  0.1 0.2 0 5  1 2 5 10 

- lME TO R U P T U R E  I h r l  

Fig .  4.58. Stress-,Hiipture Properti.es of Type 304 Stainless S t e e l  
'Tube. (Frolit Venad., ref. 2'7, p. 8 .  ) 
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here were obtained with small f u e l  specimens under controlled conditions, 
and therefore  extrapolat ion t o  f u l l - s i z e  reactor  systems i n  general cart- 
not be j u s t i f i e d  a t  the present time. Further experi.ments a r e  under way 
t h a t  should c l a r i f y  the basic  fundamental and. scaleup e f f e c t s  of re lease 
on meltdown or overheating of f u e l .  Conseqgently, these r e s u l t s  a r e  sub- 
j e c t  t o  considerable updating i n  the  near fu ture .  

4.3.3.1 Release from Oxidized U02 

Release of f i s s i o n  products from molten tJ02 has been stud-ied exten- 
s ive ly  i n  out-of-pile tes ts  on a small scale  by Parker arid h i s  asso- 
c i a t e s . 2 8  

s in te red  U02 of 93% theoretical .  densi ty  a r c  shovn i n  Fig.  4.59. 
t i n c t  discont inui ty  i n  fission-product re lease can be seen i n  the Lempera- 
t u r e  range 800 t o  900°C, which i s  a l s o  the temperature range a t  which the  
minimum oxida-tion r a t e  i n  air  occurs a f t e r  an oxidation time i n  excess 

Most of the following data are taken from r e f .  28. 
Resul ts  of oxidation experiments on t race- leve l  i r r a d i a t e d  DR-type 

A d i s -  

O R N L - L R -  DWG. 51345'1 

TEMPERATURE [ 'C ) 

t \ iRACE - IRRAOIATED 
FWR UO, 1 .  x\ 

i 

Fig .  4.59. Fission-Product Release by the Oxidation o f  PdR-Type 
UO2 t o  u308 i n  A i r  (Trace-Level I r r a d i a t i o n ) .  (From Parker e t  a l . ,  r e f .  
28, p. 1 2 . )  
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of 1 h r .  The minimum oxi-dation ra te29 e f f e c t  cm be confirmed by F ig .  
4.60. Parker  believes t h i s  e f f e c t  t o  be "associa 'md w l t h  the occurrence 
of t h e  maxirnurm dcgree of p l a s t i - c  defo-rmation of t h e  U 3 O s  ox ida t ion  produc~t 
at this t eape ra tu re ,  Lhereby a f fo rd ing  a m,xf.mm degree of' surface - l aye r  
p r o t e c i i o n  agains-t f u r t h e r  oxid.ation. " 

Figure 4.61 shows r e l e a s e  dat% f o r  UOz oxidixed i n  a i r  a f t e r  i r r a d i -  
a t i ~ o n  t o  an exposure of 1000 and. 4000 Mwd/-Lon. 
more comple tn1.y i n  Table s 4.11 and- 4.12. Table si.. 1.3 shows oxida'iion dalia 
f o r  i r r a d i ~ a t i o n  t o  an exposure of 7000 Mwd/ton. 

Comparison of t he  data. from i r a c e - l e v e l  j-rradi abed and high-er burni2.p 
samples shows t h a t  r e l e a s e  i s  higher  a t  h igher  buTilups. Parker  states 
t h a t  the higher  oxida t ion  rate imy 'oe due t o  fi.ssion-produc-t imp-iirity de- 
fects i n  Llie UOz and the g r e a t e r  surface .area of the  i r r a d i a t e d  samples 
which cracked i n t o  smaller, irregu.l.ar p i eces  dur ing  j . r r ad ia t ion ,  

T h e  same data a r e  shown 

4.3 .3 .2  Re om Moltei: UOz 

1. Out-of-Pile TesL. Table 4.1.4 g ives  resu l t s  ol" experiments on 
~ 1 _ 1  ~ ..... ...~ 

release of f i s s i o n  prodilets from very si-w.l-1 samples of U02 melted in t he  
a r c  -image furnace i.n heliimi, i n  air, 2nd i n  COz airriosphei"es after iYra,d.i-a- 
tri.on t o  var ious   level..^ of exposure.  I n  a reaciclr accideni; it i s  u:ol.ikely 
t h a t  UO;! would remain molten f o r  a long  peri-od of t h e  because j-t would 
C3.o~ t o  a cooler  zone i n  .the r e a c t o r .  Therefol-e, t he  zxperinienLs de- 
s c r ibed  i n  'I'able 4"14 were designed t o  maintain Llie U02 i n  a mol-tzn state 
f o r  a s h o r t  per.i.od of time. The most impor'cant condi'Lion i s  a sil-nu.l..ated 
meltdown i.11 a s~Leain 8,tmosphere % In  zene:ralt Llie r e l e a s e  results obiained 
i n  steam d.o no t  di.f-r"ci* 21-eatly from those  obtained i n  i - m p r c  helium or CO2.  

meltdoin1 experiments performed on a much larger scale (29 g of U02) by 
means of r a d i a n t  h e a i i a g  fivm R t-wigster, cruci-blr  used as a susceptor  f o r  
indue-ti-on hea-Ling. Comparison of Table L k . 1 5  w i t h  Table 4.14 f o r  h e l i  urn 
shows lower r e l e a s e s  from ihe .l.srger samples for al.1 the  f i s s i o n  products  
except iod ine  and barium. Table 4.16 shows t h e  results oir' expei.:i.ments 
usiilg c e n t r a l  hea t ing  of t h e  U02 p e l l e t s  by a tungs ten  r e s i - s to r  rod. These 
results appear 'LO yfe1-d lower f r a c t i o n s  r e l eased  than those  obtained. us ing  
externa, l  hea t ing  from t h e  c ruc ib l e ,  except  f o r  ruLlieniqmJ s Lroi lL5.Un1, ,  and 
barium. The ra re-gas  r e l e a s e  va,lues showm rin Table 4.16 ind ica tx ,  however, 
that  no-t a l l  the  U02 w a s  molten. 'The f rac ' i ion  of  xenon-krypton r e l e a s e  
can be taken  as a rough nexsu-re of 'die f r a c t i o n  of f u e l  t h a t  was molten. 

resiulted i n  a heterogeneous; segregated residue, whereas Zi-rcaloy appar- 
e n t l y  we i; the moltetj. TJ02 and formed a solid s o l u t i o n .  '' 
specjfi iens gave a rcduct:i.on of about 100 i n  t e l l u r i u m  re l ease ,  ai? inc rease  
from I t o  IO$ i n  t h e  release of strontium, a,nd an increase from 3 t o  7% 
i n  t h e  re lzase  o f  barium. Parker  states that these e f f e c t s  iil3.y be due t o  
oxygen dep le t ion  of the s y s t e r  by hot zirconi.um and, a l s o ,  parLiy due 
t o  t h e  loiiger durai ior i  of healing:.,  

used t o  q u a l i t a t i v e l y  evalua-Le the t h r e e  separa te  methids of oi i t  -of -p i le  

2 .  Effec t  of Scaleup. Table 4.3.5 shows t h e  r e s u l t s  of a s e r i e s  of 

3. E f f e c t  of Cladd-jing. ...-.- Melting U02 i n  coi1tac.t w i th  s t a i n l e s s  s t e e l  

Zircaloy-cl.ad 

4 .  Summary of -, Out-of-Pile 'WsLs ,  The d a t a  prescn'ced above can be 
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TIME ( h r )  

Fig.  4.60. Oxidatj-on of UO2 i n  A i r  at 350 t o  I000"C. (From Peakall  
et al., ref. 29.)  

O R N L - L R -  DWG. 65453 

TEMPERATURE. "C 

Fig. 4.61. Fission-Product Release by Oxidation of Highly Irradiated 
U02 (1000 and 4000 Mwd/ton) .  (From Parker et al., ref. 28, p. 12.) 



4.1.08 

Table 4.11. V i  ssion-Product Helease Prom UO;, Oxidized in A i r "  

Sample : l n t emed ia t c -dens i  t,y M.rH-ty-pe UOz (93-9/,$ of 

I r r a d i a t i o n :  1000 M W ~ /  ton 
A i r  TIOW: 100 cm3/min 

the ore t i c al ) 

T i m e  a t  
Percentage of lndividuol  F i s s i o n  Products  Relecrsed 

I_____ ___^__ _......... ____ .---_I __ .... Ternpecatwre Temporatwi2 ...- 
(rnin) Raio  

____I_____ I Pe c s  RU Sr B o  U (" C) 
Air Gases Hn 

500 

600 

700 

800 

900 

1000 

1100 

1200 

15 

15 

15 

12 

15 

13 

13 

13.5 

10 

12.5 

10 

12 

8 

12.5 

12.5 

17 

14,s 

9 4,4 4.6 

13 4,O 2.5 

90 4,O 4.7 

11 6.6 3.4 

13 6.0 5.6 

90 5.5 6.Q 

12 8.5 3.4 

12 7.2 10.1 

90 8.3 10.0 

15 10.5 9.1 

14 8.56 11.2 

90 15.1 14.1 

15 11.2 15,2 

14 11.9 14.8 

90 13.7 26.9 

26 30.3 55.2 

18 22.2 42.2 

90 30.5 73.3 

10 60.0 70.4 

11 49,9 64,1 

90 52.7 71.2 

15 79.6 86.6 

90 77.0 83.4 

< 0.01 4 

<0.003 

0.008 

0.003 

<0.003 

0.005 

0.01 

<0.003 

<0.003 

0.05 

9,043 

0.08 

< 0.4 

(0.85 

0.41 

< 7.7 

< 0.6 
31.3 

75.3 

20.0 

58.0 

59.4 

75.9 

0.02 

<0.0008 

<0.002 

o.ooa 
< o.oooi 

0.003 

0.001 

<3.003 

0.02 

0.01 6 

0.038 

<0.007 

0.005 

0.03 

<O.U02 

0,07 

-0.07 

0.02 

2.8 

CO.01 

<O.A 

CO.1 

4.5 

0.013 <0.001 

<0.014 <0.004 

0.16 <0,004 

oa33 0.003 

<0.23 <0.001. 

0.9 <0.0009 

0.63 0.001 

1.25 <0.0009 

3.8 <0.0008 

5.2 0.0006 

6.6 0.008 

35.3 (0.001 

18.9 <0.001 

11.5 <0.002 

30.3 <0.001 

81.5 <O.OOl 

69.8 <0.001 

97.9 0,001 

85.7 <O.anl 
95.5 0.001 

99.9 <0.2 

97.8 <O.W 

99.7 0.14 

< 0.0009 

<0.001 

< 0.0008 

0.0009 

<o.oooa 

<0.001 

<0,0007 

0.0006 

< 0,002 

c0.01 

<0.0015 

<0.007 

0.002 0.007 

o.oc75 <0.0812 

<0.002 0.002 

<0.016 

< 0,2 0.19 

0.1 

0.14 0.142 
_ _ _ _ _  ___II-_.___ .... ~ . _ _ - _ _ _ _ . _  .... ____ 

%ma Parker et al., r e f .  28, p -  13. 
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Table 4.12. Fission-Product Release from UO;! Oxidized in A i r a  

Sample : Intermediate-density PtLR-tTy-pe U02 (93-94$ of 

Irradia,t ion: 4000 Mwd/ton 
Air flow: 100 cm3/min  

t heo re t i ca l  ) 

- 
T i m e  a t  

Temperature Percentage of Individual F i s s i o n  Products Released 

I T e  CS Rw Sr 0 a  U 

Temperature 
(min) Rare 

Air Gases 
("C) 

He 

500 16 

18 

600 1 4  

15 

700 14 

13.5 

14 

800 13 

14 

900 14 

15 

1000 16 

13.5 

1100 14 

14 

1200 14 

13 

23 

90 

18 

90 

12 

15 

90 

15 

90 

19 

90 

15 

90 

14 

90 

16.5 

90 

1.5 

2.9 

4.4 

4.5 

9.25 

7.0 

6.8 

13.8 

13.8 

20.5 

21 -5  

39.5 

43.8 

66.0 

73,4 

71.3 

79.7 

3.6 

3.2 

10.3 

8.0 

9,6 

10,4 

6,5 

7.1 

15.6 

48.9 

47.1 

84. 

75. 

79.4 

83.6 

81.7 

9 4 3  

< 0.007 

<os01 

<0.006 

8.4 

0,Ol 

0,004 

< 0,05 

0.007 

<0.06 

0.4 

6.0 

11,5 

31.7 

15.9 

38.6 

37.1 

66.4 

<0.0004 

< 0.0007 

0.002 

< 0.001 

0.001 

<0.001 

<0.0005 

0,015 

< 0.0096 

0.009 

0.01 5 

0.09 

0.37 

C0.17 

0.19 

0.76 

6.4 

<0.005 

<0.01 

0.075 

1.8 

1.7 

0.44 

2.3 

1.0 

11.9 

17.3 

53.1 

72.1 

91.8 

90.8 

99,3 

89.9 

99.6 

< 0,0004 

< 0.0004 

<0.001 

<0,001 

< 0.0002 

< 0,0003 

<0.0004 

< 0.0004 
<0.0004 

<0.0001 

< O.OOO8 

< 0.0003 

0.14 

< 0,05 

0,006 

<0.01 

0.0065 

<0.0008 

< 0.004 

<0..0004 

<0.0006 

< 0.002 

< 0.0007 

<0.001 

0.01 

< 0,004 

<0.0016 

0.082 0.06 

< 0.0032 

0,014 <0.003 

<0.001 

0.7 <0.0025 
___ 

a 
'From Parker ei; al., r e f .  28, p. 14. 
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Tab1.e 4.13.  Fission-Product Release -from YO2 Oxid-ized in Aira 

Samplc: High-density FWR-tjqX E02 (96$ of t h e o r e t i c a l )  
Irradiation: li000 Ivlvd/ton 
~il-  flow: 100 c~?/mjn 

I .......... ............. ...... ........ 
Time a: Temperat,ure Per:enl.ege of Tndividud. F iission 

(kn) Products  Relensed 
........ ........ __ . __ Tempe 1-atc.r~ 

,1,. \ 

I , 1; Ir C S  Ru Sr Ba Rare 
Gases 

\ - b )  

Air He 

500 16 90 3.1 4 . 1 ~  <0.: 0,0006 0.1. <O. 000'1 <O .OOO4 
600 
730 15.5 93 6.1 15 <O.Og <3.905 0 .L <O .0@05 <O, 03'1 
800 1.4 93 9.4 9.0 <0.3 0.302 9.5 <0.0005 3.03 

13.5 30 4.2 3.1 <O.OL <3.002 3 .  '7 <o .0'304 <0. 039 

450 13, 5 93 15 34 a . 4  0.32 35  <0.0005 <3.08 

900 1.6.5 93 3 A 29 83 <0 . O 1  73 a . 3 3  <0.s 
I000 1-6.5 30 56 73 37 <O .03 93 CO.34 <0.2 

'2abl.e 4.14. Effect of Bur-niip Level and Atmosphere on the Release 
of Frission IroiJ..ucts During the Melting of U 0 2 " ~ ~  

Percan: of lndividuol F iss ion Products Relsased .. ___ ......... __ uo2 .............. ..___I 

Rere Number of l i iad iat  ion 

AtmosphEr5 L e v e l  Weight Resul ts  Vaporized 
Xe-Kr I Te cs Ru Sr Bo Eo&, 

(MWd/tQt7 1 (9 )  (%j 
.......... - ........ ............ .......... - 

H e  I i urn Tracer 0.22 2 99.5 89.7 92.0 91.3 61.0 2.1 4.6 2.2 

(impure) 2,800 0.03 3 21.1 99.9 92.2 98.2 93.5 90.4 2.1 6.6 5.1 

11,000 0.03 2 18.0 100.0 99.7 99.6 98.7 88.1 1.7 6.5 4.1 

Air Trocrr  0.2 2 98.4 94.9 79.1 37.7 67.7 0.2 0.5 0.5 
2,800 0.04 3 100.0 99.7 93.6 92.5 95.0 0.4 1.8 3.0 

11,000 0.04 3 24,7 100 99.8 99.3 97.4 92.5 0.4 1.8 3.9 

Tracer 0.2 3 14.1 80.6 76.8 71.2 60.9 44.9 0.3 1.1 0.85 

2,1300 0.02 3 99.9 98.7 98,6 90.2 74.3 0.5 2.5 2.8 

1 1,000 0.05 3 99.9 99.3 99.0 96.6 79.1 0.6 2.9 2.3 

2 r: 0 

.......... ......... .......... ~ ........ __- ......... ........ .... 

%CR UO2 with an oxygen--to-ui-a,niixn r a t i o  of 2.04 and an average 

b~rorn  Pan-ker ei; al., ref. 28, p. ~ - 7 ~  

densi ty  of 95% of t h e o r e t i c a l .  
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Table /i .15. Fission-Product Release from TJ02 Melted i n  1-iel.im 
by the Tumgstel?-Crucibl.e Method" 

Sa,mple: 25 e; of PWR-type UO;:, -trace-irradiatLtefi 
Atmosphere : pur i f i ed  helium, 700 cm3/min 

-. 
T iine ( tni r i  ) Percentage of Fission Products Released 

uo2 
Vapo Y' i zed 

I Te C s  R u  S r  Ba C e  
Gross Rare 

('I Gamm Gases 
Preheat Mo1:ten 

4.75 1.0 0.097 22.6 92.9 98.1 81.0 62.5 0.45 0.33 4.8 0.05 
5.0 1 . 5  0.157 15.1b 913.0 98.3 82.8 66.0 0.05 0.47 2.57 0.07 
4 * 75 2 .0  0.156 25.6 99.3 98.8 99.1 59.6 0.32 0 .41  2.95 0.1'7 
4.5 2.5 0.246 12.6' 99.0 95.0 98.9 72.0 0.33 0.53 2.4 0.13 
4-.5 1. * 5 13.7b 98.7 88 .4  91.8 80.2 0.20 0.26 2.6 0.40 
4.5 2.5 12.6h 99.3 92.9 96.2 89.4 0.70 0.50 3.6 0.10 

?Fro% Paxker e L  a l . ,  r e f .  30, p. 9. 

bDecayed one week 1 o n g e ~  tlmi previous sample- 

Table  4.16. Fission-Troduct Release from Single-Element U02 Melted 
i n  a Tiingstzri Resistor Furnac-" 

Sample: 39 g of Bm-type U02, trace-irrad.iated 
Atinosphere: pure helium flowing at a rate of 400 cm3/min 

Percentage of Fiss ion Products Released. 
__I-. ._. Heat TJ02 

Element, Durat ioa vapor i zeclb Gross 
Xe-Kr I T e  C s  R u  Sr  B a  C e  ($1 G,%rmll3 

U 0 2  5.0 0.8 7.1  63 47 56 4 4  1.6 1..6 5.3 CO.6 
uo2 4.0 0.15 5.7 50 30 42 41 O.r+ 0 .8  2.9 <0.5 
u02 4.4 0.3 6.9 34 25 33 >.?O <0.05 1.2 4.3 0.5 

46 0.5 1.0 4 .2  <0,3 u02 4.7 0.2 5.0 56 52 31 
TJ0,d. 7.0 0.3- 2.6 52 24 l . .l  28 0.1 11 11 0.5 
UO2d 6.7 0.04 5.2 41 50 0.6 32 0.2 9.9 7 .5  0 . 5  
u 0 2  + ReOe 1 . 5  20 30 100 90 92 91 61 2.1 4.6 2.2 

'?From Parker et al., ref. 30, p. 18 (revised.). 

bInclude s material  removed by spat ter ing.  
c Stainless steel- clad.. 

dZircaloy c lad ,  
e 
Previous results of melting microsize sample of highly i r rad ia ted  UCz i n  iiiipure 

heliu.111 by use of the ca,rbon-arc image method. 
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heaLing by expressing (as i n  Table 4.1-7) t h e  f i ss ion-product  r e l e a s e s  as 
a. f r a c t i o n  of the UOz thzit vas .molten, assuming t h a t  the f r a c t i o n  OF yare- 
gas r e l ease  i s  an  i.ndex of t he  Frac t ion  that was moi'ien. The arc-i.ma.ge 
method y l r lded  dispsoportionateLy hi.gh va,lues of' rutherniuni r e l ease  I This  
limy ha,ve been due t o  the  use of impure helium as t he  atmosphere ziid the 
use of small samples, wi th  resul. tant oxidation of Eu. to Ru03 or RuO4.. 

i n - P i l e  Tests. 
by BrownLng e t  al.j2 7 3 3  i n  a small-sca1.e i.n-pi.le meltdown experimental  
pmgifam tnst i - iuted-  t o  discover  d i f f e rences  be Lwei1 sma l l - scde  out -of - 
p i l e  meltdowns and in-pile rnel.tdoi.iii. I n  these  expei-i.ments, smll samples 
o f  stainl . .ess-.steel-clad UO;! were adlowed t o  build. -up a fission-product 
invento-ry, and then mel-idown was eY:re@tcd by r ap id  inser-tlion o f  the samples 

5. 'Tables 4.1.8 and 4.19 show eavly resillis obtained _.....-. ~ - 

Table 6 .L'/. Sumnary of Fission-Prodi;ct Release from Mclten IJnch3 UC2 by V a ~ " i o ' i S  
bkthods of Meltdom i n  a Fielium Atmosphex 

( 5  relcaoed froic. specirren) 
___ll_l 

(r: rare-gas  re lease)  
____I x 100 k :: i -ekssed frol:i noli.en oortioii 

/ I '  ,line (min) Percentage of F i s s ion  P ~ o r i ~ j ~ l s  Release6 frorr. Mol.Len Portion" 
1 1 1 ~  ......____ ___ -.-... _ . . ~ . I  _.... ~ ....._... ~- _ _ . . . _ ~ . . _ . _ . . I _  --___ ..... 

I n d  ic;ion IIeal ing Coi~p1c.C 3n F,ingsterA 

i,. 7 5  1 . 0  02.9 24.3 1.35 
5.0 1 . 5  33.0 J 5 .4 1.30 
4.'i5 2 .0  99.3 25.8 99.5 
4.5 2.5 99.3 1 2 . 7  95.9 
L. 5 1 . 5  93. 'i 1~3.3 a9.6 
4.5 2.: 99.3 12.7 93.5 

?,qeci; an ( low)  36. '7 1 3 . 3  35.9 
LOW 92.9 12.7 89.6 

K.i& 99.3 25.5 105 

Crucible Holding TJO2 Specimn" 

%'.2 67.3 0.49 0.36 5.2 
61.5 6'1.3 lQ.351 0.46 2.6  
99.9 60.3 0.322 0.(+1 2.97 
'19.9 72.7 0 .33 0.5~. 2.k 
93.0 2 1 . 3  3.20 3 . 2 6  2.63 
96.9 93.C 3 . ' d  3 . 5 0  3 . 6  
99.9 90.0 0:/0 0.54 5 . 2  
?3 67.3 C.32 C.41 2.6 
W . 5  60 0.05; 0.26 2.4 

Cer.t,er Tungs',en Rzsistor lieati~ng" 

5 63 1.1 '75 (29 <'A2 2 . 5  2 . 5  3.jk 
L. 50 11 60 a4 32 0.8 1.6 5.8 
4 . 1) 3it 20 '?& 97 >llQ <O.I5  3 .5  13 

High 63 20 75 97 >I19 2.5 3.5 1~3 
Med' an 53 11 it, 8% 3.i; 2.5 8.i 

11 tO 94 <'E <0.15 1.6 5 . s  Lo ui 3 4 

Arc-Imge Furnace Sp'zciinen Me I yeit  Sini*lta.neousi:- 

2 6?. i h . 6  110 93 9 1 . L  43.L 0.281 
l i s .  5 '77. ? 79.2 27.1 66 .1  0.13'77 2 ?0.5 

2 92. '7 6.4.) 90.3 92.4 36.1 3L.5 O . i ' / 3  
3 56. '! 13 .6  118 112 L2.3 132 0.186 
3 62.6 21.8 73.'7 d5.3 19.4 5'! 0 . l i i  5 
2 69. L 61 .9  10.3 29.2 '3.33 
2 39.4 86.3 93.2 72.1 3.20 
1 3-12 99.6 30.7 95. 36.5 33.1 '76.6 3.91 

5 i gh 93.6 30.Y 118 36.6 93.1 132 0 . 9 1  
~e c i i  zr. ( l o w  ) 6 9 . 1  i i i .9  9'3.3 '16.3 3 6 . 1  66 .1  0 .  
Low- 56.7 13.6 73 . I  61.6 lC.3 34.5 C.1 

0.86 
0.951 
2.3 
4 . 1  
0.65 
2 . 0  
7 .3  
'7 . 3 
2.0 
0. 65 

13 . 3 5L 
3 ,  C' i1  
3.13 
0 .1.3 
c .41. 
C.13 
0.42. 
c . LO 
0 . 05 

<;.o 
<1-.0 

1 . 5  
1 . 5  
<1.0 
<I. 0 

0 . 2 5  
i .2 
1 . 2 4  
3.79  
0.39 
0 .  '/ 
3 . e  
3.9  
0. '19 
0.25  

.___ 
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Table 4.18. Material  Released frorr? t h e  Fuel i n  UOz Melting Experiments" 

2 
3 
4 
5 
6 
7 
8 
9 
10 
1.1 

99.6 
99.4 99.2 98 
99.0 95 99.3 
96 96 
99.0 38 98 
99.7 99.1 99.0 
9 '7 96 96 
98 93.4 96 

133 
48 
8 3. 
91 
59 
3.1. 
57 
93 

48 

99.8 99.8 87 93 
93 96 87 85 
77 94 56 59 
57 55 43 4.4 
55 52 60 49 

44 70 58 h3 
71 71 72 70 
69 72 58 59 
18 26 12 7.6 

5.2 14 0.91 2.5 

50 
43 
44 
3 4  
47 

36 
70 
56 

0.72 

5.1 

a Sample length,  1 i n . ;  diameter, 0.210 i n . ;  saniple maolteil 5 min except experiment 
2, LO m i r i ;  l ieliwa veloci ty  evaluated a t  fuel melting poin-t, 60 fpm, except experirnents 
10 and 11, 125 and 350 fpm. 

'Includes mater ia l  removed by spattei-img 

Table 4.19. IuZaLei5al Released f rwm ILgh-Temperature Zone" of the 
Furriace 3.n UO, Me1:ting Expe-ri.n=nts 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11. 

91 
88 80 82 
94 52 82 
50 12 74 
95 82 88 
80 90 59 
89 72 81 
89 69-92 88 

3.3-5.1 2 1  17-27 0.12 0.60 
0.64 1.2  0.73 0.10 1.8 

5.2 1.4  2.3 0.019 0.32 
0.70-1.3 0.91 0.55 0.090 0.068 

1.8-2 .2  0.87 0.58 0.037 0.32 
1.7 1 . 3  0.82 0.051 0.24 
3.8 0.97 1.1 0.12 0.30 

5.9 2.3 0.94 0.036--0.044 0.30-0.40 

2.1 2.4 2.8 7. . 0 
0.13-0.17 2.9 8.0 0.5'7 3. . 2 

4.1 
0.052 
0.077 
0.23 
0.29 
0.615 
0.020 
0.013 
0.29 
1.6 

%igh-tempersture z o n . ~  incl.udes fuel. inate rial ani? t h e m a l  insu-la-Lion; rainirnum tem- 
pera-twe, 1000°C; sample length,  1 i n . ;  diameter, 0.210 i n . ;  sanipl-e m.olten 5 min excnpt 
experrimnt 2, 10 inin; he l ium veloci ty  evaluated at fuel. melting point,  60 fpm, cxzept 
experiments 10 and 11., 125 and 350 fpm. 

bIncl.iideo n?ateri.al removed by spa t te r ing ,  
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j.nto a higher f lux  reg ton  of the i-cactor. The conditions of the  experi-  
meat a rc  described i n  the Lab1-e~. A diagram of 'Ghe reactor  fu.ma,ce used 
f o r  Lhe experimeilts i s  shown ?'.n Fig. 4.62. It is t o  be iioted t h a t  the  
ma,Le-ri.al i n  closest proximity to the fuel.. p e l l e t  i s  thor ia ,  sj.i-i@e t h i s  
i?~ateria.l i s  not representative of ful_l.-sc,ale reac tors .  There i s  q ~ i . a l 3 . t ~ ~ -  

hot-zoiie data OB R-roIming are cornpared w i t h  Lhe meltdown-zone data of 
Farkcr 's  experiments. 
less s t e e l  c1.addin.g i s  ilot t o o  si-gnifj-cant. 

r e s u l t s  of which are  unfortunatel-y not pre s e a t l y  available , 

t bet-ween the values of 'Tables l+. l9  and Lv.15> Jfhei1 the 

T h i s  fur ther  i l l u s t r a t e s  -that the efTect of s t a i n -  

A t  t k  time of t h i s  writ ing,  much. s ign i f icant  work i s  iinder way, the 
Informa-Lion 

ORNL-LR---DWG 49981R2 

S rAINI.ESS STEEL 
GAS EXIT 

FI. EX I O  ILE TUBING 

CAST U J M I N U M  COOLER 

S iAINLESS STEEL 
SECONDARY CONTAINER 

STAl N LESS STEFLL 
P R I MARY CO NTAl N E 4 

CHROMEL-AI lJMEL 
THERMOCOUPLES 

Tho2 INSULATOR 

Tho? HOLDEN 

ZrG2  BASE 

CAST AI-IJMINUM COOLER 

T h o ?  INSULATOR 

PYROl YTlC CAKBLIN 
COATFD UC2 IN 
GRAPiiITE MATRIX 

LrO? I N S U L 4 I O R  

B e 0  COOLER PLUG 

Fig- 4.62. React,or Furnace for Meltdnwu ExperimenLs. (From Browning, 
r e f .  34, p .  3 0 , )  
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i n  nuclear s a f e t y  program semia-nnu,d. progress repor-ts published- since t h i s  
wri-Ling may provl.de a more d e f i n i t i v e  indication. of the exkeut of f i s s i o n -  
product re lease Prom U 0 2 ,  

not yet, been experimentally determiried. The best that can he done a t  
present i s  t o  work on t h e o r e t i c a l  grounds from. the known f ree  energies 
of the elements involved. 
the info.maLion s'iioid-d soon be availabl-e elsewhere .3 

The chemical nature of released flissS.on products i n  many cases has 

This i s  beyond the  scope o f  t h i s  report ,  but 

4.3.4 Release from. Non-U02 Fuel 

4 .3 .4 .1  Release from Metall ic Uranium 

Metall ic uraniiun fuel, although of decreasing importance In  power 
reac t  ors,  I s used ex-t ensively 1.11 low-tempe ra ture  p lu t  onium-produr- t ion re - 
8c-t;ors. Some work has  been c a r r i e d  out at  I-Ianford on the release of f i s -  
s ion prod.ucts from metal l ic  immium arid has been summarized by H i l l i a r d  
arid Reid.36 The data, given here are taken from that repor t .  
r a t e s  of' umnium. and fission-prod-uct re lease from pure uranium acd uranium 
a l l o y s  a r e  discussed i n .  more d e t a i l  i n  a forthcorning report .35)  

R se r i e s  of tes- ts  on t race- i r rad ia ted  na tura l  uranium (2.5 x LOx4 
neutYons/cd 1 heated. i n  air, steam, and heltiim showed t h a t  xenon, iodine, 
and te l lur ium were vola t i le ,  cestim and ruthenium were senlivolatile, and 
all other  ffssion-prod.uc-i; elements were released i n  amounts l e s s  %lzzn 0.5% 
under the condi.tions used (tenpeya-Lures up t o  1 4 4 0 ° C ;  times up t o  3 h r ) .  
The v o l a t i l e  elemen%s :<ere released. roughly i n  proportion t o  the percentage 
of .i~rz~iim oxidized -to U3Og, wi.th re lease being highest i n  air ,  next high- 
e s t  i n  sbeam, lowest in helium.. R1nthen.iu.m behaved as a nonvola-bile ele- 
m n t  imttl.  a l l  the  uranium had been oxidized, after which it appared Lo 
be v o l a t i l e .  This phenomenon i s  explafnable on -Lhe basis of Lhe f r e e  
energy of fo:rmation of RuO4 and. U308. 

Further t e s t s  were performed on u.ranium i r r a d i a t e d  t o  burni-ips as 
high as 4 x lo2  neu.tronc/cn2 (1340 Mwd/T) Higher i r r a d i a t i o n  l e v e l s  
gave g r e a k r  f r a c t i o n a l  re leases  of xenon, iodine, and cesi1.m bu.t not of 
txlluriixn, s t  ront  iwn., bar i urn, mt l;eniurm, molybdenum, ce rim, z i r e  onium, 
ncptu.n.iuui, ylutoniuii., or  uranium, Table 4.20 shows the e f f e c t  of i r r a d i a -  
t i o n  l e v e l  on the f r a c t i o n a l  re lease  from 1/4-in.  -diam, 3/4-iri. -long 
specimens heat.ecl f o r  24 min at 1200°C. 

g r e a t e r  f o r  higher burnups, but the  release occurred m.ore rapidly; i .e., 
as R burs t  a t  the  time the uranium melted. Figure 4.63 slioi~s t h i s  e f f e c t  
f o r  xenon. I n  the t e s t  on uranium i r r a d i a t e d  t o  4 X lo2' neul;rons/cni2 d-1 
the xm.on had been released wi.th5.n 2 min, whereas f o r  specimns with lower 
i r rad. ia t ion the release continued throughout the heating period. 

(Oxidation 

Not only was the  f r a c t i o n a l  re lease of xenon, iodine, and cesium 

Other conclusi.ons of the study were that 
1. Biirnup p e r  se dia not influence Lhe uranium oxidiat ion r a t e .  

Zoweves, as the f iss ion-gas bubbles expanded and broke tlwough the  semi- 
protect ive oxide Layer, t h e  molten uranium flowed out and exposed g r e a t e r  
area, f o r  oxidation, giving a net, result; of a l a r g e r  percentage oxi.dized. 



Ta3l.e L.20.  Effec t ,  of I r r a d i a t i o n  Level  o r  Release cf 
Fissior. P r o d x t s  from Metnl1i.c U r a n i a n  

......... __ ........... ___ ____ .......... 
Fracti-on Reieascd frcill Specimen" Af-er 

1:idicated I r r a d i a t i o n  

0.70 
0.60 
0.30 
3.65 
3.005 
0.005 
0.001 

0.3003 
0.3001 

(t 1 

(b) 
('2) 

(b) 

0.35 
0.d5 
3.60 
3.65 
0.005 
0.005 
0.301 
0.301 
0.0003 
0,0001 
0.0005 
(-3 1 
(b 1 

1.00 
'3.96 
3.80 
3.65 
0. oc5 
0.005 
0. '34 
0.34 
0.0001 
0.3301 

0.0334 
0. COO3 

(b 1 

I J Y ~ I ~ X I  oxidizecc 0.70 83. '70 3.32 
.... ........... ....... _._____ 

a1.3.. 7-g cyl.inders heated i n  zir 2 4  irin a-. 1230°C. 

b ~ ~ o t  m a l y z e c i .  

c, J r a c t i o n  of specir2er. 

a 
4 
n 
c 
J 

0 
a 

g 100 
5 
I 
0 

z 
0 

63 
c 
rr 

z 
~ 

i- z 
0 
0 

z 
7 

t 
X 

2 

3 60 

~ 

a 40 

LL 
0 

W 
0 

2 20 
L 
W 
c, 
(L 
w 
CL 

0 

I i ' 
~~ ~ ~~ 

I E b T i N G  I , S O T H E R M A L  ( 1 2 0 0 ° C l  1 C O O L i N G  I 
... .......... ............... r. I_ 

I 4 E L l a  IN A I R  I I N  H E L I U M  

I 
I 
I 

10 3 10 2c 3 0  

T I M E  A C T F K  M E L T I N G  ( m i n l  

P i g .  4.63. E f f e c t  of Burnup on R a t e  of Kelease of Xenon from Metal- 
lic U r a n i i i r n .  
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2. Rut1ieni.u.m and molybdenum were released t o  a grea te r  exten-L a t  
the highest burninp investigated,  but t h i s  was an i r d i r e c t  e f f e c t .  
no-t;ed i n  the t r a c e  - level  ~ o r k ,  rutheziium :ms nonvolati le i n  the  elemental 
r"o.m, but wads very volatil-e when oxidized t o  Ru04. 
t e s t s  more surface a rea  f o r  oxidaLion provided more opportunity t o  form 
t,he v o l a t i l e  RuO4 and MoO3. 

Full-scale .meltdown tes ts  with unirradiated f u e l  elements yielded 
the  surpr is ing conclusion Lhat bo.t;ln aliminlm and Zircaloy-2 cladding i n -  
h i b i t e d  .the f l o w  of uranium even a t  300°C above the m e l k h ~  point of 
urani urn . 

A s  

I n  the high-level 

4.3.4.2 Release from Graphite -Matrix Fuel Elements 

I n - p i l e  experiments were conducted by Browning e t  ale 3 3 ,  on -Lhe 
release of f i s s i o n  products during buriiing of pyrolytic-ca~bon-coated 
ii.~a,n.ii~rn dicsxhide p a r t i c l e s  3.n a g r a p h i k  matrix. 
produced suff ic ient ly  high temperatures for the  f u e l  t o  burn i n  a i r  at 
temperatures up t o  ~ 1 4 0 0 ° C .  
which about half of each specirnen m s  consumed; however, l e s s  khan h9lf 
of the uranium was i n  the  burlzed portion because of nonunifom d i s t r i b u -  
t i o n  o f  f u e l  p a r t i c l e s  in -the graphite rra.trix and p r e f e r e n t i a l  oxida,ti.oa 
0% the  unfueled graphi te .  

The r e s u l t s  of two of these experiments are given i n  Table 4.21. 
The r e l a t i v e l y  low re lease from the fue l  may 'oe due, i n  par t ,  t o  trapping 

Fiss ion  and g a m  hea-t 

The sample was binned f o r  1 5  m i n ,  d i ~ ~ i u g  

Table 4.21. Results of In-Pi le  Fuel Buming Expel-iment s wi. th  Graphite-Matrix 
Uraiiiuio Dicarbide Fu.e1 El-ements" 

-- 
Material Found (Percentage of Tota l  in Assembly) 

89sr 9 5 ~ ~  1 0 6 ~ , ~  1311 1 3 2 ~ ~  1 3 7 ~ ~  1 4 0 ~ ~  1 4 4 ~ ~  u 

b Unbuizied. fuel 

Experinent 1 50.6 58.2 27.0 59.7 47.6 38.1 51.7 54.8 61.9 
EqeriiEent 3c 75.4 83.9 87.0 82.4 76.1 3'3.1 84.9 85.3 93.9 

Outside of fuel. renid.ue' 

Experi.ment 1 13.8 3.7 48.2 28.9 42.7 51.3 l L . 5  9.05 2.12 
Exl;el=iflx?nt 3 13.1 5.04 8.81 16.5 23,2 54-5 6.96 6.98 0.877 

Retained in furnace 

Experiment 1 98.8 99.5 59.3 73.2 64.9 63.0 99.5 93.8 94.6 
Experiment 3 98.7 48.7 94.3 85.6 e5.7 58.4 99.3 97.1 99.8 

a Sample lenytln, 0.5  in. ; diamet,er 0.6 in. with 0.25-in ~ -diem axia.1 hole ; sample 

58.6% of the sample w a s  burned i n  experiment 1 aod 41% i n  ex-perPrfimt 3 ~ 

The specimen of e q e r L m m c n t ,  2 w2-s not malyzed because of its l o w  uraniinn content;. 

burn7.n.g time, 15 mi.n; air Tlow, 400 cn?/mfn. 
'0 

c 

' F i ~ l .  materials on all c q o s e c i  surfaces except the mbumed portion of the speci- 
icen, file1 par'i.ieles a1d pox$&r, ,znd Lhe floor of the conbustion furnace. 
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of f i s s ion  products with-in the p-yrolytic-carbon-coated mi-crospheres 
(h.150 v ) ,  some of whtch f e l l  out of' the  graphite matrix and d id  not burn 
complete1.y wi th  the r i t r i x .  The high ?:uthenii.mi re lease was pr0babl.y due 
-to the formation of rutheni.nm oxide. 

4.3.5 Par t icu la te  Generation ...-._ During Fue l  MelLdowlz -._...I- 

The generation of par-t iculate matter during a reactor  accident i s  
of' rnajor coneern because of the differeilt t ransport  behavior of %?E f i s -  
s ion  produc Ls adsorbed on paxt iculate  mat-Ler 8,s coiiipxred wi.th elemental 
forms. The s izes  of particles +,??at emmated from U02 melted i.rt an arc- 
image furnace i n  helium, in air ,  and i n  COz are  sh.om i n  Fig. 4,64. I n  
helium, almost, a l l  the pari;icl.es, by count, were cO.06 p i n  diameter. 
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PARTICLES O r  S I Z E  LESS THAN THAT INDICATED, 70 

Fig .  4.64. Sizes of P a r i i c l e s  that  Emanaied from U02 Melted in 
Helium, i n  C 0 2 ,  and i n  A i r  i n  an AIT-TIID,~P Firnsce.  (From Parker e t  a].., 
ref. 28, p. 1.8.) 
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The maxi.mum s i z e s  i x i  C02 were 0.45 p. and 0.2 1.1 in a i r ;  hobrevery i n  C02 
there  was a l a r g z r  f r a c t i o n  of smna1.ler s i z e s  than i n  air. 

The e f f e c t s  of stainless s t e e l  cladding on UOz melted i n  helium are  
sliomi i n  Fig, 4.65. The presence of stainless s t e e l  reducea -the ma:i-in~uiii 
p a r t i c l e  s ize ,  but the distribmtioiz of p a r t i c l e s  of s izes  of l e s s  than 
0.20 p w a s  s i m i l a r  t o  t h a t  for unclad U02. The experiiiients yielding the 
~esu3- t~  of F ig .  4.65 were done with c e n t r a l  heating by means of a tungsten 
resis'Lor, arid l a r g e r  p a r t i c l e  s i z e s  were I"oi.ud than i n  the arc-image 
furnace experiments (Fig. 4.64.) or a tungsten-crucible hea'Ling experiment 
(Fig. 4 .66) .  The reasons f o r  this e f f e c t  a r e  n o t  known but may be due 
t o  f a s t e r  agglomerations i n  i h e  resis tor-heated elements 'oecause o f  a 
la,rger i n i t i a l  concentration of particinlate ma,tter &ad perhaps grea ter  
agita. t ion.  

M t e r  re lease from t h e  fue]., Lhe fiaaion pro&ucts w i l l  spread from 
the  primary system to  the i n t e r i o r  of the cl?ni;ainsierx1; .vessel, Predictlion 
of the f r a c t i o n  of the a e t i v i t y  t h a t  w i l l ,  escape from the  primary system 
i s  complicated and d-epends on tlie pEtrticular eontlT1;loas exristing i n  a 
given reac tor  following the acci.de:n.i; . 

In theory, the  chemical. cornposttion o f  t h e  efflments from molten or 
oxidizing fuel could. be characterized, and  t ? ~  adsorption and cbemisorp- 
t i o n  o f  the ef f luents  on s t ructural  rmter ia ls  could be calciih'ied f o r  
simple geometries. I n  praxtice,  however, th is  pj.ct,ure i s  conf'used by the 
presence of particulate m t t - b e r ,  which would hidve chemical. properttes d i f -  
ferent frcm those of gaseous materials The dist ,r ibution of given fissi.on 
products between t,he free and parliculnt.e forms a:iid. the f rac t iona t ion  of 
f i s s i o n  products among d i f f e r e n t  s i z e  p a r t i c l e s  :?roiiLd- c21.so need t o  'oe 
considered,. A l l  the  above would be con-tingelit, on the knowledge of the 
mechanical struc'iure of the core a f t e r  the accident.  The behavior of 
unclaa p e l l e t s  p i l e d  a t  a l o w  poin t  j.n the reactor  vessel  would be qui te  
d i f fe ren t  wi-Lh r e  spe cS, to 1;hermal e f f e c t s  (na tura l  -c onvec-ti.on cooling 
e1;c.) than the behavior of pel.let,s in {:he cool.mt cha-mieln. 

acteri. zat ion o f  f i s siori product s ,  fl ss?'.on-produc-t f r a c t i o n a t  ions, and 
transport ixirler controlled. cond.j.t;ions Some d.s,ta w i l l  be reported here , 
with the advice t h a t  b e t t e r  and- more comple-te data should. be avail.able i n  
Li0.e fuii ire.  Resul ts  o f  conLinuing studies of fission-product deposit,ion 
i n  a cireulaLirg hel.j.um stream have been reported' but wi.1.I :o.ot be con- 
sidered. here because the condi :;ions employed were far removed f r o m  those 
of probable loss-of-coolant accidenl; conditions,  

nace air. veloci ty  i n  the deposit ion of f i s s i o n  proclu.cts released. by m e l - t -  
ing U02. The amounts of f i ss ion  prodiicts re ta ined i n  the lFiie1. c m  be 
obtai.iied by siibtracting tile t o t a l  percen-t released from 100. I-1; can be 
seen tha-L cerium, strontiiun, Iclarj-urn, a.nd zirconiuti a t ? _  released 5.n srmller 

*-See Appendix G f o r  re1evan.t rinfomation published since -this chapter 

Research i s  just beginning on fundanenhl  problems su.ch 0,s the char- 

T8,bl.e Lk.22 gives the r e s u l t s  o f  e.xperiments on the effect of Tur- 

- 

w a s  pr.epa.red a 
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Fig., 4.65. Sj.zes of P a r t i c l e s  of UO2 Vapol-i.zed from Stainless-Steel- 
Clad and Eare U02 Fuel  P ins .  (From Parker et a l . ,  ref. 30, p .  24. ) 
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PARTICLES OF SIZE L E S S  THAN THAT INDICATED (70) 

Fig. 4.66. S i z e s  of Par t i c l e s  from UO;! Samples Me3.ted~ i.n I I e l i i i m  
by the Timasten--Cruci.ble Method-. (From le rker  et aL. ,  ref. 30, p. 16. ) 



Table 4.22. Effect  of Flnfnace A i r  Velocity on Deposition of Fiss ion 
Products Released by ifleltirig Modified UOz Specimens a,t  265O"C't- 

Percent o f  Total  A c t i v i t y  and I t s  Location, with Velaci ty of 

Furnace A i r  a s  Indicated (l in ft/rnin)a 

Furnace Tubes Fi h e r s  Charcoal Trap .roto I - .. ... ....... 

0,3 5.0 0.3 5.0 0.3 5.0 0.3 5 "0 

Gross gamma 10.1 8.8 1.2 6.2 0.4 3.4 11.7 18.4 
Rare gases 77.1 69.5 77.1 59.5 
Iodine, y 62.3 12.1 5.4 9.8 11.3 56.9 79.0 78 .a 
TeIIurium, /3- 66.0 28.6 0.3 43.2 7.5-1 71.8 
Cesium, y 34.5 18.3 15.6 30.9 50.1 49.2 

Cerium, /3- 0.24 0.17 0.1 1 0.37 0.35 0.54 
Strontium, p- 0.1 0.05 0.01 0.11 0.05 
Barium, /3- 0.55 0.08 0.01 0.07 0.56 0.15 
Zirconium, y 0.02 0.02 0.01 0.01 0.03 0,03 

Ruthenium, 63.6 33.0 0.0 24.6 64.4 57.6 

Uranium' 5.4 1.4 7.8 ___ ..................... . ...................... ..... ........................................ 

a 
A i r  f~.ow = 200 cm3/rnin o r  0 . 3  ].in ft/min o r  3000 cm3/min o r  5 l i n  

ft/min across  sample; heating time :: 90 see .  

bVsporieed as UO3. 

q r o m  Parker e t  aJ -.., r e f .  28, p. 1-8 

f r a c t i o n s  than the urantim. The more-volatile iodine, however, may be 
c a r r i e d  a considerable dis- tame by ZL rapid rfl.0~ of gas.  

4.23. 
by induction heating and swroimded by a thorii.mi oxide crucible acLing 
as a refl .ector.  'The g a s  stream was parsed through a miniatixe fall.out 
chamber approxinmtely 18 i n .  
up by mri.llipore flilters placed -9 i n .  downstream from tho exit; of the 
f a l l o u t  chamber Reat.ed charcoal t r a p s  weye pl-aced 12 i n .  beyond -thaLt 
Major differences between the tiso 1-u.n~ can be seen i n  Table 4.23 f o r  
iodine i n  the fa1lou.t chamber a,nd i n  the charcoal. Differences of this 
magnitude were not explained. 

U02 mel-bed i n  helium by -the c e n t r a l - r e s i s t o r  nethod (unclad, stalinless 
s t e e l  clad, and zirconium c l a d ) .  
a s t r i k i r g  reduct,i.on in. t e l lu r ium release at  a l l  points  bizt s?ttot;rs a marked 
increase i n  s-trontium escape From the f u e l .  It cat  'oe seen, however, t h a t  
str-.ont.i_urn did not. t r a v e l  far i n  any case. 

Tables 4.18 and and 4.19 (a'oove) gave the  r e s u l t s  of some preliminary 
i n - p i l e  meltdown e,rperiment;s w i t h  s t a i n l e s s  steel-clad. 1102 . Comparison 
with d a t a  i n  these ta'oles shows t h a t ,  although la rge  f r a c t i o n s  of avail.- 
able f iss i .on produc-ts ctre re leased f.rorr1 the fue l ,  cGmparatively little 
strontium, zirconium, ruthenium, harrri.um, and cerium a r e  released f r o m  

The t ransport  effects of a hel.i.im atmosphere a r e  indi.c&xd i n  Tab1-e 
I n  t h i s  caseg the  furnace conststed of 8 tungsten cmcibl.e heated 

and. 3 in. i n  dianie-ter, which m,s backed 

Table 4.24 gives  the d i s t r i b u t i o n  of released fissio:n products f r o m  

The effect of zirconiim cladding i s  
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'Table A .23. Distr ibu-t icn of F iss ion  Products ?,eleased from US2 
Melted i n  Hel~i i ~ l i i  by t,he Tungssen-Crucible Met!iod* 

. . . . . . . . . . . . . . . .. .. __ . . . .-. . . . . . . . . . . . . . . .. .. . .. . . .... 

iielea,w ($) 
. . . . . . . . . . . . . . . . . . . ..... ..... __ - - .--. . . . . . . . . . . ......... 

Location Total Gamma Iodine Te l lur i im Cesium Strontium 
-. . . . . . . .- . . . . . . . . . . .- 

10124 i o /3 i a  10/24 10131 10/24 io/x 10124 i o i3 i  10124 l O i 3 1  

Furnace 17.8 11.6 45-3  6)?.1 62.9 68.5 51.6 43.6 0.2 0. I 
Fallout 0.8 1.1 2.i3 13.5 4-7 3.0 4.5 15.8 0.1 0. o/i, 

F i l t e r  2.8 2.3 8.0 16.1 13.)+ 11.3 6 . i  6.8 0.02 0.04 

Charcoal 1.2 0.1 l.2 2.8 

chadoe 1" 

Total 22.6 15.1 98.1 99.5 81.0 82.8 62.5 66.2 0.32 0.48 

?kceyed one week longer .  

*Froli, Parker e; a l . ,  r e f .  30, p .  1-0. 

'iab1.e L. 2L.  Distribuxion of Fission Prod,icts Released~  fro^ U02 Mel.teda 
i n  Ile1i.w: bjr the  Central-Resis tor  Methodb 

Release (9) 
. ._. .. . . . . . . . . 

F i l t e r s  Charcoal Furnace Rase and 
Hot Zone G a s  Tube 

U02 Specimn Mat,er:.al 
Released. 

UO2 

Iodine 

Tellurium 

C e s i u r ,  

St ront imn 

3ari.m 

Bayre 
Stainl-ss s t e e l  c lad  
Zirconium c1~a.d 

B a n  
S t a i n l e s s  szeel cl-ad 
Zirconium clad 

Bare 
Sta in less  s',eel cl..id 
Zirconium clad 

Bare 
Stainless steel- c lad 
Zirconium clad 

Bax 
Sta in less  s:?cl clad 
Zirconium c1.a.d~ 

Bare 
Sta in less  s t e e l  c lad  
Ziraonium clad 

0.1. 
0.14 
0.08 

0.25 
0.9 
0.2 

2.4 
6 
0.0s 

25 
7 
9 

1.2 
0.9 
10 

L 
L, 
9 

0.002 
0. OOlt 
0.0015 

22 
23 
27 

33 
22 
0.7 

8 
25 
15 

3.02 
3.01 
0.1 

0.01- 
<o .02 
0.06 

0.0003 
0.00006 
0.000005 

11 
23 
9 

9 
2 
0.1 

12 
14 
5 

0.001 
0.005 
9.01 

0.002 
<o .002 
0.01 

0.8 
0.2 
0.4 

%are spcimens averaged 509 melting; s t a i n l e s s  steel~-clad specimen vas 56$ 

b- 
rielted; zirconium-clad specin1er.s averaged L'$ melting. 

firor:i Parker e t  a l . ,  r e f .  30, p. 25 ( rev ised) .  
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the  high-temperature zone, d-efined as the  region having a minimum tem- 
perature of 1.000"C. Hovever, iodine, tellurium, and cesium did escape 
the hot zone i n  la rge  quant i t ies .  

4.4.2 Chemical and Physical Behavior of  
Released Fiss ion Product 6.X 

C a ~ t l e r n n ~ ~  at Brookhaven has done experiments on the behavior of 
f ission-product iodine, cerium, barium, laathanum, m.olybdenuxt, and t e l -  
1-uriiirm released from iiietallic uranium i n  pur i f ied  helium and i n  a i r  ~ 

following mater ia l  i s  -taken from. h i s  repor t .  
The 

4.4.2.1. Release Ex-periment s 

The condensation temprakure of spec i f ic  f i s s i o n  proc7i.izcts released 
from an i r r a d i a t e d  f u e l  sample i n t o  a helium or  an air stream was measured 
i n  the appara-tus S ~ G T ~ T ~  i n  Fig.  4.67. The gas stream, together with the 
released f t s s i o n  products, passed through a descending temperature gradient, 
inside of -the qilartz meltdo3m -tube. Fiss ion products t h a t  d id  riot de- 
pos i t  along the  -tube i m l l  were co l lec ted  i n  8 charcoal colcl t r a p  located 
at the meltdown-tube e x i t  

P r i o r  t o  heating the i r r a d l a t e d  sample, the desired temperature gra- 
d ien t  was establ ished along the meltdown tube e A typica l  temperature 
p r o f i l e  (1200°C -to arabien-t a t  80"Clin.) i s  shosm i n  curve A of Fig.  4.68. 
Curve B of Fig.  4.68 r e f e r s  t o  the %u.mace--teinpeI.atu.re profi1.e applicable 
t o  the third s e r i e s  of experiments, described below. The sample was 
maintained a t  1205 -1- l 0 " C  thyoughoiit each run. The fuel samples were 
10-g cubes of U-3.5$ Mo a l l o y  i r r a d i a t e d  a t  3 t o  9 X neutrons/cm2. 
Purified. helium vas used. t o  m a i m t a b  the  oxygen content at a concentra- 
t i o n  low eriough t o  prevent oxidation of the molten uranium-molybdenum 
sarflpk during the rim. The e f f e c t  of flow r a t e  on the fission-product 
deposit ion zone w3,s studied. I n  a l l  cases, however, a low l i n e a r  veloci ty  
was used t o  9rovid.e s u f f i c i e n t  contact time between. the flowing stream 
and the  Lube wall t o  ensure fission-product deposibion i n  a narrow band. 
When the temperatures reached. eqi~.iY~.bri-m, the i r r a d i a t e d  specimen w a s  
inser ted  i n t o  the center  of t h e  heated c o l l a r  and melted at -Lhe specif ied 
experi.menta1 cond.i.ti.oin s. 

4.4.2.2 Fission-Product Behavior 

The t y p i c a l  deposibion behavior of f i s s i o n  products released. i n t o  
puriyied helium and. i n t o  air  i s  sho~wl i n  F igs ,  4.69 and 4.70, respec- 
t i v e l y .  The most s ign i f icant  r e s u l t  w a s  found. i n  the iodi.ne deposit ion 
from a 'neliim streail1. Znvariabl.y, iodine deposi-ted at temperatures grea te r  
than ZOOOC, where the vapor pressure of elemental todine vo1il.d. be much 
i n  excess of I a - t m .  DIE to the importance of iodine i n  determining re -  
a c t o r  s i te  c r i t e r i a ,  mos-t of the experimental e f f o r t  vas placed on a 
b e t t e r  understanding of -the chemical behavior of the released iodine.  

-x-See Appendix G f o r  relevant i n f o r m t i o n  published since t h i s  chapter 
w a s  prepared I 
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1. Iodine. To ensure t h e  use-P-,dness of i2ie experiments f o r  study- 
ing  iod.i.ne rel .ease,  i t  w a s  f i rs t  necessary  t o  know '~~bat, esperlm?n-Lal 
v a r i a b l e s  affec.ted t h e  f i ss ion-produc  t deposi t ion d i s t r i b u t i o n .  The re- 
sults of this j -nvest igat ion are gj;-Lv-eii 3.n 'Tab1.e 4-.25. J n  -the s e r i e s  1. 
experiments, heli.um w a s  passed a c r o s s  .the rncj1te:i uraniurti-I::olybc?enui-n a l l o y  
specjmen foi- r k 1  min a t  9 C ~ ~ I ~ / U I ~ I I .   be tempera.ture gina,ilient a]-ong the  
inel-tdown t n b e  was s i m i l a r  t o  Lhat shown i n  curve '4 of Fi.g. 4-68. Less 
than  lO$ of t h e  iodi.ne r e l eased  depos i ted  i.n t h e  reg ion  below 20OoC, and 
the  majori;y was i n  t h e  region at 250 t o  350°C. In t,he s z r i e s  2 axper:'.- 
ments, the hcli;un I"1.o~ r a t e  w a s  doubled; however, t h e  only e f f e c t  noted 
w a s  Lhzt t h c  i.oci.inc depos i t  was s l i g  3-y more spread out. The T;lrance 
temperature prof i.1.e w a s  ciianged t o  t 'i shown i n  curve 13 of F i g .  4.68 
for t h e  thin?. s e r i e s  of expei-5.menLs; all otlier experimental  condi t ions  
were i d e n t i c a l  t o  those  used i n  t h e  series 1 experiments.  As seen frairill 
Lhe results of t h e  s e r i e s  3 experiments,  'che iod ine  deposited. i n  ;he 
ident ica l .  temperat-xe region: which i n  tiits case was €o;lr tube di-afietei-s 
( 8  cm) c l o s e r  t,o -b i l e  meltdown zone. A conipa,-rison of these  r e s u l z s  con- 
firmed t h e  conclusion t h a t  Lhere w a s  a d.e?inite iod ine  condensa,tion zone 
ani;. thai the iodine  r e l e a s e  w a s  no t  part,icul.a,te under t h e  coi idi i ions of 
This  experiment.  
3 a . t  used f o r  s e r i e s  l Lo 3, bui no e f f e c t  O i i  t h e  iod ine  depos i i  was 
no-Led. Therefore,  Lhe iod ine  depos i i  w a s  r e l a t i v e l y  inmobile, and a 
s l i g h t  varckt ion  i.n t h e  Length of a, run had no effect on t h e  r e c d t s .  

h o - i h e r  s z r i e s  of experiments ( s e r i e s  5 )  w a s  rim t o  deteimLne whether 
Lhe cruc ib lk  i:iateriai had a,iiy e f f e c t  an the chemical form oi" the r e l eased  
iod ine  and iherefore oi? its fri.ii.a,l dist;:j.biution. Ac se.3-1 +L From Lhe resiilts, 
the dis'cri.bikion dtd noL d-epend on t h e  boat, m a k i r l a l .  Based .  on Lhese 
experiments,  t h e  iod ine  w a s  undou-btedly depos i ted  i n  a combined :Porm, 
dependent on ihe u r x n i m  mat r ix  from which i.t w a s  relea..sed. N o  o the r  
f i s s i o n  products  ve re  observed. t o  condense i n  t h i s  teiripera'uure region,  
and, a s  Expected, compoulids of fissi.on products  would no t  be importamt 
based. on ihc small coacentrat;.on of i h e  r e a c t i n g  speeies i n  t h i s  fuel. 

resul-ts obtaik-ned i n  helium w i t h  t h z  results obtained i n  a i r  ( s e r i e s  6 
a n d  7 ) .  In Lhese exycriments,  90% o f  -the r e l e a s e d  iod ine  depos i ted  ?'.n 
'ilie reg ion  below 5OoC, and the major por t ion  was c o l l e c k d  i n  f;he co1.d. 
t r a p .  SOIiiiC charcoa l  particles, which are known to be a good. trap for 
eJ.einenLa.1- i.odinz up t o  s e v e r a l  hundred degrees  cenCj-grade, were d i s t r i b -  
uted at the l..ower end of t h e  tubc i n  s e r i e s  '7. The experimental. condi- 
ti~ons were Si r i1 .aT t o  LhCiSe of seri-es 6, excepC th%t t h e  air  f l o v  i%k 
was h c r e a s e d  by a f a c t o r  of 5 .  Approximate1.y one-half  t h e  iod-ine col- 
lected on iiie charcoal. p a r t i c l e s ,  and t,he remzi.nd.er coi . lected i.n t h e  
cold t r a p .  It i s  t h e r e f o r e  c l e a r  th?,t, t h i s  'iodine w a s  not  merely c a r r i e d  
a long  on par~tj-cles i n  t he  a i r  stream but,, inst ,exd> was presen; i.n t h e  
e lementa l  sta-be . 

2 .  ~ a r i u a - L ~ n t h a n w n .  'The depos~i- t ion d f . s t r ibu t ion  of  barrrilini and 
lanthanum. was s tud ied  under experinentaJ- condi Lions i d e r , t i c d  with those  
f o r  Liie iod ine  s tudy.  A s~~fiiinary of the r e s u l t s  i s  given j.n Table t t .  26. 
Varia'cions i.n f low rate, r m  dura t ion ,  and boat mater had. lio e f f e c t  
on the fissi.oii-prod.:lct, d is l i - ibuLion,  and, i n  a3.1 cases, t h e  ba.rium- 
laiitiia,i?,im depos i ted  i n  reg ions  at 1100 t o  1200°C. Both ba.rium and. 

-.- 

The run durati.on ro r  t h e  s e r i e s  4 experiments was twice 

The s i g n i f i c a q t  aspec-t  o f  t hese  siud:i.es i s  seen by compa.rison of t h e  



Table 4 . 2 5 .  Iodine Released from U r a r i u n  %G 1200°C" 

Meltdown R u n  
Boat T:Ae Iodine Deposition 

Flow 
Atmosphere Rate Duration Experiment 

Ser ies  i%.terial Teqerazure  Zone T e q e r a t u r e  
(c;n3/min) ( x i n )  

Prof i leb 

R e s d t s  

Curve A n 1 He 9 4; -a 

2 I-:e 29 35 Ta C ~ r v e  A 

3 He 9 40 T5, C-xve 3 

4 He ? so Ta C~irve A 

5 He 9 4c u 2  93 Curve 4 

6 A i r  10 41 - u 2 0 3  Curve A 

7 A i r  52 53 -412 0 3  Curve k 

Yator l ty  deposited at 250 
t o  350°C; l e s s  than lo$ 
i n  regton 'oelow 200°C 

Sane as above 

SaEe as above 

Same as above 

Same s s  above 

Y l j o r i t y  deposited is 
cold t r a p ;  less thEn 3s 
13 regioyi above 103°C 

103°C ; epproxinateljr oce 
half on charcoal pt i r t i -  
c l e s  i n  t7J-be and one 
hal f  i n  cold t r a p  

97s deposited belou; 

TypicEi behavior i n  heL1-m; 
no o ther  f i s s i o n  products 
i n  iodine deposi t ion zone 

Iodine deposi t ion zone scme 
at increased heliulr: f l . ~  
r a t e  

Iodine deposifYion zme in-  
dependent of dis tance f r o m  + 

P ciel';dowrL zone 

Increased run durz-tion hzd y 
no e f f e c t  on depcisltion 
region 

Io$' qe re lease  did no; de- 

pend 02 boat na?er ia l  

Iodine re lease  depended on 
xhe chemical environment 

Iodine re lease  w a s  3o t  
parx ic-da te  

%ram Castleman, r e f .  39, Ta.ble 1. 

" ~ c m e  given tr: Fig. 4.70. 



Table 1, .26. Fi ssion-Froduc t Depositiona 

Source Atmo sphe r e  H e  su1 t s 

Ba-La G-3. 5% MO alloy iie loo$ deposi-ted i n  region 

Ce U-3"5$ Mo alloy He 9$$ cieposi-Led i n  i-eg-j-on 
a t  1000 t o  1200°C 

Te u-3.5$ MO a l l o y  He Widely d i  stri-but 2 d 

ai; 1-7.00 to 1200°C 

throughout Lube ; peak 
deposi-t ion i n  zone ai  
GOO t o  850°C 

ElemenLal T e  IIe W i c k  band. i-n region a'i 
225 to 525°C 

MO U-3. 5s Mo a l l o y  He E s  serxi-ial-ley no r e L  0 9  se 

Sand i n  region at  530 
to  730°C 

U--3.5$ Mo alloy A i r  Deposi.ted i n  d - i s t i nc t  

%ram Castlenun, ref. 39, 'i'a'aic 2. 

I.anthaiim were re leased  independently;  tiie laniiiailum w a s  riot rnerzly tiie 
decay product of the rel.ea.sed ba,r:i.um, A negl.i.gible quanti-Ly of barium- 
lani1ia;niim was r e k a s e d  f roni %he u r a n i ~ - i ~ ~ o l y b d e n i ~ . ~ i  fuel ~ a r ~ i p l . ~  into a 2 r .  

drposit,ed i n  the region a t  1.000 Lo 1.200"C. The r e l ease  i n t o  a i r  w a s  ex- 
tremely srml.1: and. a neg l ig ib l e  qimvlti-iy of cerlum was found outside of 
t he  cample boa'i . 

L+. 'i'ell~urium. 'Tel.l.urim re leased  i n  helium d-id not depos i t  In a 
wall -def ined -i;eGf&ature z m e  as d i d  ihe o the r  f i s s i o n  prod:mts. 
t h e  telluriui-fi w a s  d i s t r i b . d e d  tiii-oighoui the e n t i r e  t ube ,  a ma, jor peak 
was obser-ved i n  the regi.on a t  600 t o  800°C, a.s shown i n  Tab1.e 4,,26. E l e -  
mental. tclluriwli pas sed i hroug'n the  same tanperst  iire gradieiit dc po sized 
a t  temperatures below 600°C ( p r i  
tw-een. 225 and 525°C).  

Molybdcnlm. 
rreilts repor led  by Cas-kl.ern;~iz.~ 
uranium matrix,  tile f i s s i o n - p n x h c t  mol.ybdenim and. t h a t  iiiolyhdenum present, 
a.s the  a11.1 oy homogeneously mixed. w i i c a  tile fuel melted. an& behaved. i.n an 
i d e n t i c a l  manner chemically- The concentration of a c t i v e  "Mo w a s  qii.i.te 
l a rge ,  si-nce it  was ro;cnszd botil by neutron capture of n a t u r a l  mo3.ybdenm 
and as a uranium fissi product.  H o ' I . J c ' v ~ ~ ,  a negl-igible quartLily of 
mol.ybdenum w a s  i=eieased fro-m the nolten fuel i n t o  a helium stream, as 
evidenced by the l ack  of "Mo a c t i v i t y -  i n  the mltdorm tube. 

mol.yhdznum were released. and deposiLed i.n a well--d.efined zone a t  530 to 

3. Ce-' .i.im. The cerium released f roni tiie fuel saniple i n t o  helium 

Alt,hough 

.5 ly  concent.ra,ied i i i  a wide b3nd. be - 

5. A U-3.5$ Mo alloy fuel. w a s  used. i n  a l l  'LIE exper i -  
S i n c e  t he  rnol.ybilenurn w a s  a l loyed  w i t h  t h e  

I n  the  r e l ease  exrei-imen'cs r u n  i n  a i r ,  howsver, I.a-cge qu.anki.ti.es of 
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'730°C. 
rapid, i n  the order o f  seconds, A var ia t ion  i n  flow ra-te had no effect; 
on the region where -the molybd~enum deposi-Led. I n  one s e r i e s  of experi-  
ments the  flow r a t e  w a s  f i v e  times f a s t e r  than the r a t e  used rin another, 
but e s s e n t i a l l y  no deposit ion d i s t r i b u t i o n  difference w a s  :noted. 

The  re lease of molybdenum i n  a i r  w a s  observed. t o  be extremely 

4.4.2.3 Chemical Sta-tes 

On the b a s i s  of the foregoing ex-erinients, conclusions can be draxm 

I n  applying these r e s u l t s ,  it Ius-b be emphasized t h a t  no attempt 
regarding 1;he probable chemiea.l s t a t e  of several  re leased Fiss ion pro- 
ducts.  
was made t o  measure t h e  absolute condensation temperature of the  individu-a1 
f i s s i o n  prodxcts. It w a s  s u f f i c i e n t  ( f o r  these studies) t o  be able t o  
reproduce 'be temperature gradient f o r  a comparison of the fission-produc-t 
depostt ion behavior under a v a r i e t y  of experimental conditions. 

- this  molten f u e l  i n t o  pure helium i n  some combination with the maLrix 
from which it was released. Since n ~ n e  of the molybdenum iodides a r e  
s tab le  imder these conditions,  t h e  iod-ine w c s  iuidoubted1.y released as one 
of the uranium iodides.  Since the meltdown i s  a completely -transient 
process, it i s  L-mpossi.ble t o  cd.ciiLate which of the 1wanii.m iodides wou-1-d 
be most l i k e l y  t o  form, based so le ly  on eqiutlibrium considerations;  how- 
ever, themodjjnanric estimates ri.ndicate t'mt gas i s  an impor.Lant spe- 
c i e s  at these temperatures. The thermodynaii13'.c calculat ions were made on 
t h e  basis o f  data  presented by Brewer e t  a l .  and gliven here i n  Ta,ble 4 , 2 7 .  
The U'Iz was taken t o  be 1 kea1 more unstable 'ihc2n u91-3. The U I  would im- 
doubtedly be an important species i n  {;tie ca lcu la t ion  il i.ts free energy 
were estimated i n  a similar nmnner. S h c e  i t s  v-apor pressure would be 
low7 however, i t  might not be important i n  the re lease  process. Tbe re- 
sults of t,he ca lcu la t ions  a r e  presented Fn Table L+.28, where the probable 
chemical states above t h e  molten urani lm a r e  lis-bed as TJI2 and I, although 
there  i.s no reason t,o rule out the possLhili ty of a mixture of UTI, UIz,  
and I. These would rearrange t o  the more s tab le  uJ3 o r  UI4 a;L lower tem- 
pe rat lire s . 
has not been experimentally studied; however, i t  cmi be qinal.ri.tatively 
estirxxter:l, based on the react ions shown i n  Table 4.27 an.d wi . '~h  the  expeyi- 
mental evidence, -that the  iodine w i l l  be released as a urnaiim-iodine 
compound. Caution mus-b be exercised i n  applyi.ng t h e  react ions given i n  
Table 4.27 t o  a f u e l  meltdown. 
ra ther ,  they change d-uring the course of the  reaet ion much the same way 
as do the  yeactants i n  a batch process. An es-Liwrmtlion of the quant i ty  
of t h e  various species present requires  Lhe solut ion of four  siniifitaneous 
equations r a t h e r  than a simple sinbstitiition for  t h e  e s t i m t e d  in i t ia l -  
iodine pi-Lial pressure.  Since the value of K4 ( the equilibri.um constant 
for t h e  associat ion of a,l;omic iodine)  i s  sn?al.l-, no 12 i s  present at  low 
iodine p a r t i a l  pressures.  Thus in react ions 1, 2, and 3 ( T a b l e  4.2'7), 
m2 sho1d.d be replaced. with 0.6'72 P:. The m4 i n  reactimn 3 i s  there- 
fore proportional t o  PI t o  the f o u r t h  power. 
file1 burnup, the chemical a c t i v i t y  of the  iodine i s  s t i l l  sever.zl orders 
of nlagaitide l e s s  tha.:n I., and U'I, w i l l  s t i l l  be the  most pr~babl-e species 

1. Iodine.  These experiments showed that iodtne i s  released from 

The e f f e c t  of increased fie1 bumup ('nigher iodine concentration) 

The partial pressures arc not Tixed; 

Even a f t e r  considerable 
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Table L+. 2'7. Uranium-Iodine Therrmdynamic 
Constants  aL 1500°K" 

---- . - . 
Cbemica.1 Reaction EguiLj.b-rium Constant 

UI 3 
P 

UTI 3 
a 

2 .6  x 108 

4.  6.72 x 10-1 , 

si*1ce 9.J = 
_I_ .._. ._.-..--. ____ 

?From Castleman, r e f .  39, Table 3 .  

'io be r e l eased .  Therefore ,  t h e  r e s u l t s  of nel-.td.owns using a f u e l  of higher  
burrup would probab1.y be s i m i l a r  t o  i'nese which have been d lscussed .  

U0212 and 12. The U 0 2 1 2  r e a d i l y  decomposes t o  UOZ and 12. Uranium ri.odi.des 
depos i ted  along t i b e  walls were exposed t o  a i r  f o r  long: per iods  of time 
without any appreciabl-e l o s s  of iod ine .  Even Liiougih t h e  uranrium iodj.d.es 
l i b e r a t e  iod ine  i n  an  oxid iz ing  atmosphere, t o  a l a r g e  e x t e n t  t h e  iod ine  
remains adsorbed on t h e  su.rface. 

I n  air, the iod.ri.ne i m s  re.l.eased from the uraxiiim-molybdenum fuel as  
elemental  i od ine .  Th i s  i s  c o n s i s t e n t  w i - t h  t h e  high-temperature reae t io i i  
between the  uranium iodides and oxygen: 4o 

The uranium iodides  oxi-dizc, even a~t; room tempera twe i n  dyy a i r ,  'LO 

Based on these  s tud ie s ,  i t  i s  probable t h a t  iodine would be released 
as a uranium iodide  from a metalJi-c uranium f u e l  eleriiemt melt ing i n  a 
cliemicalll-y i n e r t  atmosphere. It might be conjec tured  t h a t  i f  t h i s  uranium 
iodide  deposits prio-r. t o  the failure of' th2 pr imry-  r e a c t o r  containment 



Table 4.28. Chemical S ta te  of Fiss ion Products Released from Uraniuna 

Fission 
Product Atmosphere Probable Chemical Reaction 

P r  obabie 
Chemical State  Basis 

Icdine He u + 21 - UI2 UI2 + 1 (vapor above Thermodynamic and k ine t ic  

T31z, where Z = 3 o r  4 Experimental results 

molten U) estimates 

(deposited) h 

‘P A i r  contact a t  ambient UI, (deposited) + 02 -+ is0212 + 1 2  <-D) UO;, + I 2  (absorbed 1 2 )  Experimental r e s u l t s  
temperature a f t e r  w 

U32I2 ---t GO2 - I 2  F deyosi:ion 

A i r  contact during UT, + 02 - U3O8 + z1: 
release 

Elenental  I Experimental r e s u l t s  

Moly3denun; A i r  2 MO -k 302 4 2 Vic103 ~ 0 0 3  ( d e f i n i t e )  Ident i f ied  w i t n  x-ray 
d i f f rac t ion  

%ram Castleman, ref .  39, Table 4 .  

b F r ~ m  J. J. Katz and  E .  Rabinowitch, The Chemiszq of Uranium, 1st. ed., 
p. 538, McGraw-Hill, 1951. 
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vessel and subsequent exposure t o  air, a l a r g e  quanti-ty of the iodi-ne m y  
remain on t h e  su r face .  A meltdown i.n which t h e  fuel materri.al con tac t s  
af.r a t  h igh  temperature w i l l  undoubtedly r e l e a s e  elemeiltal  i-ndine . 
cerium deposi. ted i n  t h e  i-egions a t  3-100 t o  1200°C and 1000 t o  120OoC, 
r e spec t ive ly ,  when r e l eased  i.n helium. However, ve iy  liL’Lle7 i f  any, of 
these fi .ssion products  were r e l eased  i n  a.i.r, probably because t h e  non-- 
vola’ilile oxides  were formed. 

o.i;her s t u d i e s  by C a ~ t l e m n ; ~  
t o  react at  l2OO”C. It i s  possib1.e thai; bhis  i-Eilkase i s  8 mi.;rture oi“ e1.e- 
mental  telluri .um and sone present  i n  a corflbined state wi th  klie uranium. 

t e n t  i n  hgliwn. I n  an air environment a l a r g e  f r a c t i o n  w a s  rapld-ly r e -  
l e a s e d  as Moo3 ( s e e  Table 4.28). 
d i f f r a c t i o n  Molybdenuii t r i o x i d e  i s  much more v o l a t i l e  Lhan mol-y’odenum 
and woi~7.d be expected t o  be r e l eased  ‘LO a rnucli g r e a k r  ex ten t  ( b . p . :  
4800°C; MoO3, 1151°C ) . 

2. Aariwn-La,nthanum, Ceri.urmi and Tel lur ium. Bari.um-lan1;haniirrn and 

The behavi-or o f  the t e l l u r i u m  is anomalous, however, on t h e  b a s i s  of 
uranium md elemenLal tel . lurium were found 

3. Molybdenum. Molybdenum w a s  not, i-el-eased t o  any apprec iab le  ex- 

These c r y s t a l s  were i d e a t i f i e d  by x-ray 

Mo, 

4.4.3 Transport  E f f e c t s  ... .- .- of Srnal l  Par t ic l -es  -__ .._. 

Browning e t  al., 3 3  i n  experiments on t h e  i n - p i l e  mel t ing of UO2, 
showed t h a t  t h e  observed d i s t r i -hu t ion  of f’-i s s ion  products  could be ex- 
plained,  i n  part, on the  basis of txanspor’i. on very f i n e  p a r t i c l e s .  There 
w a s  apparent ly  two p a r t i c l e - s l z e  groups i n  t h e  mil l imicron range (Tab1.e 
4 .27) .  One group lmd an  apparent  s i z e  of 22 A. An avzrage of 37% of Lhe 

Table 4.29. Average P3rcenLage of 
Each Iso tope  and U02 Carried by 
Very Fine P a r t i c l e s  i n  E x i t  Gas“ 

F f f e c i i v e  
Particle Material 
D i a m e  t e r 

Percentage of 
Mat e rial 
Released 

Car r i ed  
(A) 

30 9 5 ~ r  3 
10 
1.3 

?From Browning e t  al., r e f .  33, 
p.  35. 
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iodine car r ied  out of the reac tor  furnace by the e x i t  gas vas car r ied  by 
these p a r t i c l e s ;  values i n  the individual  experiments ranged from 8 t o  
75%. I n  contrast  t o  Castleman' s conclusions concerning metal l ic  uranium 
meltdown, no iodine having a d i f fus ion  coef f ic ien t  corresponding t o  the 
vapor form was found. Some of the cesium, strontium, tellurium, and 
barium w a s  a l s o  found t o  be associated with t h i s  group of par-Licles. The 
other  group of p a r t i c l e s  had a somewhat l a r g e r  diameter, 30 A. Zirconium 
and uranium were associated with t h i s  group o f  p a r t i c l e s ;  ruthenium and 
cerium a l s o  appeared t o  be present; i n  one experiment. However, ruthenium 
and cerium were usually c a r r i e d  on l a r g e r  par t i -c les .  Work i s  cur ren t ly  
under way t o  f o r r i d a t e  a model t h a t  w i l l  explain the observed d i s t r i b u t i o n  

It w a s  c0ncI-uded3~ that the  r e s u l t s  of both melting and burning i n  
in-p i le  experiments showed t h a t  although la rge  f r a c t i o n s  of the f i s s i o n  
products were released from the fue l ,  they were almost e n t i r e l y  re tained 
inside the high-temperatiire zone of the  furnace ( w i t h  the  exception of 
iodine, cesiim, and- te l lur ium) .  When oxygen w a s  present, ruthenium vas 
a l s o  released. The noble gases appeared- t o  be released completely. O f  
the  f i s s i o n  products rreleased. from t h e  high-temperature zone, s ign i f icant  
f r a c t i o n s  were car r ied  as p a r t i c l e s  as smll as 20 t o  30 A i n  diameter. 

4.4.4 Fission-Product Eehavior Within t h e  Ou-ter 
Containment Buildinn" 

I n  the  eves?_t t h a L  f i s s i o n  produc.Ls leave the reac tor  core vessel,  
they wi1.l e n t e r  the  containment bui lding and a c t  as  a source f o r  leakage 
through the  building in to  the  atmosphere. Currently, i n  evalLmting hazards 
outside the  plant, no c r e d i t  i s  taken f o r  reduction of the source by 
na tura l  effec-ts aiid by the a r t i f i c - i a l  e f f e c t s  that may be employed. Ac- 
t u a l l y ,  the  a c t i v i t y  enter ing the containmait vessel  would he reduced by 
plate-ou-t on avai lable  surfaces, s e t t l i n g  of dust, pa,rticles, condensation 
of steam, e t c .  Also a r t i f i c i a l  reduction techniques could be employed, 
such as recycle f i l t r a t i o n ,  steam dousing, and water spray, with and with- 
out hygroscopic aitdit ives.  

4.4.4.1- Be'havior o f  Fiss ion  Products i n  Water Droplets 

Maustell.er and Cainpan.a reported4' the r e s u l t s  of tes-ts i n  which high- 
temFeratwe, high-pressure wa.ter ( 550°F, 2000 p s i )  containing simulated 
f i s s i o n  proaucts w a s  allowed t o  leak  at  a control led r a t e  i n t o  a 4000- 
ft3 vessel .  
simulate soluble f i . ss ion products; 9 9 ~ ~ 0  

sent insolulile f i s s i o n  products; and 13iI i n  the form of" 12, representing 
gaseous produc-ts. FtIJ_lout coef f ic ien ts  of 0 . 1  t o  0.8 hr"' (ha l f - l ives  
of 0.7 t o  7 hr) were observed with the  bulk of the coef f ic ien ts  i n  the  
range 0.2 t o  0.35 hr-I. More than 80% of the  a c t i v i t y  w a s  associa-Led 
with par.l;icl.es i n  the 0.4- t o  0.7-1-1 range acco:rd-i.ng t o  the  r e s u l t s  of cas- 
cade-inspector t e s t s ,  Only 6 t o  15% of t h e  a c t i v i t y  w a s  found. i n  w a t e r  
droplets .  It was s t a t e d  t h a t  calcidilations showed t'hat the  l i f e  of a 
10-p-diam. droplet  i n  a i r  a t  50% rela-Li-ve humidity i s  only ahoul; 0.1 see 

The f i s s i o n  products used were 2c'Na, added as Na2CO3 t o  
which was added as 14003 t o  repre- 

*See Appendix G f o r  relevant info-rmation published s ince t h i s  chapter 
was prepared. 



whrile Lhat of' a 100-p drop le t  i s  about 10  sec .  Avemge d rop le t  dia;mters 
i n  fogs  Qnd mists were sai.d t o  range from 5 t o  100 p. Menti.on w a s  -made"'" 
of results of t e s t s  i n  which 14.4-3.j.ter q u a n t i t i e s  of water aL 550°F ani: 
2000 psi. were allowed t o  expand r a p i d l y  into a 1 3 4 O - B ' ~ ~  vessel. 
mum o f  2s of the 13'J and '%a each was r epor t ed  t o  have escaped f r~m tlie 
con ta ine r  and 5% of t h e  '9. 

A maxi- 

No d e t a i l s  o f  the experiiliei-tts were given.  

4.4.'+.2 Behavior o f  Todine i n  : : ex to r  Containment Buildings -----. ....... -. _- 

Mcg8.w and i%,yLk2 s tud ied  t h e  behavior of eleme~.ta,7. '2r'I a.nd 1-321 re- 
leased i n t o  t h e  full-7scal.e DIDO and PLUTO r e a c t o r  conlainnient, s h e l l s  i n  
the rang? 0.01 t o  3.5 pg/m3. 
hazard ju.sti.Sied. i t s  i n d i v i d u a l  invcstigs,t?.on. Thei r  study i s r epor t ed  
i n  d e t a i l  he re .  

They found t h a t  most of the iod-ine d-isappeared r a p i d l y  by depos i t i on  
on surfaces i n  t h e  r e a c t o r  s h e l l .  Pari; of' t he  remainder was ,airborne f o r  
peri.od.s of several. hours a.nd became a t t a c h e d  t o  su.hmicron p a r t i c l e s  i~n 
'Chc atmosphere; p u t  appesred t o  foriii two iod ine  compo'mds, The re lease 
of stable la71 was found t o  cause r e t u r n  i n t o  the gas phase of  rad.i.oactive 
iod ine  previous ly  depos i ted  on su r faces  w i - t h i n  t he  rea.c Lor  contaimient  
ve s sel . 

Figure 4 . 7 1  shows t h e  i'LDTI'O s h e l l ,  iiicludiiig c i  rcula,Liilg fa.rzs, r e a c t o r ,  

The importance oT iod ine  as a b i o l o g i c a l  

Details  or the coi idi t ions of tile experiments are given i n  'I'ah1.e 4.30.  

' l 'able 4.30. D e i a i l s  of i od ine  Release 
Experiffleiits i n  DIDO and PLUTOa 

Maximum 
Quan t i t i es  o f  i o d i n e  C a l c u l a t e d  added mrc lsured 

Conta inment  

3 
Reactor  volume, Serial ...................... re1 eased  -. concen t ra t i on  concen t ra t i on  Remarks 

m 3 e t  p o s i t i o n  2, 

dis/(t i i in)(m ) rng 1 1 3 2 ,  n ic  / ~ g / r n ~  dis/( ir i in)(m ) 3 

DIDO 7000 1 7 26 1 .o 8.2 x l o 6  a,7x 106) 
Scrubbers 

2 1 31 0.14 9.8 x 106 

3 7 31  1 .o 9.8 x 106 2 . 9 ~  106 

P L l l  1 - 0  7000 .4 0.09 28-2 0.013 A 9 x 106 1.45 x l o 6  
B 0.95 22.9 0.14 7 . 2 ~  106 1.75 x 106 

C 99 30.6 14.1 9.7 x 106 5 . 4 x  106 

E 7 2.7 1 .o 8.5 l o 5  9 . 3 x  105) 

D 99 20.1 14.1 6.4 x 106 3 . 0 ~  l o 6  

Sn r i r  hb e r  s 
1 . 0 ~  10' operated i F 9.9 48 -9 1.4 1 . 5 ~  lo7 

G 10 39 1.4 1 . 2 ~  l o 7  5.5 x lo6 
... ................... .................... ........... ..-.. 

a 
From Megm and May, ref'. 4.2, p. 428.  
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O R N L -  DWG 63-6703 
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Fig ,  4.71. PLbTO ReacLor Shel l .  (From Megaw and May, r e f .  42, 
p. 427.)  

soureel and sampling posi t ions.  The -fans vere esf;irrD,ted t o  cause complete 
mixing of the arir i n  40 min a f t e r  release. 
face a rea  of o m  of the s h e l l s  i s  3000 m2, of whi.ch one-third i n  poly- 
vi.nylchl.ovide sheet, one-third i s  concrete, and the remainder is metal, 

iodine and tha-i; deposited on pa-rticula-tes 
t o  the behavior of iodine atta,ched to  .flitken ninclei., which are part i .c les  
o f  a few hundred-ths of a. micron i n  diameter t h a t  are al.ways presen-t -to 
some extent  i n  air .  They may be of great  importance i n  a reactor  accident 
because they have a low di f fus ion  coef f ic iea t  ( lom5 cm!/sec) and ye'c a r e  
small enough t o  have a, very s l o w  s e t t l i n g  ra-Le wider grav i ty  (3 X 
cm/sec). 
when i n  low concentrations, and could resifit i n  iodine penetration of 
f i l t e r s  designed t o  elirniiiate elemental 3.odine. 

 me. Except for r u n  A, the iodine concentration falls off  rapidly i n  
Lhe f i r s t  hour and somewhat rn.01-e s lovly l a - t e r ,  I n  r u n  A, the mass of 
iod.ine release was sii~aller by a f a c t o r  of 10 than the nexi smallest re -  
lease,  8nd it  i s  possible tha-t the  lover concentration gradients  resul ted 
i.n slover d i f fus ion  -to the s h e l l  w a l l .  

The approximate i n t e r n a l  sur- 

A i r  sarriple r s we r e  use (1. that c, oul.cl d i  s c1. r i i r i . : n s t  e between e l e m n  t a1 
P a r t i c u l a r  a t t e n t i o n  w a a  paid 

These nuclei  a re  d i f f i c u l t  to remove from air on a large scale, 

F i g w e  4.72 shows the var ia t ion  o f  t o t a l  iodine co-ncentraLion with 
L .  

1. Concentration of Iodine i n  A i r .  Figures 4.73  to 4.75 s h o ~ ~  the 
r e s u l t s  of :runs A, B, and. D. One hundred. nrilligrams of lZ71 vas released 
a t  the time shown by the arrow and cau.sed. an inerease 0% the  ciiinntable 
'-''I i n  the a i r .  
stable 1277: and Lhe '''1 t h a t  had- deposited on avai lable  surfaces e a r l i e r .  
The curves i n  Figs .  4.73 t o  4.75 show how -the distribu.t ion of 1321 within 

T h i s  s i ~ g e s t s  8.n exchange mechnisrfl between the added 
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Fj-g. 4.  $2. Var-iat.ioii of To'cal 1odiii.e Concentration h*i.tb Tiin2 in 
PiUl'O Experiment. (From Megzw and May, re?. 4 Z j  p. 4-31.) 

Fig, /+ .73. Run B. Variai i -on of 13*5: Concentizt  ion with T i m e  Ln 
PLUTO Experineltt. (From Megaw and May, rer. 4Zi p. 431.) 



4.1.37 

Fig. 4.74. R u n  A. Variation of 1321 Concentration with Time i n  
PLUTO Experiment. (From Megaw and May, re%. 42, p. 431. ) 

Fig. 4.75. R u n  D. Variation of I 3 * I  Concentration with Time i n  
PLUTO Experiment. (From Megaw and MayI ref .  42, p. 431. ) 
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ilie saiiipiers var le6  w i L h  time. Each sanip1.er consis-Led of an  RR Mil l ino re  
part. i ci.i.?a, t.e f'i.lte r, :two c hare o a l  -i-cipregnated papers  and a grranu3.ar c h a ~  - 
coal. bed, which were retzined. i n  t h a t  o-c-rkr w t th in  the  brass ho lde r .  

I . R ~  ma:ler. Thlis e f f e c t  -j.s shown niore c l k a r l y  i n  terms of  percentages 
i n  F i g .  I; .76. 'The e f f e c t s  of t he  opzrn'cion of a scrubber i neo rpora t ing  
a h igh-e f f i c i ency  p a r t i c u l a t e  f i l t e r  are shown i n  curves P and. G .  In 
ruis A, B, and L! (F igs .  4.74 t o  L:.76) Lhe scrixbber was not  used. 

2 .  Deposi t ion Res id t s .  'I'he values deter-mined f o r  tile v e l o c i t y  of' 
deposi l ioKAof iod ine  on various s-drfaces exposed i n  t h e  reacLor atmosphere 
for 1 hr a r e  skloiu-ri i n  Fig. 4.7'7. Some of these depos i t i on  samples were 
sub se que n t  ly expos e d 'c o at  mo s phe re s (3 nnt a i niilg c ont i-0.l.l.e d cone en  i; rat i on s 

l e  1271, am3 t h e  1321 remai.i?i.ng on the sur face  af ter  exposure w a s  
meas-nred. I These r e s d k s  are shown i n  Fi-g 4 . '78. Megaw and May s t a t e  
t h a t  the i n i ; i a l  va lues  of t h e  vel-ocity of depos i t i on  O i l  metal  surfaces 
and charcoal. ( 0 . 1  t o  0.3 cm/sec) are t o  be expected i f  t h e  limi.ti.ng f a c -  
LOI' i s  d.ri.ffusion of i-odine vapor t o  the su r face .  Fig11.r~: l i .77 shows, 
however, t h a t  t h e  depos i t i on  velociby decreases  w i t , i ?  time, suggest ing 
some chmge In the  a.i.rborne iod ine .  
depos i t  i on  v e l o c i  Ly increased.. 

'The Mi.11ipore curve d i s p l a y s  t h e  amomt of 1321 d e p s  i~tiec] on p a r t i c u -  

,- ~ ~. 

Wheii 1271 w a s  in~troduced, t h e  1321 

3 .  il\mi!-ysis of R e s - d t s  and Concl.usions 

-.1_11 Lodine Vapor. 
- 

Comparison of Fig. 4.72 wi.th Pigs. (:.73 througt! 
(+. 73 shows that,  Llie"rapi.11 8-ecrease of i.od.ine concent,ration wi th  t ime oc- 
c u r s  i.n :he fract , i .on of iod ine  that  i s  cayqht on L h ?  f i r s t  fil'cer papei-, 
whi-ch i s  known t o  be high1.y e f f i c i e n t  f o r  removing i.od.ine vapor.  It i s  
probable -iliab the depos i t i on  of iod ine  on the s h e l l  su r f aces  wo-dd be 
i;lo:ee inqxxlant  than  deposition on part-i.cid.ate matte:r i.n t h e  contai-nment 
vessel  atmosphere. 

Megaw and Nay used t l ie deposi  tlion vel-oci'iy iil.easurerneiit s of Fig a 4.7% 
t o  pi-edi-et t h e  a?.?- concent ra i ion  i n  t h e  containment vessel.. I f  i'c Is  as- 
sumed that a uniform concentTation w a s  i-rmediate1.y a t t a i n e d  Lhroughout 
tlie vesse l ,  'ihe following eqmti-on holds  : 

( 4 . 5 2 )  

v = ve1oci.ty of depos i t ion ,  def:i.neiJ. as (raLe of d ~ p o s i t i o n / c m ~  - s e e )  
div ided  by (volumetr ic  conce~t ra t ion /cma~ ), cm/sec, 

A = sur face  avai.l.able f o r  depos i t ion ,  em2, 
q = Lotal- quant i ty  of ai-i-borne iodine  i n s i d e  the  s h e l l ,  
V := volume of s h e l l ,  
c = uniform concent ra t ion  i n  SIEYI., q/v; 

era3, 
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F7.g. 4-78. Desorpiion aiid Exchange of Iodine from Various Sixrfaces. 
(a)  Saiiiples exposed. i n  a i r ;  ( b )  sanples  exposed t o  1- r n g / ~ ~  of s ?ab le  
i.ocl.ine; and ( c )  samples exposed t o  3 g/m3 of s t a b l e  iod ine .  
and May, ref .  42,  p.  433.)  

(From Megaw 

dc dq Av 

C V 
- I -- - -__. ' d t  

and 

- X l t  

c = Coe ? ( 4 . 5 3 )  

where XI = Avg/V. 
The value of XI w a s  cal.culated. using the concentrat ion of j-odine 

vapor Oi7l.y (rem.embering i l lat  oi;?ier foims of  i.od.ine arc present  a t  longer  
aging per iods) ,  5-nstead. of the t o t a l  iodine concent ra t ion .  T h i s  i s  com- 
pared. rin Table 4.31 wi th  the expri . inenta1 X (converLed to h a l f - l i f e )  i n  
rum A, R, and 13. The ava i l ab le  ai-ea w a s  taken as e q u a l  to the inteyiial- 
surface of the  s h e l l  plus two e x t r a  floors. 
surface and the roof were covered i n  polyvinylchlor ide sheet  and were as- 
siuiied to have the depos i t ion  charac1;er-i.sti.c of polyeihyleno shee t .  The 
remainder of the surface area w a s  assumed to have the  depos i t ion  propor- 
tji.es of s t ee l .  

1i'wo-ti13irds of the c y l i n d r i c a l  
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Table 4.31. Comparison of Theoretical  and 
Experimen-Lal. Values of Half -Life of 

Iodine i n  Vapor State" 

Half-Life i n  Vapor S ta te  
XI. (raill) 

(sec-' ) Ruvl 

The ore t i c  a1 Experiment a1 

A 6.2  x 10-4 19 
B 5.9 x 19.5 
D 4.8 x 10'~ 24 

31 
18 
20 

%rom Megaw and May, ref.  42, p. 433. 

Table 4.31 shows good agreement between theore t ica l  and masured 
half-Lives, except f o r  r-ui A, where the  iodine concentration w a s  very low 
and the  assumption of immediate uniform d - i f f  usion throughout the  shell 
was not f u l f i l l e d .  Since molecular iodine vas used t o  stu-dy the  d i s t r i -  
bution of t h i s  elemeiit i n  reactor  containment s h e l l s  ra ther  than f i ss ion-  
product iodine from. irradiaLed fue l ,  the  velocity-of -deposition data 
developed by Megaw and May should be employed with caution i n  reactor  
hazards analyses . 
vapors on Aitken nuclei  has been considered. by Chamberlain e t  a.l. ,  4 3  who 
derived the r a t e  of adsorption as 

Iodine Attached t o  Par t icu la tes .  The adsorption of gases and 

(4.54) 

where 

c = conceiitra-LTon of gas being adsorbed, 
n == number of Aitken nuclei  per em3, 
Y' = radius  of Ai-tken nuclei ,  cm, 
a := the a,ccommodation coef f ic ien t ,  or skieking probabtli ty,  of a 

N = (RT/2-iiM)Il2, 

T ::: absolute temperature, O K  

M = molecul.aY weight of adsorbed gas, g/g-mole. 

molecule of the adsorbed gas s t r ik ing  the p a r t i c l e  surface, 

= gas const;ant, cm2-g/sec2 . g - m o l e - o ~ ,  

The time r a t e  of change of quant i t ies  of iodine attached on nuclei  can 
be wyitten as 

d n  - := Azc  - 1311, d t  ( 4 . 5 5 )  
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where A2 i s  t h e  r a t e  cons tan t  f o r  adsorp t ion  of iod ine  vapor on nucl-ei. 
and A3 Ts t h e  rate consLait  fo-c 105s uf n u c l e i  by sedimentat ion and d i f -  
f u s i o n  t o  su r faces .  

The va1u.e of A3 w a s  determined by- t h e  s3.ope of t h e  MKLlipore ciirve 
i n  F igs .  4..74 t o  4.77 i n  t h e  l as t  few hours  of t h e  run when the f a l l  of 
the Mil.l.ipor-e curve w a s  expo.rien%if?.l, i n d i c a t i n g  t h a t  attaclrlriient of vapor 
t o  p a r t i c u l a t e s  had n e a r l y  ceased.  

d.n/d.t - 0.  Then, slime 
The value of ?Q w a s  t hen  de-iermri.ned. us ing  t h e  val.u.es of n and c when 

(4.56) 

t h e  va l ix  o r  a w a s  e s t j - m t e d  by us ing  a va.lue of r = ki x lo-' cm, which 
w a s  e st imated from ihc measured d i f f u s i o n  c o e f f i c i e n t  . The va lues  of ~1 
were found t o  be 4.7 X f o r  ?":ljl- A and 1 . 2  X 1~0'-' f o r  YLUI B. Such 
].ow values  of the acconmiodation c o e f f i c i e n i  ( u n i t y  i s  m u a l l y  assumed) 
were taken to  mean that  ioili.ioe d~eposi-Led only  on a parC-i.cuLai- kind 0.E' 

nucleus r a t h e r  t han  011- t h e  who1.e p a p i l a t i o n ,  the l a t t e r  bein.g t h e  b a s i s  
of Eqs. (4~,5L,.) and (4.56). Mega,w and May were unable t o  d.ec<.d.e whether 
the particu.l.ate f r a c t i o n  of i h e  i-odine w a s  a res1i.t of attac 'r!wnt t o  a 
re!-a.ti.vely sIrml.1. proporbion of chernical1.y s u i t a b l e  nuc lk i  o r  t o  a n  ever 
smal le r  nimbsr of l a r g e r  p a r t i c l e s .  They Feel. t , i x i t  t h c  former conclusion 
3-s t h e  more probable .  

ne Compnimds. 'The presence of 1-32-1 on Lhe second. charcoa l  
nu1.ar charcoal. s t ages  of t h e  sa-mplcr was a,lrnos i certain1.y 
rmatI.on of iod ine  compounds. The Mil1ipoi.e 'pa3e-c ahead of 

the charc0a.l. papers  d i d  aot a l low si.gn Xi-cant p a r t i e u h t e  pene-tra'cion. 
If' the iodine  re2.ched the second. charcoa l  paper as elemen.1;:d vapor. be- 
cause the co l l ec t io i l  e r f i c i e n c y  of the f i r s i  charc0.d paper wa,s l e s s  than  
I.OO$, t h e  aci;ivi.ty r a i i o  of the first,  to t'ne econd cha.rcoal papers  a,s 
a functi-on of time (Fig. 4.79) would be cons nt ~ Howevei-, t h i s  r a t t o  
rkercascd  rapiLd3.y from 1-50 t o  250 initia.l.1.y when the iodine most1.y 
el..eiiie:ntal vapoi- t o  a f a i r l y  constant value between 20 and GO a f t e r  2 . 5  
h r .  It seems probab1.e t h e r e f o r e  th.at  t h e  iod ine  collec~ted by t h e  char -  
c o a l  papers  in t he  l a - t t e r  par- i  01" the experinxn~ks was som compound of 
iodi:ne, p r o v i s i o n a l l y  designated42 compound X, formed by r e a c t i o n  v i t h  
t r a c e  con tamkan t s  i n  t h e  atmosphere. The c o l l e c t i o n  e f f i c i e n c y  of t h e  
charcoa l  paper  fol- coinpound X w a s  i i l  t h e  range 95 t o  98%. 

sampler (Pigs. 4.'/3 t o  L k . ? 5 )  varied. from run Lo rim1 being almost in-- 
ver sc ly  p ropor t iona l  i o  Llie inass of 1271 r z l cased  a.nd i.ndependent of t,he 
amount of  iod ine  on the  preceding charcoal. pa.per. This  would appeair 
t he re fo re  t o  be flue t o  a second i~odine  corqound. (compouid Y )  f o r  which 
the col.l.ect>i.on cl"l"iciency of ilie charcoal paper was very low. 

and shown thai; compoilnd Si i s  inoi-ga.nic, while  compoiind Y i s  a mixture of 
several. organic  i0diii.e s i  predominantly methyl i0cl.i.d.e . 

-II_ . . . . . . . , 

The fraci; ion of 1 3 2 1  -C.,.- ~ r d p p e d -  _--_ by the granul8,r cha rcoa l  stage of k,he 

Fur the r  work by ALkins and Eggleton"' has  conf i r m d  -these concl.iusions 
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Time after release, hr 

Fig .  4.79. Variatioi?. of f lc t iv i ty  Ratio of F i r s t  t o  Second Cliarcoal 
Pagers with Time.  (From Megaw and Playt ref.  42, p. 435. ) 

Conclusions. Megaw a,nd May concluded that -the physical arid. 
chemical nature o f  iod-ine released rin a reac tor  containment vessel  change 
wi - th  aging. The r e s u l t i n g  iodine i o  inore d i f f i c u l t  t o  rem.ove from air, 
and it deposi ts  less rapidly oa surfaces.  
atmosphere can cause a retmn to the  gas phase of iodine previous1.y de- 
posi ted on surface:;. 
nlay be a promising way t o  decoi-ttamj-nate surfaces af ter  a release of iodine.  

The re lease of 1.271 t o  the 

This, i n  conjlmctian with an iodine vapor scrubber, 

4 .4 .4 .3  Removal- of Iodirie f r o l n  Containment Vessel Atniosphere 
by sprays 

The use of sprays has been frequent ly  proposed as a m e x m  of reducing 
fission-product contamination of tibe cmtaiizsrent ve s se3. a-t;mosplzere after. 
im accident.  
and mos-i of his work i s  reproduced here. D a t a  on the p a r t i t i o n  of iodine 
and w a t e r  have a l so  been reported by Watson, Ra,neroI"-ti, and Hcielke . '' 

1. P a r t i t i o n  of Iodine Be-tween A i r  and Water. Table 4.32  shows 
the solubili-by of iodine i n  water at  atmospheric, pressure as a function 
of temperatiire. 

A t  higher temperatures and a t  pressures above 1 a'tm, the system ex- 
i s t s  as two l i q u i d  layers :  liqixid iodine axid an aqueous solut ion of io-  
dine * T h e  r e l a t i o n  between t h e  coricentrations i n  the gas md l i q u i d  
phases and tempera-Lure is given by Henry's Law, which states that a-t a 

The siib j e c t  has been covered tiioroug'nly by Gr i f f i i ;h . s ,  
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Table )+. 32. Sol i b i l i t y  of 
Iodine i.n Waiera 

G r a m s  of lodii le 
T e mpe rat, iir e Per I,i.ter of 

( " C )  Saturated 
s olu t li 011 

20 
60 
100 
112.3b 

0.285 
1.00 
4.45 
'7 . 20 

a. 

b 
From G r i f f i t h s ,  rei". 45. 

I n v s r i a n t  po in t ,  tvo 
3 ayers  formed. 

gi ven tcmpera-Lure 

Conceniration of gas i n  liquid phase 
Concentration of g 3 s  i n  gas phasp 

-- - - X f ,  -I-_ 

where R f  j.s a constant  tlimt i s  iiidependent of total_ pressure. Tbi.s i s  
sLrri.ctly i r u e  on ly  f o r  i d e u l  ga.ses, and devlabions a rc  to be ex-pecled a t  
low temperatiires axid high pressures .  Differences i n  m l e c u l a r  Torm i n  
the two phases 3.II.so ca.use departure  frm  ideal^ behavior. T h u s ,  aq1seou.s 
soluiions o f  c a u s t i c  soda, sodium, t h i o s u l f a i e ,  and. o the r  sol.u.ti-ons which  
react, wi ih  iod.i.iie vi11 ilot obey '~lris l..m. Pure waier does obey t h i s  law, 
and ';he d i f fe rence  be twzen exq?e-rimental and t h e o r e t i c a l  va1.ij.e~ of R/ 
5.izdicaie iiie a-iiomt of iodine reac  Led. wit,h t h e  water i.n the fol lowing 
possi-hk rcac-Lions : 

Figure 4.80 compares va-lues of R i  calcii.l.ated using Benry's Law w i t h  
experi.meiita1 values found by Taylor .  The d i f f e rence  between the  t w o  
curves represents  Lhe degree of cornpamidi-ng of iodine in the  1iqui.d pk~ . scs ;  
20% j.n t h i s  case .  Thc weight di-stribu-tioi-1 of thz iodine between water 
and. a i r  -vms calculated.  f o r  va.:ri.o-ds volmc ra t ios  based on t h e  experimental  
values and. ihe assluiipLi-on tha'i -ihe amoixctt of hydro1.ysi.s i s  a constant  
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. 

IO 20 30 40 Eio 60 70 B O P Q U X I  

TEMPERATURE OC 

Fig. 4.80. P a r t i t i o n  Coefficient of Iodine Between A i r  and- Water 
at  Normal Atmospiierric Pressure. (From G r i f f i t h s ,  r e f .  45, Fi.g. I .  ) 

f r a c t i o n  of the amovn'c of iodine i n  the liquid. phase. 
these calculat ions a r e  given i n  Table 4.33, which shows c l e a r l y  that at 
20"C, t o  achieve 99 w t  $ of the iodine i n  water, the voliumes of air  and 
water must be about equal.  
t i m e s  that of the air .  The use of sprays, however, i s  l i k e l y  t o  lower 
temperatures w e l l  below LOO'C. 

TWO ways of improving the par-t i t ion are (1) continuous removal of 
the  water from the  f loo r  of the eontai.ment vessel  by recycli.ng through 
an iodine-reinoval plan-t; and reusing the vater j.n a spray, and (2 )  the 
use of a l i q u i d  that combines chemically with the  iodine so 'chat; the 

The results of 

A t  100°C, the  volume of water must be eleven 
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Table 4.33. Distr ibut ion of Iodiiie Beiween A i r  and Water" 

I_ ___I___ - 
h t i o  o f  1 odine Distr ibut ion Iodine Distr ibut ion 

t o  Water -__ Air Volume at  2 0 " ~  ($) a i  100"~ ($) 

Volume Water A i r  Water A i r  
. _ . _ ~ ~  YY- 

1 99 1. 91 9 
10 92 8 52.5 47.5 
100 54 4 6 9.9 90.1 
1000 10.5 89.5 1.1 98.9 

__.__... .̂ . I-̂ -. 

%ram Gri-ffi ths,  r e f .  45. 

parti.ti.on problem does not a r i s e  ( su i tab le  sol.utions would be caust ic  
soda, s0d . i .m su l fa te ,  sodium th iosu l fa te ,  a d  sodium iodide) .  

Kate o f  'Transfer o f  Molecul.ar Iodine t o  Water Drops. -_.-I 'The mass 
Lransfer coef f ic len t  between the gas -e;base and the liquid. phase depends 
on the gas-film mass t r a n s f e r  coef f ic ien t ,  the  sol-iu'oility coe:Wicient, 
and the liquid. mass t m n s f e r  coef f ic ien t  from the surface of Lhe d.rop to 
the i n t e r i o r .  

f e r r e d ) / ( u n i t  Lime) (uni'c a r e a )  (concentration d i f fe rence) ,  o r  

2. 

The l i q u i d  mass Lrailsfer coeTi"ici.ent, k ~ ,  i s  defined as (mass t rans-  

where 

m = mass of Lhe drop a t  time t, 
d = diameter of the drop, 

c = average concentration O F  jodine i n  the l i q u i d  at time t .  
ci = conceniratj-on a i  the drop surface, 

The mass t r a n s f e r  coeff ic ient  can be expressed asLb8 

(4.57) 

(4.58) 

This i s  obtained by assijming thal; the t ransyer  within the drop i s  due t o  
diffusion only. The t rue  va.hie would be several- t i n e s  t h i s  due t o  the 
oscillation a,nd c i rcu la t ion  of the l i q u i d  wi..thin the drop. 
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The d i f f u s i v i t y  (DL) of iodine i n  water may be ealclnlated from48 

(4.59) 

where 

DL = d i f f u s i v i t y ,  ciZ/sec, 
T = absolui-t~ tempra ture ,  OK, 

V = molecular volixne ('71.5 cm3/g-niole f o r  1 2  ), 
m = molee-ular weight of solvent,  
X := degree of associat ion of solvent (2 .6  f o r  water),  
p = viscosity of solution, cent ipoise .  

A t  20°C, DL = 1 . 1 L t .  X l o m 5  cm2/sec; and at  100°C, DL = 5.15 X cm2/sec. 
Table 4.34 shows the  e f f e c t  of temperatwe and drop di.am.eter on the t rans-  
f e r  coef f ic ien t ,  IsZ, 

Table 4.34. Mass Transfer Coefficient 
of Iodine i n  Water Drops 

Mean Drop kL (cm/sec) 
Dime t e r 

( v )  A t  20°C A t  100°C 

50 1.5 x 6.8 x 
1-00 7.5 x 3.4 x 
200 3.75 x 1.7 x 
500 1.5 x 6.8 X lom3 
lGOO 7.5 x 10-4 3.4 x 
2000 3.75 x 10-4 1.7 x 1.0-~ 

The mass t r a n s f e r  coef f ic ien t  can be expressed i n  terms of p a r t i a l  
pressure 01" concentratioa: 

mass of constj-tuent t ransferred/  (see ) (1mi.t area) 

p a r t i a l  pressure difference across  t r a n s f e r  zone 
KG = , 

where the units a r e  g/cni2.sec*atm, and 
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mass of const i tuent  transferred./ (see ) (unit a r e a )  

concentration di.f f erence acI"os s t r a n s f e r  zane 
-.-. _._.I- 

? KC - 

where the u n i t s  a re  cm/sec. 
of deposition, the r e l a t i o n  between the two i s  

Since KC i s  eqiuivalent t o  Vg, the velocity 

RT KC or  Vg = Kc, . 

For iodine a t  20°C, Vg i s  94.7% (cm/sec); and a t  100°C, Vg i s  12% 
(cm/sec). 

phase coef f i c i  ent s by 
The overa l l  mass t r a n s f e r  coef f ic ien t  i s  related t o  the gas and 1-iquid 

where 

K~ = o v e r d l  coeff ic ient ,  ,/em2 - sec-atm, 
Q = gas f i l m  coeffici.ent, g/cni2 . sec-atm, 
kL : 1iqu.id. f i l m  coeff ic ient ,  crn/sec, 
IIS = solubilri.ty coeff ic ient ,  g/cm3 S a t m .  

A t  2 O o C ,  Hs i s  l . 2 5  g/cm3.atm; and a t  100°C, Hs i s  7.4 x l o m 2  g/cm3-atm. 
Also 

(4.60) 

where 

Vg 7 overall. coef f ic ien t ,  cm/sec, 
vg = gas f i l m  coeff ic ient ,  cm/sec, 
kl; - l i q u i d  f i . l m  coef f ic ien t ,  crn/sec, 
I{' = r a t i o  of concentration i n  l i q u i d  phase t o  concentration i n  gas  

pl1ase I 

Table Lt.35 gives the mss t r a n s f e r  coef f ic ien ts  f o r  t r a n s f e r  oP iodine 
t o  watei- drops. The e f f e c t  of drop diameter and temperatuioe on the over- 
all- coef f ic ien t  i s  shown i n  Fig,  4.81. 

These t r a n s f e r  coef f ic ien ts  may now be used to  determine whether the  
equilibrium p a r t i t i o n  s t a t e  ri.s reached. During the time required. t o  at-  
t a i n  equilibrium, the drops a re  f d l i n g  by the i-el-ation (see App. 1 of 
r e f ,  45) 



Table 4.35. Mass Trmsfer Coeff ic ien ts  f o r  Iodine i o  Water Drops” 

Me an At 20°C 
Drop 

50 1.5 x 4.25 x lo-’ 1.8 x 10-2 1 . 7  6.g x 4.22 x 10-1 4.98 x lT3 6.04 x 10-1 K 
100 ‘7.5 x LOm3 2.64 x 10-1 9.05 x 8.56 x 10-1 3.4 x 2.56 x 10-1 2.5 x 10-3 3.03 x 10-1 

1000 7 . 5  x 1.23 x 10-1 8.7 x 8.25 x 3.4 x 1.11 x mi 2.5 x 10-L 3.03 x 10-2 

a 
200 3.75 x 10-3 1.93 x 10-1 4.56 X 4.31 X 10-1 1.7 X 1.92 X 10-1 1.25 X 1.51 x IO-’ 
500 1 . 5  X 1.43 x lo-’ 1.84 x 1.74 X 10-1 6.8 x lo-’ 1.29 x 10-1 5.0 X 6.05 x 

2000 3.75 x 1.04 x 10-1 4.4 x 10-~ ~ . 3 1  Y 1.7 x 10-3 9.1 x 10-2 1.25 x 1 . 5 1  x 

%ram Griff i ths ,  re?. 45, p. 8 .  



Fig. 4.81. Overa,l.l Transfer CoeYficients for T r a n s f e r  of iodine 
to L i q u i d .  Drops. (From Gi-i~ffiths, r e f .  45, FLg. 2. ) 
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where 

EM =: f r a c t t o n  of equilibrium concentration reached in .time t, 
K = overa l l  rrass t r a n s f e r  coeff ic ient ,  cm/sec, 
d = diameter of drop, cm, 
t = time, sec. 

The height which drops r u s - t  f a l l  t o  reach equilibrium i s  shown i n  Fig.  
4.82. It can be seen t h a t  the  slowest t r a n s f e r  occurs with la rge  drops 
at  higher tempera-tures and thmt the height to reach 99% of the equilibrixm. 
values f o r  2000-p drops i s  65 m, which i s  grea te r  than the height of rliost 
containment s h e l l s .  For 1000-p drops, the equivalent height i s  10 m. 
Thus for a l l  p r a c t i c a l  purposes, the removaL of iodine by water drops 
smaller t'mn 1000 p would be controll-ed. b y  the  r a t i o  of air t o  wa-ter 
passed through the containment. 

water in jec ted  w i l l  exceed 10% of the containrik2n-L volume, only 92$ of the 
iodine would be rem.oved at 2 0 ° C  and. 52$ at 1-00"C. 
severe l i m i t a t i o n  on the use of water i n  removing iodine from react,or 
compartilzent, 6. 

G r i f f i t h s  points  out that since i.t i s  unl ikely -that the volume of 

'This i s  clear1.y a 

- 
3 .  Solu.bi3.ity of Iodine i n  Sohittons T'mt React with i t  Chemically. 

The increased s o l u b i l i t y  of iodine i n  solu-Lion is mminly due t o  chem-ical 
react ions according t o  t h e  equations 

A s  soon as 12 has und.ergorie reaction, i t  can no 1.o-nger exert, a partial 
pressure, so the major effects of l i q u i d s  which reac t  with iodine are a 
chmge i n  the par ' i i t ion t h a t  i s  veiy much i n  favcjr of the  l i q u i d  phase 
and an increase i n  t h e  mass t r a n s f e r  r a t e .  

The  r a t e s  o f  t r a n s f e r  t o  solu-Lions of caus t ic  scila., sodium s u l f i t e ,  sodium 
th tosu l fa te ,  and sodium iodide a re  sinilar.  Alkaline so,ll.ntions tend to 
remove grease and d i r t  from pipes, and f i l t e r s  would be required t o  pre- 
vent blocking of the spray noz,zLes. Storage of MaOH solut ion over long 
periods rmy present problems because of i t s  rem-Li.on w i t h  carbon dioxide 
i n  the a i r  t o  form sodium carbonate (which i s  f a i r l y  insoluble)  and w i l l  
cause blocktng of i;he spray nozzle u n l e s s  f i l t e r e d .  'The other  solut ions 
mentioned m y  be more a-t;-t;ractive from t h i s  point of view. Also, they 
would be l e s s  ha,zariloiis t o  personnel i f  the sprays were accidental ly  
s-Larked. 

with Iodine.  When the t razsTer  r a t e  i s  control led by d i f fus ion  i n  t h e  
gas f i l m ,  as would be the case i n  tranefei- from ri.odine i n  the a i r  t o  a 
reactive s u b s t a c e  i n  the drop, the  r a t e  of t r a n s f e r  c a i  he expressed. 
as 

The effect on the overall mass t r a n s f e r  rate i s  shown i n  Fig. 4.81. 

4 .  Transfer 'of Molecular Iodine t o  Drops of Solutions Which React 

49 



I i 

Fig. 4.82 .  Height in Which a Falling Drop Xeaches 99% Satiiratioll. 
with Iodine  ~ (From Grif ' f i ths ,  ref ~ 45, F i g ,  3 .  ) 
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(4.61) 

where 

D, = di f fus ion  coefficien-t  of iodine i n  air, cm?/sec, 
Q = gas f i l m  mass t r a n s f e r  coef f ic ien t ,  g-moles/sec - c m - a t m ,  

Mm = r a t i o  of m a n  molecular weight of air t o  t h a t  of 12 mixt;u.re i n  
p = d-ensity of air, g/cm3, 

boimdary layer ,  
d = drop diameter, em, 

Pf = p a r t i a l  pressure of air  i n  the gas film, a t m ,  
R e  = Reynolds number, pvd/pJ where p i s  densi ty  of air stream, v i s  

veloci ty  of a i r  stream, and IJ. i s  v iscos i ty  of a i r  stream, 
Sc = Schmidt number, p / p D ~ ,  
Sh = Shemood nwnber = 2 t 0. 6Re1/2Sc1/3. 

A t  low concentrations of iodine, Mln can be taken as that of air, and Pf 
as the a i r  pressure. From the gas law, 

P Pf = - RT , 
Mm 

k c = - -  Dv (2 + 0.6Re’/’S~’/~) . 
d RT 

(4 .62 )  

The veloci ty  of t h e  gas stream i s  taken as  the  terminal veI.ocity of the  
dyop. The mass t r a n s f e r  c o e f f i c i e n t s  calculated from Eq. (4.62) a r e  
given i n  Table 4.36. 
0.02 and 0.1.35 g/sec*cm2’atm. 
4.36, it w a s  assumed that there  w a s  an excess of react ive salt a L  a l l  
times . 

The time required f o r  a rmss flow of 14’ i n  g/sec-m2 t o  reduce the 
i n f t i a l  iodine concentration i n  a i r  from XO t o  X t  at time t i s  given by 

Experimenbal r c s u L t : ~ ~ ~  show that; k- l i e s  between 
I n  ca lcu la t ing  the values of kr~ i n  Table 

(4.63) 

where V, i s  Lhe veloci ty  of deposit ion given by (RT/bl)kg (where M i s  
molecular weight), and A i s  the a rea  of the drops per  cm3 of atmosphere. 

with 1000-p drops i n  1 h r  at  10-g/sec-m2 l i q u i d  flow. 
that only 6 min i s  required to reach the same decontamination factor at 
1-00 g/sec.m2. 
of io3 i n  about 1 .5  min. 

Figure 4.83 shows t h a t  a decontamination f a c t o r  of lo3 i s  reached 
Other d a t a  show 

A 200-p drop at 10 g/sec-m2 gives EL decontamination f a c t o r  
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Fig. 4 . 8 3 .  Washout of Molecular Iodine by Reactive Sprays a t  a 
Flow Rate of 10 g/sec-m2. (From Griffiths, ref. 45, Fig. 4 . )  
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G r i f f i t h s  s t a t e s  that  molar soluLions that would appear suibahl-e a re  
4.g NaOH or  24.8$ Na2S203*5II;!O o r  12.6s Na2S03. 
g / c d  of iodine i n  the atmosphere, excess reagent would be present f o r  
drops l a r g e r  than 100 p and a distance grea te r  than 10 m. 

Iodine and other f i s s i o n  prod- 
UC’LS adsorbed on parti;ul.ate -matter a re  removed f r o m  an atmosphere by the 
following three main processes, a11 of which depend on the s ize  and den- 
s i t y  of the p a r t i c u l a t e s :  (I) diffusion t o  s o l i d  or  l i q u i d  surfaces;  
( 2 )  f a l l o u t  under gravi ty  ( t h i s  n-ay be preceded by coagwlation of the 
s m l l e r  parLicles) ;  and ( 3 )  impaction on s o l i d  or l i q u i d  surfaces.  
discussion w i l l  concentrate on process 3 .  

col.l.ides with it and i s  removed from the el-oud i s  ca l led  -ihe e f f ic iency  
of im-pac-tion, E. Table 4.37 gives e f f i c i e n c i e s  of im.paction of a<erosol 
p a r t i c l e s  by wa-ter drops. Griff ibhs s t a t e s  t’mt it i s  probable t h a t  sub- 
micron par t i -c les  of un i t  densi ty  a r e  not removed by sprays. 

A-i; concentrations of 

5 .  Removal of P a r t i c l r n  by Sprays. 

This 

The fractj-om of the dust lying i n  the path of a f a l l i n g  drop that. 

‘Tab1.e lt.37. Efficj.ency of Impaction of Aerosol. P a r t i c l e s  
By Water Dropsa 

E ,  Eff ic iency ol” Impaction 

Water Drop D i a m e t e r  and. Terminal. Velocity 
Par t  i c l e  
Diarneier ~- , .  

100 11 200 p 500 IJ. 1000 p ( P )  
25 crn/sec ‘76 cm/sec 200 cm/sec 400 cm/sec 

where 

1 0.0003 0.007 0.03 0.04 
2 0.009 0.06 0.24 0.37 
5 0.02 0.12 0.46 0.70 

%ram G r i f f i t h s ,  r e f .  45. 

The proportion of aerosol. removed per second by water drops is5’ 

(4 .64)  

diq I:: mean diameter of wa-ter drops 

Vlq :: ternlina.1. veloci ty  of water d-rops, 
N = number of water drops per cm’ of air ,  

E = eff ic iency of impaction. 
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I n  the case of a spray, W i s  a fimct,ion of the mass flow of liquid., M' 
i n  g/sec per m2 of floor area, and- the terminal veloci ty  of the water 
drops, which depends on the drop d i a m t e r ,  

and A, from Eqs .  (4.64) and ( 4 . 6 5 ) ,  i s  given by 

(4.65) 

(4 .66 )  

values of A f o r  I-, 2-, ana 5-p p a r t i c l e s  and a flow r a t e  of 1.0 g/sec per 
rn2 of f l o o r  azea  a re  given i n  Table 4.38 and. a r e  shown i n  Fig.  4.84. A t  
a mass f l o w  r a t e  of 100 g/sec  per r 2  of f l oo r  area, the values of A w i l l  
increase by a f ac to r  of 10. Table 4.38 shows that the  removal r a t e  i s  
fa , i r ly  cons-Lant for a given p a r t i c l e  s i z e  over a waLer drop range of 200 
t o  1000 p. Grif f i ths  s t a t e s  thai; the optiraum would be a'oout 500 

Table 4.38. Removal Rates of Pa r t i c l e s  by 
Water Drops at; a Flow R a t e  of 10 g/sec 

per ni2 of Floor Area" 

Water A ( sec - l )  
Drop 

( v >  Par t i c l e  s Par t i c l e s  Pa r t i c l e s  
Diameter 1-P 2-11 5-c1 

100 4.s x 10"~ 1.35 x 3 x 
200 5.2 x 4.5 x  LO-^ 9 x 10-3 

loo0 6 x 10-4 5.5 x 10-3 10-2 
500 9 x 10-~ 7.2 x 3 0 - ~  1.4 x 

'?From GriTfiths,  r e f .  45. 

Sprays m y  be useful i n  removing U02 p a r t i c l e s  with dens i t i e s  o:? 10 
g/cn? and. diameters of <LO p. They w i l l  not e f fec t ive ly  remove submljcron 
par t ic les ,  and p a r t i c l e s  grea te r  tlmn 1.0 p woi.LLd se t - t le  out quiekly 1.mder 
gravity,  al-though i n  turbulent air  this condition cannot be r e l i e d  upon. 

aerosols may be classlified as th ree  main ty-pes: 
6 ,  Spray Sys-terns. Abomizing devices commonly used i n  generating 
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2m 4 

Fig .  Lt.84.. Rates  of Ftemoval of P a r t i c l e s  by Water Drops. (From 
Grif f i - ths ,  ref. 45 ,  Fig. 5.) 
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1. air  blast o r  aerodynamic atomizers i n  which compressed air  or steam 
i s  used. a-t high veloci ty  t o  brea,k up the l i q u i d  emerging from -the 
nozzle; a very wide range of droplet  s ize  i s  ob-Lained; 

and thrown off the  edge; a imiform, e a s i l y  control lable  droplet  s i z e  
is obtained; and 
The hydrodynamic .type i n  which Liquid- i s  forced throigl-1 a nozzle and 
breaks up i n t o  droplets .  
I n  the swirl-chamber type of nozzle the  ato-mizing ac t ion  i s  caused 

by a spinning motion impar-Led t o  -tile l i q u i d  p r i o r  120 spraying -through a 
c e n t r a l  o r i f i c e .  The ways i n  which this may be achieved a r e  described 
by Marshall. 52 A wide r m g e  of drople t s  (e .  g + ,  l a r g e s t  drops 50 t o  3-00 
-times the size of the srrLzLles-t drops) rray- 'oe obtained; however, data by 
Tate  and Marshall suggest t h a t  a f a c t o r  of 10 between smmllest i x ~ d  Largest 
drops f o r  99s of the  spray may be more r e < d i s t i c .  

system that would be used t o  c lean  up a containnient atmospheix a f t e r  a 
fission-product re lease rmy depend. on (1) the  desired mean diarret,er of 
droplet ,  (2)  the s implici ty  of design, and ( 3 )  energy considerations.  
The diameter of -tile droplet  determines the residence -time of the drop i n  
the  atmosphere, and it may be desirable  i n  c e r t a i n  cases f o r  t11l.s to be 
on ly  a few minutes. For example, a 100-p water drop fa1153 10 iii t n  about 
40 sec, while a 10-p drop takes a n  hour t o  f a l l  this dis tance and i s  
therefore  avai lable  fo r  leakage from the containment; atmosphere. The 
main advantage i n  prodiicing d.rops smaller  that 100 11 i n  dia,metei* i s  t h a t  
t h e i r  r a t i o  of surface area 1;o volume o f  containment i s  increased. The 
removal of molecLLLar iodi.ne by water ctepends more on the volurnle of Liquid 
introdiiced than -the a c t u a l  drop s ize ,  although above 1000 p, equilibrium 
-dt,in water would not be reached i n  most containrcent hei-ghts. Removal of 
p a r t i c u l a t e  matter would be bes t  achieved -with drops i n  -the range 200 to  

2.  cen t r i fuga l  atomizers i n  Twhich the  l i q u i d  i s  Ped onto a rotxhing d isk  

3 .  

7. Choice of" System. The -type of atomization employed i n  a spray 

1000 p.. 
With respect, t o  s implici ty  of design, the l i q u i d  pressure system 

merely requires  a pump ,and storage capacLty. The a i r  pressure system re- 
quires  air presslure storage i n  addi t ion  to these.  Centr i f igual  atomizers 
are ruled out on coniplexity o f  design and ojn cost x n d ,  indeed., have no 
advantage i n  t h i s  eontext.  

drops i s  very much Less than that required i n  prac t ice .  This r a t i o ,  known 
as the  atoraization eff ic iency,  i s  <l$ Tor pressure nozzles. 
gives the  net; horsepower requirement f o r  pressure nozzles as 

The t h e o r e t i c a l  amaunt of energy required t o  brerak up a 1iqi.t:i.d i n t o  

hp = 5.828P X IOm4 , (4.67) 

where M i s  flow rate i n  gpm and P i s  total pressure drop i n  psi.. The re-  
s u l t s  of s tud ies  on the r e l h t i o n  be-tween drop dianefxr, flow ra-te, and 
pressure drop a r e  confusing, but undoubtedly the  .type of nozzle i s  impor- 
t a n t .  Wovever, as a rough guide t o  t'ne energy requirements for d i f f e r e n t  
drop s izes ,  the  eorreI.ation suggested by G r i f f i n  and M ~ r a s z e w ~ ~  can be 
used. They suggested, for pressure nozzles, t ha t  
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(4.68) 

where do i s  the Saiker mean diameter, K i s  a constant t h a t  depends on the 
condi t iom under which the  spray i s  produced, a,nd. p i s  pressure drop. 
G r i f f i n  and Massey, 5 4  using a 0.0429-in. swirl-pla-te nozzle, found t h a t  
a, pressure of 70 p s i  and a flow of about 100 lb/'nr gave a drop s ize  d i s -  
tributl.on having a Sauter mean diameter of 100 1-1. 

having do = 50 p, the pressure drop would be about 360 p s i ;  t o  produce 
a spray of do = 1000 p, 0.3 psj.. 

sidered. i.n t h i s  report  a r e  given i n  Table 4.37, as de"ierrined. from the 
Marshall r e l a t i o n  [Eq, ( 4 . 6 7 ) l .  
(e .g . ,  100 sprays coveri-ng a 100-m2 a r e a )  i.s generally l e s s  t'mn 1 hp. 
The exception would be the prod.uctl.on of 50-p drops at a 100 g/sec P1.o~ 
ra te ,  which would. require about 30 hp. 
pressuj-e atomization a re  invariably much grea te r  tiim those f o r  l i q u i d  
pressure systems, and t k  limi.t,ed data. of Marshall suggest t h a t  under the  
conditions out l ined above abou-L 5 to  10  t i m e s  the energy used in a l i q u i d  
pressure system would be required.  

To  produce a spray 

The approximate energy requirements f o r  the range of sprays con- 

li; can be seen tha'i the power requirenent 

The energy requirements for a i r -  

Table 4.39. Energy Liequirements of a Pressure Nozzle" 

Sauter Energy Required Per Nozzle (hp) 

Di. ame t e r At Flow Raie of A t  Flow Ha-Le of 

~._- Pre s sure 
Drop 

Me an 

( p s i )  
( P )  10 g / s e c  LOO g/sec 

50 360 3 x 10-4 0 . 3  
100 70 5 x 5 x 1.0-2 
200 13.5 10-3 lo-2 
500 1 . 5  

1000 0.3 2 x 2 x lo-!+ 
2000 0.06 5 x l o -6  5 x 

?From G r i f f i t h s ,  reT. 45. 

The increase i n  pressure i n  the containment vessel  may a l s o  prove 
embarrassing. 1.l; wuu.7.d seem that for most emergency systems, atomization 
by hydrodymamlc pressure woiiLd be mosL sui-t8ble For a once-through sys- 
tem -the storage capacity reqiuired to supply 100 sprays for 1 br would be 
800 g a l  (3 .7  m3)  a t  3-0 g/sec and 8000 g a l  (37 m3) at  100 g / sec .  

8 .  Conclusions. G r i f f i t h s  ' concluded that wel l -dis t r ibuted l i q u i d  
sprays cou1.d e f f e c t i v e l y  remove mol.ecul.ar iodine from a conta.i.nment at; - 
mosphrre following an acciden-'i. The f a t e  of the p a r t i c l e s  woiiLd be r a t h e r  
uncertain, bu-i the cal.culations sugge s-L that  parrtic3.e s of 10  ,/ern3 densi.ty 
and grea te r  than 1 p i n  diame-ter should be rapidly removed by spmys. T h e  
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bio logica l ly  important suhmricron p a r t i c l e s  appear 'LO have extrerriely 1 . 0 ~  
o r  zero imgaction e f f ic ienc ies  wLth vaLer drops, and it seems l i k e l y  that 
they would not be rem.oved. 'The removal- of iodine cornpoimds by l-iquid 
sprays probably depends on the parti tLon of the compound between the gas 
and the  l i qu id  phases. 

The rernoval of iodine from a con'l;ai.nrfient vessel  by ~rrater sprays de- 
pends on the  amount of water in jec ted  and -the temperature. I n  the case of 
xq-ater reactors  there rpay be a, l a rge  amount of wat,er already availa,ble i n  
the  containment vessel f o r  iodine dissolut ion.  Thus  two cases a r i s e .  

1. For coitainment systems i n  whi.ch no water i s  prescn-i; i n t i a l l y ,  
i t ;  Is thought ml..i.kel.y tha-t; the volume of water inejected could exceed 8,bou.i; 
10$ of the containmen-t volume. Under these conditions about 32% of the 
iodine would be removed a t  20°C and about 52% a t  100°C. 

2, For containment systems i n  which a l a rge  volume o f  water i:: 
present, i n i t i a l l y ,  i f  this volume is ,  say, equal to bhe a i r  volixne, then. 
99% of the  iodine wi.3.1 be i n  the w3,ter at  20°C a,nd 91% ai; 100°C, assuming 
t h a t  reasonable contact between the f i s s i o n  gases arid vater. has occurred 
during the acciden-t. The addi t ion of more water by spray in jec t ion  would- 
have a marginal e f f ec t ;  however, it would cool the contaiment; vessel  and 
give b e t t e r  p a r t i t i o n ,  

The erl 'iciency of removal by water drops woi~.ld depend on. the  height; 
through which the drops f e l l  To achieve theo re t i ca l  pa r t i t i on  with 
miriimvcm volumes of water, the whole volume of ii drop must be e f f ec t ive ly  
saturated.  T h i s  would be so for a1.l drops less than 1000 p i n  di.ameter 
f a l l i n g  at l e a s t  10 m. 

The problem of p a r t i t i o n  may be overcome by continuous removal of 
the  water from the f l o o r  of the containment vessel, cleanup of t he  water 
outside the coitainnent vessel, ,and. then return of the wzter t o  the sprays, 
or by use of a l i qu id  that combines cherr&cally with iod.ine. 
sodium su l f i t e ,  a id  sodiiull th iosu l fa te  a re  a l l  suiWole,  but sodium tliio- 
su l fa te  i s  probably the eas i e s t  soLutJion .to handle. The silccess of a 
chemically reac-Live spray depends an putt ing a suf f ic ien t  miss of the  
salt  i n t o  the containment t o  ensure ai excess of reagent at a l l  t i n e s .  
It i s  suggested tha t  molar solut ions would achieve t h i s  fo:r ini.'iri.aI iodine 
i n  air concentrations grea te r  than 
Na2S203.5H20,  arid 12.6$ Na2SO3.  
in-ko the cont;al.nment vessel i n  such a way as  t o  enable a l l  the l i qu id  
drops t o  be used. Well-dispersed. small droplets  at high flow r a t e s  give 

Caustic soda, 

g/cx?, i . e . ,  4$ NaOR, 24#8$ 
It i s  also necessary t o  pu-t the solut ion 

most rapid decontamination 
~t a flow rate of 10 g would remove par- t ic les  of 10 g/cm3 

density and grea te r  .than 5 p in diameter i n  a f e w  min~i-tes. 
t i o n  f a C t G r  of lo3 i n  15 min would be obtainable wi-t;h drops i n  the range 
200 t o  1000 11. 

removal of p a r t i c l e s  as s r d l  as 1 1-1 (density, 10 g,/cm3 ) . 
smaller and less-dense p a r t i c l e s  i s  unknown, but the eff ic iency of removal 
i s  extremely low and i n  some cases zero. L iqu . id  pressure sprays appeax 
t o  be most attracti.ve, and t h e  energy requirementis f o r  100 spr~gj-s would- 
generally be U hp. 

sprays working at 10  g /sec  f o r  1 hr wou1.d be 3 , ?  m3. 
should cover an a rea  of at  l e a s t  LOO In2. 

A decontamina- 

Rn increase i n  flow rate of 100 g/sec night result 9.n the 
The f a t e  of 

For a 1000-n3 containment volume the  storage reyuirerxxts of 100 
One hundred sprays 
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The f i s s i o n  prod.lIcts released from the reactor  inLo the contai.mnent 
vessel could be associated with par t id-es ,  a s  shown i n  Sections 4.3 and 
4.4.1. The removal- of pai%iculates from the conLaiwilen.t vessel  atmosphere 
could take place by (1) diffusion t o  the walls and other a.vai1able SIX- 

faces; ( 2 )  se tt3.rin.g iinder gravity,  oftmi a f t e r  agglomeration of smaller 
p a r t i c l e s ;  (3) removal by spmy droplets ;  and ( 4 )  f i l i r a t i o n .  

s t a l l a t i o n  of f i l t e r  un5ts i s  discussed i n  Chapter 9.  Diffusion t o  the 
w a U s  would be negl igible  in still. a i r  i n  a volume as large as t h a t  of a 
coni;ainment vesse ls  However, a i r  currents tsould al_-most c e r t a i n l y  e x i s t  
t h a t  would s t i r  the air a n d  cba,n.ge the  problem from one of? dif-fusion 
through large d-istajzces i n  s t i l l  ail- t o  that of diffidsion across a boundary 
layer  next to the surface,  Also, stirring of -the a i r  would g r e a t l y  a f f e c t  
the s e t t l i n g  of p a r t i c u l a t e s  under gravi-ty forces .  It i s  d i f f i c u l t  t o  
predict  convectioi  currents  i.n a containment vessel ,  and. perhaps the bes t  
way t o  evaluate these e f f e c t s  i s  to t e s t  a g7.ven vessel,  as w a s  done by 
Megaw and May (see See. 4.4.4.1)- 

Some information on the behavior o f  par-ttculat:: matkr w i l l  be re-  
ported here, but i.t i s  impossible t o  t r e a t  such a broad. subject adequately. 
For complete treatment of t h i s  su.bject, see,  f o r  instance, Green and. 
and Dallavalle , 56  

3.. S e t t l i n g  of P a r t i c l e s .  18 the particle i s  of a l a rge  s ize  corn- 
pared with -the mean. free path of the gas molecules but not so large that 
any e f f e c t s  a x i s e  from the i n e r t i a  of the  displaced gas, .then Stokes Law 
appl ies  : 

The renmva1. by spray drople-ts w a s  discussed j.n Section A . A " A . 3 .  In- 

(4.69) 

where 

v terminal velociiy of the p a r t i c l e ,  cm/sec, 
g = g r a v i t a t i  oilax acceleration, cm/szc2, 
d diarneier of par t ic le ,  em, 
7 = viscos i ty  of air, g/sec.cm, 

provirled the densi ty  of the a i r  i s  negl igible  compared with t l l a i  of the 
p a r t i c l e .  A t  KeynoJ_ds nimbers of  l e s s  than 0.05, deviation from Stokes 
Law does not exceed more than 1%. 
t o  a 77-!I-diam sphere of unit densi ty  f a l l i n g  through a i r .  For 0.05 < 
Re < 4 (rzf. 57), 

A Reynolds number of 0.05 corresponds 

CDRe2 

24 
Re = - -  2.3363 x (CDF,e2)' + 2.0154 x LOm6 (CiRe')' 

- 6.9105 X ( C # C ~ ) ~  . (4.70) 
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T h i s  equation i s  accurate Sol- spheres of unlt densi ty  t h a t  a r e  large com- 
pared w i t h  the mean f r e e  path up t o  a diameter of 142 11. 
P ic ient  at, terminal veloci ty  i.s 

The dra$ coef - 

‘D (:)(e)($) 2 P  -v f 

and 

( 4 . 7 l )  

(4 .  ’72 ) 

vhere p’ is density of the a i r .  
E q .  ( L k . 7 0 )  yields a r e l a t i o n  f o r  ‘v as a function of -the okher var iables .  

For p a r t i c l e s  of s i z e  co-rfipara’Dle w i t h  the  mean f r e e  path o f  the  gas 
m.olecules, the  p a r t i c l e s  can s l i p  between the gas moleciiLes an.d. %all. 
f a s t e r  than predicted by hydrodynamic theory. Introducing the  Cmfngham 
correct ion f a c t o r  i n t o  Stokes Law yiel-ds 

Subs-t;il;u.t;irig Eqs. (4.7l) and (4 .72)  in to  

(4.73) 

vhere A i s  the mean f r e e  path of the molecule, and A i s  the numerical 
f ac to r  near uni ty .  The  mean f ree  path i s  given by 

L A =  
0.248~ c 

r -  ’ (4.74) 

where 
I 

c = mean molecular velocity, 

=: /iEq%.? 
= 4.63 x lo2  crn/sec at 20°C for air, 

= 4.63 X IO2 JW, 
and T is a’molite tempera,ture i n  O K .  
Lo presswe i s  tlie e f f e c t  on A, since f o r  air 

The only s igni f icant  var ia t ion  d u e  

p~ = 7.16 x lo-“ , (4 .75)  

whelm p i s  pressiire i n  centlrneters of mercury. 
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The s l i p  correct ion f a x t o r  ca;n be expressed as58 

L6.32 + 2.01 exp (-1095pd)l . (4.76) 2 x 10-4 
Pd 

(1 -t- 2AA/d) = 1 -t- 

The terminal. v e l o c i t i e s  and d i f fus ion  coef f ic ien ts  of rigi.c:? spheres of 
imit densi ty  f a l l i n g  i n  air, calculated by the appropriate equation, a,re 
l i s t e d  i n  Table 4.40. It i s  t o  be noted t h a t ,  by Eq.. (4.'73), the se-Ltling 
veloci ty  i s  d-irectly- proportional t o  the densi ty .  The diffusi-on coef f i -  
c ien t  i n  Table 4-40 w a s  found by 

RT(1. - I -  2Ah/d) 
D =  Y 

3Ni.Vd 

where 

D - diffusion coeff ic ient ,  c d / s e c ,  
H = gas constant ( 8 . 3 ~ ~ t  x 107) , en? -g/sec2 .g-mole OK, 
N - Avoga.dco's constant (6.02 x 163), at./g-mole. 

Table 4.40. Terminal Veloci.ti.es and Difi'usion 
Coefficients of Rigid Spheres of Unit Dcnsiiy 

Temperature of 20°C" 
i n  A i r  a t  a Pressure of 760 mm lfg and a 

Publication r i g h t s  withheld. See o r i g i n a l  
reference. 

?From Green and Lane, r e f .  55. 

(4.77) 

2. Combined Sedimentation and Diffusion of Small P a r t i c l e s .  Daviess9 
-___I 

has calcifiated the  concentration of par-tfcles t h a t  s e t t l e  ,and cliffuse 
while in siispension i n  a fluid- t h a t  i s  unifond-y dispersed i n  a wid-e 
vessel  ( i . e . ,  the ed-ge e f f e c t s  a r e  neglected);  this i s  a oae-dimensional 



problem. Although of l imi ted  use i n  considering a reac tor  cont.zinment 
vessel because of - ~ m L 1  e f f e c t s  and a i r  c i rcu la t ion ,  some of navies' re- 
sults a r e  reproduced here since they may be useful  f o r  calculat ions of 
s e t t l i n g  i n  compartrr,ents or other  a reas  of still air .  

The r a t e  of increase at a point X i n  the suspension i s  given by 

(4.78) 

where 

C : concentration a t  a point,  
T = time, 
D = diffusion coef f ic ien t ,  
v - s e t t l i n g  velocity. 

Subs t i tu t ing  the  r e l a t i o n s  X = x2, T = tZ/v, C = cC6, where 2 i s  the 
height of the vessel,  and Co i s  the i n i t i a l  concentration (x, t, a-nd c 
are pure numbers), y i e l d s  E q .  (4.78) i n  dimensionless form: 

where CX i s  D/vZ. By use of the boundary conrli.tions, 

c(x ,O) = 1 , 
C(X,M) = 0 ( 0  < x < 1) , 

Dsvies ob-Lained. sol.utions i n  eigenfunction excansions. 
For the  mathem-Lical solutions,  the o r i g i n a l  paper can be consulted. 

Figure 4.85 shows the solut ions fo r  seven values of a. These resu1t;s can 
be used by the relations 

a = - -  D (1.371 X 10-16)(293) - 
1./63Td3(,0 - p') (981R) 

VL? 

and 

(4 .80)  

(4.81) 
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Fig I 4.. 85, Fluid Be'Lween Horizontal Adsorbing Planes. (From Davies, 
r e f .  59, p. 112.) 

where p '  i s  the densi ty  of a i r  and F ts the  s1i.p f a c t o r .  
based on Eqs. (4.80) and (L+.81). 
lated. from 'che f i r s t  colwm and -I; can be multipl-ied by the value i n  
col.urm 6 t o  y i e l d  a r e l a t i o n  In the rea1 time T .  

diameter) can be expressed by55 

Table 4.41 i s  
Given a p a r t i c l e  size, ci can be ca,l.cu- 

S e t t l i n g  ( i n  the absence of d l f fus ion  e f f e c t s  f o r  p a r t i c l e s  of equal 

( 4 . 8 2 )  
-vT/ 2 

C = Coe 

(For a di.scussion on setLling of polydisperse p a r t i c l e s ,  see Green and 
p. 169). 
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Table it..&l. Sediuientstioa Under Gravity at 20°C" 

particles in Air at '760 'm Hg Particles in Water 
... -_ Par t ic le  

Dime ter a ( p  p / )z  
n .L n - p' 
-I__ 

(g/cm2) D F T p - 0 ' .  v D V 

p - p' (c11?/sec) t I  0 - p /  ( e d / s e c )  t z ( I L )  

x 10-6 x 10-6 x 10-6 

0.15 0.0232 149 3.4.5 2.21 6,710 1.215 

0.05 0.625 37.7 23.5 5.02 26,500 0.135 
0.1 0.0781 86.4 6 s 77 2.89 1.1_,600 0.54 

0.2 0.0097'7 225 2.20 1.88 4,440 2.16 
0.3 0.00298 422 I.. 22 1.57  2,370 4.86 
0.4 0.00122 679 0.832 1.42 1,4'/0 8.64 
0.5 0.000625 993 0.623 1 .33  1,010 13.5 

7 = 0.0003.82 - 
EL Prom Dnvies, Proc. Roy SOC., ref. 53. 

x 10-6 
0 I9848 7,410 , 000 
0.0424 1,850,000 
0.0283 823,000 
0.0212 463,000 
0.0141 206,000 
0 ~ 0106 116,000 
0.0085 74,100 

7 = 0.0101 
- - ~ - . -  

3 Far-t;icle ApglomeratZon. Aerosol parti-cles,  regardless of t h e i r  
corqiosi-tion, coalesce , or s-kick togel;her, i f  they c m e  in-to contac-t with 
each other. 
progressively ro.ore coarse and f ina , l l y  se- t t le  s 

simple law 

The process goes on coa-kinv.ousS.y, so -i;he aerosol hecoms 
5 

Experimental data show t'm'i coagi?J_ati.on of p a r t i c l e s  fol.l.ows the 

(4 .83 )  

vhe re 

n = number of p a r t i c l e s  per crrL 3 , 
t = time, sec,  
K := coagul.ation coef f ic ien t ,  crrl/sec 

no = i n i t i a l  nlmber of particles per cm3, 

From Eq. ( 4 . 8 3 )  it can be seen that the rate of disnppearance of pal~ttlicles 
is 

Thus, i n  any given smoke the coagulatr-on l is velry rapid i n  the e a r l y  skages, 
when n i s  I-arge. 
aerosols. 
feebed by t h e  uiaterial- composition of the p a r t i c l e s .  

Table 4.42 g ives  coagulation cons-tarits f o r  va.Ti0u.s 
I-t; can he seen that the caagixl.aLion constant i s  only weak.ly a,f- 



Table 4.42. Coagulation Constants 
f o r  Various Aerosols" 

Publication r i g h t s  wiii i l ield.  See 
or ig ina l  reference. 

?From Green and Lane, r e f .  55. 

The theore t ica l  expression f o r  K when coagulation i s  assixned t o  be 
effected by Browriian motton i s55  

(4.. 85) 

For example, usring t h e  values f o r  air a t  20°C (13 = 8.3 x lor7 ,  'u' = 293, 
7 = 1.82 x lo-", N = 6 .1  x lo", AZ = 9 x 
K = 0.51 X 10"' crn3/sec0 
shown t o  agree well  i n  t h i s  case. 

t i c l e s  a re  assumed -to be of' equal s i z e .  Expri-rc.ents5* have shown t h a t  
smokes with pa.r-Licles of .various s izes  coagiilaie more rapidly than those 
with nondisperse p a r t i c l e s .  The existence of foreign vapors does not,  
i n  general, g rea t ly  a f f c c t  the coagulation r a t e .  S t i r r i n g  increases -ihe 
coagulation r a t e .  

experiments h.ave shown an i.ncrease i n  coagi.ilation r a t e ,  others  'nave shown 
l i t t l e  effec-t .  (For a complete discussion, see Green and 

i n g  study by Fontma and Browling on the e f f e c t  of par-i iculaie Eission 
products i n  double containment systems wi'zki f i l 'crat ion equi.pn-ient. It 
w a s  assumed that after an accident t'ne f i s s i o n  products released from the 
core would fi.l.1 the containment vessel  and begin t o  leak out i n t o  the 
outer containment she l l ,  which w a s  swept wi-th a i r  t h a t  w a s  f i l t e r e d  prior 
t o  exhm~s. t  i n t o  the atmosphere. It was Pu.r ther  assumed t h a t  parbicles  
of s i z e s  less than 0.3 p would penetrate t h i s  secondary containment fil- 
t e r  ('ihe filtration eff ic iency for p a r t i c l e s  less than 0.3 i s  not. wel l  

and r = 0.125 p), 
'Theoretical and eqerimenta,?. values have been 

The above discussion i s  f o r  monodi.sperse aerosols,  t'rza,t i.s, 'die par- 

The eff'ec'i. of electr-ic charges on aerosols  cannot be predicted,  Many 

The coagulation propert ies  of aerosols  a re  the subject o€ an i -nterest-  



kmomt, vhereas the  eff ic iency for 0.3-p p a r t i c l e s  i s  greater than 99.978). 
By use of Eq. ( 4 * 8 3 )  and the relat.i.on 

( 4 . 8 6 )  

where m i s  t o t a l  rmss of inaterial  making pr t ; i . c~ .es  ( i n  grams, ana VI i s  
t o t a l  f r e e  vo1w-e of 'Lhe containment vessel  (in em3), the tiirie required. 
t o  reach a given d h m e t e r  w a s  foutid t o  he 

(4.87) 

Since i n  most cases no ca,n be expected -to be very I.a:rge cottiparred w:ith l / K ,  
the  second term i s  neglected. 

time t compared with t h e  rate of re lease  from the primary co-nta,rinment 
vessel. i s 6 0  

The integrated. release from the secondary containment sys.Lern up t o  

(4 .88)  

vhe r e  

A = t o t a l  integra-teci a c t i v i t y  released to time ti, curies ,  
I = t o t a l  a c t i v i t y  i r iventoq i n  the primary system, cu-ries, 
R = primary conta-i.nin.en3 release rate, $/sec, 
Q = secondax>- containment sweep-gas volimietric flo'w rate, C I T ~ ~ / S E ~ C ,  

Figure 4.86 shows p a r t i c l e  size versus time i n  the primary conta7.a- 
ment vessel ,  obtained from Eq. (4 .8?) ,  as  a furict,j.on of the mass concen- 
t r a t i o n  of agglomerating -matter  in a i r .  
ac t iv i . ty  re leased from the secondary contairment system as a function of 
time t,, during which the f i l t e r s  a x  inef fec t ive ;  t h e  voluixe change time 
of the secondary contairimen1; is a parameter, One curve Tram Fig,  4.86, 
with $71 = 5.77 X lom7 g/c1n3, is superimposed on Fig .  4.87 8,s rn emi?i@e 
of the  use of the 1 x 0  curves. It can be seen t h a t  i f  -the c r i t i c a l  pa r -  
t i c l e  s ize  is 0,3  p and a v o l ~ ~ i i e  change t i n e  of 900 see i s  used., a va;lue 
of A/IR = 26 is obtained. 
be 3.47 X 1.(317/~ee and. A I 1  :J 26 (3.Ar? X That is, 
9.02 x 10-4$ of the inventory avai~2b1-e wit'nin tlie pri-ma-ry containment 
atmosphere ri. s released. Lo tile extcL'1L'nttL atmosphere, provided -the par t icu-  
l a t e  mt-Ler was aesisnied. t o  be made e n t i r e l y  of the ac t ive  xnttterial. 

F igwe 4.87 shows the t o t a l  

Thus, i f  the leak  r a t e  K i s  3$/day, t h i s  s.ro1.ild. 
= 9.02 X 
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Fig .  4.8'7. Total- Activity Released During Pcrj.od o f  Zero F i l t e r  W- 
ficiency Per Rel..ease Rate Versus T i m e .  
60. ) 

(From Fontma m.d 131-owning, ref. 



Since it, can be shovm k h a t  

( A .  89) 

where Vp is the volume occinpled by p a r t i c l e s ,  the ti-me t o  reach a c r i t i c a J  
p s i - t i c k  s ize  wou1.d be inversely pi-oportional t o  the volume occupied by 
the pa,rti.cles. Thus, ad-d-ition of l ess -ac t ive  mater ia l  would  increase Vp 
and reduce the t,im.e d-iiring which T i l t r a t i o n  i.s assumed Lo be i-neffective. 
It al.so can be shown t h a t  

Thus, since I i s  the a c t i v i t y  inventory associa,t,ed with ml, Lhe mater ia l  
avai lable  t o  rmke par t ic les ,  redi1c3.ng the spec i f ic  a c t i v i t y  I/ml reduces 
the t o t a l  arriouni of act i -vi ty  released. 

4.4.4.5 Release of Act ivi ty  from 'Three-Barrier Containment Systems 

Anderson" has ana,lyzed, i n  a general. way, the three-har r ie r  con- 
ta.ixment problem, i. e - > a system ut ' i l iz ing a seco:nclaiy containneni; vessel. 
surrounded by a swept volume, such as i s  used i n  the N S  Savannah. The 
model analyzed i s  shown i n  F ig .  4.88,  with t h e  foll.owing nomenclature : 

F ( t )  = f r a c t i o n  o f  the t o t a l  quan-tii;y of the i-sotope that  has escape13. 

N ( t )  = total qu.antri.ty of isotupe ex is t ing  at time t, 
R ( t )  = r a t e  of escape of a given isotope fi-om the reactor  core i n t o  

A- = decay constant of precursor isotope, 

from the  core as a gas? 

the f i r s t  containmen-t vessel, 

Qp(ts = qixmtity of the precursor isotope held up i n  f i r s t  containment 
vc s sel., 

a (%)  = q m n t i t y  of the isotope held up i n  the f i r s t  contaainment vessel ,  
A = decay constant of isotope being consrid.errerl, 
Z = leak r a t e  constant f o r  f l rs t  containmen-L vessel, $/day, 

Up(%) = quantity of precursor isotope held up i n  second containment 
vessel, 

U ( t )  :: quaniity of isotope held up i n  second contaimflent vessel ,  
m = leak r a t e  constant Por second containment vessel. 
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F i g  4.88. Schevatix Diagmrfl. of Containment; Rate Processes. (From 
Anderson, ref. 61, p. 5 . )  

The equations fa r  the  system are 

and 

where 

1 - g-1 

(4.90) 

(4.91) 
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If i t  i s  assumed that a l l  the precursor isotopes move through the 
system i n  the same manner as the isotope of i n t e r e s t ,  E q s ,  (4.90) and 
(4.91) can be solved. I n  t h i s  case 

and Eqs .  (4.90) and. (4.91) become 

a ( t)  d F ( t  
d t  d.t 
- -!- Q q ( t )  = - 

and 

(4 .92)  

(4.93) 

With the i n i t i a l  cond.itions that q(0)  = U ( 0 )  = F(0)  = 0, .the solut ion fo r  
u(t) i s  

I," eat F ( t )  dt]  . (4.94) 
R - m t  t -Qt u ( t >  = - [me em' ~ ' ( t )  dt - l e  

m - - P  0 

The leak rat? t o  the atmosphere i s  given by 

In the  case of a single containmen-l; vessel., it i s  of ten assumzd t h a t  
a f r a c i i o n  f of the t o t a l  quantii.y of a given f i s s i o n  product i s  released 
instantaneously from the core and that; leakage from the  containment vessel 
i s  small enough so t l - ia t  l i t t l e  depletion OCCUTS because of t h e  leakage. 
For t h i s  simple case the leakage t o  the atmosphere i s  given by ZfN(t). 
The 1ea.k r a t e  given by Fq, (4.94) expressed as a f r a c t i o n  of the simple 
sing1.e -containment case ris 

- ReeRt I," eat F ( t )  dt]. (4.96) 



4.1‘15 

1. Case of Eq3onenti.d Release from Core, In some cases i t  i s  pos- 
sible to approximzte the fission-produc-t release charac te r i s t ics  of the 
reactor  core by the empirical  expression 

F ( t )  = 0 t d t o ,  

-p (t -t 0 )  If 
F ( t )  I= [I - e 

where 

t o  t i m e  elapsed from the start of the accident to i n i t i a l  f i id-elenmt 
f a i l u r e  , 
the  core fail-ure,  

p = r a t e  parameter which must be deternliiied by a de%ail.ed analysis of 

f = f r ac t iona l  re lease r a t e  ( 0  s f G I). 

Using tine above empirica3 expression for F ( t ) ,  tine r e l a t ive  leak rate 
given by Eq. (4 .96 )  is 

where 

2 .  Case of Step Release from Core. P, conservative model- %or de- 
scr ibing fission-product re lease f roni a reactor core rollowing m acc iden t  
is 

F ( t )  . f t > t o  . 
With this core model-, Eq. (4 .96 )  becom.es 

-0 - R e )  L ( 9 )  = fc ( e  - e 
K - 7. 

( 4 . 9 8 )  

Anderson61 has ca,lcuJ_ated the  r e l a t ive  Leak raze L ( 0 )  Tor the case 
of step re lease from the core, as given by Rg. (4.98), f o r  :I range of 8 
and several  valiues 03 K .  The r e s d t s  a r e  given in  Pig, 4.69. 

3 .  I Jse  of Leak Hate Curve. The use of the 1ea.k r a t e  curves gi-ven 
i n  Fig. 4.8’3 can best be illustraic2i by a few exmples  given by Andm-sorl. 
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F i g .  4.89. Leak Hate t o  Atmosphere w i i h  S t ep  Release from Core. 
(From Anderson, r e f .  61, p. 11. ) 

Example 1. 

i n n e r )  s t r u c t u r e  leaks .1..0% of the  contained gases per day; t he  secon.cl 
s-tru.c’iure leaks a t  a r a t e  of 1000% per  day. 
dent occurs when the  core inventory of 1351 i s  1.06 c u r i e s .  It i s  also 
assuxerl. that t h e  r e a c i o r  i s  shut down on i n i t i a t i o n  of t he  acc ident  and 
t h a t  i L i i ’ L i a 1 .  fuel.-element f a i l u r e s  0ccu.r 15 m3.n l a t e r .  
i.odine escapes from -the core as a. gas,  what i s  t h e  1351 re1.ease r a t e  to 
the akmosphere 3. hi- a f t e r  the acc ident?  

I_ 

Prob3.em: A r e a c t o r  has two containment struc-Lui-es ‘The f i r s t  ( o r  

It i s  assumed t h a t  an a c c i -  

If 25% of t h e  

Solut ion:  The r e l ease  r a t e  a t  any t i m e  i s  given by 

m U ( t )  = L(e)zm(t) . 

The fol1.owi.n.g values a r e  obtainable  from t he  statement of t he  problem: 

l.O$/day 
2 =  - -: O.Ol/day , 

100 



4.177 

1.000$/day 
'III = = l0/day , 

100 

N ( O )  := l o 6  c u r i e s  , 

f = 0.25 . 

The value of 8 f o r  1 h r  i s  

e = z(t - t o )  = 0.01 G4 - - -  i6) = 3.1.3 x 10-4 . 

From Fig,  4.89, L ( 0 )  at I 11% i s  L = 0.26,  
' 3 %  e x i s t i n g  at any time i s  given by ~ ( t )  = N ( o ) ~ - A ~ .  
s t a n t  h f o r  1351 i o  A = 0.1034/hr. 
l o 5  cur ies .  

The t o t d  number ol" curies of 
 he decay con- 

Therefore N = lo6 e - 0 e 1 0 3 4  = 9.02 x 
Using the  above quant i t ies ,  the release r a t e  a t  1 hr - is  

(0.26)(0.0l)(0.25)(9.02 X lo5) = 586 curies/d.ay . 

-I Example 2 

s t ruc ture  f o r  the reactor of example 1. 

s t ruc ture  i s  

ProbleTi: 

Solution: The qu%nt,ity o f  x i t e r i a l  held up in the  second containment 

Find the amount of 135J held up i n  the secoiid- contaiment  

re lease rate 
m 

u( - t )  = -  

After I hr the mount  of. 1351 i n  the second containnent vessel  is 

586 
10 U = - z= 58.6 ~u.ri .es . 

Example 3 

ment st ructure ,  -what would lie the release r a t e  of a , f t e r  I hr? 

containment vessel  sys-tem with the outer vessel  leaking at an i n f i n i t e  
rate, i . e . ,  K = a. A s  can be seen from Fig. 4.89, L(8) i s  approximately 

Problem: If t h e  reactor  o f  e l ~ ~ s p l - e  1. did no-1; have a second contain- 

Solution: A s ingle  contalirinient vessel  system i s  the same as a dou-ble 



unity f o r  8 5 lo-'* and K - O0. 

i s  given 'oy 
Y'hecrfore, the leak r a t e  of 135T ai 1 h r  

(1)(0.01)(0.25)(9.02 x l o 5 )  = 2260 curi.es/day . 
Example 4 

An iodine f i l t e r  having an ef f ic iency  E of 0.99 (99%) i s  
f iLted t o  the exhaus'i of the second con-iainment vessel of the system i n  
example 1. After 1..0 hr, what i s  the release r a t e  of L351 t o  the atmo- 
sphere w3.th the f i l t e r  i-nstal-led.? 

Solution: Although the effect, of a f i l t e r  i s  not, e q l i c i ' i l y  ac- 
counted f o r  i n  Lhe curves of Fig .  4.89, tiie calciila-tion i s  qui te  s t r a i g h t -  
forward. A s  before, the release r a t e  from the second containment s t ruc ture  
i s  m U ( t ) .  With f i l . t e r s ,  however, the qu-arrtity, m u ( t ) ,  i s  the flow r a t e  
i n t o  t h e  f i l - t e r  r a t h e r  than to the atmosphere. Assuming negli..gil:,le t,ransit 
t i n e  through -the f i l t e r ,  the exhaust r a t e  from the f i l t e r  and. t o  the a t -  
mospliere is: Using -tile resul-t 
f o r  mU(t) given i n  example 1, t h o  exhaust, r a t e  of 1351 t o  the atmosphere 
( a f t e r  1.0 h r )  w i % ? ~  tiie fiLl.ter i s  

Problem: 

Release ra te  with f i l t e r  = m U ( L ) ( l  - E ) .  

(586)(1 - 0.99) - 5.86 curies/day . 

If an accident occurred t h a t  released fission products within the 
f i n a l  containment s t ructure ,  3-eakagc from the s t ruc ture  would be borne 
downwind and d i l u t e d  i n  the Zir- The exclusion di.stance prescribed for 
iluclear plantis i s  establ ished with cognri.zance of the d i l u t i o n  e f f e c t  and 
i s  based on the maxiniun all-owable dose t o  inhabi tants  i n  ihe vicini.ty of 
thc plant .  Therefore i:i i s  necessary t o  d-etermine 'ihe external  dose from 
tile radioactlve cloud, -the internal- dose received by inhala.tion, and. the 
i n t e r n a l  dose recei-ved. by consump-Lion of a g r i c u l t u r a l  products. 

The subjeci of atmospheric dispers ion i s  too Large t o  tyea t  t'noroi@ly 
here; r e f s .  62 througki. 67 should be consulted :Cor f u r t h e r  infor?nxLion on 
the subject . The basic  equatior! f o r  dispersion from continuous point 
sources suggested by Gifford6 i s  the s o - c d l e d  "generalized Gaussian 
plime formula" : 

(4.99) 
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x ground--levrl air concentration, curies/rri3, 
Q : source strength,  curies/sec,  
u = average wind speed, m/sec, 
h = height oT the  sou-rce above t h e  groimd, m, 
y = la te r ,d  (crosswind) dis-tance from the plume axis,  m, 

I 

I n  t h i s  equation, the x a x i s  coincides wit11 E. 
c ien t s  i n  -the y and z di rec t ions  are expressed as standard deviation of 
1;he plime distrihixtions, 'sy and oZ .  
Figs.  4.90 and 4.91 f o r  dis tances  from the  sou.rce of 100 -Lo 100,000 meters 
f o r  six meteorological categories, 6 8  as defined i n  Table 4.43. 

The dispersion coeff i -  

V a l i n e s  of GY mil n - ~  a re  given i n  

Tab1.e 4.43. Meteorological Categories" 

A: Extremely unstable conditions D: l ieutral  conditionsb 
B : Moderately Lmstable conditions E : SlighLly s table  conditions 
G : Sl igh t ly  unstable condi%ions F: Modera,tely s tab le  conditions 

s3 /6  
Surfac e Wind D a y t i m e  Insolat ion Thin Overcast 

( d s e c )  Strong Moderate Slight, Cloudiness 
Cloudine s s Speed o r  24/s 

<2 A A-R B 
2 A -B B C E F 
4 z1 B -C C D E 
6 c C -D D D D 

>G C D D D D 

%ram Hilsmeier and Gifford, r e f .  68, p. 4.  

bAppl.ica'Dle t o  heavy overcast, day o r  night .  
c 
The degree of cloudiness i s  defined a:; that f r ac t ion  of -the sky 

above the local apparent horizon which i s  covered by c louds .  
Surface Observatrions (WBMT), Circular  N(7th ed. ), paragraph 1210, U.S .  
Government Prinking O f f  ice ,  Washing-ton, July 1960. ] 

[hlminal of 

Hilsneier  and Gifford6' used Eq.  (4.99) and Figs .  4.90 and 4.91 to 
obtain char t s  yielding E(X/Q) .versus distance from the  r?O'urce for various 
condi-Lions. The term XlQ, i n  u n i t s  of sec/m3, i s  of ten ca l led  the  'Is-Lack 
fac-Lor." The charts are reproduced i n  Figs. 4.92 through 4.96. Fligure 
4.92 shows valu.es of Tii(X/Q) at  the surface f o r  vaz5ou.s types of veather 
w i t h  tihe soixrce at ground l eve l .  Figures 4.93 through 4.95 show E(X/Q) 
at the surface f o r  elevated re leases  of 10, 30, and 100 m, respectively.  

Figu.re 4.96 shows the values of the area  ( i n  m2) enclosed- by ground- 
l e v e l  concentration i sople ths  having the value XE as a functi-on of the 
qr.mn.l;ity XE(TT /Q)  (an isople~;b i s  a line of imiform ground concentration).  



4.180 

-. 
0 + c 
0 N 

0 
I 

bA 

4 1  

1 0 4  

5 

2 

40’ 

5 

2 

to2 

5 
A -  Extremely Unstable 
B - Moderately Unstable 

D -  Neutra l  
E - Slightly S tab le  
F - Moderately S ta  

2 C -  Slightly Unstable .. 

10’ 

1 00 
4 0 2  2 5 to’ 2 5 104 2 

x ,  Distance from Source (meters1 

Fig. 4.90. Horizontal. Dtspersion Parame’kr, uY, as  a Functfon of 
D.ownwi.nd Distance, x, f o r  Varj-ous Type of Weather. (From Gi f fo rd ,  ref‘ 
65. ) 
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Fig, 4.91. V e r t i c a l  Dispersion Parameter, mz, as a Function of 
Downwind Distance, x, f o r  Various Types of Weather. (From Gifford, r e f .  
65 . )  
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Fig. 4.93. Values of TX/Q as a Function of Downwind Distance, x, 
for Various Types  of Weather; Source at Surface; h = 10 m. 
and Gif fo rd ,  ref. 68, p. 7.) 

(From Bilsrneier 
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Fig. 4.94.. Values of a/& as a Firnetion o f  D O W ~ W ~ ~ ~ I  ~ ~ s t a , n c e ,  x, 
for Various Tyyea  of Weather; Source at Surface; h = 30 rn. 
H i l s m e i e r  and Gifford, ~ e f .  68,  p. 8 . )  

(From 
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Fig. 4.95. Values of a/Q a s  a Func-Lion of Dowli-i<ind lIistail@e, x, 
for Various Types of Weather; Soixce at Surface; h :I: 100 m. (From 
H-Ii.lsrneier and Gifford,  r e f .  68, p. 9. ) 
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FQ. lt.96. Values of the Area Eficlosed by a Ground Level Concen- 
tration Isopleth Having the Value XE as  a F-mc-Lion of the QuanLity X@T/&. 
(From :Iil-s-meier and Gifford, ref .  68, p.  10.  

Frigures 4.92 through 4.95 are 1isef'Ul for drkemililng the concentration 
d i r e c t l y  downwind of a release by the  equ-ation 

(4.100) 

where c is concentration, curies/m3. 

(4.99) CEUI be u-sed dii-ectly ~ith Fri-gs. 4.90 and. 4.91 to obtain U<x/Q) 
at that point. This can be done repeabedly and can be applied to Fq. 
(4.100) -to Obt3.in ground-Concentration i sople ths .  

If the concentration in the transverse d i rec t ion  must be fouj-d, ~ y ,  
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4.5.2 Biologi c\d Hazards and Dose Calciilations __----.- I....---Y -II.- 

The inmediate hazard t o  people downwind f r o m  a release i s  khat from 
di.rect radiat ion Prom ihe  cloud and inha,lnti.on of some iniportant iso-tope, 
notably iodine o r  s~troiitiuxn. I n  general, the  contro1.ling facLor i s  the 
inhalat ion of radioiodine. Methods f o r  cal.ciA.ating the efffects of iodine 
an.d the other  hazardous isotopes a re  given below, 

The external  exposure from submersion within a large cloud of radio- 
ac t ive  maberial can be esti .rn~ted. '~ t o  be, a t  the Iliaximum, 

- 
Q(3.7 X 1 0 ' ) ( t ) ( E s ) ( 1 . 6  X lO-')(l.l3)(2ii) 

(1-293 ) (100 ) (47 1 
z =  

I 2 . 6  x 101'~ E,& , 

where 

(4.101 ) 

Z - cumulative dose, rea,  
i = exposure time, see, 
Q = averag5r concentration, pc/m3, 
- 

Es -- e t f e c t i v e  energy of f ission-product mixiure, Mev/dis .* 
The inhalat ion intake i.n microcuries i s  

1: = B a t  , (4.102) 

where R i s breathing r a t e ,  m3/sec. 
i n s  ra te ,  the amourit inhaled ( i n  microcuries) would be, I"or moderate ac- 
ti vi. t, y , 

Ta,king B - 30 l i te rs /min  as the breath- 

I = 5 x 10-4 at . (4.103 ) 

'Plie t o t a l  internal.  exposure (rem) t o  a body organ i s  

( 4 . .  104) wr u = 73.81,1 ---. CE. (RBE) , m I. 

Vhe ef fec t ive  energy i s  taken as t h e  g a m  energy plus  one-third 
the be ta  energy. 
dis/sec.pc, 1 . 6  x 
1.,1.3 i s  the mass s-Lopping power of t i s s u e  rela~kive t o  a i r .  

Also i n  Eq.  (4-101) the numerical f a c t o r s  are 3.7 x l o4  
ergs/Mev, 1293 g/m3 f o r  air, 100 ergs/g-rad,  and 
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mass of body organ, g, 
f r a c t i o n  of inhaled mater ia l  res iding i n  organ, 
a m o u t  of inhaled mate-cial ,  pc, 
energy absorbed i n  the organ, MeV, 
f a c t o r  accounting f o r  localized deposition, 
e f f e c t i v e  haLf - l i f e ,  days. 

The effectiv-e h a l f - l i f e  i n  days i s  

T T  
f r  

f r  
T = T  + T  7 (4.105) 

where Tf i s  Lhe b i o l o g i c d  h a l f - l i f e ,  and T, i n  the  radioactive h a l f - l i f e .  

t a b l e  i s  reproduced as Table 4.44. The isotopes of Table 4.44 are  grouped 
aceo-rding t o  the  cr i t - i -c~d.  organs they a f f e c t ,  and the energy values a r e  
those appl.i.c.zble t o  the pa,rticul.ar organ. The D values a r e  -the total ex- 
posures calculated t o  r e s u l t  from a single  i n h d a t i o n  of 1 pc of the 
respective ?.sotope. 

detail . ,  t h a t  is ,  those r e s u l t i n g  from 40 and 400 days of reactor  op- 
era t lon .  Table 4.45 shows the amoi-mts of selected f i s s i o n  p o d u c t s  i n  
cur ies  per megawatt of power. 
of each long-lived isotope present a t  40 a,nd 400 days operation. These 
percentages a r e  then applied t o  the  exposures per ilnhaled m.i.crocurie of 
t h e  components and t o t a l e d  t o  give exposure per inhaled microcurie of 
mixtu.re. As .my be seenl the t o t a l  exposure t o  -the bones and thyro5.d 
grea-tly exceeds tha-t -to the  kidneys o r  muscle. 

ternis of millirems per inhaled microcurie of iso-tope mixture a s  a f m c t i o n  
of reac-Lor operating t i m e .  It should 'oe emphasized that t h i s  assumes t h a t  
the  inhaled mixture i s  of the  sane cornpositton as the  f iss ion-prodixt  
inventory i n  the core. I n  a r e a l  case t h e  isotopes would be released i n  
d i f f e r e n t  proportions, as discussed i n  Sees. 4.3 md 4.4. 

Figure 4.98 shows coinpsrati.ve exposues a t  differei i t  operating 
times based on l i m i t i n g  the bone exposure to 25 rem. Also shown is the  
rixiiiium .permissible exposure (TPE) oI" 50 rem -to the thyroid.  
mersion exposure can be seen t o  be negl igible  when Inhalat ion -t:&es 

B ~ ~ r n e t t ~ ~  gives the  f i s s i o n  prod.ucts o f  control l ing importance; h i s  

BurTiet'c considered two cases of mixed. f ission-product i n h a k t i o n  i n  

Table 4.46 glves percentages of the t o t a l  

Figure 4.97 shows exposi.ires t o  -the thyroid,  l.usgs, and bones i n  

The sub- 

place * 
I n  a reac tor  accident tile inore v o l a t i l e  f i s s i o n  products woiil.4 be 

released t o  a grea ter  ex-tent than other  eqiial1.y hazardous, but more 
sta'ole, elements such as str-ontlum.. Table 4.47 gives an example of t h i s  
effect. These values of re lease from the Windscale incident were e s t i -  
mated by 8ea . t t i e . l  I n  t h i s  case the uranium P i ~ l  was a c t u a l l y  burning 
and exhausti-ng t o  t h e  atmosphere vi thout  the  presence of a containment 
vessel .  Tke last  colimn i n  the table l i s t s  the percentage re leases  T,hich 
a r e  recommended f o r  use I n  fu ture  reac tor  s a f e t y  assessments. 



Table 4.44. Fission Products of Significance 
in In t e rna l  Exposure" 

Radioactive 
l ro topc  hal f - l i fe,  Yield, % 

- .. . . . . T r 

Bone 

Sr89C 

Sr9 I-Y 91m 

Y91 

~ , 9 5  

Sr90-y90" 

Nb95m 

Nb95 

Z r97-Nb97m 

Nb97 

M099-Te99 

Sb 27 

Ba140-Lo140 

ce141 

ce143 

Pr143 
Ce 144-p, 144= 

Nd147 

~m I A 7  

Pm 149 

ThyroidC 
1131 

I 132 

I 133 

I 134 

I 135 

Kidney 
Ru 103-Rh 103m 

Rh105 

RU1O6-Rh1O6 

Te 127m-Te 127 

Te 129mmTel 29 

Te 131m-Te13 1 

Te132 

Muscle 
c s  137- 137117 

50.5 d 

27.7 y 

9.7 h 

57.5 d 

65. d 

90. h 

35. d 

17. h 

67. h 

93. h 

12.8 d 

33.1 d 

33. h 

13.7 d 

202. d 

11.3 d 

2.6 y 

54. h 

8.1 d 

2.4 h 

20.5 h 

52.5 rn 

6.68 h 

39.8 d 

36.5 h 

1.0 y 

115. d 

33.5 d 

30. h 

77.7 h 

33. y 

4.8 

5 .9 

5.9 

5.9 

6.4 

0.06 

6.4 

6.2 

6.1 

0.25 

6.3 

6.0 

6.2 

6.2 

6.1 

2.6 

2.6 

1.3 

2.9 

4.4 

6.5 

7.6 

5.9 

2.9 

0.9 

0.38 

0.25 

1 .o 
2.0 

4.4 

5.9 

E ~ ( R R E ) N , &  Ef5. ha l f - l i fe  (TI, 
doys f a  Mev/di s 

0.28 

0.12 

0.22 

0.19 

0.058 

0.12 

0.12 

0.058 

z X   IO-^ 
0.003 

0.19 

0.1 

0.1 

0.063 

0.075 

0.1 

0.09 

0.09 

0.23 

0.23 

0.23 

0.23 

0.23 

0.01 

0.02 

0.01 

0.02 

0.02 

0.02 

0.02 

0.36 

2.8 

5.5 

3.59 

2.9 

0.84 

1.11 

0.45 

6.33 

2.13 

3.20 

4.2 

0.93 

1.92 

1.57 

6.3 

1.25 

0.34 

1.86 

0.23 

0.65 

0.54 

0.82 

0.52 

0.21 

0.19 

1.38 

0.28 

0.89 

1.30 

0.11 

0.57 

50. 

6400 

0.4 

58. 

40. 

3.5 

21. 

0.7 

2.7 

2.2 

10.7 

31. 

1.4 

11. 

243. 

8.5 

90. 

2.2 

7.6 

0.097 

0.87 

0.036 

0.28 

13.3 

1.5 

19. 

13.3 

10.4 

1.2 

2.7 

17. 

D. 
mrem/pc 

413 

44,200. 

3.3 

337. 

24.5 

4.9 

12. 

3.2 

0.01 

0.2 

91.6 

30.4 

2.8 

11.4 

1,210. 

11.2 

28.8 

3.9 

1,484. 

54. 

399. 

25. 

124. 

6.9 

1.4 

65. 

18.3 

46. 

7.7 

1.5 

8.6 

a. 

b- 
From B u r n e t t ,  r e f .  69, p. 384. 

Ln the effective energy values, the nonuniform distribution 

Revised by H. N. Culver, Apr. 26, 1961. 

factor TJ is taken as 5 for bones. 
C 
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Table 4.45. Fission Products Present at Three Periods of Reactor Operationa 

Fraction of Fission Products Present 
Rar3.i-oact ive Equilibrium (cur ies  ~ r w  steady power)  

Yii-ld 
(’I Isotope Anl f -L i fe ,  

T r  At t = 40 A t  t = 400 A t  i = LbO At  i = 400 At = 
Days Days Days Days 

50.5 a 
2’7.’7 y 
9.7 h 
57.5 d 
65 d 
90 h 
35 d 

17 h 
67 h 
93 h 
12.8 d 
33.1 d 
33 h 
13.7 d 
282 d 
11.3  d 
2.6 y 
54 h 

4.8 
5.9 
5.9 
5.9 
6.4 
0.06 
6 . 4  

6.2 
6 .1  
0.25 
6.3 
6 .0  
6.2 
6.2 
6 . 1  
2.6 
2.6 
1 . 3  

0.422 
0.00273 
1.0 
0 - 383 
0.347 
0.307 
0.114 

1.0 
0.999 
0.999 
0.685 
0.567 
l . 0  
0.868 
0.094- 
0.914 
0.029 
1.0 

(Subtotal  of bone seekers) 

Thyroid 

1131 8.1 d 2.9 0.967 
1 1 3 2  2.4 h 4.4  1.0 
1133  20.5 h 6.5 1.0 

113 5 6.68 h 5.9 1.0 
1 1 3 4  52.5 m 7.6 1.0 

Kidney 

Ru103-Rh103m 39.8 d 2.9  0.502 
Rh105 36.5 h 0.9  1.0  
Ru106-3h106 1.0 y 0.38 0.073 
‘J!el’ 7mJl’e12 11.5 d 0.25 0.21A 
T e 1 ” q e l z 9  33.5 d 1.0 0.563 
Te131qe131 30 h 2.9 1.0 
,,,e 13 2 ‘7’7.7 h 4.A 0.999 

0.996 
0.0270 
1.0 
0.992 
0.986 
0.9135 
0.970 

1.0 
1.0 
1.0 
1..0 
0.999 
1.0 
1.0 
0.626 
1.0 
0.253 
1..0 

1.0 
1 . 0  
1.0 
l.0 
1.0 

0.399 
1 . 0  
0.532 
0.910 
1.0 
1.0 
1.0 

0.0228 

18.4 

53.6 
20.5 
20.2 

0.2 
6.6 

56.3 
55.4 
2.3 

50.7 
30.9 
56.3 
48.9 

5.2 
21.6 

0 . ‘7 
11.8 

(460) 

0.146 

25.5 
40.0 
59 .O 
69.0 
53.6 

13.2 
8 .2  
0.3 
0.5 
5.1 

26.3 
40.0 

1.0 

800 

1+3.4 

53.6 
53.2 
57.3 
0.6 

56.4 

56.3 
55.4 
2.3 

5’7.2 
54.5 
56.3 
56.3 
34.7 
23.6 
6.0 
11.8 

(680) 

1.45 

26.3 
40.0 
59.0 
63.0 
53.6 

26.3 
8 .2  
1.8 
2 . 1  
5.1 

26.3 
4-0.0 

1 . 2  

1043 
__1 

43.6 
53.6 
53.6 
53.6 
58.1. 

0.6 
58.1 

56.3 
55.4 
2.3 

57.2 
54.5 
56.3 
56.3 
55.4 
23.6 
23.6 
11.8 

26.3 
40.0 
513.0 
69.0 
53.6 

26,3 
3.2 
3.5 
2.3 
9 . 1  

26.3 
40 * 0 

53.6 

1191 
- _I-- 

‘T’rom Burnett, ref. 54, p .  386. 
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Tab3.e 4.46. Exposues from Fission-Product Mixtures" 

-..._...I ~ 

Percent of Total  i), Exposure per Inhderl. 
Exposue Microcurie ( I r m a )  

--._I- -_.........~._.._.I Tsotope 
O f  40-Day O f  400-Day 

O f  Isotope 
A t  t = 40 A t  t - 400 

Mixture Days Days MixLure 

Bone 

S r 8 9  

s r 9 ~ - y 9 i ~ n  

Y 9 l  
~ r 9  
Nb95" 

m95 
Zr9 7-9 7m+, 9 7 

M O ~  9 ~ c  

sr9 L y 3 0  

SbI2 
Ba140-I,a140 
ce141 
C d L 3  
~ ~ 1 4 3  
c e 1 4 4 --pr 1 4 4 

Nd147 
p,l47 

pllll 

(Subtotal)  

Thyroid 
1131 

1 1 3 2  

1 1 3 3  

113 4 
113 5 

(Subtotal)  

All above i s o -  
lopes 

2-30 
0. ole 
6. '70 
2.56 
2.52 
0.02 
0.83 
7.04 
6.92 
0.28 
6.33 
3.86 
7.04 
6.11 
0.65 
2.70 
0.09 
1.48 

(57.4) 

3.18 
4.99 
7.38 
9.62 
6.70 

1.65 
1.02 
0.03 
0.06 
0.64 
3.29 
4.99 

0.02 

4.16 
0.139 
5.1& 
5.1.0 
5.49 
0.06 
5 . / b o  

5.40 
5.31. 
0.22 
5.49 
5.22 
5.40 
5.40 
3.33 
2.26 
0.5'1 
1.13 

(65.2) 

312 
36) 800 

217 
3 .3  

24.5 
4. 9 

12 
3.2 
0.01 
0.2 

30.4 
2.8 

11.14 

11.2 
28.8 
3.9 

109 

1,160 

2.25 963 
3.83 36.6 
5.66 227 
6.62 17.7 
5.1.C, 63 

2.52 6.9 
0.78 1 . 4  
0.18 65 
0.20 18.3 
0.87 46 
2.53 7.7 
3.83 1 . 5  

0.12 8.6 

7.18 
6.37 
0.22 
5.56 
0.62 
0 
0.10 
0.23 
0 
0 
6.90 
1.1.7 
0.20 
0.70 
7.50 
0.30 
0.02 
0.06 

(37.1) 

50.65 
1.83 

16.74 
1 - 5 3  
4.22 

(55.0) 

0.11 
0.01 
0.02 
0.01 
0.29 
0.25 
0.08 

(0.8) 

0 

38.0 

12.99 
48 I32 
0.17 

11.06 
1.35 
0 
0.65 
0.17 
0 
0 
5.38 
1.59 
0.15 
0.62 

38.50 
0.25 
0.17 
0.04 

(122.0) 

24.32 
1.40 
12.. 85 

1.17 
3.24 

(43.0) 

0.17 
0.01 
0.11 
0.04 
0.40 
0.19 
0.06 

(1.0) 

0.01 

79.6 

%-om Burnett, re f .  69, p. 387. 
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‘Table 4.47. Windscale Accident Release as Estimated by Beattiea 

Ac Livity i.n Act ivi ty  Percentage Percentage Release 
Damaged Released f corn Re1 ease He c omended 
Fuel- C hiimey from For Future 

(cur ies  (cur ies  ) Cliimey Asses srnent s 

Element 
o r  

5: sotope 

60 

160,000 12, ooob ‘1. 5 15 
168,000 20,000 12 25 
3R0, 000 80 0.02 0.1 
9,200 2 0.02 0.1 

11.2,ooo 80 0 . ‘I 4 
8,000 600 7.5 15 

290,000 80 0.03 0.15 
0.2 

%rom Beat t ie ,  r e f .  I, Table 3 .  

’‘The r a t i o  1311/’322Te i s  1./0.4, as estimated by Chamherlain.70 

4.5.2.1. Deposition of Activity from the Cloud 
-___I .l.........ll_.l 

With. the  exception of xenotn and krypton, and iodine i n  organic com- 
pounds and possib1.y a l s o  i n  t r u e  molecular form, t h e  f i s s i o n  products r e -  
leased i n  a reactor  accident would be of  par’t.ici-i.late form. As discussed 
previous1.y i n  t h i s  chapter i n  con junction with f ission-product behavior 
within coniai-nrnent vessels,  p a r t i c l e s  with dj-ameters o-f <l p deposi-t very 
s3.owly by sedimentation. The dominant mode o f  removal. of’ -Pine p a r t i c l e s  i s  
diffusion and impaction. Dcposi’Lion experiments can be surmmri.zed by the 
concept of Ilveloci-Ly of depositi-on, I ’  d.ef ined by 

t o t a l  deposited a c t i v i t y  p e ~  uni t  area -.___ - % - ~ - _ _ - . . _ P _  cloud concentration x time 

‘The values of the deposi.ti.on veloci ty  vary with the cond-ition of the 
siirfaee and wind speed. 
of Vg from 0.01 -Lo 5 cm/sec. Beat t ie  fee1.s Lhat values between 0.1 and 
I,O cm/sec are most likely. 

The e y f e c t s  of washout of airborne a c t f v i t y  have been considered by 
Chamberlain. 7 0  ‘Theoretically, the worst possible deposit ion by r a i n  ts 
eight  times the w0rs.L possth1.e deposit ion i n  dry weather, but there  a r e  
s o  many var iables  that a. r e a l i s t i c  assessirient i s  impossible. However, 
r a i n  harrl1.y ever occurs  a t  the same time as an inversion, so the worst 
conditions i n  deposit ion ( r a i n )  adre unli.kely t o  coincide wikh the worst 
conditions of diffusion (i-nversion) 

Experiments’ done w i t h  iodine have gi.ven values 
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Beatt ie  calculated deplebion of cloud dosage by deposit ion of ac-  
t i v i t y  of the  cloud as it t r a v e l s  downwind. The modified cloud dosages 
resu l t ing  fi-om various values of depositj-on veloci ty  Vg between 0 and 
1.0 cm/sec a r e  reproduced i n  Figs .  4.99 and 4.100. It can be seen from 
these f i g u r e s  that the e f f e c t  of ground d-eposition i s  f a x  more pronounced 
during inversion conditions than it i s  during average condi-Lions. (See 
'Table 4.43 f o r  d e f i n i t i o n  of categories  given on Figs.  4.99 through 
4.1.02. ) 

Beat t ie  also calculated groimd deposi-tion from a prolonged. re lease 
i n  average wind inversion v a t h e r  conditions; the r e s u l t s  a r e  shown i n  
Figs .  4.101- and 4.102. When hazards due t o  ground. deposit ion ~r:ei"e caleu-  
laked, Beattie used the  highest values 0% deposit ion vel-ocity (V, = 0.1. 
t o  10 crn/sec) that  would give t h e  highest deposi-Lion at -the distance of 
I n t e r e s t  i n  order t o  avoid underestimating the hazard. 

4.5.2.2 Hazards Due t o  1od.ine 

I n  an accidexL, it i s  l i k e l y  t h a t ,  as a hea l th  hazard, iodine would 
be the  controll-ing isotope. Rea t t ie  has cdxula ted  the anounts of t h e  
iodine isotopes that would give t h e  ninxirnum al1o-wabI.e dosage of 25 rads 
t o  the t'nyi-oid OS 8 6-month-old ch i ld .  These r e s u l t s  are given i n  TaKLe 
4.48. 

Table 4.48. Maximurn Pernlissible Cloud Dosage of Zndividua1 
Iodine I sot  ope sa 

1 3 1 1  1321 1331 1341 1351 

Effective energy, tdevb 0.23 0.65 0.54 0.82 (3.52 
Hal f-Life,  h r  192 2.3 21 0.87 6.7 
Fraction, S ,  of isotope dose 1 .0  0.35 0.80 0.15 0.50 

Maxirnum permiosibbe cloud dosage, 0.013 1,l 0.063 5.4 0.33 
a c t u a l l y  deli-vered t o  thyroid 

ciir i c  - se c/rfi3 

%ram Reatt ie ,  r e f .  1. 

'see r e f .  '11. 

A t  equil.ibi*iinn, a f t e r  one o r  two weeks of reac tor  operation, the  ac- 
t i v i t i e s  of the  FoCline isotopes a r e  i n  the  following ratios: 

s3s1 1.0 
1 3 2 ~  1-32 
1 3 3 ~  2.16 

1351 2.20 
1341 2.52 
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Fig. 4.99. Cloud Dosage f r o m  a Release of l . 0  Curi-e Over a Prolonged 
(From Z l e a t t i e ,  ref. I., Fig .  1. ) Period i n  Average Weather Conditions.  
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F i g .  4.100. C3.ouFi Dosage from a Release of 1 .0  C u r i e  Over a Prolonged 
Period i n  Inversion Conditions. (From Reattie, ref'. 1, Fige 2.) 
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Fig, 4.3-01. Ground Deposition Tram a Release of 1.0 Curie Over a Pro- 
longed Period in Average Weathzr Conditions. (From Beatt ie ,  ref ~ 1, Fig, 
3 . )  
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Prolonged Period in Inversion Conditions. (From Beattie, ref. 1, FLg;. 4. ) 
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The amount of iodine mixture of t h i s  composition tliat wai~l-d y ie ld  a t o t a l  
thyroid dose of 25 rads i s  Lhat accompanying a dosage of 0.00834 curie-sec 
of 1311 per r 3 .  
s i b l e  cloud dosage may be s t a t e d  as 0.0077 curie-sec of 1311 per r 3 .  

counted f o r ,  the nmximum permissible cloud dosage of iodine i s  0.007 curie-  
see of 1311 per m3 measured a t  one day. 

The above Yigures a r e  based on -the l i m i t  of 25 rads t o  the thyroid 
of a 6-month-old chi ld .  Table 4.49 sliovs the maximum permissible cl-oud 
dosages as a function of age of the subject.  

Measured. a t  one day a f t e r  shutdown, the rmximuin pe:cmis- 

When the contributi-on of 1321 arl.si.ng from the decay of 132Te i s  ac- 

Table 4.49. Maximum Permissible Cloud 
Dosage of Fission-Product Iodine"? 

To Persons of Various Ages 

Maximum Permissible 
Age Cloi~d Dosage 

(curie-see of 1311 per m3) 

6 inonths 

1.0 years 
20 years 

3 y.,.. nsrs 
0.007 
0.007 
0.011 
0.031 

a 
Expressed i n  terms of cloud dosage 

of l3 'I which contr ibutes  -the grea te r  
par-t of the dose t o  the thyroid,  fol.low- 
ing inhalation, and assuming that  the 
other iodine isotopes a re  presen'i i.n 
equilibrium proportions. N-l-owance i s  
a l s o  made f o r  a contribution t o  -thyroi.d 
d.ose from 13*2 formed i n  t h i s  body from 
inhaled l 3 * T e ,  Curies of 1311 are  s t a t e d  
as a t  1 day's  decay a f t e r  re lease .  

bFrom Beat t ie ,  r e t .  1. 

4.5.2.3 Contamlnation o f  Exposed Food with iodine 

Beattri.el s t a k s  that, where the  groii.nd concentration exceeds 5 X l.0m5 
cur ies  of 13'-J per m2, a publ.<-c warning shoii1.d be issued adgainst the con- 
sinnption of green vegetables and f r u i t  and of other  food t h a t  has been 
exposed i n  the open sir .  

h a s  recommended r e s t r i c t i o n s  i f  the l e v e l  of l3II  i n  milk exceeds 0.065 
p c / l i t e r .  This l e v e l  i s  designed t o  safeguard a 6-month-old child., who 
i s  a t  the grea tes t  hazard from I3'i i n  milk. This l e v e l  can be re la ted  
t o  a contamination' on grass  of -7 X 

Regarding milk consumption, the B r i t i s h  Medical Research 

cur ies  of 7-311 per m2. 'The 
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t o t a l  pe-rraissibl-e eoncentration on gra,ss mid ground vas taken by Beat-Lie 
as 4 x 10-7 cur ies  of 1 3 1 ~  ;per -m . 
stric.l;eci. when the ground. concentration exceeds J.O+ c.u.r:ies of l3II per 
-,n2. 
4.103 and 4-10A. 

2 

Beat t ie  s t a t e s  t h a t  the use of eggs of free-range hens must be re- 

The hazardous e f f e c t s  of iodine mixtu.res a re  summarized i n  Fj.gs. 

4.5.2.4 Hazards Due t o  137Cs 

Cesium-137 i s  a beka- and ga,ma-emit,ting isotope with a 33-year ha l f -  
l i f e ,  which, if ingested, i s  absorbed rriain1.y by muscle t i s s u e .  The ~ m x i -  
inum permissib1.e cloud dosage of 137Cs i n  air  i s  0.28 curie-see of 137Cs 
per rn3, based on a rnaxim.im exposure d i . ~  t o  ihhalat ion t o  a 6-month-old 
ch:i.lrl. Daw3ging or l e t h a l  er"feci;s w o u l d  follow e x p o s - i ~ ~  to -5 Lo 1.0 
curies-sec of 1 3 r 7 ~ s  per m3. 

Table 4..50 g i v e s  permissible and da.mx?Lgi-ir_g I.e.vels of 137@s. The 
lmzards due to 13'7Cs are siimmarizerl i n  Figs. 4.1-05 and 4.106. I n  a re- 
lease the e f f e c t  due t o  1311 Would override t,he effec- ts  d.iie t o  137Cs. 

Both stroa.tiiim isotopes are bone-seeking beta  emitte:r*s. The U r i t j s i n  
Medical Research Council has recorm-ended -Lliat, in the period following a 
reac tor  accident, -the i.nt3k.e of 90Sr by lngest ion be 1.imited t o  0.002 
pc/day, corresponclliag t o  a dose r a t e  of 1.5 rerli/yeai-. 
the  ~ ~ a x i m u n i  permissible d a i l y  intake i s  0 .2  pc, corresponding t o  a t o t a l  
d.ose of 15 rem, i.f ingest ion continues un t J i l  the a c t i v i t y  Ims  decayed t o  
negl igible  propor-tlions. Table 4,5l shows the  permissible 1evel.s of 905r 
as in fer red  by Beat t ie .  The  :ranges of hazards of the ooSr compoiieut of 
a release i n  average and inversion ireather condit,ions have  been calculaLed- 
and are show i n  Figs. 4.107 and. 4.108, respec,tiveI..y. 

In {:.he case of 89Sr 

4.5.2.6 Ranges -- of Hazaxds -~ Summary -.- 

The work of Beat t ie  i s  succinct ly  summarized. i n  Tables 4.52, 4.53, 
and Le,!%, which show the rsn.ges of hazards from a "vo1ai;lile" re lease in 
average and inversion weather conditions, respectively.  These t a b l e s  
show tbe origin of the hazard due to t'ne iniportznt fission pl'od.iucts, the  
l imi t ing  d.ose I-eve]., possib1.e remedjd- act,i.on, and the range of hazards 
of various t ypes  f o r  eleven mgnitiides of release meastired i n  cur ies  of 
t h e  1311 component of the release.  
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F i g .  4.1.03. I m p o r t m i t  R a n g e s  of Hazard f r o m  a "Vola t i le"  Release 
i i l  Average Weather Conditions. (From B e a t t i e ,  ref. I, Fi.g. 1.0. ) 
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Fig. 4.1.m. Important Ranges of Hazard from a "Volatile" Release 
i n  Inversion Conditions. (From Reattie,  ref .  1, Fig. 11. ) 



4.202 

Fie. 4,105. Ranges of Hazard from the 1*37Cs Component of a Relzasc 
i n  Average Weaiher Conditions.  (E’rom Beatttie, r e f ,  I, Fie;. 12. ) 
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Fig. 4.106. Ranges of Hazard f r o m  the 137@s Component of a Release 
in Inversion Coiiditions. (From Beatti-e, ref, I., Fig. 13. ) 
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Fig .  4.107. Ranges of Hazard i"ro-m the "Sr Component of a, Release 
i n  Average Weather Conditions. (From Beat t ie ,  re f .  1, Fig .  14 . )  
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Table 4.50. Permissible and. Damaging Levels 
of l 3 7 C s a  

1__ 

Level Effe c t 
.-I_. ..._..- 

S ~ O  curie - sec/m3 Damaging or Lethal. e f f e c t  on 
6-month-old c h i l d  from In- 
halat-ion 

0.28 curie  -sec/m3 Permissible l e v e l  f o r  inhala- 
t i o n ;  10 rem t o  6-month-old 
chi ldren 

1 x c/m2 R e s t r i c t  Lon on consumntion of 
exposed food, crops, and 
vegetables 

0.15 pc/li-Ler Re s t r i c t i o n  on milk supplies 

3 x 10-7 c/m2 Probable 'coial ground deposi- 
tion. of 13'7Cs where milk 
supplies a re  r e s i r i c t e d  

___I- __I_ 

a 
Yrorn Beat t ie ,  r e f .  1, Table 18. 

Table 4.51. Permissible T,evel.s of 90Sr" 

8 X curie-sec/m3 Maximum peImissib1.e dose t o  
mineral. bone following in-  
halat ion 

3 x 10-7 c/m* Res t r ic t ion  on growing green 
vegeiabl-es and other foods 
exposed i n  the open a i r  

0.002 pc/l;ter Res t r ic t ion  on milk 

6 x 1.0-8 c/r2 Probable t o t a l  deposit ion of 
"Sr i n  areas  whei-e mi.1-k 
supplies a r e  r e s t r i c t e d  

%rom Beatt ie ,  r e f .  I., p. 57 .  
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Table 4.53. Renges of 3azard fron a "Volat i le"  Release ir, Inversion CosdiJ:ionsa 

{Magni-Lude of r e l ease  spec i f ied  i n  t e r m  of a c t l v l t y  of iodine-131 coinponent 
of t he  release; Zctivi~cLes of o-ther i so topes  i n  proporl ions given i n  Table 
4.54. 
2 rne-c,res/secon6. Deposit ion ve loc i ty  assumed, 3.1 t o  1.0 cm/sec; see Sec. 
4.5.1. ) 

Inversion condi-;ion assume6 i s  Pasqaiil's category F, wind speed 

Externa l  h t a - g a m a  
r a d i a t i o n  from the  
cloud 

Origin of hazard "' ! i s a t o p e  

Iodine, xenon and 
o t h e r  i s o t o p e s  11 

propor t ion  

L l r n l t i n q  dose  or level Remedial act io?  

20 rad ,  maxlmum p e n l s r l b l e  
dare  (rn.p.d.! 

Fuacuatlon during per iod  
Of re le . lc  

1 m e d l a t e  evacuation dur lng  
re lease  

. _ -  - 1 5 0  yd 20) yd 550 yd 830 yd 1 i  ml 2 ml 

_ . -  - l m  yd I50 yd LOO I d  550 Yd rad, l e t h a l  or damaging 
dose  

20 rad  i m . p . d . )  t o  per rons  h a  
remain m d e f i n i t e l y  i n  area 

m rad t o  perrons h 0  remain 
12-2L h I n  area 

Externa l  beta-gama 1 I so topes  of  
r a d i a t i o n  from j and tell- 
grnund d e p o s i t i o n  

- - - 130 yd 260 yd 3w yd 880 yd 1 3 W  yd m l  2% 

. _ -  - 110 yd 260  yd 370 i d  

Evacuation wi th in  6-12 
hours  

Evacuation imperative 
Withi" me hour 

I C a e r i u m l 3 7  

Inha la t ion  of a r t i -  l r a t o p e r  o f  
u l t y  f m m  t h e  rlavdl Iodine and t e l l -  I urium 

Evacuation dur ing  p r l a d  
of  releas. 

l m  yo 2M yd 350 yd 950 yd 1Lm yd 2; ml 3f m l  1 2  n l  23 ml 67 a1 103 in1 

- 180 yd 260 yd 700 yd 1050 yd I f  nl 2i mi 9 m l  1 6  ml 50 ml 30 rnl 

- 1uO yd 5 0  yd UO yd 570 yd 1550 i d  1 i  ml 4 n l  7 m l  24 ml 40 m1 

- 103 yd 250 m yd l o 5 0  yd l 6 W  yd 2f ml L i  ml :6  ml 26 rn l  

- 120 yd 170 yd uil yd 650 yd 1 m i l e  li m i  _ _ _  

25 r e m  t o  t h y r o i d s  of c h i l d r e n  
C+5 years (m.p.d.) 

c h i l d  (m.p.d.! 
25 rem t o  t h y m i d  of  l c - y s a r a l d  

25 rem t o  t h y m i d  o f  a d u l t  

2u0 rem t o  t h y m i d  of  5 - y e a r d l d  
c h i l d  

m y r o i d  doses  2033 rm < a d u l t ) ,  
10,ccO rem ( r h l l d !  

(m.p.d.1 
10 rm h o l e - b o d y  d a r e  t o  c h i l d  

Damaging 01 l e t h a l  whale-body 
d o r s  t o  c h i l d  

I . ,  

I . .  

I , .  

- 190 yd 280 yd 750 yd 1153 yd 
- 130 yd 180  yd 490 yd 702 yd 1 mile 1: m l  

- 1 4 0  yd 203 yd 
- l m  yd 1Lo yd ?50 i d  520 y d  

- 1m yd 1Lo yd 3Lo yd 5 W  rd  1350 I d  It m l  

- I U  yd 150 yd -10 yd 550 yd 1450 yd 1- ml 
- 130 yd 1 9 0  yd 5W yd 7M yd m l  1; ml 

' . - - 130 yd 320 yd 5W yd 1250 yd m i l *  m l  5 f  rn' 
- - 120 yd 170 yd 480 yd 70) yd 1 mile 1 i  ml 6: m l  9 ml 

120 yd 250 yd 190 yd 9u0 yd l ? m  yd 1 3  ml 2 t  ml 6$ m l  9f ml 2L 01 35 m l  

- - 102  yd 1Lo yd 320 yd 460 yd 1050 yd 1550 yd 2 m l  3 ml 
- 1 W  yd 210 yd 110 yd 720 yd 1 4 0  yd l i  n i l  2 ml 5 m l  '1 ml 

_ _ .  _ _ _  
_ _ _  
_ _ .  

_ _ .  - - - 1W yd 210 yd 330 yd 8 0  yd l y x l  yd 2 m l  3 i  m l  

_ . _  _ _ _  
, ,  Maximum p e m i r r i b l e  dose (m.p.d.) 

t o  c h i l d  (bone) 

to  c h i l d  (bone! 
Llaximm permira lb le  dose (rn.p.d.) 

Poss ib ly  up t o  25 rad  d o s e  t o  luny 
f r o m  i n s o l u b l e  material 

5 x lo-' c/m' 113 ground 
d r p o s i t i o n  

1 x lo-' c/m' Cs1?7 ground 
d c p o s l t l o n  

3 I clm' Sr90 gmund 
deposition 

0.065 p c / l i t r e  in  milk m.p.d. 

0.03 rc/egy, (free-range ne"$) 

Fubl lc  warning a g a l n r t  consump 
t ion  o f  vcoetah ler .  c r m ~  growing green 

ucgetah ler ,  c rops ,  
ctc. Fubl lc  warning against c m w m p  

t i o n  of v q n t a b l r s .  c rops  

- - !50 yd 210 yd 510 yd 720 yd 1 mile  1 1  ml 3 l  ml 5 m l  
1 1W yd 150 yd 3,U yd 5W yd i 2 N  yd 1 mile 21 ml 3; m l  8: ml 1 3  ml 

UO yd 2 m. 2$ mi 7 m l  11 m i  27 m, 19 ml - 9 3  m l  - 1 0 2  rn l  > 1 W  ml > 1M m l  Contamination of  I Iodine-131 
milk arid eggs , 

250 yd 6 W  yd 9 M  yd li m l  1 3  m l  L: m l  6$ ml 1 6  mi 2L ml - 55 ml - 7 5  m i  

250 yd 6oLl yd 9Cu yd 1; ml l i  :; :b :; 6L 1 3  m, m; 1 6  37 ml mi - 24 55 rnl r n l  - " 5 5  102  m l  "'1 > - 7 5  1 N  ml rn l  

- 1 W  yd 160 yd 360 yd 510 yd 1 2 m  yd 1 mi le  2 m 3& ml 3 l  F.1 1 3  ml 
1 W  yd 230 yd 360 yd E N  yd 1:- yd li m i  2 i  mi 5f m i  Bf m l  25 ml 31 m l  

yd 1 4 m  yd 1 m i l e  2$ m l  

- -  - 1m yd 1LO yd 363 yd 851 yd 125C yd 1; mi 2: 

J.m2 ~ ~ / l i t r e  i n  m i l k  maximum 
p e r m i r r i b l e  level (v .p .1 , )  

1.6 p c / l i t r c  i n  mllk probable  
m.p.1. 

, ,  

I .  

Where two ranges m e  quoted toge ther ,  these  cor reryoid  t o  f u e l  wi th  1 year and 5 years l r r a d i a t l o n .  

'From Beattie, R e f .  1, Table 22. 
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Table 4.54. Act,i.vltie s of F i s s ion  Products Released 
with One Cixrie of 131Ja 

Aci iv i ty  Mter Act ivi ty  After  

Element o r  I so tope 
1- Year of 5 Years of 

I rracl i a t  i.on 
(cur ie  s ) ( c u r i e s )  

I rradia t i on 

Iodine -131 
Tel1u.riim-132 
Total  rare gases and v o l a t i l e s ,  

including t e l 1 u . r i u m  isotopes 
Ce si~n-13 7 
S t  ront im-90 
S t r on t i mi- 8 9 
Ce rim-144 
Rut’neniu.m-106 
B a r  im-140 

1.0 
0.8 
8.8 

1.0 
0.8 
8.9 

0.029 0.138 
0.00021 0.0010 
0.0068 0.0068 
0.0078 0.013 
0.035 0.070 
0.018 0.018 

a 
A l l  a c t i v i t i e s  quoted as rrie.asured a f t e r  one day of decay. 
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5.1. TNT'RODIJCTION 

The major sources of energy ava i lab le  f o r  ccmtributing to reactor  
aceidelits are nuelear core excursions and. f.ission-p:~.oc:l:ii~l~ decay, cht~mieal 
react ion betveen cox-e, moderator, coolant, and other co-mponents, and 
s tored heat contained i n  t h e  coolim-t, structv.ral ma-Lerials, and compo- 
nents+ These sou.rces of exiergy are inherent t o  reactor systems, mid the 
importance of t h e i r  con t r ibu t ion  t o  a part;icul.ar accid.erit (assziming t h a t  
th-is amtlabj.l.ity i s  cred.i'b1.e) depends on rr&ignitixle, u a t e ,  snd i;i.me of 
r e l e a s e .  For exarrqle, an esciirsion relea.se would occur i.11 a f:?w nd.:LI.L- 
seconds, whereas the release of a s i m i 1 . a ~  yi-zantii;;y of energy frorii decay 
hmt might require a fu1.l. dxy. 
cident ,  however, i s  seldom eywivalent t o  the  cmzrgy of khe source and 
d i f fe rs  f o r  d i f f e r e n t  reactc:ws . In pressu:~ized-wa,ler systems, c?iemi.eal. 
react ions in.vol..vi.ng as milch as 60 i o  '7O$ of the a m i h b l . e  me ta~ .  ani? 
ca-Lastrophic r1ucLea-r excursions &re generally cons id-ered -Lo be improlmble 
but ncjt impos:sible, and thc  slo'cr r a t e  at which decay heat i s  rele:3sed Y e -  
duces its effect. Iioweve~, :;.Lored energy in the p:rinm~-y water system i s  
t h e  mo si; h - p o  r t a n t  energy cont r i.bu.t, i o 2 3  t o  ac c i.den t s i n  pr. e:; siur ri. %: ed -PEL t er 
sy:;.t;ems e Plgarin, i t ;  should  be emnppinasiztki that o t h w  sys  .as would (1 :i.ffer 
both i n  the inherent energy sou_v'ccs i n  the r eac to r  and in the part;i(:ular 
designs to c n p e  wi-th the rel.e;zse of t11.ese energies a 

The rel-xtive impo&,ance of t h e  energy soi,mces differs w i t h  speCj-fi.c 
reac tor  systems e Approxlima-Le val.ues :For major eneqgy  sou.rces iil the 
Ya.n!see Reactor, a pressui-ked-water system, are l i s - b e d .  i n  Tab1.e 5 I 1.. 

The nvail.:2'nility of  the energy in. an ax- 

*Contribv.tcrs t o  thi-s Chapter were L. Baker, J r . ,  k g o n n c  N a - L h x ~ ~ a l  
Laboratory; W. K. Ergen, Oak Ridge National Laboratory; J .  0. ICol..b, 08k 
Ridge National La!soratory; W. E. Kyel-, PPti.llips Petroleun Cornpariy; S. 
Pe-Lerson, Oak Ridge National Laboratory; and C. L ,  Whii;tmrsh, O a k  Ridge 
Nations-l Laboratory (now with NASA Lewi-s Research Cen1;el- 
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5 . 3  CHEMICAI, REACTIONS 

Reactions between. t h e  various fiiatcrials in a niiclear r e a c t o r  sys  Lern 
?mder accident  condiLioiis coirld make rnajo?- cont r ibu t ions  t o  t h e  energy 
r e l ease .  'Thermodynamic d a t s  i.iid.i.ca~tc t h e  p o s s t b i l i t y  o f  s eve ra l  exothey- 
mic chei-ni.cal rea i.oi?s. The energy ease mri&nt accur i n  some cases  
with ex2los ive violence: e. g . , hydro -oxygen reac.Li.onsi whereas i.n 
others  it could he sufi'icicn-t1.y slow t o  be of neg l ig ib l e  i.mpoi:tance. 
From the staridpoint o f  rmxi.mim coni i  eilt pressures ,  only Lhose reac t ions  
need be considered t'ria.t a r c  suffi.ci.e y fask t o  conLribi.i-l;e t o  t he  p r e s -  
sure  o r  temperature chanz which charac t e r i ~ z  c tha-L ac c: i.d en t ,  a l t ho igh  
f o r  som? reac Lor conta:iinmenL combri.n.ations t h e  consequcnces of t h e  chemical. 
resct , ions occur-rj-ng a lcng !;i.me af-ter the i -n i - t ia t ion  of t he  accident must 
bz accommcda-i::i',. In  addj t i o n  Lo t h e  energy- from exol'ri:rmic reac t ions ,  
endotherrni~c reac-Lions must be coilsidered i f  they produce materia1.s thal; 
a r e  p o t e n i i a l l y  damgei-ous, f o r  example, hyd-rogen froin a py-aphiLe-steaxn 
reac  Lion. 

.Lii many cases, such as: icetal-watcr reac t;ions i n  pressurized-wa-ter 
systems, for example, the conditi-ons necessary -io 7-ui t ia te  the chemical 
yeactions uiust, be geneiaai;ecl. 'ny an accid-en-!;. Y'hcrefore r a t e  da t a  for t h e  
appropr ia te  cond-iti-ons are needed. because of the ii-nportance of knowing 
m e  t i m e  dcpmdence of 'die cnergy rzlcase, The cnergy- re'i-ease froirl t h e  
cheinical. reacttoil  v1ri.gh.t not occur a t  t h e  same t i m e  as t h e  -max-iTnlrrn energy 
yelease Prom other  s o u ~ c e s .  

In general ,  chemical r e a c t i o n  k i n e t i c s  a re  qu i t e  sensi.-t,i.ve t o  eiivi- 
ronnzental condi-tions, such as sur face  area., temperature, and mixingS, This 
sensi- t i -vi ty  l eads  t o  considerable  dif friciilty i n  pred ic t ing  energy r e l eases  
because the pred ic t ion  of the exact  condt t ions e x i s t i n g  du.ring a n  accident  
i s  d i f f i c u l t .  For containuicnt, design, il; wo1il.d be desirable; i f  not es-. 
s e n t i a l ,  t o  know bo-Lh t h e  r a t e  arid the exten t  of r eac t ton .  

prri.mari.ly t h e  sur face  aril3 zvii i.l.ab1.e for r eac t ion .  Information r e l a t i v e  
t o  the predic t ion  of  acci.dent coiidit ions can be o'oiai-ned from Lhree 
sources : (1) fu.11-scalc nuclear  i-ncidents (acc7-dental or planned), 
( 2 )  small.-scale meltdown t e s t s ,  pa r t i - cu la r ly  -those conductzd i n  'l?I.EAT, 
and (3) out -of -p i le  labora tory  experiments. 
feci;i-i1g hea t  trausyer i n  a r e a c t o r  core  a r e  very d L f f i c u l t  to simulate  
and measu~re accu ra t e ly  i.n labora-Lory experiments and. consequently tine 
ex t r apo la i ion  of these  data -to r e a c t o r  systems must be done conservati-ve1.y 
t o  ensure an adequa-Le s a f e t y  anal.~ysi.s. 

- 

I ,  

The major problem invol-ved is  t h e  pyedict ion of accident  condi t ions,  

TAFJ coirnplex coiidit ions sf - 
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5.2.1 Metal.-Water React Loris 

5.2.1.1 General 

Metal.-water reactiosis have been s tudied extensively because of the  
poten t ia l  re lease  o f  large amounts of heat a t  rapid r a t e s  under cond.itj.0n.s 
postidated f o r  reac tor  accidents.  The exothermic reaction, 

i s  .thevrnod.~aniical.l_y possible f o r  c e r t a i n  mets1.s. The necessary condi- 
t i o n s  f o r  rapi.d evolution of  a sign:ificant quantity of heat are an h i -  
tial Z;ernpera-t;ui:e suf'f'ici ent  t o  melt o r  vaporize the  metal, some mecha.riism 
by whicli a reac!;ive molten meta,l.-steam ?.nterfa.ce i s  maintained, a large 
i n t e r f a c i a l .  area, and. I.ow heat loss to the surroundings. 'Iln? two reactor  
accidents most ofLen consicle:rec:i t h a t  could. lead t o  these condit-i.ons a r e  
nucl-ear excursicjns m - d  l o s s  of coo1.an-t . I n  pr inc ip le ,  however, the con- 
d i t i o n s  coi-ild be created. by any accid-ent which l e d  t o  over1ieal;ing and 
subsequeiit mel-tirig of core  components 

containing s ignificaii t  qxianti1;ies of zirconium, al..uminum, s t a i n l e s s  s t e e l  
( i r o n ) ,  and. uraniu.m. .Ln some reac tors  1iqu.i.d- sodium arid sod. i~-~~i-~otassium 
alloy must a l s o  be consi.d.e:red. The evolution of hydrogen i n  the  react ion 
wrritten a'oove i s  considered an i n d i r e c t  hazard leadiilg t o  t h e  possibilYiy 
and consequences of a hydrogen explosion, 

haza.rd, s ince it niust be preceded. by some kind. of accident t h a t  results 
i n  overheating and nieI.tj.ng 5.n the reactior e 

has occurred i n  t h e  presence of water, it i s  not c e r t a i n  t'nat a v io len t  
heal; re lease  wi.1-1. occur; t h i s  appears t o  require  a special s e t  of circum- 
stance:; I ,Uthough some react ion oceiim whenever reac t ive  metals a r e  aver- 
heated. i n  the presence of water, a v io len t  reac t ion  depends upon t h e  rapid 
dli.spersa1 of the reac t ive  me1;al. throughout t h e  water. Fxperiniental data 
and theoret  ica.1 studies htwe not as ye t  adequately defined the complex 
nature of pi-actical s i t u a t i o n s .  Because of inadequate knowledge i n  t h i s  
field, reac tor  designers hwre been forced t o  exercise caution t o  prevent 
die occurrence of overheating incidents  involving reacLive metals and 
water and t o  empl-oy overly conservati-ve ca.lculations . 27nese calculat ions 
are usu-ally based on t h e  mosL pesstrriistic a-ccidenl; conditions. 

O f  par t ic .u la r  interest;  n e  pressurj-zed- and boi.l.j.ng-water reactors  

- 

An extens7.w metal--mter reac t ion  might be considered. a secondary 

However, even i f '  melting 

L 

5.2.1.2 Analytical  Considerations 

1. Surface Area for Reaction. I n  heterogeneous react ions of the  
metal-water type, t h e  chemical react ion can take pia-ce ooly a t  t h e  i n t e r -  
f a c e  between the  react ing phases. This area d.ependence d i c t a t e s  t h a t  the  
metal phase be finely su1)divicled f o r  the yeaction t o  proceed t o  a signl.f i-  
cant Extent arid wi th  suTficien.t  r a p i d i t y  t o  represent a signi.fi.caiit energy 
cc:jntribllti.on. t o  the r n w i m u m  containment vessel. pressure. The only reason- 
able  way this could concei-vab1.y occur in.  a reactor -is f o r  the metal. t o  
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become molten amd thereby f o r m  small drop le t s .  Although i n  princi~pl-e 
f i .nr ly  subdi.vided s o l i d  p a r t i c l e s ,  su.cl7 as vaporized metal could pro- 
duce the same e f f e c t ,  t h e  probabil.jty of' metal being vaGorizcd d w i n g  
ax. acc ident  i s  remote. A simmry cf  these considerat ions -i.s presented 
i n  'L'a3l.e 5.2.  

Table 5.2.  Conditions Uilder Which Zapid Mctal- -Water 
Resct ions Can OCCUi-" 

--._.I_.-- __ ................... .-, . .-- -I___ 

Can 
Sus Laintld- 

React ioii 
oc @il 'c ? 

Forrfi Rapid c orriment, s 

Massive s o l i d  No  Process would be slowed down o r  h a l t e d  
metal  by bui ldup of  sol~id r e a c t i o n  pi-oducts 

on metal  surfaces 

Powdered or finely Yes Experimental verri.fi.cat ion  ava i l ab le ;  
divided. s01.id would reyui-re prel iminary powdering of  
metal metal  before  injec-Lion i n t o  wa-ter 

(conceivable but; un1ikeI.y in a nuclear 
acc iden t )  

Liquid meial. Yes Experimental v e r i f i c a t i o n  avai1abl.e; 
1icpi.d can r e a d i l y  be bi-okei? i n t o  
droplets wi t,h high i n t e r f  a c ?'.a]. area i n  
contac-i; with w.?.tei- ( t h i s  i s  t h e  case 

Metal vapor 

...... of major importance i n  nuclear  acc i -  
dent cons idera t ions  ^ ) 

por pressures  of metals 

- _ - _ - _ _ _ _ _ ~  
........ __ 

Ye s O f  rfllnoi. iTnportance because of low va- 

a From EpsteLn, ref. 1, p. 30. 

2.  Rate __ Limiting S tep  rin Reaction. 'The pracess  con t ro l l i ng  1;he r a t e  
I_.___. 

of chemical. reac t ioi l  depends not on1.y o:n t h e  metal uncier cons idera t ion  
but  nay a l s o  depend on temperature, pressure,  p a r t i c l e  s i ze ,  and. flow r a t e .  
The metals of interes-t ;  i n  r e a c t o r  sa fe ty ,  tha-i; is, zirconium, alixni.j?um, 
s t a i n l e s s  steel-, and uranium, form p ro tec t ive  oxide coat ings over wide 
temperature ranges, The formakioil of R pro tec t ive  oxide l eads  t o  a re- 
a c t i o n  r a t e  t h a t  decreases a s  t h e  oxide f i l m  thickens.  'Innis can o f t e n  
be described. by t h e  parabollic r a t e  law: 

( 5 . 1.. ) 
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where 

TNT = quant i ty  of reaction, 
k o  = react ion r a t e  constant, 
t = t i m e ,  

Ai3 = ac t iva t ion  energy, 
R = gas constant, 
T = temperature. 

%ne parabolic r a t e  law is  frequently expressed i n  integrated form: 

w2 = kot exp (-./RT) . (5.2) 

Some me-bal-gas react ions a re  bes-t described, however, by using an expo- 
nent of 3 (cubic r a t e  law) or  a f rac t ionad  exponent. "lie parabolic law 
can be d.erived by considering the  limri.ting process t o  be dif:t"usion of an 
ionic  species through t h e  ba r r i e r  f i l m .  

(5.2) become very high a t  a higLi temperature because of t he  exponential 
term, but in r e a l i t y  the reac t ion  r a t e  cannot exceed. t he  r a t e  at which 
the reactants  can be brought together.  For the  case of metal-water re- 
acti.ons, t he  l imi t ing  process i s  the  gas-phase d i f fus ion  of -the steam 
toward t h e  metal surface through the gaseous hydrogen Twhich must d i f fuse  
away from the  surface.  The r a t e  of gas -pbse  dj-f'fusion can be formulated 
as  follows: 

Reaction r a t e s  calculated from equ.ations of the form of  (5.1) or 

where hD i s  the  mass t r ans fe r  coef f ic ien t  and AP is t'ne difference in 
water-vapor p a r t i a l  y e s s u r e  t h a t  drives t h e  diTfusion, 
may be obtained. fo r  small spheres by using the f a c t  t ha t  t h e  Nusselt num- 
ber f o r  spheres has a minimum valine oP 2. The Nusselt mmber Tsu is 

A value f o r  hD 

hUL Nu = - , 
D 

( 5 . 4 )  

where L i s  the  charac te r i s t ic  length ox diameter and D i s  the  diffusTon 
coefficienrt,. Diffm ion coe:Cfic ien ts  for steam-hydrogen mixtures a re  
given i.n Ir:lbie 5.3 ( r e f .  2 ) .  

nietsl t o  t h e  wa-tel- CT steam i s  of ma<jor importance i n  hazards evaluation. 
The temperature of i.ndividual. p a r t i c l e s  of react ing metal -Lends to fn- 
evease as a result, of t he  heat of reac t ion  and decay or f i s s i o n  heating. 
Self-heating 2s opposed by beat l.osses resu l t ing  fron conduction, convec- 
t ion,  and thermal radiakion. ?"re heixl; balarice over a s ingle  spherical. 

3. Heat Trans:fer. The ra-te of' energy release from the  r e a e t h g  



5.6 

Table 5.3. Uiffusion Coef- 
fici e n t s  of Steam -1lydrogen 

Mixtirres a 

Produci of' 
Diffusion 

( " C )  and 'Toiai 
'L'emperatii (*e Coefficient 

Ppessiire 
( m 2 S  at,m/sec) 

200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1 700 
1800 
1900 
2000 

2.04 
2.84 
3 .  '74 
4.73 
5.80 
6. 9'7 
8.22 
9.53 
10.9 
12.4 
13.9 
1-5.4 
17.6 
18.8 
20.5 
22.4 
24.3 
26.3 
28.4 

9 
Prom Furniati, r e f ,  2, 

p. 59. 

particle has been approximated as follows : 3  

dT - n X  

d t  
c p o  - "' -- Q p 4 d  (x) i- B ( t )  pvo 

Chemical- Heat i r g  Nuclear Heaiirig 

where 

cP = s p e c i f i c  heat of metal, 
p ::: dens i ty  of [wtal., 



vrj = 
Tm = 
t =  
Q =  

x =  
xo = 

h =  
B ( t )  = 

lr, = 
T'a = 
u =  
E =  

Tlie metal 

volwne of spherical. par t ic le ,  
metal. temperature, 
time , 
heat ol" react?-on, 
radius of unreacted. metal, 
o r i g i r d  radius of p a r t i c l e ,  
time dependent flux o r  decay heating term, 
heat transfer coeff ic ient ,  
temperature of outer oxide surface, 
ambient temperature, 

emissivi ty  ol" c?x-j.de surface. 
Step~1an-l301tzmann constant , 

temperature d i f f e r s  from t h e  oxide surface temperatu.re because 
o f  the te-mpernti-ire Ctrop across t h e  oxide. This e f r e c t  has 'men described 
a pprox imzt e ly  as 

where ko.< i.s the tiherma1 condiuctivity of the oxide film an.$ r i s  the  r a t i o  
of molar volume o f  oxide t o  t h a t  of metal. The heat  l o s s  terms not  only 
represent t h e  cooling r a t e  of t h e  p ~ r t i c 1 . e ~  but also the  m t e  a t  wlilch 
energy i s  deposited i n  the  \m-t;er or stearn, 
h, can be eval-uated for the limitj-ng case of small spheres by using -the 
fact t h a t  t h e  minliriium Diusse1.t niim'oer f o r  spheres is  Tiu. = 2:  

The heat tmnsfer coeff'icient, 

hL, 
N1.l = --- , 

kf 
(5 .7 )  

tqliere I, i s   ne c ~ ~ ~ a c - t e r i s t i c  1eagth or diameter ( 2 x 0 )  and 1. 
mad. condu.ctivity of the  s.Learn-hydrogen fi.1.m. The effect on the  1tu.ssel.t 
number, and. hence on t h e  beat transfer r a t e  and the  gas-phase dt f fus ion  
reac t ion  rate, of violent p:c*essure surges DX- i r r e g u l a r  p a r t i c l e  motion i s  
am irnpodxmt problem area. t h a t  needs addi t ional  studjj. 

The equations presented 
i n  the previous paragraphs were solved on a.n analog corn-puter as parL of 
a stud-y of the ztrconiurn-water reaction. ' i.on rate was i .nit?.ally 
control led by the coimterd.l.-f'fuslon of stearn ani3 hydi-ogen. 
s tage of t h e  reaction, Yne m t e  beca-me control led by s o l i d - s t a t e  processes, 
a.s described. by t h e  parabolic r a t e  l aw,  l?y-pica.l teinpera1;u.Lr.e vs t,irne and 
percent reac t ion  'vs t i m e  curves f o r  f i l L y  mel.ted zirconium sphere:3 su.d- 
denly exposed t o  water are  gTvr3n in Figs. 5 . 1  and 5.2. GreaLerc reac t ion  
occurs i n  heated ( satinrat;eci.) wa-Ler than in room-temperature (siu'ccooled) 
water beca.use the  d.riving i:orce f o r  gas-p1:1r.se d i f fus ion  i.s greater. The 
m i n i m u m  convection heat Loss r a t e  (?hi = 2 )  arid the nmximum thermnl midi.- 
nt l ion  heat loss ra-Le ( e  = 1) were used for. t h e  cal.cula-Liom. 
i n  t h e  temperaf;ure vs time C I I T V ~ G  corresponds t o  t h e  absorptj-on of t h e  

is  the  ther- "f 

4.  Solution of Equations f o r  Small  Spheres I 

~ ~ i e  rea 
At a I.ater 

The pause 
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hea-t of f'usion as the rnetal freezes. No f i s s i o n  or decay beat w a s  in-  
cluded i n  these calculat ions.  

smaller pa r t i c l e s  have a greater tendency to self-heat .  
::;m~~l1er pa r t i c l e s  is  f a s t e r  and. more extensive than it i s  wi th  l a rge r  
par-tic,les. 

5. _- C r i t i c a l  Temperatu-res. Experimental s tudies  of metal-water re-  
actioris have revea.led t h e  existence of " c r i t i c a l  temperabures " :?here t h e  
react ion rate clmnges abrup.bly Prom R slower i;o a more rapid rate. It 
has been postulated4 that; metal-water react ion r a t e s  iricrease abr1lpLI.y a t  
the .temperature a t  which the  metal vapor pressure i s  0.15 rrme 
cent data have indica.ted, however, that; observed crri.-tica!, temperatures 
m a y  r e s u l t  f ~ o m  several  d i f f e ren t  causes, some of which are unrelated to 
metal vapor pressure. For example, the  extent of zirconium-water react ion 
under ce r t a in  conditions increases markedly .when the  metal tempera-bure 
reached 2400 t o  2600"C.3,5 Z"bi.s increase is apparently caused by the  in-  
creased a b l l i t y  of par t ic les  Lo oubdLvide lri-to smaller parl;icles when the  
oxide (Zr02; 

l4-C)O"C. 6, 'Ibis might 'oe caiised by decreased viscosi-ty of t'ne molten 
metal, which would a l l o ~  greater  p a r t i c l e  sifodivisioa. 'The alurni.nim- 
water react ion shows a marked change when the  metal temperatiue reaches 
1750°C. This has been shown t o  be t h e  temperature at, which vapor-phase 
bu.17-ning is  i n i t i a t e d  (.Q; vp, 7 rflm a t  1'750°C). SLairiLess s t e e l  h;as bcjen 
foumd -to u ~ d e r g o  ra.pid a t t ack  commencing a t  about 1.500"C. 
t h i s  i s  presently unknown, but It i s  probably r e l a t ed  t o  the evolution of 
a vol.al;ile consl; ktuent . 

TIe computed results f o r  .tine zirconium-water react  i o r i  show t h a t  
Reaction wlti? 

More re- 

2700°C) i s  formed as  a I.iquid instead o f  as a f i r m  solid.. 
Aluminum shows increased r e a c t i v i t y  i n  Lhe range abme 1200 to 

The caiise of 

5.2. l. 3 Full -Scale Excurs ions 

'There ha-v-e been several  reactor  excuvsions i n  whlch melting of t he  
core of a water- (or  D ~ o - )  cooled reac tor  lins taken place. 
faci l - i - t ies  w i t h  al-urnin~~~fl-uraniurn cores have sustained. niic1.e~~. excursiom 
t h a t  resu-lted i n  extensive demsge. 
( r e f s ,  10-12), were accidcrrts and two, Borax-1 (ref. 13)  and- SPERT-1 (refs. 
l&l6) ,  were full-scale excursion experi.meni;e S1xmw-y descript,ions of 
these excursions are  given i n  Table 5.4. Three of these t ransients  oe- 
curred at; NRTS (Xational Reac-Lor Testing S ta t ion) ,  Idaho, 1JSA4. 
the Borax-1 and SPERT-l experiments and the  SL-1 accident.  All three re- 
ac tors  had similar cores; the f u e l  elements consl.sted. of aluaniii!iin-c3.,~d., 
al.iminum-uranium a l loy  p la tes  ; and the three incidenbs were stmilxr. Each 
w a s  ini ' i ia ted by {;he rapid removal of a con-Lrol. rod.. I n  each case a, large 
portion oLr the  center of t he  core m l t e d  arid fragmented. Violent m o v e -  
men-t of a large portion of t he  coolant water up and out of t he  reactor 
core was recorded i n  each incident.  B o t h  Bomx-1 and WEKC-1 were open 
t o  t h e  atmosphere (open-tank configuration),  and motion pictures recorded 
the r i s e  of' t h e  water spoiit, carryi-ng wi.tli it core mte:ri-al- and. instmmmen- 
tat;ion. Pressure records were made i n  bo-th experiments; however, they 
were d i f f i c u l t  t o  i n t e rp re t  because of apparently violent  shock ~m'ves 
i&ich destroyed transducers and overloaded recording devices. 

POUT separa-t;e 

and. the SI.-]. Two of -'ihese, t he  NIX', 

These were 
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The SL-1- r e a c t o r  was a cl.osed systex. A t  t h e  t i m e  of t h e  inc ident ,  
howeveri s e v e r a l  f langed access  I iole ,~,  tor c o n t r o l  rod d.rri.ves ( t o p  mounted.) 
were opt'n. 'The ri.sc 0.i' w-a-ter was 7-ndicated by t h e  apparen-t water harmer 
which l i f t e d  tile eritri.3-e r e a c t o r  vessel and d i sp laced  s e v e r a l  cont ro l  i-od 
dri-ve assemblies ( loose  and a t t a c h e d ) .  
we:-? e j e c t e d  iror~i the?., m - i g i m l  p o s i i i o ~ ~ s  and imbedded. i.n l.of't po r t ions  
of - the r e a c t o r  bu i ld ing .  

I n  a l l  t h r e e  incidcn'cs the core  d e b r i s  bad a s imi la i=  appearance. 
Portions of' c9i-e thai; had. been complete?-y melted were spongy, and coil- 
s i d e r a b k  quant ik ies  of m e t a l l i c  oxi-des were p resen t .  fi.0 a t t e i n p t  was 
mn.de t o  de.Le:r:!ij.iie t h e  exten-t  of reac t io i i  of the cor2 with water i f 1  Lhe 
Borax experi-inent. I n  t h e  postcxcursTon a n a l y s i s  of both th2 SL-1 ace%- 
d.ejlt and SPERT-1.. experirriznt, pui-tlons oi' ihe d e b r i s  were .?nal.yzed for 
alpha al-m:ina. A1 pha alumina ts the  r e a c t i o n  product formed a t  tempera- 
tu re s  above 600°C. 

The SL-1. anal-ysis indi..cated aplx -.isbl.:: q i i an t i t i e s  of al-imiaa i n  
sp je i -z l .  SaiqJlcs. 1. '9 11 

t e r i a l  balance r e s u l t e d  i n  RJI. e s t imated  chemical- energy r e l k a s e  of 2 L k  1 3.0 
Mw-se~c, corrparcd wi.th t h e  nuc lear  i.nput of' 130 Wu-sec. A simj.1.a-c- a n a l y s i s  
of debrik from t h e  SPERT--.1 d .es t ruct ive test15 r e s u l t e d  i . j I  an est imated 
chemical energy i.iipu-t of 3. 5 Mw-see, compared with t h e  31 h - s e c  nuclear 
energy r e l e a s e .  

111 aJ.1 Lhree cases, Liie conclus-ion was rreaehcd t h a L  t h e  r e s u l t s  of 
t h e  excu-rsion could be explaiiied- In tei-ms of a steam explosion tha t  r e -  
su l ted .  from the d i spe r s ion  of mol-;;en metal  i n t o  t h e  wlter.  It is  pres- 
cn-Ll.y be l ieved  tha- i  hy'd.rogen produced by prompt metal-water i-eaction con- 
t r i b u t e d  1i.bbl.e toward t h e  sl;eal!i explosion.  

The acc ident  t o  t h e  NRX Xeactoi- a t  Chalk Xiver, Canada, w-as somewhat 
d i f f e r e n t .  The r e a c t o r  was D20 modera 1 and primari.1.y H:?O cooled. The 
excursion was i n i t i a t e d  'uy t h e  j-nadvertznt removal of a bank of c o n t r o l  
rods.  These rods .Caj.J.ed t o  compiktely r e i n s e r t  0i-L a manual scram. A f t e i -  
t h e  i n i t t a l .  power r ise  t o  20 Mw, a sudden increase  Qf r e a c t i v i t y  occurred 
t h a t  iiicibeaceil the ower t o  80 rn"~ and was probsbS.y d.ue Lo c x p u h i o n  of 
1-i.sht water by s t e  . Eventually,  the duiiiping of the D20 moderator elided 
G I ~ C  excursion. The total. niiclcsr en,ergy release w a s  much gyea ter  Lhan i:n 

Some of t h e  c o n t r o l  rod mechanisms 

The resul-1;s of these ana lyses  and an  overs1.l m a -  

. I  1 
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Ll1.e three  aforementioned excursions. Because of the long peri-ocl. of t he  
excursion, t he  peak pover was only 80 Nw, as  compared wi-th 16,000 arid 
1.9,000 Mw f o r  t he  SL-l and .Borax excursions, respectively.  

in which experlirrents were being conducted. Melting of several. rods i n  
t he  core resul ted.  The appeamnce of the core material  ind-ica-Led t h a t  
some react ion hail obviously occurred. 
was postulated as sn explamtion f o r  Yne l i f t i n g  of a -/--.ton dome on the 
gas holder above t h e  reactor.  The invest igators  s ta ted,  "The appearance 
of .the res idua l  metal (uranium) i n  some of t he  worst cases can only be 
accoumbed f o r  by eonslderable chemical react ion and. not, j u s t  inelting of 
materials.  Whe-tAier o r  no t  t he  h ighly  exothermic aluzninim-water react ion 
a l s o  had a si.gnl.fi.carit ro l e  camiot be decided. " 

m t e r  reactions played s01n.e role;  howeverj the pr incipal  dmiage resulted 
fyom t'ne nuclear energy release. One other point that should 'ne ninde i s  
t h a t  none of these reactors was operating a t  power at t h e  time of the  in-  
c ident .  The water tempemtures were of the order of 25°C and the  pres- 
sure i.n a l l  cases wa.s near atmospheric. The poss ib i l i t y  of more severe 
chemical effects a t  higher i n i t i a l  water f;emperatures and. steam p r e o s ~ ~ e s  
s1-ioul.d be considered-. I-b should also be noted t h a t  more energetic tran- 
s i.ent,s would increase %lie percentage of the reactor  core metal reaching 
high temperatures. 
t i v e  t o  t he  f i s s ion  energy- rei-ease 'oecause of the exponential deperideme 
of chemical reac t ion  rates on temperature. 

Severe dainase i?as caused by insuffj-c tent  cooling of several  fue l  rods 

Subsequently a. hydrogen explosion 

I n  summary, it appears -bhat i n  each of these iiiciden-ts t he  metal- 

Tiiis would increase -the chemical. energy release r e l a -  

5.2.1.4 Srnal.l.-Sc,al.e Meltdown Tests i n  TREAT 

Extens l.ve experimental data are available on the  extent o-f metal.- 
water reac t ion  and the natu:re of damage produced by t rans ien t  nuclear 
heating of small represents-tive fuel specinlens The -technique usecf has 
been t o  s iniulate  a nu..clear excursion acciderit by using f i s s i o n  heating 
:from a neutron pulse t o  heat a. few gra-mr; of Sue1 i n  a s t a in l e s s  s t e e l  
au-boclave containing water. Following t he  t rans ien t  i r radiat ion,  l;he 
fraef;ion of m e - b a l  t ha t  react:; wi th  water is  computed from t h e  measured 
quant i t y  of hyd.rogen produced.. 
uiasfs spectrome1;ric analysis of t h e  gas phase w i t h i n  t he  autocl.ave, Photo- 
micrcgraphs, macrophotographs, and pa r t i c l e  s i z e  s tudies  are used t o  char- 
ac ter ize  the physical damage sustained. by the  fuel. specimens ~ Therm- 
couples and pressure transducers are  used. t o  determine the  temperature 
and pressime h is tory  of the  proeess. Thermocouples have not, however, 
indlcated temperatures beyond the  meltj-ng o r  fragmentation point of the 
specirnens because of' l o s s  of contact. Pressure records have been generally 
unsa t i s fac tory  because of in te rac t ion  between t h e  neutron flux and the  
t rans  d1.x er c i r e u i t r y  . Meltdown studies  with spe e irnens c ont a i.ni.ng z i r c  o - 
nIi.irfilj uraaiim, alu.rninum, and s t a in l e s s  s t e e l  have been car r ied  oub. The 
r e : ;u l t s  are d.iscussed according t o  t he  metal i n  Section 5.2.1.6. 

'The hjdrogen is normally detemineci by a 
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5 . 2 . l . 5  h t - o f - P i l e  Studies - 
M e t a l - m t e r  r eac t i -om have been s tud ied  i.n the 1-aboi-atory by a wide 

var ie - ty  of mt 'nods.  Theae can be cl..i.vi.ded i n t o  i so thermal  and. noni-sother- 
mal. experiments.  Ln the i so thermal  s tud ie s ,  metal. samples, z i L h ~ ~  L~ .* s o l i d  
or mol-ten, are exposed Lo wa~ter o r  steam f o r  a cons iderable  per iod  of 
t imc while  t h e  m e t 3 1  temperature  i s  maintai-ned cons tan t .  'Ybese experi- 
ments are designed Lo determine t h e  r e a c t i o n  mechanism, r s t e  law, and 
pmducts .  Nonisothemal. experiments havc been .pe-;.Po?-ljied. by (1) pouring 
or sprayling mo~..t,en ineta1 i n t o  water, (2) al.l.owing mol-ien metal Cii-Ops t o  
Tall t n t o  water,  ( 3 )  d.i.spersi.ng molten metal  by- an  explos ive  charge, and. 
( 4 . )  hea t ing  and dispersi i ig  metal  wires  by d ischarg ing  condensers. These 
methods a r c  2 socevhat b e t t e r  s imula t ion  of' a i-es.ctor accideni; -t;'ria-n the 
isothermal  experimznl; however, t h e i r  p r i n c i p a l  v-a1 i.s t o  s tudy  e f f e c t s  
r e s u l t i n g  Irom R hi.gh degree of' dispersCon and r a p i d l y  changtng tempera- 
Lures. 

-- 

L 

5.2.1.6 Suec i f i c  Keacii-oas 

The avai- lable  inrorma.tion on spec? f i e  metal-waier reac t7  ons i s  d i s -  
cussed i n  ?;hi.s s e c t i o n .  'The sto.i.clni.om?t-ry and therrnodynaclli cs  of the r e -  
a c t i o n s  a r e  ciJ.mmari.zed i n  !Pa.ble 5.5. flea-T; of r e a c t i o n  data m e ,  3.n gen- 
eral . ,  gi.ven f o r  t h e  moltell metal. a t  t h e  me l t in  ternper,?~LLuIC-e, bu t  t h e s e  
can be cal.cu.l-ated for any ten:pe.ra-tirre desired.. ' 'The followiilg pi-esenta- 
t i o n  of expei'i.ment,al. resulis i s  subdi.vi.d.eil according t o  Lhe nat-are of t h e  

experiment . 

sol i d  
i i vai  

1. Zirconi.u.m ( o r  Zi rca loy)  

Is0 Lhermal. . Experimen-ts -- l̂__- ..... . 
................. 

- 
on t h e  i so thermal  oxidal.;ion of 

Zircaloy-2 were correlated '*  by a p,ara'ool.ric r a t e  1-aw having an ac- 
1011 ene-rFgy of 65.4 kcal/mole and a l s o l g  by e m  crnpirical. :rate law 

wi.th an  exponent varying from 2.63 a-L 1200°C t o  1..06 at, 2200°C. 
rcsuI.~lx were l a t e r  r e p l o t t c d 3  on t h e  assumpti.on t h a t  t h e  appayen-t T"ail.ixre 
of t h e  parabol ic  l-n_w at, htgh temperatures  resu.J.:;ed e i t h e r  from a raLe 
l i m i t a t i o n  due t o  Lhe gase0u.s i n t e r d i f f u s i o n  of steam Bnd hydrogczl o r  t o  
t h e  %ime required t o  hea-t t h e  specimen i n  t h e  presence or s-Learn. The 
parabol-ic: r a t e  constants compuLrd on tiiis basis3 a r e  p l o t t e d  i n  Fi.y, 5.3. 
They show iiic correl.a-t,i-on 

'i'hcse 

k = 33.3 X 1.06 exp ( 4 5 , 5 O O / R T )  , (5.8) 

where k i s  i n  u n i t s  of (mg Zr/cm2)2/sec. 
I n  anoLiier s t i ~ d ~ y  t h e  r e a c t i o n  of' zircoiilium wi.th f lowing s-tearti ab 

te-mpe:ratu.res between 1000 and.  l.690" C w a s  c o r r e l a t e d  i n  t 1s of tlie para- 
bo!.i.c. rate law tii.t'n an a c t i v a t i o n  energy of 34 kcal/rnole. '' Xeml cul-ated 
parabol ic  r a t e  cons~iiants a r e  included i n  Fig, 5.3. Ps a d d i t i o n a l  da-La 
>point obtained by a mai;hema-i;i.cal. a n a l y s i s  of 2,irconiuiri-watey r e a c t i o n  d a t a  
ob-iai.ried by i? condenser di-scharge heat inc method3 j.s a l s o  L n c l u d d  i n  Fig. 
5 . 3 .  T h i s  poihi:. w a s  used. as +he b a s i s  T o r  consti-uct,ing a l i n e a r  Arrhen.i~us 
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Fig 5 .3 .  Effect of Tempemture on the Z i r c o n i u m - V a t r r  Reaxtion. 



correlai;:i.on. Iso-iiier-- ,..mal da ta7  between 800 a I..20O0C are i i - i  reasonnh?e 
agreemcni; with the c o r r e l a t j  on o r  X q .  5.8. Iri gdditj.oii, s-Ludiec .indicated 
'ihatl t h e r e  was no imporbant e f f ec t  of steam pi-essure b e h e e n  200 sild 1000 
ps i g  . 

Studies  or the reaction of zirconiiim and. %ircaloy-2 were carr ied.  out 
by using induct ion hea t ing  of specimens i n  ihe presence of u p  t s  30,030 
pp'm of wa-Ler vapor i n  an The i-esul-ks of' 

contrrolled by t h e  t r anspor t  of t h e  water vapor throug'ii. t h e  he l iun .  Good 
agreement was obtained beti.:een cxpcrr n t a l  i-eaul. ts a i d  calcul-ai;.i ojis em.- 
playing mass t:qaiIsCer conside-rat ions I n  t h e s e  st i jdies ,  the i-eactive 
metal  su?-face was con~::Ai11rously exposed because o i" i,he r ap id  di.:TRJs:i.on of 
oxygen inLo the metal .  

dropping 2- t o  10-g batches i n t o  wake:-- ai-e summarized b r i e f l y  i n  'Ta"b3.e 
5.6.  %e daia  iiidlicatr t h a t  t h e  r e a c t i o n  i s  si>.;:pi-esszd by bile prescncc 
of i n w k  gas and inereased  by t h e  pi-esence of pressuri-zed sixam. 

i n t o  water. O n l y  a t h i n  oxide coat,ing was i"sri-fled on the reaul.tii1g m e i 3 1  
g:.obules. "- 

ness of' t h e  oxide layer, measured 8s a Cunction of w a k r  tempcralurz,  

osphere of fYowi.ng helium. ' 
the ,.y-pa-- L1 \., c ii-nents were explained on the premise 'chat, the r c a c t i o n  r a t e  was 

Nonisotherml.. _I___ Experimeiita. ~~ .- __-- ResulLs of me1 t i n g  zire0iliu.m rod a d  
_I- 

2 0  
-. 
.Ln ariother study, 25-mn-d.i.am sireans o f  moltcil zii-.coiIiuiX were po 

IJi?eiz molten gl-obules of Zfrcaloy were dyropped i n t o  water, t h e  t h i c k -  

va r i ed  between 24. sild 68 1'. (corresponding t o  2.7 and 5.8$ r e a c t i o n ) .  1% 

Table 5.6. Resu1.L~ of  Zirconiun-WaLej? 
Reaction Studiesa,  

Quant <.'cy 

lie a ct i oil 
Water Vapor fwgon O f  Percent 

React ionC 
Pres s1.1re Pr r  s sui" e 

( ps ?.a) ( p s i a )  (Tfll. of 
IiJg of m )  

0. gd 200-1000 6.7-7. E: 1.3-1.6 
0. 5d 15 8.2-1 2,6 1.7-2.6 
1. gd 0 28-29 5.7-3.9 
40-280 0 11.0-130 22-76 
750 0 2 80 57 

a 

b E L ~ o m  2 to 10 

From MiLich and King, re? .  30, pp. 9, 11. 

of molten airconi im at 1852°C 
was dropped i n t o  130 m l  of water i n  a 1L00-ml 
chamber. 

C 
Complete r e a c t i o n  corresponds t o  491..2 -inl OP 

d~<oorn-temperature water at a vapor prer,r;ure of 

Hz per gram of Z r .  

2.5 mni Hg . 
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Tne cooling time f o r  -the zirconium glo'oules increased. tnnrked.1.y with in-  
creasing water temperatxure over the range 33 t o  93°C. 

Gxperirnents w i - t h  Dispersed. Metal. One of the fi.rst dernonstra- 
t i o n s  t h a t  f ip-el-y divided zirconi.im -vJoul.cl reac t  extensively with water 
w a s  provided by insing condenser discharge heating t o  melt, 2-mi.l. foil 
s t r i p s  of zisconl.um imder water. 22 
by co l lec t ing  the  hydrogen libe-r.n.ted by t he  rea.c-tioii in t h e  absence of 
air; it ranged 'oetweem 20 and- loo$ 21 five t e s t s  w i t h  zirconium. 

In experiments i n  which blasting caps were u.sed. t o  disperse mol-ten 
zirconi im s-Lrearns under water, ' ' 2  23 the rr,et;al. was largely con.verted in to  
spherical  pa r t i c l e s  that reacted viol.ent1-y. Zirconium, Zircaloy-2, and 
Zircaloy-B were tes ted .  It w a s  de-bermined tha t  the percent react ion was 
a sens i t ive  function of pa r t i c l e  s h e .  The react ion could be approxi- 
mated by assuming t'nat a l l  par-Licles were coated wi-th oxide to a thick-  
ness of 1 m i l .  

I n  another study, 1.0 t o  20 g of molten zirconium was sprayed under 
pressure tnto water i n  an explosion d.ynmiometer. Spherical pa r t i c l e s  
were formed as i n  the  tes - t s  d e s c r i b e d .  above, and t h e  extent 0% react ion 
was d.etermined as a furiction of p n ~ t i c l e  s i z e  by measurement of the  oxide 
layer thickness.  Mean. pa r t i c l e  diameters ranged between 1.0 s.nd 18 m i l s ,  
and the extent of react ion varied from 27 t o  3:3$. Transient pressures 
generated withfn the  xwater colurnri were used t o  cn lcu la . te  t he  work, t he  
Lotal  impulse, and -the rrieclianical efficiency of the explosi.on, Tae ex- 
plosions a-ppeared t o  be unIP0r'iTl-y vi-olent over Yne range of ine-Lal tempera- 
tures; fro111 3-900 t o  2575" C. The vic~lenee of the zirconium-water react ion 
i s  compared with t h e  violence of other m e t a l - w x t e r  reactions and. witiz a 
black powder explosion i n  Fig. 5.4 ( r e f ,  ' I ) .  

The zirconium-water reackion was recent ly  studied extensively by the  
condenser discharge method. In t h i s  s t u d y ,  specimen wires were heated 

The extent of react ion vas d..etermj.ned 

l o g  A I  A T  2 0 7 O C  

---- log Zr AT 2 0 5 O C  

l og  303 STAINLESS STEEL A7 2270C 

0 5 IO 15 2 0  25 30 35 40 45 
TIME ,mii lisec 

Fig. 5.4. R e s u l t s  of' Metal-Water Reaction 'Tests i n  ax1 Hxplosion 
G y n a r n o r e t  er . 
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almos-1; ins tantaileCus1-y t o  ieinpera Lures between 1100 2nd. ~+ooo" c in Water. 
Spherical. p a r t i c l  es wciee prodilced~ a t  temperatures above t h e  m e l t  Trig p0in.t .  
Bccause the average p a r t i c k  s i z e  decreased continuously as t h e  me-tal. t e m -  
p e r a h r e  was ii-icmascd, 1 t was Impossible t o  szpai-ate experimenta3.l.y t h e  
eLnieects oil' m e t a l  temperature and par t j -c ie  diameter.  The ex ten t  of metal-  
w a t w  i-eaci?oil, deter::!ii.ned by measurements of t h e  quanti.%y o€ hydrogen 
produced, was me i i red. i n  water a t  tenpera tui-es froin room tempera-Lure 
(water vapor pi-essure of 0.5 pst) t o  3:1.5"C (water vapor pressure of 1500 

extensive reac  tioil occurred. i n  heated water t han  i n  water a t  room bempera- 
LLW. The exten t  ol" r eac t ion  drid no-i; ihcreasc  continuous1.y with watcr 
bemperature ( o r  vapor press-ure >, ill.asijmch 8s -result;s obtained in wa-'ier a t  
100°C (15 psi) were noininally i d e n t i c a l  with ihose obtaiiled i n  water 
a t  3 i .5"~  (1.joc) psi). 
p a r t i c l e  si-ze in iti-gs. 5 .6  and 5.7 wiiiiou'; ree;a.rd. t o  ini . t ; ia l  metal. tern-. 
pei*a'ku.j-e. A?,.-tho~@i the  s c a t  Ley i-s greai; t h e  results indi-cat? -that, t h e  
reaci;.iLon may be l.r,rgely iiidkpendzni of temperature u s  long as  %'ne meLal 
i-s fully iiie!.ted. Rates of reaction, judged from t r a n s i e n t  pressui-e t r aces ,  
were explosive (subsi;zn.t<.al r e 3 c t i . m  i n  a few mi l l i seconds)  i n  t h e  more 
ene rge t i c  nms indi~ca ted  i n  t h e  f i g u r e  and much slower ( t e n t h s  o€ a second) 
i n  less energe t ic  r u m .  Explosive reac-Lions were found t o  occur w i L h  
parLicl-ea smaller  t han  about, 1 mui i n  heated water (see Fig. 5 . 7 )  and 0.5 
ilirn i n  wai;err at room tempcrat-(ire (see E'lg. 5 . 6 ) .  Explosive reacbi-ons ap- 
peared t o  be a s s o c i a k d  with rapid. par-iic1.e motion. 

I .  

L 

 he exten t  of yeac.tj.on i s  p lo t t ed  a s  a YuncLion of 

100 ...... ____ 
WL! i F R  TEMPERATURE - .......... ~ 1. 2 5 C  (ROOM TEMP) 0 8 

100 c il b' 

200 c 0 9  
300 c A A  

(HALF DARGZNEO s y r m L s  

ARE FOR RUNS WITH 4N 
EXPLOSIVE PRESSU'IE RISL) 

(NUMBERS INDICAE MAN 
PARTICLE D I A I K T E R  OF 

L 
0 

w 
SO1 ID Zr- a 

690 
670 

1320- 

730 

126C 

LIQUID 21 

I a 2 7 0  

.......... 1852- p -....-. 
862 

IY IT IAL ME-CAL TEMPERATURE. C 

Fig. 5.5.  Resi.11.t~ of Zirconium-Water React?-ons i n  Condenser D i s -  
charge Tes ts  of 60-Mi.1 Wires. The particle diiame.ters of the  residue 8.re 
gives rin microns. 
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I 0 0 r---------- . . .. .- 

0 RUNS WITH 60-MIL WIRES 
A RUNS WITH 30-MIL WIRES 

@A RUNS WITH AN EXPLOSIVE 
PRESSIJRE RISE - THEORETICAL CURVE e 

e 

e 

0 L . - L . - L I  1 L t  .-.. J-.- 
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4( 

Fig. 5 . 6 .  Zirconium-Watev Reactions as a Function of Particle D i -  
Tests run i n  room-temperature water. ameter of Residue. 

- __- 
WATER TEMPERATURE 

0 90-125C * .  0 1 4 0 - 2 O O C  
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DIAMETER 
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a 
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0 
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Fig. 5. ‘7. Zirconiua-Water Reac Lions as a Function of Water Tempera- 
ture and P a r t i c l e  Diameter of Residue. 
ameter. 

Original wires 60 ails in d.i- 



_.I dov.n Tests  . 
oy f u n a t e s  2 4  and with Zirealoy-2-clad mixed- 

The r e s u l t s  are summarized in Table 5.7. 

Studies  were perf  ornicd i n  TREAT w i - t h  

oxide-core fue l  pi.iis. 2 5  Calcu- 
l.ated ad iaba t i c  core temperatures a r e  given f o r  .the clad. oxide-cor? speci- 
mens. It is believed -that, t h e  oxide core -te:nperai;ures a jp-oaeh the  ad ia-  
b a t i c  values a t  temperatures below t h e  ox.j.de mel..ting pint because of t h e  
poor thermal conduct iv i ty  of the oxj-de. Ad.iabat ic temperatures a r e  no'i 
g ivcn for rnetali.ic-core fuel specimens. %ne rapj.d r a t e  of hea t  l o s s  from 
me.ta3.J.i~ specimens to water preven-i;s me ta l l i c  cores  from approaching ad ia -  
batic temperatures on t h e  t r ans i e i i t  per iods ava i l ab le  i n  TmAT!. 

The zirconium-uranium al1.oy p l a t e s  siil1pl.y melted down i n t o  the a lu -  
mina retaini .ng c ruc ib l e  in four  of t h e  f i v e  experiments. 
11 .5s  of t h e  metal  yeacted with water i n  -these experiments, In t h e  most 
vizorous experiment of t h e  s e r i e s ,  t h e  ineta1 was ex tens ive ly  spabtered 
throughout t h e  autoclave. Hydrogen analysis indlcat,ed  hat 67.2% of -Yne 
metal. reacted, and it i s  l i k e l y  that the metal temperature reached wel l  
above 3000°C Cn t h i s  experl-men-L. The results2" a r e  p lo t t ed  i n  Fig. 5 .gS  

From 6.0 to 

Fission Adi~abatic 
Energy Co1-c 

Input  'Tempera tnr:, 
( c a l / & )  ("c) 

2 85 
3h: 
510 
62 8 
7 55 

460C 6.0 
4643" 5.2 
160' 9.5 
460C 11.5 

67.2 

~ i r c s 1 o y - 2 - ~ i a d  M i x e ~ ~ - ~ i d e - C o r e  ~ u e l  Pinsdl C 
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362 233c 29 63 3'35 Cl.ad:i i.ng partly fragmented.; 137 8. 0 

516 28CO 30 62 5511 Cla3dicg partly fragrrerted; 51 14 .'3 

60 0 37011 /, ? 53 (34 R ClsdZing ?artl.y fragncntcd; 4') 2 

core ergeked and fra@!ented 

core cracked ard. i'ragmented 

core i'rugnented 

core r r s p e n t e d  
.......... .__ ........ ____ ____ _I_ 

'morn lvins ,  Tesca, an. f i 3 u  
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Fig. 5.8. Results of In-Pi le  Meltdown Tests  of Zirconium-Uranium 
Z r  m.d 10.65 w t  $ U Alloy Fuel Plates .  

(93$ enriched);  t h e i r  dimensions were 1 .0  x 0.5 x 0.1 in. 
€'Plates consisted of 89.35 wt 

Experiments conducted with Zircaloy-2-clad mixed-oxide-core f u e l  pins 
indicated t h a t  there  was a l i n e a r  re la t ionship  bctueen the extent of 
metal-water react ion and. t h e  nuclear energy input over t he  range 250 t o  
400 cal/g of oxide core. The threshold f o r  destruct ion was about 275 
cal/g, which corresponded .to an adia'uatic core temperature of 1800°C. 
extent of metal-water react ion as  indicated by these in-p i le  tests, i s  
p lo t ted  as a function of adiabat ic  core temperature i n  Fig. 5.9, where 
the  apparent threshold for significanl;  metal-water react ion i s  1600°C. 

Discuss ion. The experimental r e s u l t s  ovemhelmingly indicate  
t h a t  t he  quantity and rabe of reac t ion  i s  primarely determined by .the 
s i z e  of t h e  react ing pa r t i c l e s .  Only t h i n  oxide f i l m s  were formed on 
l a rge r  specimens, while explosions, self -sustained. burni-ng, or  very exten- 
s ive  reac t ion  occurred when f ine ly  divided metal was used. 

with water were discussed i n  Section 5.2.1.. 2, and computed temperature vs 
time and extent  03 react ion vs time curves were given i n  Pigs. 5.1- and. 
5.2. Computed resu l t s  for t he  extent of react ion w e r e  i n  goad agreement 
with experimental r e su l t s  obtained by the  condenser dischnrge method, as 
Shown in  Figs. 5.10 and 5.11. The computed r a t e s  of reac t ion  indicated 
i n  Figs. 5 .1  and 5.2 agreed with measured r a t e s  only f o r  l a rge r  pa r t i c l e s .  
Pa r t i c l e s  smaller than about 1 mm in heated water and 0 .5  am i n  room-tem- 
perature water appeared t o  reac t  i n  a few milliseconds. This was attl-ib- 
uted t o  rapid propulsion of the p a r t i c l e s  through the w a t e r  and the  re- 
su l t i ng  increased r a t e s  of gas -phase diffl?sion. 

The nature of t he  computed r e s u l t s  sho-m i n  Figs. 5.10 and 5.11 in-  
d ica tes  t ha t  t he  extent of react ion i s  Rearly independent of t he  i n i t i a l  

The 

meoret ical-  s tudies3 of t he  react ion of heated zirconium pa r t i c l e s  
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Fig. 5.11. Comparison of Computed and Experimental Results of Z i r -  
conium Reactions i n  Heated Water. 

metal temperature as  long as the  pa r t i c l e s  a re  ful ly  melted. Tne extent 
of react ion of molten zirconium droplets  suddenly exposed t o  wa.l;er can 
therefore  be expressed as a function of droplet  diameter, a s  shown i n  
Fig. 5.12. The r e s u l t s  for room-temperature (subcooled) water a re  nearly 
equivalent; t o  the  react ion of a uniform layer  of zirconturn 25 p i n  depth, 
while t h e  r e s u l t s  f o r  heated water can be represenlied roughly by the  re- 
a.eti.on of a layer  60 p i n  depth. The computed results are  therefore  con.- 
s i s t e n t  w i t h  t h e  Aero jet  explosion dynamometer r e s u l t s  and those obtained 
i n  the  Batte1le fa l l ing-drop s tudies .  

charge experiments i n  room-temperature water (see Fig. 5.5) a t  an i n i t i a l  
metal. temperature of 2600°C. A s imilar  Jump occurred i n  the  in-pLle t e s t s  
of zirconiuni-uranium a l loy  p la tes  (see Fig. 5 . 8 ) .  These increases were 
caused i n  both cases by a sudden increase i n  the  tendency of larger par t i -  
cles t o  fragnent. This probably occurred because of  the  formation of 
molten oxide (ZrOz; mp, 2700°C). 

The sharp jump i n  t he  extent  of react ion occurred i n  condenser d i s -  
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Fig .  5.12. fixtent of Reaction as a Functiori of P a r i i c l e  Diameier 
f o r  Molten Zircoiiium Spheres Fo-t-merl i n  Water. 

The in-pi-1.e resu- l ts  f o r  t h e  Zircaloy-clad oxide-core specimens could 
be explained i n  -I;eruis of the  p a r t i e l k  s izes  generated by blie ti-ajlsi-ent 
heat ing snd the extent, of r eac t ion  expected for each partic1.e s i ze .  The 
da ta  a r e  summarized i n  Tables 5.8, 5.9, and 2.10 and show- tha t  ~cnsonable  
agreement, between t h e  cal.cul.ated and experimental ex ten t  of r eac t ion  was 
achieved. 

illable 5.8. ileac t o r  Characteri s t i  c s  D i r i  c ~ g  Tn-Pile 
Metal -Water Reaction Nxperimcnts i n  T J M R P  

CEM Transient  Fxperimeiit 
Number 

28 29 30 49 

Burst, Mw-sec 320 385 550 648 
Period, msec 60 63 62 50 
Energy, cal /g  of oxide core 301 362 517 610 

_- 
a 

FYom Baker and Just ,  rei”. 3, p. 60, Table 1-0. 

2. Uranium Alloys 

Isothermal &pwj;ments. It was concluded from an ear ly  study of 
-tine urani%i-s beam r eac t ion  at 1000°C thal; the  reac-Lion with massive pieces 
i s  r e l a t i v e l y  SI-ow, recpi-ring hours r a t h e r  than  seconds. 26 “tic oxide f i l m  
formed a t  t h e  r a t e  of 11 mils/hi* i n  a 15-min t e s t .  
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Table 5.9. P a r t i c l e  S i z e  and Reaction Data from In-Pile 
Metal-Wzter Reaction Experiments i n  Room-Terqierat,mre 

Water in TREAT" 

Core mater ia l :  81.5 w t  $ ZrOz ,  9.1 w t  $ CaO, 
8.7 w t  $ 1J3G&, 0.7 wt  

Cladding mater ia l  : Zirealoy-2, 20 m i l s  th ick  
Overall h e 1  pin diameter: 0.38 in. 
Ovemll f'uel p in  length: 1-05 i n .  

A1203 

- _ _ _  - -  

Theoretical  Par t ic le-Size Distributi .onc (wt, $) 
P a r t i c l e  Percent 

( m i l s  ) fo r  Each 
Size Group React ion CEN Transient Experiment Number 

Size Croupb 28 29 30 49 

1 - 4  
47-8 
8-1.6 
16-32 
32-64 
64-128 

128-256 
256-512 

70 0. 0005 
60 0.01 
46 0.2 
28 2.1 
14 11.. 2 
9 22.3 
6 64.3 

0 

0.0002 
0.024 
0.10 
3.0 
9.7 

2'7.8 
53.4 
0 

0.1 
l. 3 
6.5 
2 .0  

12.8 
7'7.3 
0 
0 

0.03 
0 . 2  
2. 8 
15.2 
25.2 
57.6 
0 
0 

a 

bData taken Prom Fig. 5.12. 

From Baker and Just, r e f .  3, p. 60, Table 10. 

C Par t ic le -s ize  d i s t r i b u t i o n  f o r  total. samp1.c (metal and 
oxide ) . 

Table 5.10. Calculated and Experimental Per- 
centages of Metal-Water Reaction In  TREAT 
Experiments i n  Room-Temperature Watera 

- -  

Metal Reacted with Water ($) 

CEN Transient Experiment 
Nutn'oer 

24 29 30 49 

Calculated 8. 1. 8.3 1.3.1 14  * 4. 

Experimental 4 .1  8.0 14.0 24.0 

a From Baker and Jus t ,  ref. 3, p. 60, 
Table 10. 
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h7i-ti1 pl.e+,e and rod. specimens heated t o  between 160 and- J-400"C i n  
flowing steam ai; 1.- 0 atmi tile r e a c t i o n  ra-Le, followed gravimetY'Ica1.J_yi 
was found t o  be l i n e a r  i.n t l m e  up t o  880°C, w i - L h  rmxim-um r a t e s  a t  approxi.- 
rnate1.y 300 and '750°C. 27 Above 880°C, a parabol ic  ra-Le 1 aw applied. f o r  
t h e  first; 60 t o  120 min, a f t e r  :diich the  reaction became l i n e a r .  X-ray 
d i f f r ac t io r i  siud.i.es indicated. t h a t  UOz was formed o v e ~  t h e  e n t i r e  tempem- 
t u r z  range. The maxhxr, of the r e a c t i o n  r a t e  a t  300°C ms explained by 
consider ing the vayliation of t h e  r a t e  of uranium hydi-ide formati.on wi-t'n 
temperature. 

a theritiocou.plei wcre heated inducti.ve2.y i n  flow:i.ng steam. The reac  Lion 
was followed by condensing the  e f f l u e n t  steam and determining vol.imetri-- 
ca1l.y 'chi: quant.i-Ly- of hydrogen generated.  The r e s u l t s  are summarized i n  
FQs.  5.13 2nd 5.14. A r ap id  l i n e a r  r e a c t i o n  occurred a t  4 0 O o C ,  with a 
rate near ly  identical..  t o  'iiiai repor ted  i n  - the g;i-avimetrl.c s tudy.  'The 
r e a c t i o n  was near ly  parabol ic  between 500 and 1200°C and followed a con- 
s i s t e n t  ra-Le 1 . z ~  between 600 and l20OoC, a s  i-ndica-Led i n  Fig. 5.14. The 
r a t e  l a w  w3.s a s  follows: 

In another  s tudy of uraniim oxidation, 2 8  uranium cubes, supported on 

w 2  3.16 X 104t  exp (-1 8 ,60O/HI ' )  , (5 .9)  

where w i s  m i l l i - g r a m s  o f  ursniirrn reacied p?r square cent imeter  arid- t i s  

t 
i 

I IO 100 
TIME, min 

1000 

Fie;. 5.13. HydroZen EvoJution i n  ihe Reaction of SLeam at  1 a t m  
wi th  Uranium. 
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TEMPERATURE, C 
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6.0 7.0 8.0 9.0 10.0 11.0 12.0 I. 0 

Fig.  5.14. Effect of Temperatiire on the Rate of 'Hy-clrogen Evol.mtion 
f o r  tile Reaction of Steam with Uranium. 

t i m e  i n  seconds. 
500°C. The wide divergence i n  t h e  data  ~mt: probably due t o  differences 
i n  imp . r i t y  content or metall-argical treatment or" t h e  specimens. Igni t ion 
and oxidation s tudies  i n  oxygen show c lea r ly  how alloying additions can 
markedl-y a l t e r  t h e  uranim-oxygen reaction, espec ia l ly  i n  the  tempesature 
range above 5OOOC. 

Nonisothermal Experiments. Natural uranium a t  1S&l"C was Foured 
in to  cold water i n  a s e r i e s  of tests.  23 
hydrogen igni ted and burned i n  a i r ;  however, no explosion resul ted.  Thin 
plates of metal were found which had about 0.5 m i l  of oxide coating. It 
was estimated t h a t  from 10 t o  30% react ion occurred. Similar t e s t s  wi-th 
a 12s molybdenum a l loy  gave iden-tical  r e su l t s .  

Experiments with Dispersed Metal. Uranium a t  1540°C poured i n t o  
water and dispersed bjr a b las t ing  cap23 was par t ly  atomized-, but the bulk 
of the metal remained as  comparatively large, imegular  p l a t e l e t s ,  which 
were covered with surface oxidat ion. The percentage of react ion varied 
from 30 t o  50. There were indications of s l i g h t  explosions i n  four  out, 

The r e s u l t s  of t he  two s t u d l e ~ ~ ~ . '  28 d.o not agree above 

Popping was heard as t he  evol-vi% 
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of €ive tes-Ls. Resul-is obtained wi.th a 12% molybdenum al.l.oy were essen-, 
t i a l l y  t h e  same, as  were “,‘ne results with a 5.5% zlrconium,--1.75$ niobi-im 
t e r n a r y  alJ.oy. A s i n g l e  mil i.n an exploston dyiiarnoiiieter ind ica ted  t h a t  
urani-urn was noi, u sua l ly  explosive.  

Condense? discharge results obtained. with uraniurn wires  a r e  given Ti? 
Fig. 5.15. A s  with zirconium, considerably- m o ~ e  r e a c t i o n  occurs i n  heated 
water t han  i n  room-temperature wa’ier. Runs were Triad.e only i n  water a-i; 25 
and 100°C because t h e  ?xtensive slow corrosi.on t h a t  o c c i r s  i n  waker a t  
200°C o r  higher  would have destroyed t h e  specimen before  -the Tiin could. be 
completed.. Transient  pressure t r a c e s  w e r e  s i m i l a r  -io those  obtained with 
z-irconium. The smaller  paj?ti.cles r eac t ed  exp1osiveI.y and l a r g e r  p a r t i c l e s  
reac’ied slowly. The resul-is were consis  t e n t  with t h e  f indi-ng f o r  zirco- 
nTum t h a t  p a r t i c l e s  s ~ i a l l e r  t han  about 20 mils i n  room-temperature water 
and 40 mi.1.s i n  heath3 water were i n  v io len t  motion and. t he re fo re  r eac t ed  
very  r ap id ly  because of an increased r a t e  of  gas-phase diffiisi-on. Several  
f a c t o r s  co-mplicated t h e  experi.ments so  ’chat <.k was not poss ib le  t o  ascer -  
t a i n  condi t ions f o r  the  explosive behavior of uraarium wl-j;li the  c e r t a i n t y  
that was poss ib le  f o r  zirconium. Lai-ger p a r t i c l e s  (greatei-  than  about 
1 m)  were not spheri-cal, a s  t hey  were with zirconium, and t h e  oxide was 
not  a s  adhereilt. This behavior was al-so reporLrd i n  t h e  Aerojet  explosion 
s t u d i e s .  l7 

Meltdom t e s - i s  i n  TREAT were pe - r f~ rmed’~  
with pm-e uranium wires and rods and with t h e  r e l a t i v e l y  cor ros ion- res i s  - 
t a n t  uranium, 5 w t  $ zirconium, 1 . 5  wt $ niobium t e r n a r y  a l l a y .  (This 
a l l o y  was used i n  t h e  f irst  core loading of t h e  EBWR. ) 
a l l o y  were performed wi.th bare  pins  and with Zircaloy-2 clad. pins .  “he 
resul..ts, given i n  Table 5.11.: l .ndicatc - t h a t  t h r e e  f a c t o r s  a r e  impor-tant 
i n  governing the  ex ten t  of metal.-water r eac t ion .  These a r e  t h e  total fis- 
s ion  energy input  (see Fig. 5.16), t h e  renc-Lor per iod ( see  Fig. 5.17), 

In-Pi le  Meltdowii T e s t s .  
__I____ 

Studies  with t h e  

WIPE SIZE 
206 WATER TEMPFRATUllt 60m, l  JOm,l 

2 5 C  (ROOMTEMP) 0 0 

_ _ -  

DIAMETER OF RESID 

I N I T I A L  M E T A L  1 EMPERATURE. C 

Fig .  5.7 5. Uranj 1mJdater RcacLi on by the Condenser Discharge-. Method. 
The pariicle di-anieters of the res idue  are given in Microns. 
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Tab le  5.11. Results of Studies of Uranium i r i  Submerged X i l e l  Specimen Mel.tdo-m Tests  In T'KERS 

1n i t j . d  water tempe-rature: 25°C 
Init ial .  helium overpressiii-e : 20 p s i a  

__I 

mEAT 

Pr:rcent 
of Metal 
Reacted 

Clioracteristics Mean 
Par t ic le  CE bT App"a1Xnce of Specimen 

Rug1 Integrated After Trsnsieri.t Diameter 
(mils ) 

Fis s j.on 

Input  
EKlei-Ky 

N~mber Period Powi.r 
( ms ec ) ( MV-s e c ) 

(cel./g) 

59 

63 

65 

85 

95 

136 

136 

179 

1.89 

3'7 
79 
84. 
121 

50 
54 

10 8 
146 
146 
Ut9 
183 
305 
339 

379 
4-03 
41.0 

1.4 

15 

13  

LO 

16 

18 

S i  

11 

12 

68 
2 
6 
8 

5 
3 

43 
44 
4 2 
4.5 
4-1 
5'7 
58 

35 
46 
70 

Zii-cal.oy-2-Clad Urnnium-%irconii~m-miobiu!n AUoy Fuel Pinsa, 

102 

1-02 

104 

1.3.2 

96 

104 

1.03 

100 

77 

Unc 

100 
197 
100 
1.06 

I25 
197 

51-5 
301, 
267 
205 
96 

152 
440 

96 
96 

1010 

56 

60 

62 

81 

30 

130 

130 

170 

180 

Claddi.ag ruptured; core 

Cladd j.ng ruptured.; c 0 . e  

Cladding ruptured md bulged; 

Cladding par t ly  ne l te~l ;  core 

Cladding melted and f'rngiented; 

Cladding melted. and fragiiieiited; 

Cladding nel.ted an? Iragrflented; 

Cladding melted arid. 

Cl-addiog melted and 

s l i g h t l y  nelted. 

prt1.y melted. 

cure partly melted 

melted and T-mgment?d 

core mel.ted niid fragmented 

core melted and fragmented 

coTe m e l t e d .  ailil. fragnented 

core ice1.ted and irar 

core rrelted md  Lf:ragnenented 

id Uran  iiri-.~irconiunfl-N-j.obj.urn h e 1  E;Tnsa, 

35 Int a c t 
75 One-half melted; one globu1.e 
30 Melted; one globule 

115 Melted; one globule 

Unclad Pure tiran-i.urn Fuel. Pi.nssi e 

4 8 'l%o-t'nird.s xel-ted; one gl.obule 
52 Tmee -fourths ir.el.ted; one globule 

TJ-raniurn WireaJ J 

32 In tac t  
4-3 Meltsd end f r a g e n t e d  
43 Melted and f r a p w n t e d  
/:.it Melted and fragmented 
54 Me1 ted  a i d  fragmeri-ieci 
90 Melted and fra[gnented 

100 Ik l t ed  and fragmaited 

Zircon.L-u.m Triire"' g 

47 Melted and L'ragmzated 
50 Me1 Le3 and fragrwr8ted 
51. In tac t  

0 .9  

1.7 

2.0 

2.0 

9.1 

7.4 

7 . 3 

1.0.0 

6.6 

0. 1. 
1.8 
2.5 
3.2 

0.2 
1.1 

0.4 
8.1 
7 .5  
9.3 

17.2 
50.2 
33.2 

28.3 
12.9 
0 

'prom ~dij.imtainan e t  a l . ,  ref .  25. 

bpin clad with 20-mil-thick %ircal.oy-2; ends mpj;ed; core 93. 5 w t  $ U, 5 w t  $ Zr, 1.. 5 1st $ 

c., 

d.. 

pb7b; iJ 20$ mr-iched; dirflensions were 0.2 i-ri, i n  diameter atid. 0.5 in .  long. 

astimated values. 

pin '33.5 wt $ U, 5 vi'i $ ~ r ,  1 . 5  id; $ vo; u 20% enyickied; dirr.easi.ons were 0.2 in.  i n  
dl'.ameter and 0 .5  in .  low. 

eU 2C$ eiiriched.; d.imensiono were 0.2 i n .  i n  di.ameter and 0. 5 in. long.  

'U 93$ enriched; d.iniensions :wre @+ mils i n  di.afmter and 1..0 in. long.  

gD.irt.nsions  ere 34 mils j.i? dinrce te r  aDd 1.0 in. long. 



2:-2 CLA3 ,  UALLOY PIN, 2 0 3 - m i l D I A M .  
0 UNCLAD U AKD U ALLOY PiN, 2 0 0 - m i ;  DIAM. 
A U WlRE,64 -m1 l  DIAM. 

U WIRE, 34-mil DIAM. 

CORRELATION FOR REACTOR PERiODS - 100 rnsec. 

3 

Fig. 5.16. Results of TREAT Meltdown Tests  
with U r m l v m  Specinens. 

l4.S '- AVERAGE ENERGY INPUT 

:03 2 0 0  300 400 500 600 
REACTOR PER1 3 D ,  mi I liseconds 

I I :  I u 
50 50 300 200 100 

SEACTOR 2EAK POWER. megawat t s  

Fig. 5.17. In-Pile Metal-water Reac-;ions 
of' GL;-mril-diam Urani-m (93% &riched)  Vi re s  . 
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and the  surface area of t h e  uranium created by fragmentation (see Fig. 
5.18). 25 

For a given energy Tnput, more chemical react ion occurs as  the  period 
becomes shor te r  because there  i s  less t i m e  for heat losses t o  occur. This 
increases t h e  peak temperature reached by the  metal. The behavior of ura- 
naium, as a function of f i s s i o n  energy input, shown i n  Fig. 5.16, indi-  
cates  t h a t  there  a re  three  -thermal zones. 
tkie uranium remains i n  i t s  o r ig ina l  s o l i d  form with negl igible  chemical 
reaction. Above 50 cal/g, meltdown begins, and a t  100 cal/g the metal. 
has f u l l y  -melted with about; 3% uranium-water react ion.  It i s  important 
t o  r ea l i ze  t h a t  these meltdown bound.aries appljr s t r i c t l y  t o  periods i n  
the  v i c i n i t y  of 100 msec because of heat l o s s  considerations. Increasing 
the energy progressively t o  400 ca l /g  r e s u l t s  i n  n continual increase i n  
the  mount of oxid.ati.on untj-l  about one-half .the uranium has reacted with 
the  water a t  a f i s s ion  heat  input of 400 cal/g. At; this point .the ehemi- 
c a l  nuclear energy r a t i o  i s  about 0.75, which i s  appreciabl-e. .Records25 
of a typica.1 uranium-wa-ber react ion ex-primen-t are shown i n  Fig. 5.19. 
The plot  i n  Fig. 5.14, which expresses. t h e  extent of metal-water react ion 

A t  energies less than 50 cal/g 

20 

15 

c 
0 
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m 
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._ 
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m 
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5 
c. c 
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L m h 
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0 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Specif ic Sur face Area af ter  Transient 
Specific Surface Area before Transient 

Fig.  5.18. Dependence of Extent of In-Pi le  Urstniim-Wai;er Reaction 
011 Surface Area for 64-mil-rliam Uraniwri Wires (93% Enriched). Cor- 
r e l a t ion  fo r  146 caL/g average energy input.  
parentheses i n  milliseconds. 

Reactor per:-od given i n  
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188 MIILLISECOND PESIW 
20% ENRICHED U FUEL PIN 
0 2' 014. X 0 5 '  LONG 
I I % REACTION 
u + 2H20-U02*2H2 

LIQUID PHASE 
THERMOCOUPLE 

140 MW REACT02 140 MW REACT02 

1'7 g. 5.19. Typical Oscillog:i-a,pil Record of in-Pile Me? tdoim bh-peri - 
ment wi th  Ura.ni.um i n  Water. 

a s  a fi inction of f i s s i o j l  energy input,  shows rezu-lts very si-milar t o  those  
obtained i n  condenser dischsrge s t u d i e s  o f  metal-water reac-Lions i n  rooiii- 

perati ires reached i n  t h e  TFEAT runs a r e  not  p re sen t ly  kiloim. 
Discussion. The urani.ii~m-water r e a c t i o n  has been s tud ied  much 

less thorough1.y than  Lhe zirconium-water r e a c t i s n .  Isothermal s t u d i e s  
above 1200°C a r e  i.n progress. Preli.mi.na3-y s t u d i e s  ind ica t e  t h a t  it may 
not  be poss ib le  t o  extrapola . te  t h e  parabol-ic r a t e  law, Eq. 
pera tures  much above 1200°C, a s  would be requi red  f o r  an ana lys i s  of t h e  
~ y p e  derci-ibed i n  connect ion wi.th zirconium. 

water r eac t ion  a t  hi.@ tempemtures  i s  somewhat less extensive t h a n  t h e  
zirconium-watei- reac-LFon. The a c t t v a t i o n  energy found f o r  t h e  zirconi.um 
r e a c t i o n  (45.5 kcal/mole) is consid-erably h igher  than  t h a t  found Tor. the  

urar,i.um reac-Lion, which is  1-8.6 kcal/mole f o r  t rmperatures  below 1200" C; 
above 1200°C: a value of about 35 kcal/mole i.s t e n t a t i v e l y  ind ica ted .  It 
i s  the re fo re  t o  be expected t h a t  g r e a t e r  r e a c t i  on occurs writin eirconl.um 
a t  ve-iy high te.mperatures. The a c t i v a t i o n  energy d i f f e rence  al.so implies 
t h a t  uranium r e a c t s  more extensi.ve1.y ai; low temperatures,  which i s  a well.- 
hiorni f a c t .  

to-- , , ,~perature water (see Lower curve i n  Fig. 5.1.5), although t h e  exacl; t em-  

__I 

(5.91, to tem- 

L 

T t  i s  reasonable,  on theore-'cical.. grounds, Lo expect t h a t  t h e  urani.inm- 

'The r a t e  Eqs. (5 .8)  and (5 .9 )  i nd ica t e  t h a t  the two metals 



w i l l  fol-low the  same ra te  l a w  a t  approximately 1460°C on the  basis  of hy- 
drogen eTrolution. The heats  of react ion a re  nea-rly ident ica l  on a molar 
o r  a volume bas is  but, of course, d i f f e r  on a veight bas i s .  

3 .  Aluminum Alloys 

Isothermal -Experiments. I n  a thermogravimetric stud.y o f  t he  iso-  
thermal oxidation of molten aluminum i n  steam over the  temperature range 
815 t o  1260°C, the  react ion followed a l i n e a r  r a t e  law f o r  pure aluminum 
and- f o r  a 23.4 w t  $ uranium-aluminum a. l loy.  The r a t e s  reached a maximum 
a t  about 1000°C and decreased a t  higher tenipesa-t.u.res. 29 

of -the isothermal oxidation of aluminum 
over Yae range 800 t o  120O0C, the  reac-tion followed a cubic ra.l;e law, as 
shown by the broken lines i n  Fig. 5.20. The resul:ts of t he  pressure-pulse 
and thermogravimetric s tud ies  do not agree i n  regard t o  the form of t he  
r a t e  law and especia1l.y i n  regard t o  t h e  temperature depend-ence of the  r e -  
act ion r a t e .  Both s tudies  show, however, - that  a t  1200°C and below the  
reac t ion  i a  exLremely slow and does no-t coiistitl.i;te a hazard. 

t h e  levitation-melting method between 1200 and 1750°C. Pe l le t s  of alixni- 
num (1/4 in .  ) wem supported and heated by a radio-frequency f i e l d  i n  the  
preseme of fl-owing steam. Temperatures were measured and cont.rolled by 
a two-color op t ica l  pyrometer. 1.ie yu-antity of aluminum reac%ing i n  each 
Tun w a s  determined by a gravimetric rrethod i n  which unreacted aluminum 
was se lec t ive ly  dissol.ved. In  an iodine-methanol solutioa,  leaving the  

i n  a "pressure-pulse" study' 

A more recent study6 of the aku-minum-steam react ion was made using 

I 2 4 6 0 10 20 40 6080lOO 200 400 
REACTION TIME, min 

Fig. 5.20. The Reaction of Alu-aLnwil with Stea,m. Data points  and 
so l id  lines obtained by the l e v i t a t i o n  melting method. 
tained by the  pressure-pulse method. 

Bashed l i n e s  ob- 
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oxide i n t a c t .  The r e a c t i o n  could be descr ibed by a cubic. r a t e  law a t  
1200 and l 3 O O 0 C ,  a s  showa i n  Pjg.  5.20. The r e s u l t s  t h e r e f o r e  agreed with 
those  of the pressure -pulse s-tudy, al-ihoilgh t h e  measured r a t e s  differed.  
by a f a c t o r  of 2. 

S-tud.ies by t'ne levi-Latrion me-thod. between 1.400 and L600"C showed. t h a t  
a ].inear r e a c t i o n  occurred ( see  Fig. 5.20),  which cou.ld be represented by 
the following r a t e  law: 

w = 3.0 X 108t ?xp (-'73,50O/RT) , (5.10) 

where w i s  i n  mil1ig:rams o f  al.iminum reac ted  per square cent imeter  and 'i 
i s  time i n  seconds. 
1650°C (9  min), and a t  1700°C (5 rnin), w h i - l e  immedlate igni?;i.on occuri-ed 
a t  1750°C. I g n i t i o n  began wi'Lh t h e  formation of a small bot  spot,  which 
r a p i d l y  spread across  t h e  sur face  of t h e  sphere.  The temperature a-i t h e  
hot, spot  reached wel.l_ above 21_OO"C. Burning i n  steam appeared t o  be s i m l -  
l a r  t o  t h e  vapor-phase burning tha-l; occurred i n  ai.r a t  175O0C, although 
t h e  volumi.noins white smoke was Less apparent.  

Nonisotherrn%l. Experiments. ._....l.l.l _I____ 

iiiolten aluminum i n t o  water i n  an. e f f o r t  t o  eva lua te  t h e  conditi-ons needed. 
for explosion. InJectj.ons of s eve ra l  pound-s of molten alu.minum i n  t h e  
form OS j e t s  sl; 750 t o  1000°C i n t o  wate:r gave l i t t l - e  o r  no reac t ion ;  f;inere 
was no appreciable  steam pressure buildup noted. 
crucibl.es coniainj.ng molten aluminum a.1; 900" C were smashed under water 
showed t h a t  pure al?irnii?um d id  not i-eact, but  aluminum c0ntninin.g 1 .0  t o  
7.4% I-ithium rer,cted s l i g h t l y  t o  viol-ent ly .  Rhminum containing 5% lira- 

ni:m reac ted  violerit1.y- a t  900°C i.n t h r e e  tests and sl.i.ghtly i n  1.1. t e s t s .  23. 
Higher tempzratures did ilot increase t h e  a c t i v i t y .  Other t e s t s  i n  vhi.ch 
molten aluini.iiuin and al.uminum-l-ithium a l l o y s  w e r e  poui-ed. i n t o  water i n  
l - - i n .  -diam streams gave no v i o l e n t  reac t ions ,  a1.l;hough a 'chin oxide coa t -  
ing formed on t h e  r e s u l t i i x  globul.es i n  both cases .  27. 

The most extensive tests of t h e  e f f e c t s  0-f contac t ing  large yimnti.-- 
t i e s  of molten aluminum w i t , h  water were c a r r i e d  oiit by t ak ing  50 l b  of 
commerc i a l l y  pure mo?.l;en alumii-rum and suddenly discharging the me-Lal i n t o  
water i n  s t e e l  tanks.  Viol-eiit explosions occurred. i.n many cases ,34 even 
though t h e  metal temperature was never higher  than  900°C. 
occurred when t h e  metal  was discharged through holes  l a r g e r  than  2.75 i n .  
but  only when a c c r t a i n  minirflutn quan t i ty  of mz-Lal. was used. Explosions 
occu.rred when t h e  me-tal w a s  d-rapped 1-8 ri.n. but- not when t h e  metal. was 
dropped. 1.0 f t ,  which sugges-ts t h a t  no explosion would. occiir Lf t h e  stl-earn 
were broken up. Breaktag t h e  stream w i t h  an i r o n  g r i d  prevented explo- 
si.ons, even wi-th an 18- in .  drop. Depth of water pool and metal tempe-ra- 
t u r e  weye interdependent.  Explosions took p lace  i n  a 3-  or  6-in.  water 
dep~Lh with alumiiuin a t  670°C but requi red  metaa7. a t  750°C with a 10-in.  
water depth.  No explosions could he produced when t h e  water ]_eve1 was 
20 iii.  Molten mekal  spat-Leying without a v i o l e n t  expl..osion took place 
when t h e  water leve l  was 2 in .  o r  l e s s .  Wetting agents  &creased -the 
tendency toward explosion, while s a l t  increased j-t. Coa-Ling t h e  bot  torn 
of t'ne water container  with I.ime, gypsu.m, or rust  promoted cxpl-osiveness, 
while grease,  o i l ,  or pain t  largely e l i m i n a k d  t h e  explos ions ,  Simil.ar, 

Delayed i g n i t i o n s  occurred a t  1600°C (18 min), a t  

31 

A number of Tnvestigatoys have poured 

2, 3 3  Tests  i n  which la.rge 

Explosi.ons 
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but I-ess violent,  explosions were prod.uced w i n g  a mol.tcn. salt mixtzl.re 
instetid of alumiiiurn. 
s T-ons resul ted primarily f ~ o m  stearn forrnal;i.or, and not from r n e t a l - w x t e r  
reaction. 

caps were used t o  d.isperse molten alurr1i.num s t m n m s  under water2' showed 
forrnatioa of f ine,  metal l ic  granules but no v io len t  expl.os:ions. Tests 
i n  the explosion dynamometer, however, showed t h a t  very violent  reactioris 
( s e e  Fig. 5 . 4 )  coii1.d be generated. when t h e  i n i t i a l  metal. temperature was 
l40O"C or higher .  

pacts by means of auxi l ia ry  explosive charges i n  one study.35 
d1.qd-icate -the r e s u l t s  fa i led ,  however, t o  produx a violent  explosion. 

with aluminum-uranium a l loy  plates 
~ium-Ug O g  cermet pins, 
The results a re  given i n  Table 5.12. Tlie extent o f  metal-water react ion 
for t he  a l loy  p la tes  and 1;he cermet pins is  plot ted as a f imct ion of f i s -  
s ion emrev input rin Figs. 5.21 and 5.22. 'l"rie extent of rea-ction was 
s l i g h t l y  higher  for the  uncl.ad pla-tes (SL-1 meat) and the  cermet pjhs than 
f o r  the clad plates (SPERT-LD). 
e f f ec t  of cladding and geometry on the temperal;u.res reached by tine pLates ~ 

'The r e su l t s  indixate t h a t  s ign i f icant  metal-water react ion begins 1.7hen 
the  f i s s i o n  energy input reaches ahoou-t 350 cal./g and increases gradi.1all.y 
up t o  an energy input of 530 c a l l g ,  wilere tliere i s  an apparrent jump. A 
larger jump i n  metal-watzy reaction occuss i n  the v ic in - i ty  of 750 cal./g. 

Thts f i rd ing  made it a2.mos.t ce r t a in  t h a t  t he  exp1.o- 

Sxperirnents w i t b  Dispersed. Me-Lal. Expeyiments i n  which b las t lng  

Explosive reactions were i n i t i a t e d  i n  moisLened al.umiiium powder corn- 
E f f o r b  to 

In-Pi1.e Me1.tdow-n Tests. Mel.tdom tests were performed i n  TREAT 
both clad3 ' and unclad, 37 i~ sc l ad .  aluiiii- 

and alumirium-elad. mixed-oxide-core fu.eI. pins '' 

The difference was probn'o3.y due t o  the 

X UNCL-AD AL.LIMINLJM- URANIUM 
Al.lL0Y ( S L -  I CORE) PLATES 

0 &LUMINUM C L A D ,  AIUJMINUM -lJRANILJM 
ALLOY ISPERT 1-0) PLATES 

0 UNCLAD ALUMINUM,lJRANlUM 
OXlUE CERMET FUEL PINS 

X 

__i 

1200 

I ............... 1 L ..... .............. 
660 1300 1750 

ESTIMA-TED PEAK TEMPERATURE ,"C 

X 

I 
1400 

Fig. 5.21. R e s u l t s  of T R M '  Meltdown Tests  with Aluminum AlLloy ana 
Cermet Specimens I 
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Fig. 5.22. Average P a r t i c l e  Size of RLumin.um-Uranium Alloy P l a t e s  
After I r r a d i a t i o n  i n  T R m T  Versus Nuclear Energy Input .  

A t  these high energies it i s  l i k e l y  t h a t  vapor-phase burning of" aluminum 
is  i n i t i a t e d .  Laboratory experiments have indicated t h a t  aluminum igni-  
t i o n  occurs a t  1750°C. Photographs of the  residue from experiments with 
clad f u e l  specimens (SPERT-lD), shown i n  Figs, 5.23, 5.24, and 5.25, 
indicate  increasing damage with increasing f i s s i o n  energy input.  Macro- 
graphs of fragments from t h e  clad a l l o y  plates ,  shown i n  Figs. 5-24. arid 
5.25, show that increasing porosi ty  i s  generated a t  increasing energies.  
Micrographs, a l so  shown i n  these  f igures ,  indicate  a c h a r a c t e r i s t i c  slab- 
Like st-ructure a t  the  intermediate energies and a fine-grained e u t e c t i c  
s t r u c t u r e  a t  energies i n  t h e  high range (above 750 cal /g) .  A photomicro- 
graph of unirradiated SmRT-ID fuel is  shown i n  Fig. 5.26 for comparison; 
ne i ther  t h e  s lab- l ike  nor the  e u t e c t i c  s t r u c t u r e  i s  evident. 

Results of experiments with aluminum-clad mixed-oxide-core specimens 
are included i n  Pig. 5.9; these experiments confirmed t h e  conclusion resched 
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CEN - 109 
energy: 174 cal/g 
period: 104 msec 

amount of 
metal reacted : 0.1 O/O 

CEN -110 
245 calJg 

96 msec 

0.1 To 

i n c h 4  

---THERMOCOUPLES 

CEN-Ill 
361 cal/g 

80 msec 

CEN-I12 
430 cal/g 

50 msec 

3.9 % 

Fig. 5.23. Results of Meltdown Experiments i n  TREAT on SPERT Fuel 
Samples Submerged i n  Water. 

with the Zirca clad mixed-oxide-core specimens tha t  the 
f o r  destruction about 275 cal/g. Considerably l e s s  metal- 

water reaction occurred i n  t e s t s  with aluminum-clad specimens than i n  the 
t e s t s  with the Zircaloy-clad specimens. It seems evident t h a t  the alumi- 
num cladding did not reach a temperature (1750°C) where igni t ion and burn- 

could occur, even though the oxide core received energies suff ic ient  
melting the ceramic (mp, 260OOC). 

Discussion. The resu l t s  of  experimental studies suggest strongly 
tha t  the temperature reached b e aluminum metal primarily determines 
the  nature of the reaction. ermal studies have shown tha t  the oxide 
f i l m  is  very protective up t o  "C. 
repeated f a i lu re  of m investigators t o  obtain a vigorous metal-water 
reaction by pouring molten aluminum in to  water. 
dynamometer tests was the metal temperature high enough t o  produce a s ig-  
n i f  icant reaction. 

The explosions produced i n  t h e  pouring tests were physical i n  nature 
and probably did not involve extensive metal-water reaction. The mecha- 
nism of these explosions is  not fully established. 
physical explosions has been emphasized, with the suggestion t h a t  physical 

This is  f u l l y  consistent w i t h  the  

Only i n  the explosion 

The importance of 



5.37 

Ene r gy: 527 cal/g 
Period:  5 2  msec 
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Metal Reacted: 11% 
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Fig. 5.24. Results of Meltdown Experiments i n  TREAT on SPERT Fuel 
Samples Submerged i n  Water. T e s t  CRY-117. 
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Energy : 794 cal/g 
Period: 42 mec 
Amount of 
Metal Reacted: 36.9 k 
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Fig. 5.25. Results of Meltdown Experiments i n  TREAT on SPERT Fuel 
Samples Submerged i n  Water. Test CEN-120. 
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Fig. 5.26. Photomicrograph of Unirradi SPERT 1 - D  Plate.  C r  
sectional view showing both cladding and core. Etched with 0.5% HF. 

entrapment of water by sol idif ied metal is  the  in i t i a t ing  mechanism.39 
appears, nevertheless, tha t  water is momentarily trapped beneath a mound 
of metal a t  the  The rapid generation of steam 

motion of hot par t ic les  great ly  increases the  heat transfer,  forming steam 
very rapidly, and t h i s  process provides the bulk of the  energy of the  ex- 
plos ion. 3 4 

temperatures of the  order of 1200°C. 
a t  175OoC, however, makes aluminum more reactive than zirconium or uranium 
a t  higher temperatures. This is  i n  accord with the  explosion dynamometer 
t e s t s ,  as indicated by the  exceptional violence of the high-temperature 
aluminum-water reaction (see Fig. 5.4). The ignitions noted with alumi- 
num probably occur when the vapor pressure of t he  aluminum (7 mm Hg a t  
1750°C) i s  suff ic ient  t o  sustain vapor-phase combustion. The ultimate 
product of t h i s  kind of burning is  a-alumina, which is par t ly  i n  the  form 
of a very porous mass and par t ly  a f ine ly  divided powder. The delayed 

It 

ttom of the  water tank. 
causes violent  dispersal  of the  molten metal. The resul t ing rapid 

Aluminum i s  much less reactive than e i ther  zirconium or uranium a t  
The vigorous burning of aluminum 
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igni t ions occurring i n  t h e  l e v i t a t i o n  s tudies  between 1600 and 1750°C can 
a l so  be explained i n  terms of a vaporization process. 
ac t ion  occurs when aluminum vaporizes i n  t h e  presence of aluminum oxide :40 

The following re- 

Calculations based on thermodynamic data  indicate  t h a t  t h e  vapor pressure 
of t h e  suboxide Al20 is  50 mm Hg a t  175OoC, where immediate ign i t ion  oc- 
curs, and 7 mm Hg a t  1600°C, where t h e  delayed igni t ions were first noted. 
The delay might be accounted f o r  as t h e  t i m e  required t o  bui ld  up s i f f i -  
c ien t  so l id  oxide i n  order t o  generate suboxide vapor according t o  t h e  
above equation. The ac t iva t ion  energy of t h e  l i n e a r  oxidation of alumi- 
num (73.5 kcal/mole) i s  very similar t o  t h e  heat of vaporization of alumi- 
num (77 kcal/mole), and t h i s  provides fur ther  evidence t h a t  t h e  reac t ion  
i s  control led primarily by a varporization process. A s imilar  coincidence 
between t h e  ac t iva t ion  energy f o r  l i n e a r  oxidation and t h e  heat  of subl i -  
mation f o r  magnesium was taken a s  evidence f o r  a vaporization-controlled 
reac t  ion. 4 l  

with those obtained i n  laboratory s tudies .  Considerably more reac t ion  
occurred with in-p i le  specimens i n  which t h e  peak f u e l  temperature was 
believed t o  reach between 1200 and 1750°C than would be expected from t h e  
very low reac t ion  r a t e s  indicated by the  isothermal r e su l t s .  This may be 
due t o  t h e  f a c t  t h a t  t h e  f u e l  specimens used i n  t h e  TREAT studies  and i n  
many ex is t ing  reactors  is i n  t h e  form of a dispersion of UAl4 i n  an alumi- 
num matrix. The UAl4 c lus te rs ,  v i s i b l e  i n  Fig. 5.26, a re  t h e  sources of 
heat  when nuclear heating i s  used. It seems l i k e l y  t h a t  t h e  resu l t ing  
uneven heating vaporizes some of t h e  aluminum, which can then reac t  even 
though t h e  average energy densi ty  generated within t h e  fuel i s  equivalent 
t o  a temperature w e l l  below t h a t  which would produce metal vapor. This 
view i s  consis tent  with t h e  r e s u l t s  shown i n  Fig. 5.21, which indicate  
t h a t  dispersion fuels consisting of U308 i n  an aluminum matrix react  t o  
about t h e  same extent as aluminum-uranium a l loy  fuels .  

The r e s u l t s  obtained i n  t h e  in-p i le  s tudies  a re  not f u l l y  consistent 

4. Stainless  Steels  

Isothermal Experiments. No systematic s tudies  of t h e  isothermal 
s t a i n l e s s  steel-steam react ion a t  temperatures near melting have been re- 
ported. In  a study of t he  reac t ion  of metal w i r e s  with H C 1  and H2O vapor, 
it was concluded t h a t  Inconel and s t a in l e s s  s t e e l  (18-8) did not react  
appreciably with water vapor a t  temperatures approaching t h e i r  melting 
points.42 
0.002 t o  0.05% i n  area per second over t h e  temperature range 850 t o  112OoC, 
with an apparent ac t iva t ion  e n e r a  of 28 kcal/mole. 

Nonisothermal Experiments. Dropping 10- t o  15-g batches of molten 
type 304 s t a in l e s s  s teel  in to  water gave some metal-water reaction, a l -  
though not as  much as  with zirconium.*' 
ollly a s l i g h t  react ion was reported on pouring molten s t a in l e s s  s t e e l  i n to  
water. 21 

Pure i ron  wires reacted with a 96% Ar&% H20 mixture and l o s t  

No explosions were produced. 
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Experiments w j _ t h  Dispersed Metal l .  One test, with mol. t e n  s t a i n l e s s  
s t e e l  (type 303) a t  2270°C i n  t h e  expl.osion dynamometel- indl.eated (see 
Fig.  5 . 4 )  -that the  explosion was nearly as VigOX'OUS as e:qilosions ob- 
tained with molten zirconi.wn. Stud-ies of the react ion by t h e  e l e c t r i c a l  
contlenser discharge r n . e t h ~ d ~ ~  are surmr%,rizer? i n  Fig. 5.27.  The  n o s t  s ig-  
ni.fj.cant result of the study was the lirnlted arrio~m-i; o f  reaction obtained 
w i t h  small partic!..es (260 p) at very high. metal temperatures (3700°C) i.n 
heated water e Die react ions of zirconiwi and inmimi i n  lieated water were 
more extensive wider sirnilar conditi.ons. I n  addi.tion, the  stainl.ess s t e e l -  
water react ion was not rnuch moTe exkensive i n  E.iea,ted wattx than it was i n  
roor-1;pi~ipeerature water. Tliese two results tndicated t h a t  the  react,i.on 
rate i.s contro1.led predominantly by a chemical r a t e  law, even a t  very 
high terqeratm-es . Gaseous d i f fus ion  of watxr vapor through -the evolving 
hydrogen9 shown t o  be o f  na jo r  5.mportance i.n t h e  zirconium-water reaction, 
appeared 'GO be l e s s  important i n  t h e  high-.t;ertll,erature stai.nl.ess s t e e l -  
water react ion.  

with specimens of unclad stainless steel-UQ;r cermet fuel  pins and pl.ates 
and with s t a i n l e s s  s tee l -c lad  mixed-oxide and pure-UOz-core f u e l  pins.  
The results a r e  summarized i n  Table 5.13. The extent of uletal.-water re -  
ac t ion  as a function of f i s s i o n  energy input for t h e  s t a i n l e s s  s t e e l - U O 2  
cermets is plottecl i n  Fig. 5.28. Included. i n  the p lo t  m e  t h e  r e s u l t s  
for al.urain-~mi-U308 cermets. It i s  apparent fron t h e  f igure  t h a t  t h e  cer- 
mets show nearly i d e n t i c a l  beha.vios over t h e  l imited energy range studied. 
A t  higher energies, it would be expected t h a t  t h e  alunzirium reac t ion  would 
exceed the  stainless steel  react ion.  

indicate  t h a t  t h e  s t a i n l e s s  steel-water reac t ion  is less extensive t'nan 

In-Pi.1.e Meltdowa T e s t s  e leltdown t e s t s  i n  TFWlT vere perfomznled25 

Results obtained with t h e  oxid-e-core fue l  pins, incl.uded i n  Fig. 5.9, 

- 

- 

- 
- 

0.- 

SOLID SS- 
WIRE SIZE 

WATER TEMPERATURE 60mi, 30mi, 
LIQUID SS 

25C(ROOMTEMP) 0 0, 

100 c n m  
200 c Q e  

A A  300 c 
(NUMBERS INDICATE MEAN PARTICLE 
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500 00 

IN IT IAL METAL. TEMPERATURE, C 

Fig. 5.27. Kesults of Studies  of Type  316 Sta in less  Steel-Water Re-  
ac t ion  by Lhe Condenser Discharge Method. The p a r t i c l e  diameters o f  t h e  
residue are gi-ven i n  microns. 
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FISSION ENERGY INPUT, c a l / g  

Re siiL t; s of TREAT Mel-tjduwn Tests  with Uhcla,d. Aluminum and 
Sta in less  S tee l  Cermet Fuel Specjmens. 

t he  zireotliun react ion but  considerably more extens i-re .than -the aluminum 
react ion over t h e  energy range studied. Conparison of Yne s t a in l e s s  steel.- 
clad mixed-oxide - c o ~ e  fue l  pins and %he pure-urania-core ~"u.el pins indi-  
cates  that there  were no s igni f icant  differences i n  e i t h e r  the nature of 
the  damage or the extent of t h e  metal-water reaction. The thresho1.d f o r  
frag1nenta.t ion of t he  0xid.e -core specimens corresponded approxirmtely with 
-%e melting points of t he  ceranic core material  (2600 t o  2700°C) f o r  both 
.t;'rie mixed oxide and t h e  uvania cores. A par t i cu la r ly  strPkLng exmple of 
t h i s  i s  shown by -the rnacrogra.ph of the cross sect ion of a mixed-oxide- 
core f u e l  p i . 1 1 ~ ~  (see FigS. 5.29). Energy caZcuLations indicated t h a t  t'ne 
core reached a temperature of 2500° C, vhi1e tlie micrograph i.nd.ica.ted m e l t -  
ing of t he  cen-tral region of -the core. T.e s t a in l e s s  s t e e l  cladding re- 
mimed i n t a c t  dwing  t h i s  t r a m i e n t .  The nature of t h e  dalnage produced 
in a ~ e r y  energetic t r ans i en t  w i t h  a urania-core specimen i s  Lndicated 
i n  Fig. 5.30 ( re f .  25). 

water was de1.Yoeratel-y added  -to the core t o  s in ida te  t h e  ease of defective 
Two experiments were performed w-j_.l;h urania-core specimens in which 
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Energy : 395 cal/g 
Period: 78 msec 
Peak Adiabatic 
Core Temperature : 2500"~ 

1 OX Magnification 

-3 
A 

Fig. 5.29. R ts of Meltdown E iments i n  T R W  on Oxide-Core 
Stainless  Steel-Clad Fuel Pins Submerged i n  Water. Test CEN-21, cross 
sect ion. 
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c 
0 . 5  i n .  

Energy : 432 cal/g 
Period: 

t u re :  4600°C 
Amount of Metal 
React e d : 13.58 

Fig. 5.30. Results of Meltdown Experiments i n  T R W  on Oxide-Core 
i n l e s s  Steel-Clad Fuel Pins S rged i n  Water. Test CET\J-62. 

cladding. In both cases, a hole devel i n  t h e  cladding, even though 
t h e  adiabat ic  core temperature 

The threshold f o r  destruct  s teel-clad 
fuel pins (2600 t o  2700°C adiab ns iderably 

ha t  obtained for aluminum and Zircaloy-2 clad specimens 
a t i c  core temperature). This phenomenon may be re la ted  t o  
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t he  grea te r  high-temperature s t rength of s t a in l e s s  s t e e l .  
emphasized t h a t  t he  cladding did not reach the  high core temperatures i n  
these experiments. 

It should be 

5. Sodium (and NaK) 

There a re  three products of t he  sodium-water reaction. In  excess 
water, sodium hydroxide (NaOH) and hydrogen are  formed, as  indicated i n  
Table 5.5. 
formed. 
Figure 5.31 gives the  results of calculat ions of equilibrium temperatures 

In  excess sodium, sodium monoxide (Na20) and hydrogen are  
The react ion of sodium with water can be considered i r revers ib le .  

,L 
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C 
\ \  
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GRAMS O f  WATER REACTED WITH 2 3  GRAMS OF SODIUM 

Fig. 5.31. Graph of Estimated F ina l  Pressures and Temperatures Re- 
su l t ing  from Reaction of One Mole of Sodium with Various Amounts of Water 
(From Liquid Metals Handbook, Sodium-NaK Supplement ) . 
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and pressures where complete react ion i s  assumed t o  occur i n  a r i g i d  con- 
t a i n e r  with t h e  hydrogen produced occupying the  net volume between re- 
actants  and t h e  oxide or hydroxide. It is apparent t h a t  t he  m a x i m u m  pres- 
sure r e su l t s  fro111 an a d  i aba t i c  react ion of stoichiometric amounts of 
sodium and water. 

The three  react ion products can cause the  following d i f f i c u l t i e s  i n  
reactor  vessel and piping systems: 44 

Product Di f f icu l ty  

Na 20 

NaOR Corrosion of wates o r  steam tubes 

Plugging of sodium stream 

i f  tube mater ia l  i s  aus t en i t i c  
s t a in l e s s  steel or aluminum 

H 2  Excessive pressure buildup or ex- 
plosion i f  oxygen. i s  also present 

Isothermal Experiments. A t  low temperatures (<10O”C ) an i n i t i a l l y  
rapid react ion between s o l i d  sodium and water vapor occurs, and. then the 
r a t e  decreases exponentially with time. 
300°C) t h e  react ion r a t e  of l i qu id  sodium with water vapor confomis t o  
the  pi3ra.bolic rate hw, which i s  associated with protect ive f Tlms through 
which d.iffusiona1 processes cons t i tu te  the ri~.te-detennil:ii.ng step.  At, s t i l l  
higher temperatures (350 t o  40OoC), the f i l m  of PJaOH is destroyed., wi th  a 
resu l t ing  change i n  react ion r a t e .  

Nonisothermal Experiments and Experiments with Dispersed Metal. 
l’he react ion between molten sodium just above i t s  melting point (-212°F) 
and water a t  35 to 140°F i s  characterized by a ra te46  proportional to the 
surface area of conta-et. Data from t e s t s  with sodium droplets  (30 t o  300 
mg of sodium) i n  water a t  room temperature and a t  570°F a r e  plotted. i n  
Figs. 5.32 and 5.33, respectively.  If the  sodium drops a re  assumed t o  be 
spherical ,  t he  r a t e  constants (ref. 46, p. 18) can be calculated from Figs. 
5.32 and 5.33 by Vne expression 

A t  higher temperatures (100 t o  

45 

akt 
(5.12) 

where 

V := hydrogen tha-t would be evolved i f  compl.ete react ion of the sodium 
e 

V = hydrogen evolved ‘u.p t o  time t, ml, 
a = a constant obtained by assuming t h a t  t he  surface area i s  propor- 

k = react ion r a t e  cod%ant, g/cm2-sec, 
t = react ion ti.me, see, 
E. =: s t o i c h i o m t r i c  equivalenl;, l . 9 4  x I r 3  g oI” sodiuin per cubic cen- 

timeter of H2. 

occurred, nil., 

tiona.1. t o  t he  2/3 power of the  weight of sodium, thins, for  a 
sphere, a = (3/p ) 2 / 3  (4T)’l’ = 4.93 cr*2/g2/3 , 
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0 5 I O  15 20 25 

TIME (set) 

30 35  40 

Fig .  5.32. React ion of Sodiiiiil with Liqui.d Water. Composite of s i x  
runs at  5-see i n t e r v a l s .  
V, total. volune of hydrogen evolved.; V ins tan taneous  vo3.u:ine of hy- 
drogen evolved. Sodium ami. K2O iniLia1l.y a t  room terflperat,uie. (From 
Corrs ln  e t  a l . ,  r e f .  46,  p. 16. ) 

P l o t  of v;'' (v, __- ~ ) 1 / 3  versus  t-ime, where 

The i-eactionle6 of i n i t i a l l y  ho t  (-400 t o  900°F) sodium w i t h  wa-Ler i s  fast 
and uns t ab le .  Data from t h e  i.ea.cti.on bctxeen sodium a t  4 ' I O " F  and 020 are 
incli.i.cl.ed i n  Fig. 5.33. The rate of r e a c t i o n  of t h e  type  described above 
tends  Lo itticrease wikh the rat2 of mising of the reac tan ts ,  whi.ch b d i -  
cates tha-L on a l a r g e  scale,  e . g .  , r eac to r  accident condPtons, Llie reac- 
-Lion wou3-d be depend-ent on hydrodyn.am7.c va r i ab le s ,  i-n addi t io j i  t o  cherni- 
c a l  k i n e t k s .  
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Fig. 5 . 3 3 .  Kinet ics  of the Rcaetiori Betveeri Molten Sodium at 5'70°F 
and Wake?- at Room Temperature. (From Corrsin et, al., ref, 46, p. 16. ) 

%ne 1-eaction r a t e  can be signif5.ca:ntly slowed d.own by a d d i n g  a. film 
of o i l  or  a foaming agent; to the  surface of the  water on which the sodl.uni 
d.rop~.ets are  f loa t ing .46  
isoamyl a.lcohol i s  a l i n e a r  function of the  water content over the range 
0 t o  10% water. 47 

m e  rate of react ion of sodium wi-tji water tn 

The general  co?icl.usion of r a p i d .  k ine t ics  was supported by experiments 
i n  which NaM and If20 were rnLxed in 2 r n ~ e c ' ~  and i n  ano-tier where NaK was 
ecntacted with a flowing stream Gf hel-ium contaixing water vapor. 
react ion 

"lie 

NaK2 3. 31120 = 1. 5H2 3. 2KOH 3. BaOH (5.13) 

yielded the  t h e o r e t i c a l  amom% of hydrogen as f a s t  as the reactants  were 
mixed. 48 IS oxygen i s  present, the record of pre:;s~~re versus time shows 
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firs-i a thermal ma.ximim, YolUowed by about a 40- t o  80-msec induct ion 
period, a t  which time a hydrogen-oxygen explosion O C C I I . ~ ~ .  When helium 
containi-ng from 1.00 t o  L;-OO ppin of water vapor j to ta l -  pressure, 1 a-t;i.n) was 

5-1 ydb,2...iA r - c 0 r7 over molten sodium ai; 21.5 t o  %03C, it, was obsei-ved that the  re3c-  
ti.oi7 r a t e  approached the j.i?pu’L r a t e  of t h e  wai;ei- vapor and thai; the reac-  
t i o i l  r a t e  a l s o  increased wi-th tbe gas f l o w  ve loc i ty .  Tnese observations 
suggested Lhzt t h e  apparent reacbioii r a t e s  were I.imi-led by the mass trans- 
port  of water vapor through Lhe i.nert g a s  f i l m .  

t o  a sioii!.ar water I.oop through a C.5- i i i .  Lriggering va1.ve. With the NaK 
i i l i t l a l l y  a-t 800°F and 30 psi.g and the water at 350°F and L:-OO ps ig  a 4.000- 
p s i  sharrp-peak pressiire was noted 20 sec  after t r i gge r ing .  However, t h e  
ad-dit ion of a surge volume, equiva1.ent t o  8$ of the  NaK, el.i.mi.nated the 
pulses  and. gave pressure f r o n t s  of Yrom 400 t o  600 p s i .  Motton p i c tu re s  
were made of sodium-water reactr’.ons both i n  water and. i.n air. J.ii t h e  
argon-.’~lankeCed case, Lhere was no igi;ri.ti.oil or explosion, whereas with 
a i r  t h e r e  was bo-ih i g n i t i o n  of t h e  metal  an.il a v io le~iL hydrogen-oxygen 
explosion. F’roi;? t hese  ernpi.i-?’.cal tests t h e  followi..rg t h r e e  s a f e t y  recom- 
menda-i?.ons were foimil.ated f o r  sodium o r  NaK systems : 4 9  
1-. 
2 .  provide expnns ion m1 l ime  on piping systeiiia, 
3. provide backup sui-ge volumes with a ventring device such a s  a rupture  

It ts of i n t e r e s t  t h a t ,  i n  pi-acticc, l eeks  i n  sodiimi-weter pipi.ng sys tems 
a r e  usi2.al.l-y s o  sma1.l. ( f i n e  crack,s or pinholes)  t h a t  the I-eak i s  de tec ted  
not by the  d i r e c t  evidence of t h e  energy o r  pressure from t h e  metal-water 
r r ac t  .;.oi? but by subsequent plugging of a piimp 0-r valve.  s o  

Other experiments hzve demons i r a t e d  t h a t  sodi.im-water reactTons are 
not high-order zxplosi.ons, s ince  peak pressures  a r e  a t t a i n e d  qu i t e  sl.owly, 
i n  ini1.lisecond.s o r  seconds as cont ras ted  t o  microseconds. Resul ts  from 
dispers ing  1 t o  5 kg of NaK under 10 fi; oi” water suggested tha’i, less than  
0.3% of t h e  exothzrmir: r eac t ion  energy was evi.dent i n  shock waves, while 
14$ went i n t o  formation of hydrogen gas bubbl.es; tile remainder was d i s  - 
s ipa ted  i n t o  t h e  water as  hea-L. 1- 

p l e t e  r e a c t  Lon when molten sodium and water aye contacted.  The therinody- 
ilinnic heat; of i x a c t i o n  w i l l  t hen  be released;  shock-wave energy- can be 
conside-?ed neg1igibl.e. Unlike Lhe previous nietal..-.wa ter r eac t ions  d i s  - 
cussed., no postaccidcnt  heatup period. i s  required,  s ince  the metal r e x -  
ban-t wi.1..7. be mol.tei> a t  r e a c t o r  opera t ing  cond.itions . 

7-n another experiment, a thermal-convection NaK 1 . 0 0 ~  was connected 

- 

maintain oxygen coilte-at of i;il.anket gas a t  1kss than  576, 

disk. 

Discussion, I n  general ,  it i s  necessary L n  assume rapid and com- 
._I..-- 

c 

5.2.1 .7 A n a l p i s  of Claddi .... ilg-Watcr ..... ~ ..... Rescti  ..........10 on _y.- During Reactor , . .. . .. . Acci-dents .-- 
~ ..........I _.. 

‘The ana lys i s  of :;he r a t e  and ex ten t  oi” iiietaI..-water reacti.on t h a t  wou7.d 
occur dur3. ng a r eac to r  Rccident i s  ul_i;i.mately a syn~ihes is  of reactor k i -  
n e t i c  calci.il.ati.ons and chemical resc’ci-on ca l cu la t ions .  While coi2siderable 
knowledge e x i s t s  i n  both areas ,  no r igorous means has been developed for 
snal~yzing an acci.d.er,t involving co:?e m e l ’ i d o m i .  The princi.pa1 stumblj.ag 
block hr,s been the  unce r t a in ty  regs-rdi-ng t h e  mechani s m  of fraginei-kation 
of the corc a.iid, i n  particular, -the pzr t ic lc :  sizes prcduced. 0thc.r stum- 
b l i n g  b1 ocks incl.ude detcrmina1,ions o f  e f f e c t i v e  s k e a m  flew r a t e  and hea t  



t r a n s f e r  coefflcienb. Tinere appears to be no -Lheoretical. approaxh t o  the 
problem of predict ing w1ia.L partri.cle s i z e s  w j . l l  be pr-od.!nced during a me! t- 
il.c,iwn. Ad.ditioial. problen~s are presented by the lack of a.bil i i ;y to deter,-  
mine steam flaw r a t e s  and. appl-icakle heat t:ransfer coefficients. Present 
knowledge i n  t h i s  area seem to be 1imi.tecl. t o  the r.esu.l.ts ob-Laiu!ed. i n  
smal.I.-scale rnel.tdoim experiments, particii.1kwl.y those coadu.cted i n  TRl!A'I:. 
Two g e n e m l  classes of accident:;, Lhe loss-of-coolant and the n?ncI.ear ex- 
cursi.cn accidents, are discussed. i n  the fol.l.owing paragraphs, 

reac tor  k i n e t i c  and chernl:.cal react ion ratc cal.cula%ions. 5 2 J  5 3  

l a t i o n s  have ind.icuted t h a t  the heat gene:r:af;ed- by the  oxidation of  z i r -  
coniwn cladding s i g n i f i c a n t l y  increases t h e  cladding temperature as soon 
as decay heat brings the temperature up t o  about 2000°F. Cbernical r a t e  
eqimtions f o r  zii-coni.um or Zii-cal_oys, see HC~. (5.81, a re  avai.lab1.e (w1iil-e 
it can probalbly be assumed tha-i; aluminmi and s t a i n l e s s  steel do not re-  
act significxnt1.y a t  temperatiires below t k t r  melting poj.nts) . The re- 
s u l t i n g  au toca ta ly t ic  effec i; ca.ix;es vazious anioimts of  cladding oxidation 
p r i o r  t o  rfielti.ng and a large var ia t ion  of temperatu:ce between the h o t t e s t  
and cool.est axeas i n  th.e ccre o f  the  hypoth!:?-Lical reac tor .  'The csl~cula- 
t i o n s  indicated t h a t  5 mi.1-s of a total. of 30 m i l s  of zj.rconrium clac?d.i.ng 
would reac t  i n  dmit I1 min before the  cladding began t o  m e l t ,  a resu1.t 
simils,r t o  that obta-ined. in ana1.yzri.ng a loss -of -coolaa t  a,cci.dent i n  t b e  
Sliipplngport reac.Lor hazards eval.uation. 

':%e analysis was carrj.ei1. a st,ep further by att-i;emptin.g t o  cvalm,te 
the nietal-water react ion occi-i.ri.ng during and after thfii cladd ing r~~elA,s l9 
The m i n i m u m  particle size of droplets t h a t  would. fa1.3. from the fuel. .nl.ates 
i n t o  the pool of  water below was estimated.. '-me smallest; thickness pres- 
ent  i n  t h e  PdR core was the 0.02B-in. cl.addiny on t h e  blanlwt e l e m n t s .  
It was .t'rielI asswed that the moli;cn dropl.el di-;engaged from the cyl.-inder 
at a diametev a t  which the weight of t h e  dropl.et eyim.l.ed the  s ~ ~ i + f a c ~  ten- 
s ion  11.oId.ring the  drop']_et. 
mi, assuming a sur%ace tension c;f 200 ~lynes/cm. 
of the  curves of ternperstire vs t i m e  and. ext,ent of  i-eacti.on vs t:irn.e theu. 
yielded from 27' Lo 10.6% rea.c-Lion on the  ba:sis of emissivi t ies  of l . 0  
and 0.5, respect ively.  More recent  cal.cul.ations of the reaction o f  nml.ten 
zirconiim spheres wi-t'h water wou1.d ind-icate a,bout 9% reac.t;i-on f o r  a 2 "38- 
nmi cl.ropl-et (see Fig. 5.12). 

%he a.pproach involved t h e  stepwise computation. of te:nns, i.nc1.ud.ing 
decay heating and chemical react ion heating of Lhe cladd.ing. 
refined. calculation'  includ.ed terms t o  describe steam cooliLg as well. 
The p m e d u e s  f o r  estimating the  curves for ternpern'i.ure vs time and. ex- 
-Lent of react ion vs t i m e  a t  temperotm-es below the  rnelting prjLnt depend 
on a r e l i a b l e  chemical r a t e  l a w  and on estimal;ing t'ne 'tieat t r a n s f e r  r a t e s  
between t h e  core and cladding and between t h e  cladding and t h e  steam a t -  
mosphere. 

tu res  reach beyond the  melting poi-nt, o f  the cl.arlding. Tt shou1.d be re(:- 
ognized t h a t  the metal oxides, which a r e  contininally fo~.rrfing, may act as 
effec-Live containers and. prctectiv-e b a r r i e r s  fo-r. the  mol-Len metal. Sim- 
p l e  melting and dripping of metal wou.1.d not occur i n  t h i s  si.tuation. It 

1. Loss-of-Coolant Accident:;. LAri attc:rript has been. rmde t o  cornhim 
TIE ca,l.cu- 

19 

'Tkis gave a minimuin &ro:plet d.iarne1;er of  2 .38  
A stepwise ca~ .cu la t ion  

The more 

T t  i s  more diff ic iul t  t o  predrict t h e  course of events when tempers- 



5.52 

conta  -ih3.ng uranium.-alu.ni-i i i i l m  a 1 1.0y and excui.sioils having peri0d.s between 
2 . 6  and. L;- .c)  msec. The r e s u l i s  of these excursions (Boi-*ax-Ji SL-1, an.d 
SPERT-.1.) see in  coils isiefii; vi t h  t h c  conclus iom reached. during art eval.uation 
of severe nuc1.FiaT sxcursions ir 1 i g h t  water-caoled re~~ct0 i -s .  5'! I t  was 
concluded t h a t  <o-r f l -a t -p la te  mzJ~alI.i.c-2,1i~ri~iim fue l ,  melLirtg would bcgin 
i o  occixr only i,The;: Lhe peri.04 of t h e  excursion was 4.9 msec o r  less .  It; 
was a l s o  co-ncI.ud.ed t h a t  conpleLe ml.ti.ng would occur f o r  an excinmion 
havi.ii; a period of 3.3 ec or less, al.Llioug!i i ; h L s  appears t o  ignore Yne 
wide f lux vt+ri.at,i.on fro th? edse o : C  a r e a c t o r  t o  tile center .  For a metal-  
li~c 7irconium core, the 1imi t ing  pcri0d.s were 1.2.2 and 8.6  m s m j  reapec- 
;i.vel-y. The narrow 281~ in excursion per iods bet,ween no melting a-i all.  
and cornpl e t e  melting impl ies  t h a t  extensive m e l k h g  and t h e  p o s s i b l i t y  of 
a massivc m e - k n l  -wai;ei- :reaction i u s  t be considered whencvcr ihe i.nsertion 
of suff i -c ient  r e a c t i v i t y  -io achieve these  s h o r t  peri-ods i s  c red ib l e .  The 
dift 'creilces .in pei-iod between an alimnj.num core and a zirconium. core re-  
s u l t e d  from t h e  poorer thermal d i f fus iv i iy -  of 
cal.ixii.num. Steam void ferrmt-Loii, the p r i n c i p a l  shiiidown mechanism, was 
slowe-r i n  -'&e z i r c m i i i m  casz. 

have a long ;;herrm1. rel .axation time so  'chat Doppler broadening was t h e  
pr inc  j-pel shutdowii rrechanism. Under these condi'ii.o-ils it was concluded 
Liiat t h e  zi.rcontim cladding would iiot reach t h e  melting tzmperatirre, and 
consequen'Lly t h e y e  was 1 i t t l e  l i ke l ihood  OY R massive iiietal-wa-bel' reac t ion .  

These ca l cu la t ions  of iiucl.ear excursions d i d  not  i.ncl..iide terms t o  
descr ibe  chemi.cal iieati.ng or e f f e c t s  resii!.t-j.ng fron meltdown or fuel f m g -  
mentation. '' A t  prescat, ril; appears t h a t  Liic nucI.em c h a r a c t e r i s t i c s  of 
ail excursion must be calcula Led sepa ra t e ly  from t h e  cherrii.cal.. c h a r a c t e r i s  - 
t i c s .  Resiil.t;s of small-scale  mcl-tdowii experjhents  can then  be used t o  
es t imate  fuel fragioen-txti on pa t t e rns  and i h e  extent, of metal-wa-ter reac- 
t i o n .  TiN3RT mel-tdown s t u d i e s  w i t h  Zircal-oy, aluminum, and staarir?.iess s t e e l -  
cLa.d oxide care  fuel.. el.Eirwnts w e r e  corre1a'Ged i n  teims of t h e  ad iaba t i c  
cor?  temperat,ure. 'L'hhe adiaba-Lic core  temperature ( ca l cu la  Led from t o t a l  
f-i s s ion  energy i i l p 1 J . t )  woul-d r e s u l t  f roin Lhe m.clear  ana lys i s  of ihe m m t -  

credi-blc zxcursri.on ri~n a hazards ana lys i s .  The average par i f i t l c  r,i.zcs 
of resi.due and t he  ex txni  of renc- t ion can be est imated from Ta 'des  5.7, 
5.12, and 5.13 a.j?.d. from Fig.  5.9. 'The TREAT data apply s t r i c t l y  'io ex- 
ci.irsions having periods between 40 and 100 mscc. 
curs ions would. pi-obably no-'i, diffev; great1.y because of t h e  l a g  I.n t r a n s f e r -  
r i n g  hea t  from -ihe oxide core t o  t h e  cladi?i.ng- 

corrclaLeii in terns of t h e  energy inpui; t o  t h e  e n t i r e  specimen and can be 

L 

conium i n  compai*ison w i t h  

A low-mreichmani zii~coiiluiii-cl.aci..ad TSOz-cor? €LEI_ e k n i . ~ i ~ t  was shown"? Lo 

However, more rap id  ex- 

WEEAT s tud ie s  with cerifiet-core and meta l l ic -core  fuel. elemcnts wei-e 
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used d i r e c t l y  only f o r  excu.rsion.s having periods i n  the  regicin of  4.0 t o  
1.00 rnsee e Mor15 rapid. excursions can be t rea ted ,  approximately, on. {;be 
a,ssu.rriptiori t h a t  t h e  heating would 'oe nearly adiabat ic ,  In t h i s  caset it 
i s  necessary .to e.sti.rai;e peak i;emperatures sctua1.l.y reached in TXEAT ex- 
periments * Tiiis is done present ly  by notring Tn.d.i.cations of mel-tirig and 
changes i n  t h e  character of reacti.on. Regions of s o l i d  arid melted residue 
i:n the TREAT s-twlies a r e  ind3.ca.ted i n  Figs. 5. 8, 5, 16, and 5. 31. 'The sharp 
Jump Ln t h e  zirconium reac t ion  in Fig. 5. 8 may be tentati-vely i d e n t i f i e d  
wil;h the  mel-Ling point of ZrO2 (2600°C). The sharp ,jimp has been shown 
i n  laboratory s tudies  t o  resul.t, in g:res-ter su'odivision of p a r t i c l e s  and 
niore extensi-ve react ion i n  room--te-ripel.a.i;ur~ water (see Fig.  5 .5) .  'me 
tiiresliold f o r  exteris ive aluminum-water reac t ion  zt a~mu-t '150 cal/g (see 
Fig. 5.21 ) may s i.milarly ?E i d e n t i f i e d  with t h e  temperature (1750" C ) a t  
which almiirium. ignites and burns i n  water, as debermined i n  la-borakory 
s tudies .  It should. he n&ed thak the TREAT' r e s u l t s  are curren t ly  under 
study, and i t  i s  an t ic ipa ted  thzr t  a. more rigorous estTmate of the tempera- 
tr-ires reached will be obtained from computer s i~niilxtion of t h e  experlmerits * 
It i s  a l s o  hoped t h a t  these s tud ies  w i l l  r e s u l t  i n  b e t t e r  methods f o r  es -  
-i;imating t h e  res.u.lt;s o f  postulated reactor  accidenLs. 

An I.mportant considenati.on i n  applying TEEAT r e s u l t s  t o  mcl.ear ex- 
cu:r.aion nccid.ents  i s  the  wide v a r i a t i o n  of integrated. S 1 . i ~  across a reac- 
tor. 'LTie reac tor  must, therefore ,  be segmnted i n  soirie way i n t o  regions 
of eonst,arit niaximim temperature or fission energy input. 'Die extent  of 
mel;al.-water re;rtction can then be estimated. t o  a f i r s t  approximation f o r  
each segment and t h e  resu1.t~ summed t o  yield. a t o t a l  for t h e  incident.  

The  ate oi' chemical reoction occur-rifig during a nuelear excurs ion 
i s  more d i f f icu l - t  to estimate than the  total.. extent; of reaction. 'I'kie 
overall reac t ion  r a t e  depends primari1.y upon whether the reac t ive  metal 
i n  t h e  core i s  dispersed sud-defily o r  over a period o f  tt1n.e. Pressure 
tra.naducerc i n  tine Y ? A T  studies ind.icated t h a t  there  were no violerxt 
pressure si-urges. Laboratory s tudies  by t h e  e lectr ical .  condenser discharge 
methcd indicated t h a t  very rapid. react ions occurred wlicm very f ine  metal 
d.i*opl.ets were formed. Since f i n e  particles were a l s o  formed i.a the TREAT 
s-Lu.dies, it appeared- t h a t  the particl.es were foimed O v e r  a. period of tFme 
so  t h a t ,  while each f i n e  partic2.e reacted. ra.pidly, t h e  overa l l  react ion 
was relatively slow. It has been suggested t h a t  the  rate of reac-Lion of 
the Zircaloy cladd.ing on. oxide core fuel. elements could be estimated on 
the  assurtlption . that  the  p a r t i c l e  formation r a t e  i s  equal t o  the  r a t e  a-t 
which the  cladding is melteda3 
terit Indicated i n  Fig. 5.1.2. P a r t i c l e s  smaller than about 0.5 nini i n  room- 
-i;empevat.ure water and about 1.0 mm i n  heated wa1;er wudd reac t  i n  a few 
mil_liseco~id.s. Larger partjcles would react at r a t e s  indicated i n  Figs. 
5.1 arid 5 . 2 .  

in Fig. 5.12 and r e s u l t s  of 'IRXAT nuns with Zircaloy-2-clad mixed-oxide- 
core pins i s  given i n  T a b 1 . e ~  5.9 and 5. 10. It w a s  assumed t h a t  t h e  dis- 
t r i b u t i o n  of parbicle  sizes of oxide and eladd-ing metal together repre - 
senkd  -the d i s t r i b u t i o n  of metal. part:i.cl.es alone. The anLicipated reac- 
t i o t i  of' each parttele sTze group was then summed to give t h e  total .  extent  
of react ion.  The comparison of calculated yeaction with exper:i.men-taZ 
va.1ues (based on the measurement of evolved hydrogen) sems very reason- 
able  i n  view of the many complicating Tactor:;. 

Each p a r t i c l e  would. then r e a c t  t o  the ex- 

A comparison between the  extent  of zirconium-water react ion i.nd icated 
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Tilere i s  a l a c k  of experience :??garding sxcursions i - n i t i a t e d  T I  a 
r e a c t o r  opeyating ai, fi1U power. Hca-i and nass i;rsn.sfer r f feci ;s  i n  sa-tu- 
rr=ted water d i f f e r  markedly from those in subcooled walker. Labo.ru"iory 
s ' ~ u d i - e ~  and prelimixtary s Ludi e s  i n  '11REAT24 have 3.nd.icatcd -that, t h e  zirccoo- 
niiim-wa'iei- reacLion and the uranium-water reac'iiori a r e  more extensive iil 

he,Y'Ged. water, whj l e  -tile s t a i n l e s s  s tee l -water  r e a c t  io11 i s  near ly  iadkpen- 
dent  of water ieiiiperature. There i s  ai1 ind ica t ion  t h a t  increas ing  the  
water temperature (stea-m pres su re )  causes a marked increase  i n  i;lle amoiint 
o f  aluminixw-wa Le I' r e a c t  ion.  

Lhe exten t  of metal-water reac Lion which occurred. during the SL-1 and 
SPERT-1. meltdowns. The calci2.l. a t i o n  i s  based on YWAT meltdowii st irdies 
summarized in Fig. 5.21.. ?!he foilowring two ?ns;uillptioiis were made : 

cal. w i t h  x = 0 ai; t h e  center  and x 1 a t  the edge. Tifieirefore, ilie volume 
was 4 ~ :  3 .  

2. iT'he energy dens i ty  was assumed t o  vary linc?ai:ly w i t h  Lhe d i s t ance  
from t h e  cen te r  of khe sphere.  This assumpttoi? i s  probab1.y v a l i d  a s  a 
f irsiv approxirnatioa - This re l .a t ionship  was expressed as 

- 

The fol.lowing example i s  5i.ven t o  i l l u s t r a t e  a me'c'rod of esLim<-,j.ng 

1. Illhe -PO--' I (,ion of core which became molten was assumcd t o  be sp2ieyj.- 

f 

Y'he rnaxiinum energy d e n s i t i e s  were takcii from t h e  l i t e i -a ture l ' ,  5 5  as 

E (SL-1) :;- 500 ca l /g  
TflBX 

and 

E (SPFXT) = 380 cal../y . 
ma x 

The energy dcnsi-iy a t  t h e  edge of the sphere (x = I )  was iaken as 220 
cal /g ,  t h e  energy requi:taed t o  heat al.uiiii.mm t o  its meltiiig p i n t  and. corn- 
pletzly rne1.t it (energ:-i.es based. on E = 3 at, 25°C). 'The e q m t i o n s  for 
energy dis tr-i'uutlon w e r e  -illen determined to be 

E = 500 --- 2 8 0 ~  ror X T r 1  
X 

E = 380 - 1 6 0 ~  Torr S13RT 
X 

These equations were then  used t o  c a l c u l a t e  the energy d is ' i r ibu t ion  i n  
tiic sphere by cal.cu.lating t h e  d i s t ance  Prom t'ne cen te r  of t h e  sphere (x) 
t h a - t  achieved energtes  corresponding t o  various t e rnpra turen  . 'Tne f r a c -  
t i o n  of sphere a t  i;aTni.ng t h e  seleci,ed temperature o r  h7-gihei- was t h e n  c a l -  
ciJ.l,ate& a s  x3. 
cncrgy- levels was ca3.cu.lated. Y'i'hi~s vas done i n  steps of 100'C. 

I n  t h i s  way  he amount of metal  t h a t  achieved var ious 
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The exteDt of react ion was then determined, from t he  TREAT Ida-ta. This 
was done by a.ssinming the  following: (1) t h a t  the  TlU3A'L" e n e r a  input of 
220 cal/g corresponds t o  tlie complete melting of t ~ i e  material, (2 )  th.at 
the  brenk point 03 530 cal/g i n  t he  TREA!T data  corresponds t o  the  tempera- 
t u re  range of 1200 t o  1400°C, and ( 3 )  t h a t  t he  marked illcrease i n  exbent 
o f  reaction at 750 cal./g i.n t he  TREAT d.ata corresponds t o  a temperature 
Of 1750" C. The temperntuwes between .these points wem? l i n e a r l y  i.nterpo- 
laked. 'These assumptions were based on phys1.cal- observations and nietal- 
lograp1ii.c examinations of the TREAT samples and on laboratory data. The 
graph i n  Fig. 5.21 has both TREAT energies and estimated temperatures on 
the  absci-ssa. These calcu.lations are summarized i n  Ta-bles 5.14 arid 5.15. 

Table 5.1/1. Calculation of A l u m i n u m  Water Reaction in t h e  SL-1 Eeur;j i .on 
Based OL? 60 kg of Mol%en Core 

509 
474 
448 
422 
336 
368 
342 
316 
290 
2 Gt 
238 
220 

1700 
1.600 
1500 
lL00 
1300 
1200 
1100 
1000 

700 
EO0 
'io0 
ti00 

0 
0.093 
9.186 
0.279 
0.372 
0.472 
0.564 
0.658 
0.753 
0. a 3  
0.9345 
1.000 

0 
0.0008 
0.0066 
0.023 
0.051 
0. 1-05 
0.1s0 
0.284 
0.422 
0.600 
0. E17 
1. EO0 

0 
0.068 
0.3'35 
1.39 
3.06 
6.29 
10.8 
17.0 
25.3 
35.9 
48.9 
60.0 

O.OL5 
0.34'7 
0. ?9 
1 .6 i  
3.23 
4.5 
6.2 
8.3 
10.6 
13.0 
1.1. 1~ 

19.9 
17.2 
Ll. 0 
11.0 
11.0 
7.0 
3.L!  
1.2 
0.6 
0.2 
0 . 1  

0.010 
0.060 
0.109 
0.184 
0.355 
0.315 
0.211 
0. 1.00 
0.066 
0.026 
0.0ll 

Dne estimates obtained in t h i s  manner a re  in excel-lent agreement w i t h  
t he  values obtained by the  postexcursi.on analyses of %he SPERT a n d  SE-1 
debris.  ~n both eases estimates of the extent of a1uminu.m-water react ion 
were made froiii determiria-L ions of t he  amount of CX-alumim. The analys is  
method yielded 3.5 MT,r-sec or" chemical- energy release f o r  SIF,RT15 and 
24 2 10 Mw-sec f o r  $E-1." 
of 2 Mw-see f o r  SEERT and 26 14w-sec for SL-1, 

- 

The caleulatLolz presented here yi-el-ded valu-es 
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Table 5.15. Nuclmr  Zxcursions of the SL-1 aud SPEW Reactors  

SL-1 SPERT 

Excur s ion  pa-rame t e r  s 

Hencior per iod ,  i i iSeC 

In tegra ted  p w e r ,  Mw-see 
Peak energy denzi iy ,  cal/e; 

Core pq rxmetero 

Aliitilinuin present  in core; kg 
U r a n i i i r n  p resent  i n  core,  kg 
Peak core temperature,  "C  
Percent  of core melted 

lt 3.2 
130 3 1. 
500 3 80 

185 51 
1 4  4 
>20CO"Ca 1.200-1 300" C 
32 35 

Chemic a 1. pa r  ame t e r s 

Observed chemi-cal eiicrgy r e l ease ,  Mw-sec: 24 1.0 3 . 5  
Calculated chemlcal encrgy r e l ease ,  Mw-sec 25 2 - _.._ ......... ~ --._ .... 

%aporiza-t  i-on temperature .  

5.2.2 Oxid3:;io-n Rea-tions 

5.2.2.1 Gr2,ohitc Oxidat; on ._- _i 

Oxidat,i.on could rel .ease a l a r g e  anount oP chexi.cal en 
tacted t h e  moderator of a high-t~f~lgci :~. ture  gas-cool ed grap 
reac. tor ,  Although such reactoi-s bre nOiTm,lly cooled w i t h  a relative3.y 
i taer t  gas, such as CO;! bel-ow 600°C o r  hel.ium, ing res s  of a i r  fo;.l.owing a 
coolan t  system ~upt;iue could r e s i l l t  i n  ~mcontrol . lzd oxi-dation hes-t rel~ease, 
commonly r e f e r r e d  t o  as "r-wia%my" oxida t ion ,  1IjIJ.e ss 'ihc coii tahmen i; bui-ld- 
i n g  atmosphere was very  depl-eted i n  o:cygej? o r  other preven'iive measures 
were iaken. Low-tei-flperature (-200" c imx) a i - r - c c o k d  g h i t  e -mod z ra t e d. 
reactor 's  used f o r  research and i so tope  producti.on a.l.so have the p o s s i b i l i  t,y 
OP rimaway oxid-ation especial  7-y da-<.ng l'\/igner-cnergyll a imes l in s  opera-. 
t i o n s .  Since air-coo3.ed graphite-moderated reactors s r z  economically i m - -  

attracltve for power product ion and hence few, if  a.i-!y, such r e a c t o r s  wil.1 
be cons t ruc ted  i n  the TuLme, t h e  graphi.-[!.e ox ida t ion  hs,zards of  high.- 
tempera-Lure r e a c t o r s  aye emphasized. i n  t h e  fol1 owing discuS-2 b ~ o n .  

Reference material p e r t a i n i n g  to t h e  gene ra l  p ro  tics z1-d perfor -  
mance of  nuc lear  graphit!;. and i t s  use in txi.clear r m c  s i s  a,vail.ahle 
primarj.ly f i w m  t h e  USAEC, '$M, and  French C.3:A reac- tor  developmcnl p r o -  
g?:ams. Referenccs %, 57, and. 58 are usc:ful swnrm~ics of the work on 
gas-carbon react,i.ons, nuclear graphi  Le clevelopnieni; and applications, and 
radia'iIon effec- is  on g raph i t e .  In addi t ioi i ,  the Proceed.i iigs of  +,he F i r s t  
through %'?.fth Conf-rcnces on Carbon ana L2.i.o new (1 964) Carbon JoUfilal 
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repor t  inform-Lion on all phases of grxphite research conducted by educa- 
tlional inst , i tut ions,  the graphT-Le industry, and the US, UK, and. French 
governments. - 

1. Graphite-Air 0xid.ation Mecban-isms. The oxidation mxhanism-x- that -- 
controls  t h e  chemical reactiv-i.Ly of car'bon and oxygen i s  general.1.y agreed 
t o  be 

( 5.15) 

where Cf represents a carbon-free s i t e  capable of  reactAon, C ( 0 )  and C ( 0 z )  
represent a chemisorbed oxygen atom and molecule, and. CO(g) and. C O z ( g )  
represent the desr3rSJed g;sseous oxl.d.2. 30th CQ and CO2 have been estab- 
l i shed  as primary react ion products, 
creases rapidly- with temperati.x'e, although o-Lher variables,  such. a s  the 

In general the CO- to -CO2 m t i . o  in- 

type G f  grapl1.Lte, presumbly have some e f f e c t .  
The observed react ion :rate - m,ss of carbon oxidized divided by t he  

product of t h e  u n i t  ex-ternal surface area, and time - of a porous so l id ,  
l i k e  graphite,  and a gas m y  be controllkd by one o r  more of the  following 

1. Mass t r a n s f e r  of the reac-bait arid pr.oc1ixt gases across a stagnant 
gas fi.1.m bstween the exte-mal.. graphi te  surface arid the flowing 
gas stream, 

2. Mass transfer of the reactant  t o  an a c t i v e  si . te on t h e  i n t e r n a l  
pore surface and of  the produc-ts l;o the external  surface, 

3. Chemisorption of  reac taa t  at an ac t ive  s i t e ,  rearrangerrent of 
the chemisorbed species t o  a desorbable product, and c3eso:rytion 
of the product from the surface. 

k s s  t r a n s f e r  t o  t h e  exterrial graphite swcfacc, rmss t r a n s f e r  w.j.!;hin the  
i n t e r n a l  p r f ? S ,  and. the chemi.cal react ion a t  the graphite surfaces occur 
sirnultageausly ua-der a l l  coridlt ions.  
these rate-control l ing mecbani.sms i s  Limiting i n  d i f f e r e n t  -t;ernperat;ure 
regimes has been t o  i:Llixtrate t h e  consequmces o f  such r a t e -  
control l ing condi-Lions. In  Fig.  5.34 t h e  q u a l i i a t i v e  e f f e c t  of tempemture 
on the  observed. react ion r a t e  i s  shown f o r  t h i s  i d e a l  si.tuation, toge-L'rier 
with qual-j-tative concentration p r o f i l e s  of the  reacf;anl; gas. In zone 1 
at  the lowest temperature regime, the chemical- reactivit4y i s  so  low that  
-LIE reactant  concentration gradient i.n the gas stream and i n  'ihe pove vol- 
ume i s  e s s e n t i a l l y  zero. The react ion r a t e  i.n t h i s  zone i.ncreases with 
temperature as ex11 (-<' /RT), where Et i s  the true actiw.ti .on e n e ~ g y  of the 
chemical reaction, R i s  t h e  universal. gas constant, a n d  T' i s  absolute tem- 

s teps  : 

h- i d e a l  situaLion i n  which each of 

"t 

pera.ture. 
The zone I1 observed react ion r a t e  i s  controlled. by rllffii.si.on of the 

:r.eactant gas t o  and the product gases fmrn the  a c t i v e  s i t e s  on the expxed  

'x'p f . ,e erence 56, from w h i c h  t h i s  discussion is 1argel.y- drawn, should 
be consu_l.ted for more d.e'iai.7. 
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Fig.  5.34. l dea l ly ,  ~ i i e  'lhree Zones Representing t h e  Change of Re-  
a c t i o n  Kaie of  a Porous Carbon wi th  Temperature. (From r e f .  56) 

pore surface. The reac'iant gas concentrat ion h e r e f o r e  decreases t o  es-. 
szntial.1.y zero wi th in  t h e  ava? 1.a.bl.e depth of  t h e  exposed. graphite. Assum- 
ing  no charge i n  t he  oxi.da.ti~on rrlechanism wi th  temperature and uiliform dif- 
fus?'.on and cheinicd r e a c t i v i t y  wi th in  -the g-mphiic, 
CnerEy, E,, i n  thi.s zone shou1.d theo re t i ca l l j r  be one-hzlf o f  t r u e  ac t iva -  
t i o n  energbT, Et; that, is, ihe slope of  the log  of t h e  r eac t ion  i-ate versus 
I./T i n  zone Ii should be one-half the slope i n  zone 1. 

'The zone I11 r eac t ion  r a t e  i.s con t ro l l ed  by- mass ti>ansfer- through 'che 
re l -a t ive ly  s tagnant  surface f i l m .  Such a. situa.i;ion resu1.ts becausr the 
chem.i.ca!. rcactiv-i . ty i s  so  high a t  the hishest temperaturps t h a t  oxidat ion 
occarrring only on the  ex te rna l  graphi te  su-rfa-ce i s  s u f f i c i e n t  t o  cons-m? 
a l l  thc r eac t an t  gas Lk~a,t diff-use:: through t h e  product gases i n  t h e  filn. 
'LYE condi~iioris t h a t  deierlnine t h e  esiablishment of a stag?.?ant riim depend 
on ihii tyansport  propertj~e:: of  t he  gases a..fid the fl.ow vcloci-tjr of the main 
ga.s stream. Since the  t ranspor t  propertj-es vary only s3.ri.ghtly with tern- 
p e a t i i r e ,  Lhc r eac t i~on  r a t e  iil zone I T 1  usiml1.y i s  con'woil eci by -ihc main 
strexn fi~ow condi t ions.  

Graphite r eac t ion  research  has v e r i t i  ed  he exis tence and iniportamce 
o f  the t h rcz  r a t e - c o n t r o l l i n g  mechanisms descr ibed above. T t  should be 

Lhc apparent a c  kivatj.on 
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errqha,sized, however, t h a t  the  behavior described. above a,nd i l l u s t r a t e d .  i.n 
Fig. 5.34  i s  idealized Fr-om the  standyoint t h a t  the th ree  mte-eorit .roll ing 
mechanisns do n0.t overl.ap. 'filerefore t41e actuJa,l r eac t ion  Take dependen!:e 
on t e rqx ra tu re  o r  inverse temperatwe m ~ y ,  in geiiern,l, invo1.w a more 
comglicated overla,pping of  these steps and m a y  even iric:!_vd!: the  elinfina- 
t i o n  of one reaction regirne by combined. o r  sepa:rate e f f e c t s  of' the okher 
tw.0 regirnes. 

2 . The rimaway oxri.d.atj.on 
condition i s  the  source of several po-t;ent;ia,l. hazards t o  a reactor contain- 
ment sys-tern, regard less  of the type of containment ercpl.oyed. ("Pressu~'e" 
o r  "psessure-release, " see Ch.aptei- I, are  the two 'oasic ty-pes of co:nta,ri.n- 
men-t system appl-icable for a gas-cooled power reac-t;or. A descr ip t ion  of 
a runaway oxidation s i t u a t i o n  i s  presented Seli-)w t o  j.l.l.us.t;ral;e the  nature 
of the hazard:; that  could r~sii.1.t. 

niore graphi te  surfaces j.s e q ~ o s e d  t o  fl-ow-ing gas conf;a-i.ning a i r  as z resiil-t; 
of a, coolant system rupture I .A rreaci;or se:rf?Lm i s  assumed t o  fol low th.e 
coola,nt system d.epressu?-ization. The fl_owing cool.aii-t i s  presiwned. t o  have 
a heat s ink  avnui1.abl.e -to i.t so -that the inl-et cool-ant ternpera-t;u:re i s  re -  
cl~cec:i t o  a ~a1u.t: c lose to the no:ernal rinl.et coola.nt tenlpjeratLre. 1:n. a 
typical gm,phi.te s ec t ion  taken  perpendicular to %iie coolant; cha,nnel, heat 
generation i s  by gra,pbite oxidation, g,jizma. :ra,diati.on afterheat,, and pos- 
s ib1.y s-tored. W i p e r -  energy a,mieal.tng. 1iadia.t;ive heat Lrmsfei- f r o m  t h e  
fuel- elements can  add t o  'rhe heat inyut of the adjacent gra,iihS.te, which 
njjy be a s q p o r t i n g  s l c e w  or mc~derator block. Heat i s  exchanged t;o o:r 
received fr.orn the  graph?. t;e s e c t i s n  by convection w?:.YI the flowing gas and. 
by r a d i a t i o n  and conduction with surroumki.ng r(li?terLsls . The rai;~ CS% change 
of graphite temperature a,i; any poin t  is con'l;rol.l.ed by the imbal.anr::(.: in heat; 
input and i-ernoval. an.d i.s therefore  a compl. icated fmcti .on of -Lime s:fLer 
scrazri, a x i a l  and r.adia,l COP:: .posii;ion, a n d  t he  coolan t -a i r  m j x t u ~ e  heat; 
removal. capabi.l.j.ty and oxygen par.tia;t.l. .pressure 

can fol.low any of' the three  basrii: response c'urves i l l v . s t m . t e d  i n  F ig .  5 35 
Ilhese curves are not  intxnded Lo ineI.ude all. the poxsi.'b.le .tenyuera,-Lixe re-  
spoiises following a coolalii; system ri~pptur:: . For exa,~i~pJ.e, t h e  ?.:ni.i;ia,l con- 
s eqilxence of  cool.ant depressurization may be a sliarp1.y iricr sed ~ I I C ~ L  load 
from t h e  fixel- element t o  t h e  graphi te  sixrfaee of t h e  cool.ant ciia,nnel.. The 
sur face  gmphii;r.e temnpeva'Lixe increase ILLI-, l.n most; cs.sesJ be tianipeoed out 
by condu.ctlon across thc graphi te  before t h e  contairurient building a i r  eoinld 
d isp lace  t'ne normal cool.ant gas and contact t h e  core gmplii te.  il. short- 
term e f f e c t  si:Lch as this is ignored. in %'rig. 5.35 to 13criionst~a;t;e i;he H?o"r-e 

important l-ong-term e f f e e t s  t h a t  cletermine whether or not mmway oxld.ation 
eoi.iLd occur e 

C-u-rve A in Fig. 5.35 characterizes a graphi te  section that i s  cool-ed 
ad.eqimtel-y tn overcone a1 I heat gene:ration and. heat ;.npu.t e Since -the 
p a p h i  t e  oxidation m t e  de ci*eas e s with .  d.e (:::rem irig t erqerature, the  oxi-d a- 
dm b.eat re lease  f o r  t h i s  situat,i.on decreases with t i m e  and. runaway oxi- 
d a t i o n  is positivel-y preverrted-. Tlie cooling chai-aci;e:ris.t ic o f  cu:t:'ve A i s  
expected a-t; the i3oolant inl.et po r t ion  cif the  core w1ier.e coolant and i .ni . t ia1 
graphi te  terrpxmtlues a re  Lowt?r t k n  in -Lhe rerraS:nd.err of -the cc;i-e. 

condition i n  which there i s  iniktaLly 8 period of insuf f ic ien t  cocil.ing, 

Rznuam,y Oxidation and Res?llti.ng I€azard.s I 

In the  typical. accident model. a, r eac to r  cool.ant c h a m e l  wjkh one o r  

1 l ae  17 time--temperatur.e response a t  any pos i t i on  i n  t h e  core gr;?bphite 

L. - 

%'ne graphi te  temperatine tra,nsi.ent i.l.l.ustvated bjr curve E3 depicL:; a 
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Fig. 5.35. General i zed Grao'tii t e  Ter;iperature-'ilme Besponses Fol l o w -  
ing  Exposure LO A i r .  

dirss.i.ng whTl.cb oxidai ion heai s ene ra t ion  increases  w-i t h  t h e  increas ing  tem- 
pe ra tu re .  Thz graphi  Le l i ~ z t  balance gradual ly  shif- ts  so t h a t  cool ing pre- 

from dec:ceasing af terhenL wi th  t i m z  s n d  a l s o  from increased heai 
b r a n s  f e r  io f,he ccolant  channel. IThe coola,nt, tcnipcra.turc z t  l o c a  Lions 
wh.erc contrin1nou.s cooling occi i rs,  as i i i  curve A, decreases wi th  'the. AS 
a resul- t  t h e  cool-a.nt iiezt removal ca.pability- increases  i.n the mi d.dlc por- 
t i o n  of bbe core. The main f e a t u r e  o f  t h e  curve H tmpem,ture t r a n s i e n t  
i s  i t s  d.elayed cool.do%n yesu1.t. Ii3:j.t<-al.ly t h e  g raph i t e  oxidat ion ra.Le i s  
not  dzcreased by avaiL.able heat rexoval mechanisms. 
capacity- serves  to absorb the excess heat  input -mtj.J. changihg condfti.ons 
cstabli.s% a ne t  cooling situation. 

dk t ion  s i t - i ia t ion Lo be a r a p i d l ~ y  increas ing  t ransiei l - i  Lhat r e s u l t s  i n  -ai-- 
con t ro l l ab le  oxida'si 0x1 a.t iempratux-ec from 2200 t o  3 '700"~ .  The rclatri ve1.y 
r ap id  temperatiire r i s e  r e s u l t s  froi'fi t h e  hig'i! r a t e  o f  oxjda-tion heat  r e l ezse  
t h a t  i s  i isually d.i~fficult t o  control by coirv-ecti.on cool ing above about 
1.300"F. The r u b  y oxidat  i o n  t, ernpzrature excurs i. i s  finaJ.ly l i m i t  
c n u  raie a t  which oxygeii reaches t h e  graphite surf' e t'nrou.gb. the sLa 
g a s  f i l m  L h a t  form b-cause 0.f Lhe rapid evol.ution of h o t  re,z,etlon prod- 
ucts: CO and 0 2 .  'Trhcre are -Lhree charac Leri-st ics o f  runawa? oxidat ion 
t h s i  i.ncrea,ne Lhe hazards t o  a gas-cooled r e a c t o r  containment sy~stej:li: 

The g raph i t e  hea t  

The curve C L:.iqeratu*e t r a n s i e n t  o f  Fig.  5.35 shows t h e  rimaway oxi- 
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1. The high ternperatuu'es i n  the v i c i n i t y  of  rimaway uxiciation may 
cause metal-clad fuel.. elemenks t o  fail. or  even m e l t  aiid thus increase bhe 
fission-prodinct burd.en on the cont;airmient system. 

Once rimaway oxid.ation 1ia.s star-bed, it is difficiull; to "blow out" 
by increasing the  inass flow rate of ai.r.. The oxidation heat re lease rake 
increases with increasirrg mass flow because the mass t r a n s f e r  of reactant 
and prorluct gases increases ; therefore  the  gra>phite texj?era,ture a l s o  in- 
creases with i n c x a s i n g  mass f l o w  : rate of air .  '13is result, has been ob- 
served f o r  nuclear grade and other types of graphite.  
aspec-I; of ~mam,y oxidation i s  .the ina ' . i l i ty  t o  cool the  graphi.te, even 
with high a i r  coolant Plow r a t e s .  

be the predominant react ion pro&u.ct of t h e  gra-phfte surface r.eac.t;ion. 
CO can subsequently be oxid ized  t o  C02 l;.rheri contac-t with 0 2  OCCIXS in t h e  
gas stream. Thus the gas stream can be heated by the  CO - COa heat of 
react ion rin additi .on t o  t h e  heat t ransfer red  t,o t h e  gas by convection. 

4.  Depending on the c o o b a t  system ruptxre s i z e  and configmation, 
rriuch of b b e  graphite oxid-ation chemical energy could be -I;rans;.Serred. to %he 
containment system and cause excessive pressure and terriperatur2 i n  the 
6 ont aimnen-t; system. 

A gas-cooled g7-arnlii.te-r~~derated reae-Lor must, i n  general, be designed to 
prevent r w a m ~ y -  a i r  oxidation following a primary cool.ant system rup%ure. 
r-v l r i i s  . 
rfient f o r  afterheat removal by forced o r  natural circulation of a gzs  cool- 
an t ,  !There are  .three haslc mdAods current1.y proposed or utilized to 
prevent n m a m y  graphrite oxid-ation, as listed i n  Table 5 *l6. 

2. 

The haza,rd of this 

3 .  'The hi.gh graphite teniper.at;-cres from rimaway oxidation cause CO t o  
'The 

3 .  Analysts of Air-Cooling Requirements t o  Prevent Xunawsjr k i d s t i o n .  

unique requ enienZ; mm.st be sa- t i s f ied  simulkmeously with t h e  requi.re- 

I a Provide suff.icient air cooling from gas 
eireul.ato?-s in somd coolant I-oops 

2 .  ~i-ovi t ie  re]-ati.vel-y i n e r t  gas (NZ ) to Ecp eri.niental. Gas 
purge out and prevent sigxrificant in- Cooled. rieactor 
leahge of slir during afterheat re- (USAEC), Oak Ridge, 
1 m n 1  by fcrced-  circu.la,tion o f  purge 'Tennessee 
gas 'uy an "emergency cooling ioop" 

3 Prox4de r e l a t i z l y  iner  I; a,tmosphere High Tei~perature  G a s  
( N 2 )  i n  the eor?taimen-b vessel to 
reduce a i r  in-l.eakage t o  a tol.erab1.e Atomic), Peach 
l e v e l  Bottom, 

Reactor (6-enera1 

Perms y l v m i a  
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'lke m.teria.1. i-i? t h i s  secti-on dea is  n-rlmzrily wi th  the  first method 
o f  prcventi-ng runam.g a i r - g r a p h l t e  oxidat ion.  The condi..t,i.ons under whi ch 
a i r  cooling i s  desi-rable rmst u sua l ly  be d.cLex-ixlned because a i r  cool ing 
may be  (1) t h e  most l.j.kely r e s u l t  of a depressur iea t lon  accident  end 
( 2 )  t h e  most a t t r a c t i v e  method Tor removing a f t e r h e a t  and cooling the core.  

There are two b a s i c  approaches t o  t h e  ana lys i s  o f  a i r -cool- ing requix-e- 
ments : Lhe experimental. and 'Ae coinputa,tional.. . An exclu-sively exper? - 
mental a,pproach entai.1-s a f'~L!~l~-scal.e experihent,  such as an  experimenk i n  
an i n - p i l e  loop i n  an opeyratins ~ r a p h i t e - - ~ o d e r a t e d ~  reac'cor I n  which a i r  
i s  passed through a coolant channel a f t e r  a r e a c h r  scram.. 'To be a valid 
experiment f o r  a f iki i re  r eac to r ,  t h e  neutTon exposire  dose 'io the gra'phj-te 
would have t o  bc accu.nml.ated t o  the  l..evel. expected., axj.al Lemperaturz and 
neutyon flux p r o f i l e s  would have t o  be very s imi l a r  t o  Lhe profil..es cx- 
pectcd, and provis ions For maintaining ad iaba Lic concii.tions should be 
included i n  the  experiment design t o  minimize r a d i a l  heat  l.osses. l'he 
d i r e c t  exTerimenLa1 zpproach has not  been and probabl..y w i l l  not  be used 
because (1.) it i s  v i ~ r t u a l l y  impnssi.bl.e to sati.sYy the  above regui~emei i t s  
-i.n a hest r e a c t o r  environment, (2) in-pri.le t e s t i n g  is comparatively ex- 
pensive, and. (3)  'LIE l.arege i n - p i l e  1.00~ f a c i l i t i e s  requi red  f o r  fuJCull-zcale 
g raph i t e  -channel. experiments a r e  not  i.eac3.i I.y, i f  a t  a,1.1., avail-able.  

'The computa-lienal- nethod., bzsed on a comprehensive expe:rimental i n -  
ves Ligat:i.on, i.s rceomflendecl for deterlrrining t h e  ai.:r-cooling sequ-iremnts  
t o  prevent mma,wa..y a i r -graphi . te  oxidat ion.  This iiie-thod cons i s t s  OS rimthe- 
ma,tica~-ly modeling t h e  a f t e r h e a t  generation, hea t  transfer. ,  a.nd gradphi Le- 
2.i.r oxidat ion mechanisms across  a sec-tlon of   he a i r  cool-ani; flow and ap- 
pl,y-j.ng hea t  and oxygen mass 'xl-anees along t h e  pa th  of  t h e  a i r  coolant .  
The system hes-i balance ma,y be ba.s,seil on the assumption of  am ad.j.abai;ic 
condition, i n  t h e  case of a s i n g l e  fue l .  channel, o r  on a bounda-cy heat 
l o s s  condi-Lion, i n  t h e  case of  a pebble-bed r eac to r  core configurat ion.  
The use of  high-speed di.gfLtal. co0pkei-s t o  calcula . te  t hc  tempera,ture 'wan- 
si .ents of a fuel-graphi-Le systern i s  an  essent ia l .  pari; of  t h e  compiitati.onal 

many v a , ~  i.&I es  on the oxidat ion cha rac t e r i - s t i e s  during t h ?  cal.cu.l.ated 
temperature t r ans i en t  can be deterri inrd more e a s i l y  a m i  quickly than wi th  
Pul l - sca le  experiments . However, the com~ui~~ai;iona.l. method i. s no b e t t e r  
than t he  model. on which it i .s based. Wien simplify-ing assumptions a r e  
i m d e  e i t h e r  f o r  1.ack of  ei~~x:-rfmenta.l inforrimtion o r  to expedi te  -the compu- 
iationa.1~ proccdurc, they must be made i n  a conservat ive mannet-. Thcre-fore 
e:: l c u l a t  cd r e  sid-ts have t h e  disadvantage of  be icg s omevha t nonr eali. s -ti c, 
s ince  they a r e  dependent 011 t h e  fide!:j.ty wi th  which g raph i t e -a i r  ox ida t ion  
u.ndc r a c c id~eil t condi t ions can be s imul a t  e d . 

Heat and Oxy-gen Mass,-Rslance Eqiia-Lions. 'The b a s i c  eg.ua.tions i n  a 
g raph i t e -a i r  ox ida t i~on- t r sns i en t  cal.cula-Lion a r e  the  hea t  s.nd oxy-ge? :iiaii;tSs- 
bal-ance equations applied. t o  h e  cool.ant, ph i te ,  fuel element, aml o ther  
components exchanging heat w i  L h  'Lhe gmphi.lc o r  cool.ant . 'Phese eq i i . a t i  oizs 
axe appl ied  to  am axial  secti.on of a fuel. chan.ml.7 t h a t  i s ,  a sec t ion  
across  which t%e coolant  f l o w  passes. 'The symbols used i n  t h e  balance 
cqu-a.t-i.oi?s are defined below, and- cons i s t en t  u n i t s  a r e  gj.ven: 

m t h o d .  Once a v a l i d  model i s  constructpd and program;ed3 t h e  effa- L L t S  of 

._ ....-._C.. _____I- . . - - , _ _ ~  

A = cross-oec- t ional  area,  ft', 

G :: volmetri c heal; cspac i  iy, B t u / f  'c' - Oh' ,  

C1? = cool.ant hea t  capaci tj-, Htu/lb* O F ,  



h = cool.amt heat transfer. coeff ic ient ,  Btu/l-lr*l-rtz F, 
AH = hea,t o f  oxidation, R t u  per mollol_e of graphi.te, 
M = mole weight, lb/Lb-mole, 
P = perirneter, f t ,  
Q = heat input; per u n i t  dis tance along flow path, Btu/h.r*ft, 
T = temperatwe, OF, 
t = time, br, 
W = coolant; mass flow r a t e ,  lb/hr, 
w = weight f r a c t i o n  of  oxygen i n  coolant, l b  of 02 per  lb of coolant, 
X = distance along coolant flow path, ft, 

and the  subscr ipts  a r e  g f o r  grap2tttttttttttttttttttttttttttttttttttt, c f o r  coolant, f f o r  a f te rhsa t ,  
ox Poi- oxidation, rad.  for radiat ion,  and cond f o r  eonduction. 

with a l r  eoo1.ant gives the  following equation: 
A heat 'oalance on an assmed isothermal. graphi te  sec t ion  i n  contact 

Heat inputs QTad and 
surrounding temperatures. fmial heat  conduction between adjacent sect ions 
c m  often be ignored, sirice such heat exchange may be r e l a t i v e l y  i n s i g n i f i -  
cant. 
the  calculational. procediire i n  d i g i t a l  calxulat ion srimpl.ified. considerably. 
Ignoring axial conduction i s  a conservative assumption, since it allows 
h.eat t o  ' 'p i le  up" a t  t h e  highest  temperature locat ions where oxidation 
lreat re lease  i s  also highest.  

could be pos i t ive  o r  negative, depending on 

I n  such instances the Qcond term i n  Eq. (5.16) m y  be dropped and 

Heat and oxygen mass balances for the  coolant a r e  given by 

(5.17) 

and 

(5.18) 

The sumn&ion expression i n  Eq. (5.17) appl ies  to all other  su-faces with 
which the  coolant has contact.  Oxygen depletion i n  the coolant; calculated 
by the use of Eq, (5.18) i s  based on the  assumption of one mole of oxygen 
consumed per mo.l.e of carbon Teacted, or  complete oxi.dation of car5on t o  
CO2.  

Gxi-dation Hea.t Release. 'The most c'.isti.nctive chmracterLstic of 
graphi.t e -ais oxidat ion calcul.at j.ons i s  the  addi.t ional ox ida t  ion heat 
scurce,  which var ies  with time and. ax ia l  I.oeatri.on as the  graphi te  tempera- 
t w e  and. oxygen p a r t i d  presswe iu the coolant; change. ' Ibe l o c a l  oxida- 
t i o n  heat  re lease  r a t e ,  qox ( B t ~ i / l i r ~ f t ~ ) ,  i s  calculated by use of  the ex- 
:ores sion 
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CJl n 

'ox = . M pgK (3...;-) 0.21M , (5.19) 

where, i n  add i t ion  t o  . t e r m  def ined  abovc, 

pg = graphi.te densi'cy, 1b / f t3 ,  
K = chemical r e a c t i o n  r a t e  j.n 1 atm of a i r  (:ratio of mss of  carbon 

n = order  of reac-Lion, 0 d n S l-, dimensjonless. 
reacting per  hour to mass of ca,r'oon), 

The term wrYrc/0.211\~, i s  t h e  mole f r a c t i o n  of 8.i-r i n  any gas cool-ant con- 
2 

taj.ning aTr; th? mole f r a c t l o n  of  oxygen i n  a i r  i s  0.21, Oxidation hea t  
input  per  unit o f  axial di.sta.nce, i s  obtained. simply fi-om 

QOXJ 

(5.2c) 

where L i s  the  e f f ec  Live oxj-dation depth i n  f e e t .  'ihe m c s t  impor'LaiiL 
var? abl?s of' a parti.cu.lar type of  st%pl-tite tha t  in f luence  t h e  oxida t ion  
hea t  rei-ease are ,  from Eq. (5.20), K and L .  

Heat o f  Reactioii. ?"ne va,lue of the hea t  o f  reacti-on, &I, used 
i n  Eq. ( 5 w m u s t  %e chosen t o  cover scVCra, l .  exoL2icrrizI;c r cac t jon  mecha- 
nisms. 
59) 3-17 a g raph j t e -a i r  s y s t e n  a r e  s h o m  b:'Low: 

The possi.bl-e exothermic react toi ls  and hca i s  of react<.on ( f m m  r e f .  

(kcal /g  -ml-e 1 5°C Reaciion 

c + 0 2  - c02 -?L,. 053 
c 1/2 02 3 co -?6 .. '+1 6 
co 1/2 02 4 c02 -6-/. 436 

The p r b a r y  r eac t ions  t h a t  yiel..d~ CO;! or CO r e l e a s e  hea-t at Hie r e a c t i o n  
s i t e .  Since oxi.dation of CO to CO2 occurs  i n  the gas -chase, t h e  corres- 
ponding hea t  o f  r e a c t i o n  cou ld  be re leased  cithe:r i n  tihe graphi te  pores 
or i n  tile fl-owi.ng gas s t r e m  a f t e r  CO mass t r a n s f e r  by d i f fbs ion .  In- 
ves t iga t ions  by Schraeitzer and h is  co-workers6* on the  oxida t ion  properti .es 
of air-cooled,  graphi te  channels showed hea t  r c l e s s e  i n  t h e  air sti-.ea,rfi 
from CO-to-CO2 oxidati-on t o  'oe s igni - f ican t  a t  hi.gher g:raphite ternpeya,tures . 
Tne seve ra l  ox ida t ion  hea t  r c l ease  mechani.sms make an accura te  oxi.d.ation 
hea t  r e l e a s e  calcu la. t j .on impossible wi-th -Lhe simple model proposed i n  E q s .  
(5.16) LEirough (5.20).  
of carboii r eac t ed  01' 1.633 X 1-05 Htu/lb-7iiole i s  the-refcre used i n  R q .  
(5.20). 
c c)* ----> C 0 2  r e a c t i o n  and r?akes runaway oxida t ion  inore l i k e l y  than wou.l_d 
ac-bua11.3; bc ';lie case.  

The  chemic21 reac  t i v i . t y  of graphi'ce 
depends on rarl.y- varia'ol.es, as discussed i n  a l a t , e r  sec t ion .  'Urte cherxica? 
r eac t ion  r a k e  i n  ai-r, K, for nuclear..-grad? graphi te  i s  con t ro l l ed  largely 
by i-ts h i &  pu.;-ity ( l o w  ash conten~t  a n d  ~ O > T  neutron cross  secti-on) and i t s  

A conserva-ti.ve value of  /Xi = ?L+.052 kca l  per  inole 

This vaJue a l l o m  f o r  t h e  highest, 1-oca1 hea t  r e l ease  f r o m  the 

Graphite-- Ai r Hescti ........ on Rate. 



pol.yc-rystall.lne grain s ' c ~ i ~ c t w e .  
s ion  f o r  t ~ i e  react ion ?ate, tbe resul.tc of F2"ado.F ~nvestigatiion" are 
useful., since the reaction rate data cover a r.ange of purity of several.. 
grcaphit,e specimms and a temper at;^^.^ range of 350 to 750°C.  
yeaction ;_-ates ~n air  (fractional weight loss per how) we3-e corrected 
for diffusional control if necessa;?~ an.d corwer-ted. to tbe reaction r a t e  
in one atmosphere of oxygen based on a first-order dependence on oxy-gen 
partial. pressure. The resifl ts  for the rhemica,l. reaction ra te  in oxygen, 
k, are shown in Fig, 5.36, wi th  the sou.r'ces of da;l;a ind-icated ( refs .  62-67), 

In G : C ~ ~ T  t o  ul7tai.r. a reasoi1abl.e exgres- 
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Pfaiin.r co r re l a t ed  these  d a ' a  with the  e q r e s s i o n  k - 7.2'4 X lo9  exp 
( .22,10C/T)t f o r  T i n  "IC, which has a 44,C kcal/q-mole a c t i v a t i o n  enersy. 
The corresponding 1-eartion r a t e  i n  1 atm of a i r  i s  

K (hr-') -2 1,52 X lo9 exp (-22,10O/'Y) . (5 .71 )  

'The spread of t h e  oyigi.nal da-La i.s wikhin a f a c t o r  of 6 o f  Eq. (5.21.) and 
i s  mainly caused by d i f f e rences  i n  pixTty and s t r u c t u r e  wi th in  t h e  rLucl.ear- 
gradc graphi-tes. Eq-ustion (5.21.) gives t h e  gcnera l  r a . t e  mgnitudc -kc be 
expected - nix1-ear-gSr:~de g raph t t e  i.n air ; however, s u f f i  c i en'i yeac t ion  
r a t e  memu-enmbs fo-r a par~Licu.ll.ar pi i i te  a r e  recofimendzd, ml e s s  other- 
r,,ise ava i lab le ,  t o  confi.-rxq i.ts reac  n r a t e  c h a r a c t e r i s t j c s .  

Vai-iable:; Affec~Liiig t h e  Kcaction Rate. Certain condi t ions o r  en- 
virorments a re  known te eatal.yee o r  i n h i b i t  ' ~ h e  oxida t ion  rake cf graphi te  
i n  a i r .  The ca t a l . y t i c  e f f e c t s  that  co1il.d apply t o  reactor core g m p h j t e  
a f t e l -  a coola.nt sys 'ier:~ d-epressurixation arc .neutron i r r a d i a t i o n ,  ganm 
rad ia t ion ,  w?,,i;e;- vapor i.n the  coolant,  s o l i d  phase contami.nants, a n d  t h e  
s i z e  and o r i e p . t a t i o i i  o f  t,he graphite cyysta1.s. Rate i i ih ib i i ion  o r  reduc- 
Lion can. result f r o m  exposi~.i:e t o  halo~en-coni;aiiij.iig gases or rcductioii  i n  
oxygen $ar ' i i a l  p sure  ?corn diln.t,i_on o r  oxygen burnup. A brief riescrip- 
tioR ol" these  ef ts i s  includ.ed here  w l t h  reconmended me-Liiods o f  ad jus t -  
ing the react:ion raLc i.n a i r  where possible. More detaailed suma.ries of 
experirneiita,l. inves- t ip-Lions and. t h e o r e t i c i l  imi l i ca t ions  O S  these  e f f e c t s  
a r e  ava i l ab le  from refs. 56, 5'7, and 68. 

Neutron i r r a d i a t i o n  accel erates graphi te  oxidat ion rakes by coneen- 
1. ~- 6 9  L,:atinS xtS~ve sites f o r  sdsorpt ion,  according t o  Kosiba and. Dtencs. 
Thi s m t e  c:ccel.eratioa decrezsrs as t h e  temperature i-ncreases because of 
self -anneEling of the carbon t i c c .  The e f f e c t  o f  low-temperature (25 
Lo 50°C) i r r a l i n t i o n  of G O T  
ncuirons/cm2 i -s shi2Im i n  F i g .  5.37; t h e  rate i nc reases  by a f sc- tor  of 3 
at 050°C (ref. 69). A l i n e a r  i rx rease  in .  r a t e  w t t h  neutron i . r r ad i s t ion  
has been observed7* t o  a,:[? exposui-e o f  6 X 1.O2' neutrons/cm2. 
r:%te af'Lei- i-rradiati  on followed the  expression 

,....._._ ~ __.- --_- 

p h i t c  -'io zn exposure o f  4 X lo2' 

The r eac t ion  

K = Ko(l f 0.511) , 

where K ant! K a r e  r a t e s  before  and aF tc r  i r r a d i a t i o n  and n i s  r-eutron dose 
iii units of lo2' neutrzns/cm2 ( n  = 1. rror lo2 '  neu,trons/cm'). 
si+gnificani; d a t a  exist a t  tciflpi+at.uTzs zbove -4-00" C and neutron doses of 
-loz2 neutrons/cm2 i;iiet would zpp1.y- t o  20-year-l . ifc gas-cooled power reac- 
tors. l 'herefore  i n -p i l e  g raph i t e  t r rad j .a t  ions and moni'wri.ng o f  ihe r e x  - 
tj.on rate d i r i n g  r m c t o r  o?er i.on arc necessary t o  pi-ovide pe r t inen t  r e  .. 
ac-t ion rate data.. 

pliase production =f z-tomic oxygen and o%mie (03), which i s  more reac'iive 
w i t h  g raphl iz  than iricjl~ecular oxy-gen. %iis c a t a l y - t i c  effect dj. sappears a t  
about 400°C, o r  a-t K 
ing to TtJai-ri? and Wil kjnson. '70 

01 2 x 10' a n 6  o x i o 5  r / h r  zre s~- iow i n  Fig.  5.37; ac-tj-vation energies  
arc reduced "io 9.0 snd 1.6 kcal/g-mol..e, respect i -vely.  67 

0 
Howevm, no 

'me gmma-rad i -a t ion c a t a l y t i c  e f f e c t  i s  ap-paren-tly ccused by Lhe gas- 

1.0-' hr-'., f o r  g a m  fl-uxes up Lo 1.06 r/hr, acc0i-d- 
The reaction rate i-ncrezses i.n g a m  fluxes 

G-i.mnllz-radiut.i'c:~n 
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I( = a e m  (--E/RT) , 
can be i ~ e d  t o  re- sent  Lhe dj - f ' fc rmt  a c t f v a i i o n  energy r e a c t i o n  r a t e s  
above and bzlow t h e  threshm1.d i; e i -n tu rc  For desc r ib ing  t h i s  c:ttalyk,ic 
ef f ecL . 

The prcce:ncc o€ m t e r  Trapor h.as been observed Lo c2taly-z:: g r a p h i t e  
oxida1;ion i n  ai.r. HOT~TL 'VC~,  t h i s  e2 fec t  i s  s ign i - f i can t  a t  very  low water 
vapor concent ra t ions  only aiid depends oil t he  graphi-te puri- iy .  A v e r y  
sl i .ght rS tc  iiic%ease was cjbserv-cci by Dah17' ai; 600°C w i t h  0 .05 tc: 20 w-i 5 
water vs~por;  i;me 2 n d  his co-wcrkersr'2 observed, a t  620"C, a. sl 
ea-tal-ysis wi-th u.n-pirr.il^ied graphi-Le .zind r a i e  i r ih ib i t ion  with p m  
graph i t e  i.n vapor w t h  -bctwcxt 1-3.0 and 20,000 pprn (by volu.me) 
rMA"ier-vapor ca t ,n iys i s  does nii, app - t o  be c!-gixLficaij.t i n  t h e  tempei-ature 
range of an. cperz~iing rese br. 

T ~ K  c i z - c a c t e r i s t i c s  of a pai-t icular tj;raphitc Lliat, a f f e c  L t f ,b  reac Lion 
ra-Le inost s i rong l  y a r c  i t s  sol id-phase con-huii.nation and. i- 1,s c r y s t a l  s i x  
and orieiitat-i-on. Sol-i.3 .-phsse contaminat? r)i? of graphite can e i t h e r  cz t a lyze  
o r  retsril the  oxi.dt:tion rate i n  2ir. Espec ia l ly  efTec'cive c a t a l y t i c  agents  
a re  (1) -Lhe cxides o f  7-ron, cobal t :  nickel, cop r , arld m n p m e s e  , 
( 2 )  s a l t s ,  except  borates znd phosphates, ai?cd (3) a1kal.i metals. Heat 
trea'cimrtt st 2500 t o  35OU"C v o l a t i l i z e s  mos'c of t h e  impui-li;i.es and leeils 
to decreased. ox jde i ion  rates, as Tang 2nd h i s  co-workers7* and oiliers have 
observed. Crys'm.1 s i z e  m r i  orleiiiaLi oi i  a f fec t  the a i r  oxidati-on ra-Le, 
s i n c e  crys'w :. edges ~ 3-0 to 200 t i . m c s  iilijre rzac'iive thzn  -ihc basal planes 

crystals s o  t h a t  ilie c of' c r y s t a l  edges i s  reduced and 
l e a d s  t c  3 r educ t ion  ox ida t ion  rate. %La included h Fig. 5.36 show 

PT cause2 by t h e s e  erfects.  Heriction ra-i,e mxeasurci~~ents include,  
tlic i~nhei-eni ef-.Yects of purity and c r y s t a l  s t r u c t u r e  Tor R par- 

Oxidzti-an raiii i .nh ib i i ion  by halogen--containing gzsea is  of i n t e r e s i  
~ h b l ~ ~  has inves- 

under fi~~ajr ccm.-L'L: O i l  t t o  above 2600°C o rde r s  t h e  gmphi.te 

t icu.l_=i T graphi  tc . 
i n  coii.tro1lin.g potential..  ?:Girir,\<ay oxida t ion  si-t iuations.  
tiga'ied. m t e  inhib:'.-kj.oa by clilorrinc; Liie rcnte reducti.on from chemisorp~ti.on 
of  ch lo r ine  i o  b lock  act-ive rczrtioi? sites was a factoi- o€ 115 rim. dry aiy.  
Phosphonis oxyciiil-oride (POCI.3) also s h m ~ s  promi-se for po.teiitia.1 oxidat,i.on 
i.nhibi.Lfm- 68 
m e a  si] rc for i: ont r o  11 ing graph i-i :: .-a. i.-r ox i  da t-i~ con a1 t housh c u r  cnt E s ezr c h 
will ,  probably r e s u l t  i n  a pi-actical r a t e  -k ih ib i t ing  proced!ire. 

Trie rate reduct  i wi.Lii reduced oxygen par-Lid.  p re s su re  i-s descr ibed  
b y  t h e  "order" of t h e  res.ntion, zs 7-n l3q. (5.1~9). 
110 be "firs-L order ,  o r  close t o  YCi.cat oi-der" 5y Walkey ,-i.nd his  co-workers5' 
over a wi.dc r m g e  o.f graphi  tes a.nd i;eni_uera.tifi-zs. -kta rcpor f x d  by rJ;tj_Ti> 

and W i l . k i . ~ t s ~ ~ i ~ ~ @  show an order  of 0.6 .Lo 0.7 a t  1 akm. o f  a i r  (21 vol  $ 0 2 )  
L I L ~ ~ L I  I nc reases  toward a n  o rde r  of 2.0 w i i i l  d-ecreasing Gz. Thereyore the 

To da te  t h i s  app-coach has n o t  been adopted  ri.6 a. p r a c t i c a l  

The order  was concluded 

- 1 1  ^I 
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oxidation rahe  de f in i t e ly  decreases as the oxygen pztr.tla,l p r e s s~ re  de- 
creases, and the  order used t o  describe t h i s  e f f e c t  is probab1.y between 
I). 6 and. l.. 0 neaz  1 a t m  of a i r .  
oxidation heat  re lease  only when low flow of a i r  allows s igni f icant  oxygen 
bumup o r  when dilu-Lion of a i r  occms. Variation of t h e  order, n, Setween 
0 .6  a.nd 1 .0  can be cal.cul-ated from Eq. (5.20) t o  indicate  the most seri-ous 
situatl.on. 

lowed for i n  the relationshi-p used f o r  d.etermining the graphi te -s i r  oxida- 
t i o n  ra te ,  K. Some cond.itions, such as cryst-hl size and oricxrta.tion and 
solid-phase contamination, are Tixed wi-th the .type of graphite chosen. 
Oxidation r a t e  measurenienbs i n  a i r  therefore  include such rake e f f e c t s  
Yhe e f f e c t s  of wa-ter vapor i n  the aj-r, neutron exposwe, and gAs-phase 
inh ib i tors  may be included by z d j m t i n g  -the frequency factor ,  a, i n  the  
general oxid.atliou r a t e  expression, 

TIe order has a s igni f icant  effect. on the 

fii s w m r y ,  t he  e f f ec t s  of the varizi'oles described above must be a l -  

If necessary the g a m - r a d i a t i o n  level e f f e c t  i s  bes t  described by a r a t e  
expression with a lower ac-t-i-vation energy, E, t h a t  i n t e r sec t s  the norma.1 
rate expression a t  about (COO" C.  Finally "ne possible e a t a l y - t i c  effects of 
surface contamination by gas-borne impurtt ies i n  the reac tor  coolant system 
a z e  not usiially allowed for before actual. r*e:.;etoi* opera,t-ion because o f  a 
lack of appl-icable data. TTherefore gra,phite sampling i s  used to nmnitor 
.the oxidation r a t e  of graphite exposed t o  rzactor  conb=IYninaticn and ir- 
radia.-tion, mid any observed c a t a l y t i c  e f f e c t  i s  included in  the  analysis  
of arir-cooling requirements 

Effect ive Oxidation k p t h .  Tne magnitude of' t he  oxidaLion heat 
irrput per un . i -L  of a x i a l  distance, Qx, depends d,i.rei:tLy on t he  ef'I"ec'iive 
oxidation depth, L, When 1;he oxidation ra te  i s  low,  the  oxld.ation p r o f i l e  
is essen t i a l ly  uniform through t h e  porous grapki-te, as shown i n  zoae i or' 
Fig. 5.34. The depth. of graphite nv:tilaible f o r  react-ion i s  therefore the 
highest; limi.-Lirig T ~ a l u e  of L f o r  a speciflie graphite geometry. As  the oxi- 
dat ion rate increases i n  the absence of viscoi.is flow across the  gr'aphi.te, 
the r a t e  of di f fus ior i  of oxygen to the ac t ive  carbon sl. tes coiiI;:;*~~ls the 
ra te  of oxidation per unit, of exp~sed  surface area. T%e ef fec t ive  oxida-  
t i o n  depth then becoines d.if.fusion conixolled, as shom i n  zone I1 of Fig. 
5.34. 

"he physical in te rpre ta t ion  of 1; with difrusion-controlled oxi.d.ation 
results from t h e  solut ion 03 the  st,eady-state d.i.f:fiision equxtion in  graph- 
i t e  for the oxygen concentratton yrofi1.e. The oxygeri concentration de- 
creases a s  ex:p (-X/L), wtth X being the  distance f r c j m  th.e gm.phif;e slurface 
in, contact, ~ i t h  flowing $ 3 ~ .  The to t , s l .  r a t e  of oxirlati-on vtfl i tn the gmyh- 
- t e  i s  therefore  equi.mlent to tbat f r o m  a uniform oxygen concentration 
profi1.e exLending in-im t h e  graphi te  a deptin 1,. The t heo re t i ca l  calculat ion 
of I,, i n  cmg i s  based orn the fol.l.owing r e l a t ions :  
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(5.23) 

(5.24) 

wherc 

D. 
kv := 

= effect?-ve in-pore d i f f u s i v i t y  of 02, cm2/hri p 1 1  
vol .~imc~~ rate constamt ( r a t i o  of -moles of 02 recicting per hr per 

volume OS graphit? t o  moles of  0 2  per vo~_ume o f  gas), 

h r  per atm o f  0 2  t o  mass oI' graqhi te) ,  
k .:= chemical rate coilstant ratlo of (rmss or" gmphitc  reac t ing  per 

'I' = absolute temperature, OK, 
E = porosi ty  of gmphi te  (ratio of  pore vcliirn? to t a t a l  vol.ume), 

pT ::. t o t a l  pressure, atm. 

Thc: expression f o r  L r e s u l t s  f r o m  assumihg 5 f i rs%-order  
unifoi-m diffusi-on properties i n  the graphite.  
the  equivalence o f  1 mole or" cai-bon per mole of oxygen or  compl-ete cxida- 
t ion  to C O ~ .  me ' n s s i s  f o r  E?,. (5.24) 5.s 

,Y:qlw.tion (5. 23) i s  ba.sed on 

D I:: E' x ( d i f f u s i v i i y  of 02 in gas phase) , 
P 

f r o m  Walker e t  a l .  ; 56  the Lernpei-ature end pressr2r-e dependence are teken from 
gas-phase diffusion propert ies .  .l.nser-Li.ng Eqs. (5 .  23) a.i?d (5. 24.) i n t o  
(5.22)  gives E predi-ction of the  general dqcndence or" I,, as L 'o l1 .o~~:  

- 

The eTfective depth of oxida"ii.m, as deri.mil above, depeiids on several 
v-aria'tY_es, some pecul.i.ar t o  Lhe gr2phite and o the r s  -Lo t he  oxidiz:i.ng con- 
d i t ions .  An addi . t j  onal complication i s  that, oxida-t-ion w i i h i - o .  graphi-Le i.n- 
creases the in te rns1  s inface xcea  availa,ble f o r  1-eaction by increasing Lhe 

These oxidaiioi-t pore s i z e  and unbl ocking or lg ina l ly  c losed  p o r e s .  
e f f e c t s  cause thc react ion rake"  and d.i-ffusivity t o  increase, possibly i.n 
a nonmiform fashion witl?i.n the graphi-'Le. Experimental v!wif icai j~on o f  
an, equa-Lion for the  effect'1'.ve dep'ih of oxidation i s  themfore  impor iant 
before  t h i s  concept can be uLj.l.i.zed in p;raphTte.-sir oxid;i-l;rion analyses. 

Carbon Co. nuclear grade--2 graphite for which the ox'-d.ation rate, K, had 
been deteriiiined. 
EGA graphj.t? w i t h  A = 0.033, w a s  t e s t c d  Tor i t s  val.i.dity w i t h  sleeves and 
cylinder:: oxidized i n  1 a-Lm o f  a i r  from 515 t o  660°C: 

56, '72 

One such v e r i r i c a t i o n  experiment 7 1 s  performed by k h l  71 for National 

The fol lowing equati.m f o r  L, pi-"oposed by Robimon 6 6  Tor 

*Ucrea.se 01 the  reaction r a t e  i s  observed d.i.rectly by oxtdj-zing t h i n  
saiiiples i n  aii:; t h e  r a t e  iiici.easeo t o  a. steady value, which i.s used t,o 
dete=mii.ne thc g:aphite-ai r oxi.dation rs te ,  K. 
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0 . 3 8  
K-Q. 5 (5 .26)  

The r e s d  Ls of t h i s  inves t iga t ion  were tha t  
1. 'The depeidenee on T and K folloved Vq. ( 5 . 2 6 ) ,  
2. The depth constant, A, increased w i t h  oxidation as 

t 
h = 0.0023 -f- 0.014 J K dt , 

0 

( 5 . 2 7 )  

where A i s  i n  (cm/hr)'/' ana t i.s -time i n  hours.  
Tnis r e l a t i o n  held f o r  oxidation a.1; randomly varying teniperatures and with 
oxidation burn-off ineyessing from zero  t r ~  about 6ge 

-the amount of graphite undergdng exotherm'tc rcxiclion can be reduced sig- 
nifics.nt1y from the e n t i r e  m a s s  of graphi te  present n However, suf f ic ien t  
experirnenta.1 invest igat ion must be performned t o  u l l o w  expressions f o r  K 
and. L t o  be foimubted i n  terms of calculated var iab les  such n s  'I1, K, and 
Jo'b K dt. The experimentally confimed expressicns f o r  K R.L~$. L can th.en 
be used i n  coqutei:  mlcu la t ion  of graphite temperatwe t rans ien ts  along 
the lend21 of a graphite-moderated reactor core. 

In s m ~ r y - ,  during diffusion-controlled a i r  oxidation of gr%phite, 

5.2.2.2 Sodiwin Oxid.a.tioa 

i n  reac tors  'chat u.se sodiwn as a coolant, the  possibi l - i ty  e x i s t s  of 
acc identa l ly  exposing the sodium t o  air a t  n terriperature s u f f i c i e n t  t o  
csu.sc3 spontaneous i g n i t i o n  (exothermic oxidation reactlion) . 7r' 'The ign i . t ion  
temperature could vary from 70 t o  i3'00"F, depending on conditions siuch as 
Iiuxidi-ty, p a r - t i c k  s ize ,  and oxide f i l m  -thickness. Meth0d.s of exposure 
are  categorized as follows : stagnant pool, pressurized spmy,  and ex- 
plosive eject ion.  'The method of explosive eject ion,  although the  l e a s t  
likely, yepresents the g r e a t e s t  potentiail hazard f o r  ener,gy re lease  t o  a. 
s y a t em. 

oxygen (air)  i s  dependent on the pvopor-ti-on of reactants. 75 FW excess 
1. The.modynamics of the Reactiorz. The react ion between sodium and 

s o ii i im,  

and 

For e.xcess oxygen, 
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and 

Addit ional  thermodynamic data need-ed. for energy release cal.cUlations a r e  
3-isted below: 

Heat o f  fusion,  Btu/lb 49 
Speci f ic  heat ,  Btu/lb- OF 0.3  
Eeat  of cornbiist ion, BLu/l(h 

Na20 as produc't L!.3-00 
N.2202 as product 4850 

Nelt ing poin-t, "E' 207 
Boil ing point, "F  1620 

2. Hate of Reaction. Fxperimental s-tudies7' have ind l~ca ted  t h a t  t h e  
Also, sodiwn-ai.r r eac t ion  i s  prirnari.1.y con t ro l l ed  by a diffusi-on process.  

t h e  a c t i v a t i o n  energy i n  t h i s  case i.s zero.  Since t h e  r eac t ion  takes  p lace  
on the  suryace of the sodium, it i s  Ind-ependent of t h e  number of sodium 
mol-ecules. The combus'ci-on r a t e  i s  the re fo re  givcii by 

where k i s  the p r o p o r t i o n a l i t y  cons-Lant, N o z  i s  t h e  concentrat ion of  oxygen 
i n  the atmosphere, and T i s  t h e  absolute  tempera.tixe. T'ne propor- t iona l i ty  
of  t he  'uui-ni.ng r a t e  t o  the oxygen concenira,ti.on has been inr?i.cated experi-  
mental ly  ( r e f .  76, p. 7; ref .  7'7), with  a mini.mum of 4 t o  5$ oxygen re- 
qu.ircd 'Lo support  combus-tion. The water-vapor coi-itent oi" t he  a i r  repre- 
sen t s  a complica-Ling f a c t o r  i.n t h a t  incrcased humidity decreases  t h e  re- 
quired oxygen concentrat ion f o r  combustion ( r e f .  15, p?. 19-2)+) . Elowcver, 
t h e  e f f e c t  i s  small i n  t h e  noma1  humidity range for open a i r .  In  an. at-- 
mosphere s u f f i c i e n t l y  f r e e  OC water and hydrogen (<->lO-'* im of e i t h e r ) ,  
sodjim will not  burn, 

foui~d  t o  be  0.15 'LO 0.3 lb of sodium per minute per  sqiiare foo t  of  exposed 
s in face  (average r a t e  based on t o t a l  burni.ng t i m e )  ( r e f .  75, p. 1.3). 'This 
ra.t,e increased w i t , i i  dep-t;h and decreased wi-t'n surface area (Figs .  5.38 and 
5.39). 
of .ihc bunl ing sodium w a s  approxii-nately 3.250 t o  1350°F. it was est?-mztcd. 
t h . a t  n ine - t en ths  of t h e  sodj-um was burned d-wing ihe f i r s ;  h d f  o f  the 
time. Therefore, tine combustion r a t e  during the  first; half would be ~ p -  
p rox j -mte ly  1.8 t imes the  values  p l o t t e d  i n  Figs. 5.38 and 5.39. 

il'he princi-psl er ' fect  i n  explosivz 1-eactioiis i-s the  r a t e  of s o d i i u  5i.i.r- 

im@c cxpiisure, which i n  'iurn i s  dependen-i on thcl payticlz s i z e  and t h e  mass 
?low r a t e  OF t h e  sod.i.inn i n t o  a reacti.cn. zone. Explosi on-.ciisp,ersi.on -iesis '7% 
using iz hydrogen-oxygen explosion t o  dri-ve and d isperse  moltei? sodium a t  
400°C i n k  a steel- vessel (72 f t3 )  were conducted -to siilr;LaLe the  most 

Approximate combusti~on rates f o r  p0ol.s of sodium bu.7-ning i n  a i r  were 

These da.ta w e r e  obtained 'witih a i r  ( 2 l $  oxygen), and -the ternpemtur2 

L? 

e condi.trions f o r  hazards evaluati.c)ns - Peak pressures  i n  -these t e s t s  
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DEPTH ( i n . )  

Fig. 5.36. Sod.i.um 3izmri.n.g Rabe Ve~sus Dep-Hi of pool.  (From ref. 75) 

0 40 8 0  12.0 Mo am ZIO 
SURFACE AREA ( in.2) 

Fig. 5.39. Sodium Uuming Xate Ve-csus Pool S i r f a c e  Area. (From 
r c f .  7 5 )  

ocewrred within 30 to 200 mec froni s tart  of ejection and. were immediately 
followed by a rxpid presswe reduction (Fig. 5.4.0) . 

3. Ext;ent of R.eaction. A sei?ies of t e s t s  was conducted t o  d.ete-mine 
the  pressure r i se  r e s u l - t h g  from a sod.ium-a.ir reac'cion ia a mockup of the  
g;aLlery of the  Sodimn Reactor FZvperiinent ( r e f .  75, p. 29). Molten sodiim 
at 800 t o  1000°F 'was forced t?roug?i a spray (1/4.-in. h o k s )  by pressurized 
rrttrogen i n t o  the  mocked up  gallery (/,$-ft3 s t e e l  box). 
cated t h e  effect on pressure r i s e  of oxygen con.centrati.on, sodium tenipera- 
t ime,  drive pressi.ire, and humidity, as slio-c.n? i n  Fig. 5.Ltl and Tables 5.17 
.throi-qh 5 - 19. 

t i t y  of sodium, 200 t o  1600 g, (2 )  distribintion, 0 .5  t o  4 Ka-to-02 mo1a.r 
ratio, (3) force of eject:i.on, 8 to 22 c a l  per gram. of sodium, and ( 4 )  hu- 
midity, 2 to 36 g of water vapor in -th vessel a'unosphere. Test r e s u l t s  

-I_- 

The t e s t s  indi-  

Brameters studied i n  the e ~ ~ ~ ~ s ~ ~ n - [ ~ i s ~ ~ ~ ~ ~ s i o ~  'G ts78 w e r e  (I) qwn- 
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Wble 5.17, Effect of Fh3iuz-n Temperature on Pressure 
Increase in CaJ-lery M ~ c k u - p ~ ~ ~  

600 3.0 2.8 440 8 0.8 16.5 0.05 
800 3.0 2.6 540 1.7- 1.8 14.8 0.l6 

7.000 3.1. 2.5 950 17 3.0 33.0 0.17 
1200 3.0 2.7 EZSC) 5. 8 2.0 14.9 0.20 

8. 
Prom r e f .  '15, p. 3A, T a b l e  VI. 

'The fi'olLowi.ng parameters were held constant, : i n i t  T a l  oxygen eon- 
b 

centration, 3 vol $; driving pressure, 50 ps-i; and absolute humidi.tjr, 
<3 grains/lb. 

Table 5.18. Effec t  of Drive Pressuye on PTessiire Increase 
in Gallery IIock~p"9'~ 

30 3.0 2. G 850 6 2.5 21 0.2C 
5 c., 3. I 2. 4 850 5. G 2.0 15 0.20 

3.0 750 19.5 4.0 25 0.32 
~~~~ 

a. 

b 
From ref. 75, p. 34, Table V I I .  

The following parameters 'were 1iel.d constant : sodi.um temperatw.re, 
1.0000 F; i n i t i a l .  oxygen concentmition, -3. CI vo1- $; a.nd zbso~u- te  tu.xtn~d.ity> 
<2 grains/lb. 

mis run was made a t  a sodium temperature of 1200°F. c 

are coinpared wi.t,b. t h e o r e t i c a l  ealci.fiations of m,xirriwn Zjressure and -Lenlpera- 
t ine  (based UT instctnta.ncou:; l00$ ~eaetion and no heat loss) in. Fig. 5.lt2. 
In a l l  cases the  experimental values are only a fraction of the theoret ical  
rn~,ximums because of heat, loss -to structura.1 mmterials d.u.ring mLxi.ng :tn.d 
reaction and incompletz react ion of t h e  sodivm. 
01:tl.y absorbs heat but t r a n s f e r s  heat fr~m the atmospbe:re by impingement OB. 

.l;he vessel w a l l .  

The iuireacteci sodiinn? not 



'Table 5.71. E f f p c t  oT Absolute H u m i d i t y  on I?r;?ssure 
Tncrnsse i n  tia7 l e r y  MochpaJb 

lini.t,ial I43 ic i m u n  I%ximum 
Oxygen Absoliite Tempzrature 'Yes% W~~xim?l in  'Test Rate of 

Concentra- Him2di-ty Observed ii i  Time Pressure Time Pressure 
t i o n  (grain.s/lb) Gallery ( s e c )  (pig) ( s e c )  Increase 

( v o l  $) ( O F )  (ps i / sec)  

3 33 0.17 
14.5 0.31 Ir/ >3c 

3 <? 950 
80 1075 5 
300 1000 10.5 >J,.gc 5.0 1.3 

4 <? 7 225 3G >4c 2.5 1.9 
21-0 1125 17 ~ 5 >3.5c 1 . 0  4.3 

a 

bThe following pai:anze-i;er-s were held cons tant  : 

From r e f .  75, p. 35, Table VLII. 

sodium terqerature ,  
1_000"F; and driving presscre, 50 psi. 

c Rupture di.sk burst. 

4. Hazards Ca:l.cllll.at ions. Wnen e~~;osiozl-ctl.spersion experimental --_ -.._ 
data, representing the  most severe case f o r  hazayd.s evalua-Li-ons, a r e  ex- 
t rapolated -to an a c t u a l  s i tua t ion ,  an attempt is made t o  achieve optimum 
react ion conditlons i r i  t he  experimental system. Tois combination of con- 
ditions i s  extremely iinlike1.y i n  a reactor  acctdent. However, because of 
the  grea te r  meai? diameLer OS a reactor  vessel, the  effec-Live heat t r a n s f e r  
r a t e  t o  -the wall during the pressure buildup period would be lower. Con- 
sequently, tiie peak pressure would be somewhat higher. Also; t ; i i t t  r a t e  of 
pi-essure f a l l o f f  in a la rge  vessel  would be less because of' tiie smal3.er 
ra'ito of  t h e  surface area ava7.1-able f o r  cooling t o  t o t a l  gas volume. 

When the  accident t o  be consi.dei-ed invol-ves combustion o f  a pool.. of 
sodium, an appropriate burning r a t e  a t  zero t,i:me can be assumed. from t h e  
expertmental data.  IT the oxygen supply i-s l imited,  corduustion can be 
determined, as follosss, until the oxygen. concen~tration 3.s depleted t o  
approximately 4%. Thus 

(5.29) 

ani; 

N ( t)  :: N (0)  - b j. B ( t ' )  d t '  , 
0 

0 2  0 2  
(5.30) 



N O T E S :  

I .  S U a Y E S  I M O I C A T E  W A X I U U M  P O S S I B l E  P E A K  
P R E S S U R E S  A N 3  TEUFEIATUIES B A S E D  OW: 

Fig. 5.4-2, Peak Pressure and 
Ratio. (From ~ e f .  7 8 )  

 dier re b is a conversion fac tor  r e l a t ing  .the t o t a l  aiimunt of sodium burned. 
,420 the amout ;  of oxygen consumed. f f h s t i t u t i m  and di€ferent ia t ion -t;iien 
give 
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5.2 .2 .3  Organic Cool-ants 
_II ......... .- 

Orgaiiic l i q u i d s  used 8.5 coolants  i n  r e a c t o r s  represent  a possible 
combustion and/or explosion hazard; s ince  -Lhe?'.r f l a s h  po in t s  are below khe 
operabling -tempcrati.res f o r  most of these  r eac to r s .  An additri.ona1 hazard 
r e s u l t s  fyom t h e  radiat ion-induced degrada-ti.on of Lhe organic coolant  'LO 

gen, methane, ethane, propane, and similar gases, whi.ch have explosi-ve 
p rope r t i e s .  

1. Liquid FJ . a .mbi l i t y .  M b e ~ i a l s  tha-i have been t e s t e d  arc 
(1) m o n o i s o p r o p y l b i ~ h ~ f ~ ~ P B ) ,  ( 2) Santowax-Ti, (3) biphenyi., ( 4 )  ........... meta- 
terphcnyl., ( 5 )  .___I_ ortho-terpheiiyl ,  and (6 )  a eukct7.c  mix'iu-re of  ( 3 ) ,  ( 4 ) ,  
and (5). 'Two types o f  explora tory  tes ts  w e r e  used t o  estimate combustion 
haza1:ci.s: i g n i t i o n  of macroscopic q u a n t i t i e s  of a mtei-tal i n  an open pan 
t o  s imulate  s torage  a rea  problems and i g n i t i o n  of hot  orgsinic vapor es-  
caping from a high-temperature system t o  s imulate  l eaks  i n  a r eac to r  p ip ing  
sys t em Results from explora tory  experimenLa1 t e s t s  are s w m r i z e d  i n  
Table 5.20. The vapor t e s t s  were coaducted a t  approximately 350°C and 
350 p s i  and ind ica t ed  t h a t  spontaneous self-- i .gni t ion occurred. A more 
complete inves t iga t ion  'OJ " of &n.Lowax-R produced t'ne r e s u l t s  gi-ven i n  
T a l d e  5.21. Tnerrriodyiiarnic and phys ica l  da t a  f o r  -the var ious  organic cool.- 
a n t s  are summarized i n  'Table 5.22. Although hea t  of corn'oustion d a t a  were 
not  a v a i l a b l e  f o r  t hese  collipoUrctd.s, da t a  on similar compounds i n d i c a t e  a 
hea t  r e l e a s e  of about 9.6 kcal/g.  

i s  extremely improbable. 8 2 - 8 4  Access of a i r  t o  t h e  coolant  i s  d i f f i c u l t .  
Under acci.d.eatal cond.ri.tions -Lb.a-t could lead t o  coil tact  between a i r  and 
coolant,  t h e  temperature wou1.d drop too l o w  'CO s u s t a i n  conkmstion of t h e  
coolant,  a commerci-a1 mixture of terphenyls ,  such as Smtowax-il. 

decorflposition of organic coolan'm i s  hydrogen. Resul ts  from a t y p i c a l  rim 
i n  MWa, " a3.ong wi th  f lammabil i ty  p rope r t i e s  of t h e  gases, 86 are inclindzd 
i n  Y'ai3l.e 5. 23. 

The decomposition r a t e  of the organic coolant  i.s a f-uicti-on of t h e  
amount of energy absorbed by t h e  coolant,  whl.ch i n  t u r n  i s  dependent on 
Yne geoitie'try and iiltz.terials of the  core i n  question, t h e  power l e v e l ,  a.nd 
'iiie 1ii.gh-boilerr content  of t he  cool-ant. Ex:perimental- da t a  ind.i.catc t l m t  
tor t h e  Pi ua Om, about 350 f t 3  of decomposition gases  will be prodxced 
per hour. 

3. Hazards Calculat ions.  Sys t , ems  Lhat opera te  wi.th organic c o o l a r t s  
a r e  gencraJ.1.y designed t o  precl.ude 'the occurrence of condi t ions favorable  
'GO explosion o r  combustion. The data  presented here can be used t o  def ine  
such cond.itions. 

Should combusti.on occur, a hea t  release of 9 .6  kcal /g  could be assumed 
as long as condi t ions conducive t o  combustion ex i s t ed .  O f  major importance 
i n  this respec t  a r e  temperature and oxygen siqrpiy. The burning :rate should 
not, exceed. t h a t  of the more r e a d i l y  combustible hydrocarbon f u e l s ,  t h a t  i s ,  
s eve ra l  inches per  horn. 

In  a c t u a l  reac-tor i n s t a l l a t i o n s ,  t h e  combustion of organic coolan.l;s 

2. Decomposition Gases. l%e princi.pa1 gas produced by radio1yi;i.c .......-..- .. 

s3 

5.2.2.4 Hydrogen-Oxygen Reacti.o:n 

'The r e a c t i o n  beiween gaseous liydroggcii and  oxyg:r-n i n  a r e a c t o r  systrri 
p resents  poteni ia l  explosion and cornbustion hazards.  bi t h e r  r eac t ion  would 



Tab.ble 5.20. Orgsiiic F i r e  Cherac te r i s t ics"  

Response t o  
Nme of Organis Test  

E l e c t r l c  Flash 
Spark 3ack 

Torch Type P i a k  Water C02 Powcler Compomd 
( red  ]lot) 

C ormerit s 

%Et 0wax-R Open pa? Good Fai? Feir  No blaze I g n i t e d  when Igni ted  when )To V e r -  hard t o  mel-:; biack snoke 
Clot boi l ing wi-th cLrystals; easy t o  i g n i t e ;  

water c a s e d  %-o%h 

0Fn p a r 1  Goo5 :"air F a i r  Kot t r l e d  I@iixeS jihen Igni ted  -,?hen Yes Melted slsvly; hsrd t o  igai-Le; 
hoot ->oili:% pmder caused a f r o t h  

Open pan Good P s i r  Pair ?io blaze i g n i t e e  wben Igni ted  wher, Yes Hard t o  melt; bard Lo ignite; 
boiling boi l ing  e a s i e s t  t o  coiitrol; c r y s t a l s  

p, V"'-J01* 
hi 

ortho - t e q h e n y l  Open pan Good Poor F a i r  ho Slaze IgrLited vhen IgrliTeS. when Yes Easy t o  inel<:; hard to igaite; 
S o i l i r g  boi l ing  laz j r  f i r e ;  b c a e d  with vra.ter 

- 
i n  pan 

T e r t i a r y  e c t e c t i c  Open p m  Goo6 Poor Fair KO Slaze igcite5 when I g n i t e 5  when Yes Ignlf,ed before boll:=; black, 
hot sooty smoke; easy t o  re igni te  

Good Poor Poor Eo blaze :gaited vhen Ignited -&en No iggxited only when boi l ing ;  hot 
n. 

Monoisopropyloi~henyi Open pan 
b o i l l n g  boi l ing l i r e ;  black, so0 t y  sxoke ; 

on& water wodd eP:in;sish 

m -  ,ei.tiary e u t e c t i c  30-c pressme Gooa Goo& Good Eo blsze Ignited vhen Igni ted  w5en Mo Vapor laden wttk 1iqEiC; ia- 
sktelte r e 8  shel'sered conple t e c onbbus-t ion  ; easily 

extinguished 

Monoisopro3ylbiphexyl EIot p r e s s w e  Good Goo6 Good No blaze Igni-Led every Igni ted  vhen Jo Vei-f dense vapor; wel l  vapor- 
tine aeep i n  ized; e a s i l y  extin@lshed 

vapor 

%ram ref. 79, p. 7, ma>ie 11. 
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Tabie 5.31. Combusticn and Explosion Hazards oi F a n ~ 3 w z x -3~~~ 

Dust explosion 
limits respec t  

Sporitanoous i .@ition 993°F a t  0 p s i  delay timc = I1 Althcugh these values were deter- 
temperature f o r  milied f o r  para-tcr3henj-1, . . . . . .. ._. they 
vapor time = 130 sec a re  ooiisidered appl icable  here  

0.035 c z / f t 3  o f  air, i i r i i i  S imi la r  t o  coal- iii~.st, i n  t h i s  

see;  811°F a t  100 psi delsy 

Vapor temperature 
l.i.mits of fl.arn- 
nEbi.1 j.ty 

375-550°F z i  0 psig Derived from par-i- ,erphenyl da ta  
111 

using vapcr Fressure r-tic: 

P1:immable concen- 0.48-3.7 vol $ These m7.ues a r e  based on da ta  
t r a t io i i  l i m i t s  f o r  f o r  s imi l a r  ccn~poirnris, i. e .  , 
V X p J l -  ratios of 0.53 i 0.03 and 

3.4 ? 0.5  tii?lc; t he  ntoichio- 
metric coiiccrtrationc 

. . . .. .. __ ___. ..._ .. . . . ... . . . ... . .. . ..... . 
R 

F r c m  r e f .  BC, pp. 3-5; re f .  81. 

bA comrxrcial l-y available rflix-tulle of  tzrphenyls;  about 30% par?-terpheriyl, 60s 
mets-te:rphenyl, 10% ortho-terpiienyl, and <I-$ diphenyl. _. . IIc 

CTnne stoichiornetric concentration i s  t h a t  conceetratioii  at wnich, i f  ii r idcn!. 
combusticli o c c w r d ,  d l  the ccnipound wo1i.J.d be oxidized tc COz and H z O  and 211 the 
oxygen i n  t he  air -WOlJld be reac ted  (0.96?i fo r  ,CfifiCowax-Kj. 

add hes t  t o  the  system, whereas addi t iona l  damge f r o m  shock waves and 
missi les  coifid result from a detonation yeaction. 

reactor  by chemical reac Lion and by rad io ly t ic  decompositLon of water. 
Possible chemical reactions involving reactor  mater5.al.s a r e  

1. I n i t i a t i n g  Conditions. Hydrogen can be generated i n  a nucI.ear 
_I .. .- 

U + 2H20 + UO;! 3 2FIz , 
Fe + H20 -+ FeO + Hz , 
C + 2H2O 4 CO? 3- 2H2 . 

These reactions a r e  discussed in inore d e t a i l  i n  Sect,ion 5.2.1, Radiolytic 
decomposition OCCL-s when water i s  exposed -tu i0nizin.g radiatioil.  
reasonable val-ue appears t o  be t h a t  1 rno.l.ecule of hydrogeztl i s  produced 
per 100 ev of energy absorbed. 87 

A 

The ovei-all reacti-on is represented by 



Fct 
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Tabla 5.23. Flarmmbility P rope r t i e s  of Gases fconz t h e  
Xadi ol-yt ic  Decompositiun of Org8nic Coolants 

R e  l a  t ive 
Self  - F?.ammable Flash Volume 

Ign i- fi. ion 
'Tempera tin- e 

Range Point  Produced in 
(vel %) (OF) De c ompos it ion  

Gas 

( %) ("F) 

Hydrcgen 
Me ihane 
Ethane 
Ethylene 
Pcopane 
Propyl me 
Benzene 
Toluene 

1085 
1000 
950 
100'3 
8% 
9 27 
1000 
1026 

4.1-74.. 2 65 
5.3-13.9 10 
3.3-10.6 10 
3.2-34 5 
2. 3-7.3 5 

2 
I,4-8 12 
1.3-7 40 

2. Reaction. The wcact-j_on 

for which 

= -57.8 kcal/g-mole of H20 , &'25" C 

pimcecds as a de f l ag ra t ion  o r  a detonat ion,  depending mi condi t ions.  
f lagr t t t ion  ( which encompasses t h e  range from flarmnability- to explosion)  
is charac te r ized  by subson.ri.c flame propagaLion, t h e  movement of which i s  
governed by heat, and mzss transfer, whereas detonati-on i s  charac te r ized  
by a h ighly  s t a b l e  shock wave propagated a t  a supersonic r a t e .  

t u r e  8 g J  " X y  be summarized. by the following statements  : 

room temperature and 1. atnl pressure for an upmrd propagation of -the f l-me).  

Lure and 1 atm i s  18.3%. 

creased by approximately a f a c t o r  o f  2 ('io -8%). 

LE- 

3. Unsatu.rated Gas f i x t u r e s .  A l s r g e  quan t i ty  of published l i t e r a -  

1. 'lhe lower l i m i t  f o r  f larmmbil i ty  of hydrogen i n  aj.r i s  )+.1$ ( a t  

2. The lower l i m i t  f o r  detonat ion of hydrogen i n  a i r  a t  room tempera- 

3. For downviai-d propagatj-on or the flame, t h e  lower limrit i s  in-  

4. The lower l i m i t  f o r  hydrogen-oxygen mix'iures i s  e s s e n t i a l l y  t h e  
same as t h a t  for hydmgen-sir  mixtures.  

5. JncreasLng t h e  pressure  from 1. t o  200 
t h e  lower E m i t  of flsmma.bi.l-ity. 

6. Lrcreasing i h e  initial. temperature of 
tempcrature -'Lo 500" C decreases  'cht lower 1.i.mit 
The temperature e f f e c t  i s  e s s e n t i a l l y  l i n e a r .  

7. I imiidi ty  has  only a very srr~KL efyect 

atm only s l i g h t l y  increases  

t h e  gas rcrj-xture from room 
by one-third t o  one--half. 

On f lamtmbi l i ty  l i m i t s .  
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8. The ac?.d.<.tion of a d i l u e n t  gas, for example, ca-rbon dioxj.de, nitro- 
gen, or helium, has Little effect9 '  011 the 1-ower 1"lamnabi.lity I . i m i t  of 
hydrogen in the  gas mixture ( s e e  Ffg. 5.4.3a). 'The e f f e c t  of steam i.s 
shown i n  Fig. 5 .L3b ( r e f .  91) .  

F L A M M A B I L I T Y  L I M I T S  
~ - 7 5 '  F - 0 P S I 4  

0 -1-- 3 W J D F  - 0 P S I G  
a-.- 3 0 0 ' F  -100 P S I G  

Fig. 5.43a. TJirni.ts of 3'~1.Lmma3i1- Fig. 5.43'0. Fl.amxability 
i t y  0-f fiydrogeri in A<., and Carlxsn Di- Limits o f  Hydrogen-Air Steam Nix- 
oxide or Nitrogen.  (Fro;;! r e f .  90) I,ures. (From ref. 91.) d- 

4. Faturated. (2112 + 02) -St,eam MZxtires.,. For s o m  reactorsp %or 
exanrple, t h e  aqiieous homogeneous, the  en.viromnental conditions are more 
cl.ose1.y simulated by a saturated -mixture of steam with a gas haTsl.r?g ,a 
stoichiorrietric ratio o f  hydrogen t o  oxygel;. A comprehensive w i s  
performed to ex:3m.i.ne the Teae.tion:; Of 'r;i~.llgas"-ste;im mixt1ures Tor both 
light- axid heavy-mter systems. For expertmental. test cond.i.-tions ( reaxt ior !  
~71bes ranging froin 0.434 to 2.9 in. in di .meter  mid from. '7. 5 t o  14 f t  i n  
leng1;h; sadxrated water vapor a t  100, 200, and. 300°C; and spark, hot-wire, 
and. shock igzzi-tion) , t i e  data ind-ir-ated t h a t  (1) the lower 1 i m r i . t  for x a c -  
t i o n  or knal lgas  w i t 1 1  saturated heavy steam mixtures was 1.9 -I- 2.7 r n c ~ ~ e  >$ 
for -the conditions tes ted,  ( 2 )  reTler3ted d.etmation pressv.:re:; &fling -LIE 
imstab1.e stages o f  detona-Lion were approxiiriately three tri.mcs theoret ,  ic3.1 

- ---____1_1__ 

L 

*Stoichioinetri c mixture of hydrogen and oxygen (2H2 + 02 . 
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refll.ecte6 prcssu-res ca l cu la t ed  f r o m  s t a b l e  detonat ion equations,  and (3)  

w a s  cntimated t o  bc 30 m1.e $. 

tai-men-t i s  considcred i n s i g n i f i c a n t  f o r  xost cases,  
from shock-wtive damage - Ccnscrvative concenLr.at,i on l i m i t s  -for a wide 
range of ccndl t icns  a r e  presented hcri-in. .l.nfol.iila'c;i.oil on o ther  condi ." 
t i o n s  and m o ~ c  zpecifi.c data a-re presented i n  r e f s .  90 a,nd 92, 

t hz  resu3.i;ing pressures could be calculated e i t h e r  on the b a s i s  Lhat t h e  
i-eaction hea-i, r e l e a s e  i s  t h e  only e f f e c t  o r  on the b a s i s  of shock-mve 
e f f e c t s  I Analy-tied techniques f o r  these tal-cula-Lions are presen~ted. i n  
Chapter 6. 'The her-t relkase is obiai-ned from hea t -of - rzsc t ion  d a t a  and 
t o t a l  qiianti-ty of reactants, assuming t h a t  r e a c t a n t  concen-krations remain 
with in  t h e  f l l .amabil i - ty  range + 

lower l i m i l ;  Po-,* detona-Lion o f  kna l lgas  and saturatcil.  s team mixtures 

5. Xazards Calcul.a.i;.ions. Since ihe e f f e c t  or heat r e l e a s e  oil con- 
I ~ 

the hazard r e c u l t s  

- 

If s iLuat?.ons invci-vtng explos 5.ve cone entra-i; ions were iinavoidable, 

5.2.3 (;raphi te-Steam Reacti.ous 

A r eac t ion  'netmen ti;raphite and steam would Pr:i low an ir i ternal rupture  
of a s t e a m  gencraior .  Steam exposure could. occiir a t  e i - ther  the sys-tern 
rrelief pressui:c o r  near the containment system pressure  i f  t h e  steam r e -  
l e a s e  m s  i n  comect-ion wi-Lh a cooJ.ant sys ierfl depressur iza t ion .  The poten- 
-ti.a1. hazard Prim t h e  stesm and graphi te  r e a c t i o n  arj. ses from the generat ion 

g;r-ap;hi.te reacti.oa i s  oi' i'cself endotilermi c, 
o f  po'izntizlL3-y explosive hydroscn and carbon monoxide ( C O )  ; t h e  st, narn- 

5.2.3.1 Rcact ions in a Graphite-Stcam Rnvironment - - I_ 

The g a s i f i c a t i o n  r e a c t i o ?  of tile s o l i d  carbon i s  

C(so1id) + HzO(gas) -4 CO(gas) + Hz(gas) (5.32) 

wi. t h 

'Thus CO has beeii i d e d i f i e d  as t h e  pyin?ary r e a c t i o n  product.  
gas, '' or " sh i f i ,  *' r eac t ion  

'l'he "water- 

CO(gas) -t HzO(gas) COz(gas)  t Hz(gas) (5 .33 )  

can then  proceed in t h e  gas phase, wi th  

AH := -9.9 kcal/g-mole of CO . 



Seconc2a.ry react ions t h a t  a l s o  occur i~. t h e  presence of carbon, Kz, and CO 
are 

C(solid) I- 2Hz(gas) CH&(gas) , (5. 3 4 )  

and 

(5.  35) 

w i t h  

EqiKI-tbriuii conditions l i m i t  the generation of C 0 2  and. CH4 3 s  the tempera- 
t u r e  increases;  hence 112 and.  CO from %y. (T.32)  a r e  predorrrinant above -l.bou-t 
770" c a t  I atm and above nboxL 1000°C a t  100 a t m  t o t a l  pressure. 5 6  

Dynamic rate data have been obtained by several ins-es-ti-gators 93-96 i n  
empximents using flow sys2;cr.m. The temgeratixre range of i n t e r e s t  WAS 

al~ovc 700" C because higher reae'Lion rates for fkel gasi.fication were the  
mli.rr 011 jective of' such si,udics e Hence l i t t l e  inforrmti.cn i s  a~ailable in 
the operating tewperatilrc r~.ng(;c:. of present gas-cooled. reactors. 
carbon stxucture ixed  by these e.xperirnenters varied wid.el.y. For exaq le ,  
Pi icher  and- h i s  co-~orkers~~ u.:;tA electro-graphite ~f vsrying ash content 
(from 0.07 to 0. '75%) ; Jotmstnne arid h-is e o - ~ ~ o r k r ~ s ~ ~ '  ad. Blackdood. and 
McG.raryg6 used coconut eliarcoal (a poroi~s indusLrial graphi-Le) . 
general obse-t--oxtioms of the ef fec ts  of va,r.ious reaction cxmditions at 
temperatures above 700" C : 

I-. HJnTrogen pressure but1.du.p r e t a r d s  the g?sifica 'cion react ion 
by chemiso:qti.on on t h e  active ca.rloon sites. 

2.  'file " sh i f t "  reaction, Fy. (5.33), reaches equilibr.ium rapidly.  94 
3. The react ton r a t e  order, or  dependence on 1320 presswe, varies 

from 0 to 1 depencii.ng on the  type of graphite and reaction cond.i'clons. 
4. Reaction rates of graphi-te with 1520, as w i t h  oxygen, increase 

with impuri t ies  and buxn-offg 
t i on ,  93 which contro3.s t he  grab s i z e  and or ien ta t ion .  

The thermal reac t ion  r a t e  of graphi.l;e and steam i s  generally of the 
ss,me o:eder of mi?yitude as f o r  graphite mid. C02. 
graphi-te-COZ reaction rates at .i;otal_ pressures below several atnospheres 
have the form 

The 

Stesm-graphite reaction raLe i.nvesti.ga-tions have yTe3.ded t h e  fo1lo.wing 

5 6  

56 

arid decrease w i - L h  the degree o f  gra.phi'cf.za- 

Graphtte-steam arid. 
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(5.36) 

where R i s  ’the r a t i o  of t h e  grarns of car’xm reac t ing  per  hour t o  t h e  i o t a l  
grarns o f  carbon and p1i2o artd. p ~ ?  a r e  t h e  p a r t i a l  pressurec i.i? atmospheres 
of steam and hydrogen, respect iGely.  The temperature dependen-t const>ants,  
k l ,  k2, and. k3, a r e  Inter3reted-  as follows: kl, yeact ion rate per  aj-mo- 
spheres ol” 1120, depends J-argely on t h z  r a t e  of adsorpt ion of T.!zo on the  
carbon sur face ;  k2; a-tinospheres o f  I i z - ” ,  i s  -$le adsor..i?i;ion-desorp-ii.on 
equil-ibrium constani; for H2 on the carbon sur face ;  k3, atmospheres of l€~o‘-’., 
depends primarrily on t h e  r a t e  o f  reac’iion between adsorbed I f 2 0  and carbon 
and t h e  value of kl. Hates ftir to t a l .  p ressures  u.p to 50 a t m  were corrz-  
1-ated by B J . a c k ~ ~ o d  and. P I ~ G r a r y ~ ~  by the  expression 

(5.37) 

Avai lable  r a t e  v-al.ues for zero hydrogen pressure  a r e  s h o m  i n  FTg. 5 . U - -  

obiai.ned t o  any s i g n i f i c a n t  degree. 
form ionized and excri-ted spec ies  of carbon, hydrogen, and oxygen. The 
g a m - r a d i a t i o n  e f f e c t  is no i  expected57 t o  be  s ignif i -cant  a’aove 500 Lo 
600°C because of  t he  much higher  a c t i v a t i o n  energy ol” t h e  thrrmal  r eac t ion .  

Reacti-on rate:: of g raph i t e  and s-tearn 5.n gamma radj.a-t?_on have not  been 
G a m  r a d i a t i o n  wou.?.d be expected t o  

5.2 3.3 Hazards CaJ-culat ions 

Hydrogen generat lon r a t e s  fyrorn reactor core graph i t e  i n  contact  w i - t h  
stcam. could be cal.culated iisi.ng a t r a n s i e n t  ’ienperature ca l cu la t ion ,  such 
a s  discussed i n  Sect ion 5.2.2.1 f o r  nh i t e -a i r  ox ida t ion .  Tlne aim of 
such a calculati .on would be t o  determine t h e  r a t e  of hydrogen concentra- 
t i o n  increase  withi.n t h e  primary coolant system, and subsequently t o  de- 
termine whether flammable hydrogen concentrat ions could e x i s t  5.n t h e  p r i -  
mary coolant system before  r e l e a s e  o r  i n  t h e  containment system a f t e r  r e -  
l e a s e .  
cool.i.ng ilie graphi-be t o  teripevatums where t h e  reac-tlioii r a t e  i s  insri-gnifi- 
cajnt o r  ( 2 )  blanket ing t h e  g raph i t e  sur faces  wi.tii an i n e r t  g a s .  

moles of H2 :per  mole of carbon r eac t ed  and no reduct ion  i n  t h e  r e a c t i o n  
r a t e  from hydrogen pressure  ’ouildup as t h e  reac- t ion proceeds.  However, 
l a c k  of r eac t ion  r a t e  and r eac t ion  depth da t a  f o r  nuclear  g raph i t e  below 
700°C makes ca l cu la t ions  based. on high- tempera’cure d a t a  very conjcc’curpal- 
a-nd possib1.y unduly conservat ive.  
r e s c t i o n  rabes (weight o f  cai;bon g a s i f i e d  per  unit sur face  a rea  per u n i t  
of t ime)  i n  an isothermal  flow sys’Gem are rccolwnended f o r  t h e  type of 
graphi te ,  geometry, and flow condi.tri.ons of i n t e r e s t  i n  a par.ticul-ar reac-toj- 
system. Such an experiaierita,l appyoach should i n v e s t i g a t e  t h e  e f f e c t s  of 
temperature, pressure,  and oxida.tri.on burn-off o r  exposixre. If’ required,  
exposure of srm,Ll graphi. te samples t o  steam i n  a gamma r a d i a t i o n  f i e l d  

1-Iyd.rogen generat ion could. be e s s e n t i a l l y  limi-ted by e i t h e r  (1) 

Conservative hydrogen generat ion ca l cu la t ions  r e s u l t  from assuming 2 

Therefore deterriiinations of t h e  surface 



Fig. 5 .44. CompLLation of Iiate Data on -the Cadxm-Xteam Reaction. 

could be used t o  de.terll-line .f;he terflperature o r  react ion r a t e  a,t whj.ch the  
rad ia t ion  e f f e c t  becomes sigfiificanl;. 

the  EGCR i n  a superhea-Led steam recircul.ating, t e s t  The inner 
surface of  a, 1 - in .  - thick,  3-in. - I D ,  29-in. - long graphi te  sleevo was cx- 
posed to f l m i i i g  stearri (Iieynold's Nos. of -2000 .Lo 4000) a t  pressures 
fmm 50 t o  300 psig.  Reactfon products weye 'Ql.ed of f  an.d anal-yzed con- 
tinuously f o r  CO, CC;?, H2, and C H 4 .  Test, runs were made with the Speer 
901-RJX sleeve gra.phite and the National Carbon Co. nuclear grade-2 mod- 
e r a t  o:r -b lo  ck gn-aphi t e ; the s t srinle s s steel.- c.1 ad fuel. element, bundle W B S  

a l s o  included wi i ;h  a Speer-t;ype grxphite sleeve S u r f a x e  react ion r a t e s  
were csl.culated on the  basis of the  CO, CQ2, and CHr, generation r a t e s  
ant? t h e  ?.mer sleeve sixTsce area exposed t o  steam. Figuye  5.45 S ~ O W S  

surfsce react ion r a t e s  f o r  the Spew graphite sleeve with the f u d  e le-  
ment present in. the sleeve. Reaction rates f o r  t h e  modemtor-block. 
gra.phi.te fel.1.. withi.n t'ne 1. t o  30% burn-off range shown fin Fig.  5.45; 
steam f l o w  r a t e  and pressure were observed to have a sr~J.1 e f f ec t  GI? the 
reac1;ion r a t e  con~~nred .  with the  bu-rn-off e f f e c t .  

Surface react ion r a t e  data, were obta,ri.ncd f o r  the graphite used i n  
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5.3 11 Fission Energy 
I__ 

Energy produced by nucl-ear fi-ssion appea.rs as (7 - )  kineb-ic energy of  
f i s s i o n  prodi~ci;s, (2) kinetic ent?r"gy of neutrons, (3) iostantrl;leous garfrm. 
rays, ( A )  gama, rays from fi.ssj.on. products, (5) beta, pa r t i c1 . e~  from f is-  
s ion products, a x d  (6) neutrinos. 
local-ized c lose  t o  the  place where t h e  - f iss ion occurred.; energy from (2), 
(31, and ( 4 )  i s  spread over EL large region. 
measinm'ole quantif;ri.es of heat. Add%tFona,L 1iea.t. l i s  generated by pairasit ic 
captui-e c f  f i s s i o n  neutrons, with r e s u l t i n g  ga,mm,-rag emisston (capture 
gamms). For slow-neutron fission of IJ" , the t;o.tal generated 

The heat generated by (1) m d  ( 5 )  ri.s 

Neutrinos do no{; generate 

3 3 5L> 

a Table 5.24. Distribv.tion of  Fiss ion Energy 

-- I_ ._-..I_ 

Energy (Mev/jTi ssi.on) 

lnstantaneous Delayed Total 
source 

Localized re lease  of 'n.ea.t 

Kinetic energy of fission 165 ? 5 
fragment s 

Beta parti .cles f:eom fi .ssion 7 + 1  
pr odux 'L s 

Spread. out, i n  space 

Ins tan- t mi e ous gamma, rad ia t  i on 5 * 1. 
Gamma ra.ys from f is s ton prodnicts 6-1-1 
Kinetic energy of neutrons 5 -1- 0.5 

Tota l  from fission (direct) 1.91 k 6 

Neutrri-nos (do not generate heat )  -10 

Capture gama radi.at ion ( j.ncludi.ng 5 L 2  1 + 1  

Total f o r  hea,t genera,tion -200 

d.e c ay o 9 daughter" s ) 

.-I_ c 

a 
From r e f .  98. 
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Table 5.25. Ifeat Generate4 by E'issi.onable 
Mater ia l  

Conversion 
Factors  

Heat Generated per  
G r a m  of Fissionab1.e 
Mate-ri.al Consumed" 

I . . ~ o  x J - o - ~  zrgs/rrlzv 8.2 x ergs 
3.83 x 10-3 cal/MPv 2.0 x 10" ea1 
1.52 X 10"'' Btu/Mev 
L .45 X 1 " kwhr/Mev 2.3 x 104 kwhr 

7.8 X l.07 Btu 

a 
Because o f  bile srna!.l. v a r i a t i o n  i n  mol_ecu- 

j..ar weights, t1ii.s app l i e s  e q u a ~ y  t o  u ~ ~ ~ ,  
$ 3 5 ,  and pi1"'9* 

X Ef X C = beat  generated per  gram o f  ma te r i a l  , M 

where 

A = Avogadro's nunber, 6.02 x lo2  
M = mol-ecular weight of f i s s i o n a b l e  rmtprial ,  g/molc, 

C = conversion f a c l o r .  

mol ecules  pe r  gram-mole of mater ia l ,  

Ef = t o t a l  energy r e l eased  f o r  hea t  generat ion,  200 Mev pe r  f i s s i o n ,  

5 .3 .2  Power Fxcurs ions 

5.3.2.1 In t roduct ion  --.. 

If sufficIen-t  excess r e a c t i v i t y  were ad.d_ed t o  a r e a c t o r  over a very 
s'nort tirne, a r a p i d  power r i s e  could resu1.t t h a t  could des t roy  t h e  reac-Lor 
core with explosive violence.  For such a ca t a s t roph ic  occurrence, r e a c t o r  
per iods i n  tile microseconds to mill iseconds range a r e  necessary,  and t h e  
appl icable  k i n e t i c s  equatj-ons a r e  those t h a t  Slescrri-be the  superprompt 
c - r i t i ~ c a l  condiLion."OO In general ,  reacLors have such extensive conLrol 
system and i:nhercni; shutdown mechanisms t h a t  ca t a s t roph lc  excursions a r e  
extremely remote and, therefore ,  do not represent  a c red ib l e  acc ident .  
O f  p a r t i c u l a r  note i s  t he  I.lmiLa'iion on t h e  s i z e  of poss ib l e  acci.den-ts 
a r i s i n g  from natural. c o n s t m i n t s  on achicmb1.e a.ssemb1.y- r a t e s  of reac- 
t i v i t y  components. Although r e a c t o r s  'nave considerable  excess r e a c t i v i t y ,  
pos tu l a t ion  of  a credib1.e mcans of f n s e r t i n g  t h i s  r e a c - i i v i t y  simultaneously 
and instantaneous1.y i s  qu3.te d i f f i - c u l t  . 

Heactor runaways a r e  terrxiinated e i t h e r  by bui.l.dup o f  s u f f i c i e n t  nega- 
t i v e  r e a c t i v i t y  i n  t h e  core  (self-shutdown mechanfsxns) or by disassembly 
(d.estruct ion)  of t h e  core .  Se l f  -shutdown mechanisms tha t  exh ib i t  s ign i - f i -  
cant  negat ive r e a c t i v i t y  e f f e c t s  i n  r e a c t o r s  a r e  charac te r ized  by- t h e  fo1.- 
lowing c o e f f i c i e n t s :  
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1. Temperature coef f ic ien t ,  which rt?si-ilts fr.om m t e r i a l  expansion 
with increaslng temperature and cam r e f e r  t o  fuel ,  modera-tor, 
o r  other core materials .  

core  a s  t h e  r e su l t  of liquid boi l ing  o r  rad io ly t ic  gas formation. 

ahsorption cross sect ton lin U238 (and othe-rs, such as 'Th232) with 
increased temperatinre. 

2 .  Void coefficient,  which resul-ts frortr formation of  voids i n  Lhe 

3 .  Doppler coefficienk, which r e s u l t s  f ~ o m  a n  increased. neutr*on 

O f  pa?:t,icul.ar i n t e r e s t  i s  the t i r n r ?  behavior of these shutd.oim mecha- 
riisrns ; those i n  which the p1iysica.l phenomena require  r e l a t i v e l y  long tinres 
(grea te r  than mill iseconds) t o  become ef fec t ive  a r e  of l e s s e r  irrpoi-taiic:e. 

t h e  t,i.me period of microseconds +;(:I rr&l_liseconds, coolant Plow, chmn.el.. 
pressure drop, and thermal. expansion o f  Lhe coolamt are of  minor impor- 
ta;nce, whereas g a r m  and fast-nei~.tl'on heating, Ynerrml expmsion of the  
x%el, microhubbl.e formation, and Doppler broa,d.ening B.?X t ine ii!po:rtant 
physical mechaxisms . T'nus, those mechanisms that d i r e c t l y  coupl(:? R spe- 
c i f i c  neutronic e f f e c t  w i t h  heating of t he  fuel. by absorption o f  f i s s i o n  
energy &re t r u l y  prompt and may be iiirxe iniporttm.t than anori~~ll.y larger. 
e f f e c t s  that; have delays. In t h i s  I-mnner the Doppler e f f e c t  c8i1 be %%le 
niost important shutdown iirechnisin i n  a, reactor  (one which c o n t a b s  re1.a- 
-Lively la rge  amounts of IT"'), even 'Llio~gh the Doppler. coef f ic ien t  i s  
genera3.1-y an order of magnitude s n i a l l ~  than t h e  overa.1-J.. steady- state 
tenlperature coeffic5ent 

An ideal shutdown Iiiecshanism w i n l .  d. be one tha , t  wou1.d be s m a l l  for 
very l.ong reactor. periods arid prompt and. s t rongly nega.ti.ve f o r  short  
reac tor  period:; I) 
necessaq- t o  br ing  the  system t o  opertxLFng power be ~ e r y  l o w ,  and the  
second i s  protect ion against  l a rge  excursions e I n  a,c.tua,l si.Lm,ktons, 
however, rmny mechanism normally of iniportanee exhibi'c s izea21l.e nega,tive 
coeffricients frjr long sesctorr periocls but  a h o  have inhcrent clel.ay-s that 
reduce t h e i r  effect iveness  fisr s1ior.L period-s 

Prediction of t h e  excwbsioizs i n  ex is t ing  reactors. 01' those 2.n -the 
design s t a g e  generally consis ts  o f  sett i-ng u:p the  a.nal.yiica1.. equat5.ons 
applicalb1.e f o r  specif5.c accident conditioris and solvliiig them on a com- 
piuter This method, of c o u ~ s e ,  d.efies genersliza.tri.on and. nnnst, be e~m1.11.- 
abed f o r  each ind.ividiia.2- s i t u a t i o n ,  A descr ipt ion csf ~n event of t h i s  
type e8.11 be eriormou-sly eonqlicated, involving iiitinB-te d -e t a i l s  of t h e  
design, cons-t;ru.ct ion, and operation of  m.echanlca% :mid- ri.ns-ti*~-~~nt,atLon 
components of  l;he system, as wel.1 as requiring i.nfomiation on the physical 
propert,ies of the  roaterials of the system and on .Lhe fac-tors c?imgifig the  
neutronic properties of t h e  system. 'J%e @?eat va.-ri.ety of  r e a c t h g  systems 
adds to the eompl.exity of the overa l l  pro'blem. A l s o ,  t hese  calccila.l;ionzs 
merely indicate  the existence of dangr-rous condi.t-io:ns r z ~ d  d.o not  predict  
energy releases T'nus the numerical ana lyses  o f  catastrophic  sj.-tiutions 
a re  reliab1.e only t o  an order of xna.gmitude because oI" the present c r~c ie  
xiderstxnding OS the important pliysj.cal. mechanism? I) 

Tb,e transient calculat ions of therrml. and f a s t  reactors,  while simi- 
lay i n  many respects,  d i f f e r  si.iff"iic:ienZ;Lg i n  the  f'ast-biwst range that, 
they are &iscussed separately in t h e  following sections, which were takel: 
n r  j-rmrj.].~ from papers by Nyer and Okyent, respecti.vc:tly .) 
serlted- here  is not a. comple-Le d%scussitsn or revj.t?w of" kht? slabj@ct, ma-bker, 
rirraslmch as the present s t a t e  o f  knowledge i s  not adequate t o  a~oid tthz 

'%?he f i r s t  requirenicnt i s  t h a t  the reacti.vj.ty addition 

'i%C2 rmter ia l  pre- 
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si*.- ily 1 i fy ing g en e - a  I i z a L i ons t ha 'i s o f r e q ile r it ly c ha r a c i; e 1- i. z e haz a r c3 s c a I - 
cul-ations . However, r,n e f f o r t  i.s made t o  incl.ude enough infor:wAtion 'GO 
c l a r i f y  the bas i c  phys ica l  i-;rocessec inucl.ved ani: t o  o u t l i n e  t h e  analy- 
t i ca l .  techniques t h a t  iiiay someday he developed t o  -thz poi.nt where they  
alone may accura- te l~y character<-ze t h e  iiuclear energy i n  an  i~ne iden t  . 
Unt-i.1. such time, however, t h e  'oasis f o r  making such analyses  for hazards 
ca l cu la t ions  m u s t  a l h o  he given. 

5.3.2.2 Mucler,r ?xcursi.on Models" __ 

Despite t h e  complexity and d.iversi-ty of reactors, it has been observed 
t h a t  c e r t a i n  regul.ari ' i ies a r e  exhi.bi.ted by t h e  da ta  obtained i n  r e a c t o r  ex--. 
curs ion exgefiments. Furthermore, many sim?-l.arikies can be noted. between 
the  observed fe~ tu :ces  o f  these excursions and t h e  r e d i c t i o i x  of var ious 
sin1pJ.e ma'Lhermtica1 modelh f o r  r e a c t o r  excursi-ons . ' f ie  bases  on which 
these  models have 'men postill-ated vary- from s i t u a t i o n  t o  si-tuatioii .  I n  
some cases,  i.t  i s  possible t o  der ive  a -model from a. fundancntal  represen-  
t a t i o n  of a r e a c t o r  sys-iem and Uiereby obt3,i.n a desc r ip t ion  of  excursion 
behavior app-oaching t h e  f u l l  de t a i l  out]-ined i n  'ihe f irs'c paragraph, Tn 
other  cases,  the modzl serves  as a coiivenient means of breaking t,be com- 
p l e t e  pi*o'blem in-io p a r t s  that can be a.1;tacked ind iv idua l ly .  For example, 
a d.etaila3 calcu. la t ion can be made i n  t h e  p a r t  of ths problem dea l ing  wi.th 
e i t h e r  the temperature coefficien-L o r  t h e  Doppler c o e f f i c i e n t ;  and. t h i s ,  i f  
i-educible t o  a convenient anal.yti-ca1 form, may then  be coilibi-ned wi th  a 
model In many cases, the  d i f f i c u l t ,  t a s k  of cornputling excursion behavior 
d i r e c  Lly from de-taliled cons idera t ions  may be cupplemen-Led, or i n  some i n -  
s-Lances supplaated,  by the  use of an approp-riate qual. i t a t i v e  descr ip t ion .  
The models may- r.a.nge then  From being pedagogical devices  or handy means of 
cor re lk t ing  experimental. da t a  i o  t h e o r i e s  of r e a c t o r  excursion behavior.  

The experimental situ-Lions to be descr ibed can, without any s i  g n i f i -  
cant  l o s s  of general-i ty,  be 1.rimited ts the 'civ'o s i t u a t i o n s  shown schermti.- 
cal.ly i n  Fi.g. 5.46 f o r  vcry fast bursts.  Tn the fi.rst case (upper par t  
o f  F ig .  5.A6) ,  i t  i s  assuned 'illat t h e  excu.rsi.on i s  i u i t i a b e d  by e f f e c t i v e l y  
adding react ivr i ty  t o  t h e  r eac to r  instan'iaiieousl-y, -t;hat i s ,  as a react ivi ' iy  
"s tep ."  
i n f t i a l  r e a c t i v i t y  s t a t e  as delayed. c r i t i ca l . .  I n  a shoi-t time the r eac to r  
pow-er begins t o  r i s e  exponent ia l ly  with a constant per iod .  Ultiiila.te?.y, 
t h e  energy r e l ease  yroduces e f f e c t s  that begin to caiise a decrease i n  re- 
a c t t v i t y .  As t hese  r e a c t i v i t y  l o s s e s  continue, t h e  power passes  through 
a mxhim and, on a Lypical~ fa.s-1; tr%jxsien'i;, decreases t o  a l o w  value.  
Although t h i s  i dea l i zed  repyesen-tation p resen t s  Lhe essentia.1.. charac te r  
o f  a p m e r  excursion, ai1 a c t u a l  excursion m y  be rich i n  d e t a i l ,  w i th  
m n y  o-ther d i s - t i nc t ive  f e a t i r e s  being possi.blc (see,  f o r  example, Lhe 
f ea tu res  pointed OU'G i n  a d iscuss ion  by Homing and C ~ r ' o e n ' ~ ~ ) .  

'The ].owe? p a r t  of t h e  f igure  shows t h e  behavior, on a l i n e a r  p l o t ,  
o f  t h e  logariLhinic der ivat i .ve of the power (the r e c i p r o c a l  per iod) ,  which 
-is defined as t h e  quan t i ty  a. It i s  only imder speci.al. condi t ions Lhat 
a, which i s  s,n observah1.e f e a t u r e  of major importance, can he read.iI.y 
ident i - f izd  with t h e  sy-stem r e a c t i v i t y .  It w i l l  be  assumed. throuzlmut t h i s  
d i scuss ion  t h a t  these condritfons a r c  s a k i s f i e d  so  t h a t  e i - ther  t he  computa- 
t i o n  of  r e a c t i v i t  from a or 'ihe i d e n t i f i c a t i o n  of  a d.ri.rectly with t h e  
prompt r eac t iv - i ty  may be made.. 

The i n i t i a l  reac'io-c- power i s  usua l ly  taken to be  l o w  and -the 

Y O  5 
. . . . 

-X-This secti.on was condensed f rom a comprehensive suumlai-y by W. E. Nyer 
e n t i t l e d  MatheEa-tT-cal Models of Fas t  Transients ;  see Chap. 7, Vol, I, 
ref. 103. 
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F3.g. 5.46 Power arid React ivl ty  Behavior Dwing Rear2.m- Excursions. 

The second form of power burst, a l so  shown i n  Fig. 5.46, i s  tlisl; i n  
which the r e a c t i v i t y  is introd.uced l i n e a r l y  wit'n time l-~ulder i n i t i a l .  con- 
diti.on.8 assumed -to be t h e  smie as for- t h e  step case e T h i s  l i n e a r  o r  
" r m p 9  a d d i t i o n  o f  rea,cti tr i  ty, shown as the curve labeled ramp on the 
lower par% of the fFgure, corresp0nd.s t o  the g:eaduall.y decreasing period- 
f o r  the power r i s e  ri.ndi@a;ted on -t;he raqp power curve (i.q)per par t  of f i g -  
ure) .  1x1. the nexi; stage of -the excursion, the energy release brrings into 
ef fec t ,  t o  a significant degree, the mechanism.; t h a t  tend t o  decrease the  
r e a c t i v i t y .  
i s  equal -to t he  rake of  inser t lon,  t he  r e a c t m  period has t t s  m i n i m u x i  
valu.~:, t h a t  is, a l.s rmxrimwn. From th is  point  on, the deveLopment, and 
fi.na1. quenching of  the b w s t  is e~sentia~1.l.y the sane as f o r  a s t e p  t r ans i -  
ent i n  which the i n i t i a l  period is equal. t o  the minirmm- period f o r  t h e  

IiP~en the r a t e  of r e a c t t v i t y  lo s s  r lses t o  the point Yht ,  it 

%ax@ t e s t .  
In both these CBR.?S t h e  r e a c t i v i t y  functions, (2, are marked by l;r,fo 

features e There is, in i t ia l l .y ,  negl5.gi'ol e depsrt~m-re o f  the r e a c t i v i t y  
f?-.om the input s tep  or rampe 'u'riis i s  followed by a very rap3.d cl.eparture, 
which almost abr1n;ui;ly decreases ,the r e a c t i v i t y  t o  zsro :[!he difference 
between the s t e p  or raxfp-lnserted i-eacti.vity and the instantaneous re:x- 
t ivi ty-  a t  any L h i c ~  i s  caI..l_ec:l. the compensated r e a c t i v i t y .  
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Al’~iiou.gh the physical fac tor  of prima-cy importance i n  such a bilrs’c 
i s  ‘ihe time h is tory  of the energy release,  f i -om both the ana!-ytical and 
experimental. points of vi.ew i-i i s  oftcil  more conveniziit t o  descri-be a 
burs t  i n  Lemis o f  i t s  power h is tory  or  other selected burs t  parameters. 
‘The la’titer can be sjliiply the  bixrs-t; width tak.eP, at, some f r a c t i o n  of ’tihe 
peak power, the energy release a t  some p a r t i c u l a r  ti.re, such as the  power 
peak; Lhe time i n  periods t o  the peak, o r  some combination - thereof .  ‘i‘hese 
fac-tors a r e  not a l l  or fundamental signiSicance but are merely convenient 
.ways of d.escribing the shape of the  burst .  In any case3 whichever fac-1x)x-s 
a re  selected t o  characterize R burs-t, tt then becomes important t o  de- 
sc r ibe  the way In  which they depend upon the reac’ii.vity inser t ion  and. upon 
the  form of  t h e  re2.ationshi.p ’octween the power h i s tory  and the i.n.duced 
react i -vi ty  z f fec  ts. The 1-atter, of course, are determined by the  i n t r i n s i c  
properLies O F  t h e  reactor .  

the sirtipl-est, and i~t was the f irst  employed. This i s  thc l i n e a r  energy 
rmdel, which has had various names associated with it (predominan-L1.y 
Fuchs,”’” Hansen,lo5 and Nordheirii106). This model m y  be regarded as a 
l imi t ing  fo.rm f o r  many real s i tua t ions ,  and because ii; is  the s tar t i -ng 
poini; f o r  other siiiiilar approaches, it w i l l  he descri.bed bri..e.i“ly. ln t h i s  
model, 

One of Lhe -most use fu l  models t h a t  permits su.ch a descr ipt ion i.s also 

(5.38) 

where $ represents reac i;iii- power re‘sou~ce uni.ts. 

ze ro  del.ay model,107 (2)  th,e long de1a.y rnod?l, 
  nod el-^^^ (zero &lax with positive reac- t iv i ty  coef f ic ien ts ) ,  2nd ( 4 )  sev- 
era1  Doppler iilodels l”dll i.n which the Doppler coeyfici-ent of react ivi- ly  
i s  a d i f f e r e n t  function 01 the  absolu%e tempi-atui-e. None of -these models 
w i l l  be described in d e t a i l  here, s ince they a r e  beyond ‘ihe scope of t h i s  
report. An excellent sumnary of this work i s  contained i n  the review by 
Nyer (c;hap. 7 of r e f .  112) frcom w-hich the  following discussions of burs t  
shapes and comparison of  models and data w r e  taken. 

The several. nonlinear mode2.s t h a t  have been developed inelude (1.) the 
(3) the quadratic 1.07,10 8 

5.3.2.3 Thermal Surst S”oaDe FroDerties 

It is often useLYu1 in t h e  consideration of  burs t  be2iavri.or t o  uti.li.ze 
the  burs t  shapo, p a r t i c u l a r l y  i f  i t  can be represented in a simple, closed 
f o r m  amenab1.e t o  mani.pii.lations i n  hand calculat ions.  In  -i;‘nis section, t w o  
such simple sppi-oxinla be forms are describedL08,113j 
of  the  sys.term-ti.cs of burs t s  a o t  previously discussed, A parameter t o  
which p a r t i c u l a r  a t t e n t i o n  i s  paid i s  the  negatri.ve i-eac-tivity generated i n  
the  burs t .  

t o  i l l u s t r a t e  scme 

‘innis has f-eequent1.y been cal.l.ed the “compensated reac t iv i ty ,  

Values of kc (peak) calculated for a var ie ty  of postu.1-ated b i n s t  
shapes have been compared with the val.ues obtained by machine ca1c:ul~ations 
usi-ng expe-rlrnental power data  and the  neutron kineti-cs eq‘m.ti.ons. From 

kc * 
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these comparisons, several conclusions are evident. Fi.rst, for approximate 
analyses the  values obtained f o r  kc (peak) using approximctions fo r  the 
busst  shape are often su f f i c i en t ly  accurate t o  j u s t i f y  t h e  use of t h i s  more 
conven3.ent means i n  preference t o  laborious imchine calculations.  Second, 
i n  some cases, ans ly t i ca l  forms for %he burst shape can be fi-t -Lo the  ex- 
perhenta l .  burs t  shapes su f r j c i en t ly  w e l l  t o  be useful i n  calculat ions of 
other quant i t ies  of i n t e r e s t  dur-ing a transient,  such as terqierature 
d.istribu-Lions heat t ransfer ,  e tc .  (see, for example, the analysis  of the 
SL-1 ace iden t i l ” ) .  
of t he  feedback function, Howewr, b u r s t  shape ana.l.ysis alone does not 
provide t,he required. information as t o  the  form. of the eqiiatton coupling 
power history with r e a c t i v i t y  . 

1. The Clipped Exponentital. Burst Shape Approxlmtion. Tfle cli;Oped 
exponen-Lial burst  skiape approximation may be used t o  approximate a power 
bwst  up to the  time OS? peak power. 
logaritlvn of the reactor  power is  plotted as a function of t i m e ,  v i t h  the  
t i m e  of peak power taken as zero. An actus1 round-topped power burs t  i s  
represented by the broken-line with peak power $( 0 ) .  The i n i t i a l  exponen- 
t i a l  r i s e  of the acti-ial burs t  is shown extended t o  th? time of peak power, 
where it has the value d X ( O )  e The solici curve made up of 3he extension of 
the i n i t i a l  exponentfa1 r i s e  and. t he  constant portion of nl ;qpi tud.e  4(0) i s  
the  clipped exponential approxirmtion. A t  t‘ne break i n  th.e curve, the 
first der-iva,tive of .the power cbanges i n  a d.i.scontinuous fashion t o  zero. 

Thus, t h i s  approach ray provide clues as -bo the  nature 

On the dlugram shown i n  Fig. 5.47 the  

I 
B U R S T  SHAPE 

0 TIM€-----* 

Fig.  5.47. Clipped Ekponential. Bu-rst  Shape Approxirfition. 



5.96 

Y%e dura t ion  o f  t h e  d i p p e d  po r t ion  i s  seen t o  be In r/ao, where r i s  de- 
f ined  as 

(5.39) 

Broad, ?la-t-topped b u r s t s  w i l  I. resid-% i n  I.arge :e and long-durat ion cl ipped 
por t ions ,  whereas siiarp b u r s t s  w l l l  have smJ.1. r sild. shor t -dura t ion  cl.lpped 
por t ions .  Thus r can be usad as a burs-L--shape parameter. 'The l i m i t i n g  
form f o r  very shor t  b u r s t s  i s  simply an  exponzn-Lial with a v e r t i c a l  back 
sl.de. 

The c l ipped  exponent ia l  b u r s t  shape wj-11, of C O U Y S ~ ,  n w s r  desc r ib r  
exac t ly  an experimental  burs-L shape. Howcvej:, i f  it i s  matched t o  an ex- 
perri.mental. b u r s t ,  as shosqil j n  Fig. 5.47, it w i l l  always be an. overestimate 
of t h e  energ7- t o  t h e  time cf peak power; and s ince  t h e  r e a c t i v i t y  compen- 
sa ted  a t  the  t j i m e  of peak power i s  dependeni; on bur& shape, t h e  clipped. 
exponent ia l  will always provide a n  upper l i m i t  Tor t h e  value of kc (peak) .  

represents  t h e  e n t i r e  b u r s t  e m  be made us i ag  a s e r i e s  of exponent ia ls ,  as 
Corben and Forbes have done. 'The two-term model OP Forbes l l4  i s  descr ibed 
below. %I t h i s  model it i s  assumed t h a t  t h e  power b u r s t  can be represen-ted 

T'nis wi1.I be c a l l e d  an  "exponential  sawtooth. " 

2. The 'Pwo-Terrn Burst Appi'oxtmation. A b e t t e r  approximation t h a t  . . ~ . _  

by 

( 5.40) 

where a, b, and c a r e  p o s i t i v e  constan-ts t o  be d.etcrini.ned s o  t h a t  $(T) sat- 
isfies thi-ee condi t ions  : 
t o t i c  power r i s e ;  ( 2 )  $(T1) must have t h e  proper value a t  the  peak ( T  ::: 0 ) ;  
and. (3) $(T) must have a z e m  time de r iva t tve  a-i t'ne power peak, A s  s b o m  
i n  F3.g. 5.48? t h e  two-term b u r s t  shape wi.11 be a round-topped. b u s t  and r 
can be def ined as i n  Eq. (5.39).  

Applying co-nd-itioii (1) t o  Eq-. (5 .L .O) ,  ii; follows t h a t  f o r  l a r g e  nega- 
tive vxlues of T the second term 3-n Eq. (5.40) -my be assumed to be neg- 
l i e i . b l e ,  that is, for T << 0, t h e  power i s  ?5sing exponentia1l.y as 
$(o) a eaoT. ~ l s o  

(1.) Q(T) must eoincidz with t h e  i n i t i a l .  asymp- 

f rom which it foJ.J.ows iliat a = r. n o m  t'ne second condi t ion,  a t  t h e  time 
of  peak power T .- 0 and $(T) = $(O), thus  

and b = r - 1. 
d$/dt, eq1m.I. t o  zero, 

?y 2pplying the third.  condi t ion  to Eq. (5.40) and s e t t i n g  
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a,T - - d-4 = 0 = qqo) cxo (1 - 1) c e 
dt 

f r om whi c h 

r c = 
r - 1 .  

,Substi-hit,ing the above re la t ions  into Eg. (5.40) y i e l d s  

(5.41) 

Tne two-tern burst shape is f a i ~ l y  res t r ic ted  in i t s  application f o r  
matelring expxi.mnezil;al biu-s'c. shapes . As an illustrntion, the  .limri.tj.ng burst 
sliapes possible v i th  the two-term model m e  (1) a x  exponential sa,wtoof;h for. 
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r = 1 and ( 2 )  a somewhat broader burs-i shape for r -+ 00, 

Jmg burs t  sh-aG3es arc shoTm i n  Ftg. 5.2~9, w h e ~  they are cornpared with ex- 
perj.riienta1 burst shapes. The experimental b u r s t s  a r e  from step- traiasien-t; 
power exciirsi.ons i n  the SPEiz'1' IS1 reactor  irnder -Lhe environmental cnnd.i- 
tions of a imos-oherie pressixe, room temperature, and no forced coolant f1 .o~ .  
It i s  evident from Fig. 5.49 t h a t  t h e  shape of tihe power hurst  wikh r -+ 

i s  sti.1-1 r e l a t i v e l y  sharp, as compared wi-tl? the  experimental burs t s  pos- 
s i b l e  Tor siibpromi2t cri-i ical .  burs t s .  A s  a r e s u l t ,  in tegra t ing  Eg. (5. k ~ l )  

aiid assuming ?;he i n i t i a l  powcr t o  be a r b i t r a r i l y  s n ~ l l  gives the result 
t h a t  t'ne maxiniufl energy 'LO the  time of  peak powe:c f o r  the tTvo--Lerm model 
i.s 2 $ ( O ) / C X ,  (for r -----? m) and t h a t  the  minimum energy i s  $(O)/Ct, (for- 
Y := I). Thus, the maximm energy i s  Testr ic ted t o  only a facbor of 2 
greater  than the mini.rflii.m encrsy, a l s o  implying a L i m i t  i n  the broadness of 
the burs t  shape. 

3. Su-miiiary and Di-scussion. The two-term burst-shape descr ipt ion 
developed. here approximtes  c losely the  SPERT experimental. burs t  shapes 
on1.y i n  the short-period (sharp-burs t ) region and thereby provides ax-  
curate estimates of  -ihe value of  k, (peak) for some cases.  
o f  Cto for which t h b  i s  t r u e  i s  small, and 'die use of  the two-te~m burs t  
shape i s  ra ther  1-imited. On the other hand, although the  clipped expo- 
nential b i n s t  sha.9es a r e  never close approximations t o  experimenial. burs I; 

These two limit- 
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Fign 5.49. Comparison of the Tw-ITerm Approximation w j t ' n  Some Ex-- 
pe  rimental B iuss t  Shapes. 



5,139 

shapes, they always provide an upper l i m i t  f o r  ' h e  value of k, (peak) f o r  
a,ny p r a c t i c a l  (XO and from the  viewpoint of attrbibuCi.ng the sel.f-shutdown 
t o  physical. mechanisms, an upper l i m i t  f o r  k, (peak) i s  a useful qusntdty. 
The behavior of the compensated reac-l;i.v:i.ty a t  peak. IjOWp:r was examined. 
using .these burst-shape a,pproximat.ions, with the  following results :: 

del.ayed-neutron parameters the pmmpt,-nextron l i f e t ime ,  and the shape 
o f  the power bixrst. 

systems but  w i l l  not be present i n  systems t h a t  h a . 7 ~  very long pyompt- 
ncuLron l i f e t i m e s  (2: 7 X sei:) o r  vhieh exhib i t  ext;;~-wfiely brcad. or ex- 
tremely n u r o v  power-'nn.rst shapez. 

informt, ion aAs t o  the form of the coixp?l.i.ng eqilation. P';nysical. sftilation:? 
leading to sharp-topped bursts, pred-icted by r near urnli-ty, are those i n  
which the reactivity compensation i-ncreases mcli  more rapidly tha.11 the 
energy released by the i-eactor. ExarrrI,l.es a r e  threshold. processes :such as 
'uoiling ,, t ia i l inear  expans ion of moderator ( G I I C ~  as wxter or s t e a m ) ,  a.nd 
systerfis whose r e a c t i v i t y  changes :ire nmlinear  Pinctions o f  density or 
Leniperature. A 1.i.near energy shiitdown mnodel. wi.th a threshold 1-ea& t o  a 
sharp b u r s t  t h a t  approaches an ex~?c?fit?a.tl.sl. shape as the  threshold is in- 
crerj.sed. Any reaet,csr hav-ing nonlinear ahutdo%m propert ies  t'na'c cxn be 
represen-Led by having n >> 1 w i l l  also e x h l t i t  k., (peak) versu.s CLo behavior 
t y - j - c a l  of srm1.3. r resv.1.t~.  

1. 'The shape of t h e  k, (peak) versus Cxo curve i s  dependent on the 

2 .  ?Tie rillinirilum i n  t h e  kc (peak) curve w i l l  appeal- f o r  mmny reactor  

3 ,  Tliis t y p e  o f  react ivi t .y  comp,eusa-ti.on analysis provides li.l;-i;le 

In the fo regobg  disc-ussi.on the coinpl..exiti.es of -LIE reactor  behavtor 
were coinpressed i n t o  a single factor generical7.y ca l led  -the shi~?,dom. e m f -  
l ' ici en-t" 'This mthcmt ica l .  oversimplifri.ca.t;-j.oZS i s  surpri.singly successful 
i n  descrcbing the  behavior of actual systens e T h a t  is, -tile ex-Fcrimental 
r e : c t o r s  of ten behave as i.f they were g ~ x r e ~ m d  by a. si.ngl.e, or ai; most a 
few,  quenching mechanisms obeying feedback laws of these siraple forms. Ta 
th:i.s see-Lion R w OT the 111ai.:~ ~"C~.-LIZ::S of t h . e ~ ~  , n . ~ d e l . ~  R ~ C  cor1pired .rith 
one another arid with the excursion renctc-,r. dakaa 

T a b l e  5. 26 surammizes the psinci.pal c h a r a c t e r i s t i c s  predicted. by t he  
various models. fii ad-dition, a burst-width p a m m t e r J  \\IBJ l is  i.nc7.uded. 
'i?ltis i s  defi.ned as i3n.e ratio of the  product of the  recri.prrocal perI.od, and 
,the - total  energy of the burst -to the  power a t  the t i m e  of m x b w .  T'he 
symbols are those used above. 

I.. %nergy &lease FmxtI.ons I A co:ml,mrri.son of t ' x t  energy-release 
f u i c  Lions w i L h  -the reai.-Livity for thF shu.tdo:m models prevloualy discussed. 
is presented in Fig. 5.50, The abscissa i s  Cio9 the  i n i t i a l  s t e p i n s e r t e d  
renc t iv i ty ,  a.1i.d the ordinate  I.s t he  energy releas2 t o  time of peak: power. 
'Yhe imj.+;s ape cbosen Tor convenience In presentation. Under sonw condi- 
tions tlie values 0:c the  com:;tants i.n LIE various exp)ressi.~:)ns for ~ ( a ~ )  m a y  
be such t h a t  .'die choice o f  form does not sertously a l t e r  the result:;. Hem- 
ever, if t h e  range in  Cyo i s  sufficiently great, the differences Tiecome 
important. 
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a -  
Fig. 5.50. Versus C! f o r  V w i o i n s  Shu-tdowri Models. 

Tne cu:evature of' these l i n e s  is determined by the .type and conplexi- 
t i e s  of the shu.i;d.owjj mzclianlsm, wh.ereas t he  Fr di.spl.acemerz.t u i p m r d .  or dowa.- 
:card i s  dete-mined. hy the  mgriL-tude of -the r e a c t i v i t y  coefficieul;. One 
:my of judging the rel.ati.ve i.mportance of the two aspeels, t h a t  k, ciirva- 
.Lure and displacement, i s  on tbr basis of how large Ctg can be made before 
the energy goes above some selected limit beyond which undesirable or even 
catsstrophie ef'Lrects oe(:i~r. This 1 i . m l . t  could. be represented 'ny a horizon.- 
t a l  l i n e  located a.pproxtma'iell_y in the graph, say at the top of the f igme,  
and could reprr.esen.t f ixe l .  pl.ate mel.ting or vapoTization OY" some ot.h?r. el?- 
fect,, If t h i s  l i m i t  is taken t o  be the c r i te r ion ,  i t  I.s OT less(~ ' r  ?I~XII'- 
Lance how the energy release f u ~ c t i . o n  behaves 'oelow t h e  l-imiting value 
provided it does not cross i t  o r  provided. tha'c LIE point of crossing i s  
su f f i c i en t ly  far t o  the 15ght that as a p rac t i ca l  mt-Ler !;%).e s tep  a d d i t i o n  
of the required qo i s  not r.ealistic. 

t h e  previously d-iseusseci forms of the shutdown coefficient, &.E, a l so ,  
the val.u.cs of the constants in the ~ a . ~ i o u - s  expresstons for TI rrci,y be such 

where the shu tdow~~ i s  due -to a Doppler coefficienL, the var ia t ion  has been 
Soiuid t o  be si.gmificantl.'O aid nay be su f f i c i en t  t o  a l l o w  a c l ea r  choice 
between f o r m  of the energy d.epezi.d.eace. 115 

'Ine excursion reactors  e-xhibit or coiiie rather close t o  exhtliitlng the  
beha.-iai.or charac te r i s t ics  cor.respoiiding to 'che d i f f e ren t  feedback re l s t iono  
and energy v e r s u ~ ~  Qo func-ti.ons represeiited in Pigs. 5. S O  and 5. 51. 
5. 27 l i s t s  some importmi.  t y p e s  of shv_l;d.os;sn coefficients, along with 'die 

L 

Figuz-e 5. 51. presents, for coftp.rTsoLcI, the energy-d.epmdent behavior of 

Lh~t the ~ h ~ i . ~ e  of  for^^ ~ C X S  no t  s t r i r l 0 ~ ~ 1 . ~  ~ i l t e : ~  the results a H t ~ * ~ e ~ e r ,  

Table 
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Fig .  5.51. Shutdoim Coeff jc imt  b ( E )  Versus E for Varrious Models. 

“able 5.27. Shu’cdown Coefficients with Various Excursfon 
Reactor Examples 

Shutdown Coefficient React or s 
. . . .--. . .. . 

Pronip-t, iiegat ive, constant Godiva, TRIGA, TREY3 

Prompt and delayed, negative, SPERT with m e t a l  pl.at,e cores, 

Prompt, nega t ive d-ec r e  as e s SPEIIT with oxide core 

increases with energy re lease  KEWB 

wi-th eriergy release 

reactors  that most n r a r l y  d isp lay  the  related. behavior. The :first coef- 
f i c i e n t  i n  the  tab le  i s  prompt and negative, and it remains consLaiit during 
a bursl; irtdependeri’c, OY ainy temperature change, pressure change, or fuel. ex- 
pansion t h a t  mi.gl1-t be caused by the energy release.  
charact,erist ics are exhibited by the Godiva, TWAT, and. TRSGA reactors ;  but 
the  representation i.s Tar from perfect  arid coul-d he expected .to be worse 
i n  expcrimsnts v i t h  l a r g e r  a,, because of the  increasing importance or ‘crime 
delays and became of possible threshold e f f e c t s .  

I’he second type o f  coef f ic ien t  3.s prompt and negative, and it in- 
creases w i t h  energy release. There are  no good exarnpl.es, but  there  i s  one 
t h a t  a t  lzss’c has a s i m i l a r  component t o  an important degree. The SPEM’ 
metal-plate cores, which a r e  high1.y enriched, have prorapt and del.ayed com- 
ponents biit nevzr-thekss exhib i t  h i x s t  c h a r a c t e r i s t i c s  t h a t  can be asso- 
cia-ted. wtth thc type of coeffic1.ent .that increases with energy release.  

To a degree, these 
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The l a s t  type o f  coef f lc ien t  shom. i s  prompt and negative, but i t  
d.ecreases wi.th ent-irgy. The SPEIIT oxide core, which i s  a low-enrichment 
core, exhib i t s  dl these charac te r i s t ics  nicely.  

as differences i n  Lhe energy release i"unction, such as sho'csn i n  Fig. 5-50, 
and. Ln other i.rqm:ctant xa.ys, such as trnnsi-exa'c pressure pd-ses o r  i;e.rnper.a- 
t w e  excursions. In each of these cases, reac'cor design changes tliat n f -  
f e c t  the shutdo5rn mechanisms a l so  a f f e c t  the  r e l a t i v e  saf'etg. Eowever, 
t he  degree t o  which safe ty  i s  affected depends on the  forrri of the feed.- 
back re la t ion  arid the exact nature of the  particular sliutdo-vrn mechanism, 
the acci-dent ia1.d.e:c consideration, and the  safe ty  c r i t e r ion .  In some cases 
the net gain. m y  be ::tgpreciable and, i n  others, re1ativel.y ins igni f icant .  

One i:nterestin.g type of shu.t,do>m mec1ianTs:m was 1el.t 0i.i-t of the . t i L . b l e  
because no reactor  ex&-ibi-ts it t o  a degree worthy of note,  1% i s  one t h a t  
ea.11 be suggested 9 s  i dea l :  i t s  r e a c t i v i t y  effect i s  neya-Live and small 
(effec-ttvely zero) for very long period.s snd the  e f f ec t  i s  prompt a.md 
strongly negative a t  sh0r.t periods *. The f i rs t  requi.r-erneat means t h a t  the  
reac 1;ivity rinves-t;rnent needed -Lo bring t h i s  fictitious system .to power would 
be n i l ,  arid the second requiremenl; i s  protect ion aga ins t  the dangers of 
larg? cxeursion.s. Tlnis i s  in.  contrast. wn'.th the behaviorr of vany mec~~.amrisj-ns 
nornxzlly of impor.'ca,nce i n  ex is t ing  x*ca.ctors ~ These exhibit  s izable  nega- 
tive coeffic: i en t s  for sl.ow pertods and also have importtmt i.nheren-t deI.ays 
-that r.educe t h e i r  effect iveness  when reacfror periods becom? short. 

ci.ent,s and a lso for ~ e a s o n s  of pl.ant opera.t;-j.ng capzbi l i ty ,  t he  excess  re- 
a c t i v i t y  possessed by the plant  a t  s o m  t h e  i n  it,s operating cycle ray 
be rnaroy dol la rs .  Since this investrneiit i n  r eac t tv i ty  i s  a potent ia l  source 
for .the i n i t i a t i o n  of a reactivi-Ly incident, it becomes important t,c:, con- 
sider the  constraints  tha-t e x i s t  t o  l i m i t  the rragnitw3.e of such occi.~r- 
reiicec, One such cons-t;ra.int i s  l;ha.t Yne reac::-t;ivity addition must occur 
i n  a f i n i t e  +Arne ra ther  than i~ns.tar71-t;aneouslg. This bas the  impcxtant 
consequence already d-iscussed t h a t  t he  r eac t iv i ty  t h a t  can be added. i s 
1.I.inlted by the assembly ra-Le, as well as by l;he t o t a l  reac.i;ivity ava i l -  
able. Tnat is, 'LO aktain a given period, o r  .what i s  t,he same 'r,hing, a 
given instantaneous level of reac t iv i ty ,  there  i s  a m-i:n i-mim assemf11.y  ate 
thi?.t illiis 1; be exce::(3.ed. 

inser t ion  mechanism l i e s  in .  the  fact t h a t  f o r  every mxhan.ism there  i s  ;z 
na,tuval l imi-tation on inser t ion  rates ; this appl ies  equslly t o  inser t ions 
by drirect hur!mm acttons,  such as mtivi-ng co)rttrol rods by hand or d.ropping 
i'uel. assemblies j.nto a core, and t o  inscr'r;:i.ons by more meeiiarzica,l actions, 
such as .the collapse of voids oi- accidental  control  rod withdrawml.. In 
any event, for very lar.ge r e a c t i v i t y  iiisertfons, the assembly ra-be re-  
qu-iremerit s, and. e onc omi tact1 y, acc e le ra t  ion r e  qliirement s , 'ne come prohri?) r i .  - 
'~i.vely hri.gh and. e:;-l;ahltsh an r2:Cfeci;ive upper l i m i t  to t h e  possible ne{; 
r e a c t i v i t y  addi.ttons and. thins t o  t h e  poss3.b.l.e rna,gnitudes <If en rel.ease e 

-1.5, i s  important t o  note Ynat j.11. n c t u d  C ~ B C S  .the reactivity Iimi-t sc3t by 
th.e atjtainaF1.e 3.n.se:t-tion ra-k ris often subs tan t ia l ly  lower than  -i;he - t ~ ~ t ; ; z l  
avai lable  r e a c t i v i t y  ' o u i l t  i n to  reactnrs. 

11.6), which show:; the  reciprocal  ol" the  reduced prorrpt-neixtron lifci;ime, 
CYxs on the abscissa. 

The diTferences i n  tyye  of shutdown eoe f f i c  i en t  m % n i f e s t  t.hemselves 

As a consequence of' both t h i s  noma1 behavior C j f '  r e ac t iv i ty  coeffi- 

2. I?.eactivity 'Insertion Mechanisms e The iiriportance or th .e  r eac t iv i ty  

I 

These po tn t s  are i l l u s t r a t e d  In qimli'La'civI-3 fashion i n  Fig. 5.52 ( r e f .  

The asserably r a t e  i n  do l l a r s  per second i s  on the 
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Fig. 5.52. The ilegree of Superpronipt C r j t i c a l i i y  A t t a inab le  as a 
Function of Asseiiibly Kate and Vi;- 

ordina te .  The 3.i.nes show t h e  assembly r a t e s  requ-ired t o  p-tmduce 1, 2, and 
5 d o l l a r s  superprompt c r i t i c a l i t y  (re?di.ng from bot-tom t o  top) as a func- 
-ti.oii of t h e  c h a r a c t e r i s t i c  r ec ip roca l  per iod .  Tnese lines were conipu.ted 
using the l i n e a r  model bu-t should app1.y qiialita'iive3.y t o  many o ther ,  bu t  
perhaps n o i  a1.3., models, as w c l l  as any stich cons idera t ion  of assein'o3.y 
rates based on a n  extremely si-mplified p i c t u r e  of t h e  reactiivri.ty feedback 
rel.ations1ii.p. Many of t h e  p rope r t i e s  descr ibed may change markedly whcn 
t i m e  lags  and nonl inear i . t i es  a r e  taken i n t o  account.  
mechanisms i n  gove~ni.ng reac  t o r  s a f e t y  i s  gene ra l ly  ve-ry compl?. catcd,  b u i  
it, i s  un l ike ly  t h a t  'diere i s  a need t o  questri.on the  vaLid.ity of  cer t ,a in  
fea'ci.res t h a t  emerge as gmera l  p rope r t i e s .  Fi.:r*st, i n  cases  where s Lr-Lin- 
gent  reqiii.rements a r e  placed on t h e  assembly rates -Lha-t; must be zchieved 
i n  order  t o  increase  Lotal. r e a c t i v i h y  in sz r l ion ,  even marginal gaiils i n  
t h e  r e a c t i v i t y  coef f ic ien- t  mzy r e s u l t  i n  siibstantia3. increases  in safe ty  ; 
thus, t h z r e  i.s a s t rong  motivat ioa f o r  improving the  e f f ec t ivcness  of t he  
c o e f f i c i e n t s  by 3.ncreasi.n.s t h e i r  ma.gni.tude. Second, it i s  c l e a r  t h a t  ' d i e  

delays between the energy r e l ease  and a r e a c t i v i t y  I.oss may be more impor- 
t a n t  than the mgni tude  o f  the c o e f f i c i e n t ;  thus, 'ihei-e i s  a l s o  a s t rong  
motivation to imderstauri the detai.1-s of 'die mechanism and the feedback 

of t h e  e fyec t ive  c o e f f i c i e n t  under d~ynamic condi t ions and t o  po in t  the 
way t o  shor-tcning t h e  del.ays. 'I7 

a r e  exhi-bi-ted by t h e  i -esul ts  obtained with excursion r e a c t o r s  and. the  

'The r o l e  of shutdmm 

lnnship de-ierrriined thereby i n  order  t o  make a r e a l i s t i c  assessment 

3. ResuYLs of Excursi.on Tests .  A number of  t,kLese c h a r a c t e r i s t i c s  
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steam. Howe~er, a t  shortex- peri.ods thari shown here, it would s t i l l  be ex- 
pected tha'c t'ne e f fec t ive  value of the stcmi coeffi.ci.ent woiild decrease. 
The SPXRT I11 (pl.ate-.type cores) high-pressvre rimst s h 0 ~ 1  by the  d.ashed 
l i n e  a t  -tile lower end of the SPEEKT band, show a nmrked decrease i n  c .  
i s  a result orr" thc suppression of boj.lli.ng as R shutdowfi niechanism by oper- 
a-ting a ' ~  a system pressure of 2500 p s i .  Actually, the SPERT III d a b  show 
two tiijmgs : (I-) the e f f c c t  of a .l;lreshold mechanism, such. as boi l ing,  i n  
holding up the  vahie of E as il; does i n  atmosphe-ric pressure . tes ts ,  and 
(2 )  when the thresho1.d mechar:i.sm i s  absent, it i l l u s t r a t e s  t h e  generally 
expected decrease i n  effect iveness  of a shutdown mechanism as the per5.od 
is shorteiied.. 

For t h i s  type of reactor,  t h a t  is, the  plate-i;ype SPERT reactors ,  the  
pr inc ipa l  mechanism for r e a c t i v i t y  comyensation i s  t h e  decrease i n  e f fec t -  
ivc modera-tor densi-Ly arising;, variousl.y, from t h e  thermal expansion of  
the wa-Ler, thermal expansi-on of the fuel pla tes ,  and the f o m t i o n  of steam 
voids. Some of t h e  shutdown mechanisms are prompt, but -Uie primary ones 
involving heat transfer from t h e  p la te  t o  the watei- a r c  delayed. 

energy t ransport  2s i n  the p l a t e  reactors,  bu t  there  a r e  delays i.nherent 
i n  void formation. The more promp-t thermal e f f e c t s  present j.n t h e  homo- 
geileous reactor  than those  present i n  the p l a t e  reactor  are p a r t l y  rc- 
sponsible f o r  t h e  J-arger coeff ic ient ,  which i.s about 504/Md-sec i n  the  
prompt-crit ical  range. The onset of the increasingly e f fec t ive  void tor- 
mation at; s h o r t  periods causes an increase i n  the coefi"ici.ent t o  t h e  order 
of 2.,5$/Mw-sec f o r  2-msec period Lests. The exis-Lence of Ynis threshold 
behavfor i n  both KEWB and SPEHT reactors tends t o  obscure the important 
f a c t  that those mechanisms which i.nvolve r, phase-change o r  the 'cranspor'i 
o f  energy by conduc'ii.on or convection t o  produce a reactiv-i'iy effeck tail 

have, even a t  r e l a t i v e l y  long periods, s i g n i f i c a n t  clelays t h a t  a r e  c h i e f l y  
responsible f o r  the d i f f i c u l i i e s  i n  pred ic t ins  Peac t iv i ty  ePPects , 'They 
produce a genersl. t,endency, already noted f o r  -tAe r e a c t i v i t y  coef f ic ien t ,  
-Lo become l e s s  efi"ectivc at very short  reacLor- periods.  This is, of  c :~irse ,  
opposite t o  one of' the c h a r a c t e r i s t i c s  suggested as i d e a l  f o r  a shutdown 
mechanism. 

T.n coiittrast, mechanism t h t  d i rec  t1.y couple a specific neutronic 
e f fec i  with hestri-ng of  fuel. or moderator by absorp-Lion of fission frag- 
ments, neutron energy, beta  rays, or g a m  rays are t r u l y  prompt. 'LTne 
TREAY' and TRIGA reactors  a r e  se l f - l imi t ing  by such a mechanism. 
systems tlie fuel-moderator mi-xture i s  e s s e n t i a l l y  homogeneoils .. 
the  trirme-lap i n  the t r a n s f e r  of heat from t h e  uranium par'cri.cle fuel t o  
the graphite modemtor caii be expected t o  be s igni f icant  a t  very shor-t 
periods. 'The resul-ta-nt, delay i n  the  quenching woiiJ.d be expected to lead 
t o  a decrease in the  coeffici-ent and iii~gher energy yields. The experi- 
m e i l - t a l  'TRE!T cocCTCcient, as shown i n  F ig .  5.53 i s  nearly cons-iaiit a t  
-~I.#/Mw-scc. 
2!$/Mw.-s~c 0-v-e% the  e n t i r e  range of t e s t s  shown here. 

from expansion, i.ncluding t h a t  of the modera'cor, a r e  a l s o  prompt. However, 

pace wfth the ternpera'cure increases, and al though the tempera-Lure r i s e  is 
prompt, the r e a c t i v i t y  eyfect m y  be delayed. 'This type of behavior i s  

T h i s  

For t h e  aqueous homogeneous reactor  XXWB, there  are no delays due t o  

Tin these 
In TREAT, 

For TILlIX, the  experimental valuc of the coefCicient i.s about 

In many p r a c t i c a l  cases t h e  ch-anges i n  lieu-tronic propert ies  resulLing 

short  peri.0d.s the ki.netic c f f e c t  may prevenL the expansion f rom keeping 
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exhi.bi-t;ed i n  -the wll -kmwn case of the  Godiva reactor  r;shere de1.ays i n  the  
expansion of the m e t a l .  caused. an observed. decrease by iz fa.ctor of 2 i n  -tile 
v?thie of the coef f ic ien t .  Since t h i s  occurs foi: periods shorter  than about; 
20 p e e ,  it is not  of p rac t i ca l  imp;-tsnc? t o  thermal. reactors,  bat, an 
analogous si.tual5on. may 9xi.s.t i n  thm1-n-.tl system where the shutdowrt nxcim- 
riisra yequires -the expidsion of a steam-water ~ k d x r e .  In fast  na 
es:pansion delays o f  t1ij.s sor t  can also be expected W I ~ L  rod. bowi 
expansion of f u e l  rods corxtributes t o  reari.cdivity e f fec ts .  The dymmi.e 
coef f ic lcn t  for Godiva i s  several 'i,tmes h q e r  t h m  t h e  coe:i"Ticiert; f o r  
SFEF{T cores. However, this qyantity i s  n o t  i n  i t s e l f  a r e l i ab le  index f o r  
measuring reactor  safe-iy. 

mere 3.s one more I.mporta.nt mech:~i?.3.~m on which 'clzere i s  excm-.si.on 
d.a-La. This is the Doppler effec~t;, which i s  s_;i-te prompt;, l i k e  the  TXIGA 
an.d Godim mecha:nisnis, 'out whi-ch exhibit:; a, saturation ef fec t ,  tlia'c is ,  the  
coef f ic ien t  decreases w i t 1 1  energy re lease.  Similar behavlior w a s  shorn by 
other. mechanisms bec:mse oP delays, but i.n this case tt i.s an Mnerent 
property. %le I i & x t  solid l i n e  a t  the bottwfi of Fig. 5. 53, labeled Si-592, 
i s  for a low-enrichmmt oxide core i.n tb.c SPEW I ~eactor. In t11.i.s case 
-the coefficient is  approx4:matr~ly constxcit a-t about 34/Mw-sec f o r  i~iost of 
t he  t e s t s .  In t l i l s  region, both the  Doppl.er e f f e c t  a.nd con.d,1act?'.om t o  th?  
wn-ter mod.erai;o?- were oy2:r":xt;ing. At h L g h e r  Cil val.ues, Lhe loss of cond.uc-tion 
heatirig e f f ec t s  and the decrease i u  effect iveness  o f  the nirclear mechanism 
are evidenced by the decrease i n  t h e  riym-tnri.c coeffici_en.t e 

cienks are gcnersl ly  a f ac to r  of 10 smi21.J.cr i n  m.:agnl.tude t h n n  ~vera1.l. 
steady-state teniperature coeffi.cients, Z;'iie dyrmmic v:i?Li.ie f o r  th%s core is  
only s l i g h t l y  less than -Lha.t; for the other SPEIU' cores and, i n  fac t ,  i s  
larger  at short  peri.ods than Tor the pressu-r ized SFE:R.T I11 case, Yhis 
siiclws t h a t  the  Dupplei- effect; ca.n be t h e  nr ia~t  important shu-tctawn mc?ianLsrn3 

One Lfnportanl; point should be no-Led here . Although Do-ppl.er coerf'i- 

in theypal rea~tors, ~ ~ C F L U . S ~  of i.ts prompt natl.j-re. 3-15 

'%he reactors discussed represent a wide var ie ty  of types, but .they 
are all r.el.at.i.vely coxpact i n  s ize .  It can  be expected. that Parge:r sys t em 
w i l l  have cha rac t e r i s l i ea l ly  d i f f e ren t  coef f ic ien ts  o s  this type of plvl;. 
R case i n  poi.nt i s  the r Ii'hic r rn .c tor  cmi. 
be shown t o  haw: 9 d-ynamic  coefficient, of about O.O4q!/bk~-sec :?or an a C j f  

about 2000. This i s  about two decades be1.ow the  va1.11.e shosai for .LIE SPERT 
I oxide core. Actl.~all.y, t he  coef f ic ien ts  f o r  -the two systems a:-e compar- 
able  wken. stated i n  +reacti.vity chrmges per degree r i s e ,  s o  t k  coef:ricient 
f o r  the larger  system should. be srmller i n  progor t io~i  .to i t s  higher heat 
capae i t y .  'ibis empha,s izes t h a t  70ro:id. conclu.sions about, r e l a t ive  m f e t y  
arc diffricult  t o  i i ~ k e  from -Hiis p lo t .  "he--- lC. appears t o  be no w a y  a t  pres- 
ent of put t ing rel.ativ-e safe ty  I n t o  a. s ingle pzranieter and displaying it, 
so  convenient1.y. 

of bursts was treated.  as t ~ k f n g  p l a c e  sol.eI-y by the ac-kio.ri of inherent 
physical m5?ehanisins, apar t  fro111 any coiisidera-tion of t he  possible contyi-  
bution from mechanical contl-ol sys'Lt?i Acl;u-rtl.l.y, the overcall assessment 

sel f-shutd.own e:l?fects 2n.d. con t ro l  sys.te:m a.c.tlon as mcii.es of Limiting ex- 
cursions " 

shutdown are consi-dered may be TLlus'crated. by makin.g use of the fol lowing 

t,or discussed by Greebler. '18 

4. Fast Control Systems. In -the foregoing disciissioa, the  yI.i.enching 

of the  perR-,r11?ance a n d  safety of a rt tor requires cori.sri.deration of boi;h 

Fkme of t he  Tactors involved i n  ev:Llu.a~ti.-Ilg sa fe ty  7*?-len both j%od.es 03 
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simple p t c tu rc  o f  the course of 2 fast exc:j.rsi.cn -ierm-;iimted sol-e!y by the  
action of  the c o n t r c l  system. REacti.vi.ty i s  consi-derzd t o  be inserked. i.n 
a reactoor a t  a very l o w  L n i i i a l  power levcl..  The paver then rises exponzn- 
tS.ally on 9 coi?stZni; per iod  to :I -[;rip k v e l  where a demand for a serain is 
i n i t i - a t ed  by a sensor In i;hc c o n t r o l  syst,em loop. 'The poThwr continues Lo 
r ise  on the  same Zxpment ia l  per iod i m t i l  5 l .a ter  time when the p o w r  b u r s t  
i s  te-mina 'cd e h m p t l y .  'iT7i.s abrup i t ennina t ion  xpproximtcs  the  r e s u l t  
of r ap ld  jmovemeni; of the  con'wol. rods  t o  EL po in t  ol" si-gii .f icani eff 'ective- 
ness. li' the elapsed -Li.me, 'cd, be-lweei? the call. f o r  scram and the  actual 
power reduct ion i s  a constmi;,  t h e  mxirturn power level., hj i s  gi-ven by 

where &rip i s  the power level a t  whi.ch t h e  scram i s  dcma-nded and Oro i s  
t k e  reciGroczl  ner iod.  

P i g w e  S. 54 shows sciiematically -the calcu.l.a.ted behavior of such. a 
scram sys-tern wiih sri.mp2-e time del._sys oi' 'rd, 1 O ~ d ~  niid 1ooTd compared ~ i L h  

se_l_f.-shutd.own charac.Lc-i_st,ics r ep resen ta t ive  of  an  cnri.cbed pla'ce-ty9e 
l ight-water-moderated and -refl .ectcd r eac to r  i n  Lhe superprom:Qt--critical. 
region. 
be assocriated w i t h  an improvement i n  safe ty .  For t h e  case o f  self-slnutc"own, 
thi-s is, i.n p r inc ip lk ,  accompli-shed by increas ing  'die rmgnTtude of  t hc  
(nega.ti.ve) rea.c-ti.vity cocfPi-cient.  For the case of control system shutdown, 
this i s  accomplished by 1owerin.g t h e  t r i p  l eve l  or decreasing t h e  delay 
- tTn ie -  It can he seen tha t  f o r  cert-i-n cc?mbins-ti.i.ms of these  f ac to r s ,  self- 
ShuLdovn can be more effccLive than t h c  mechanical system i i i  l i m i t i n g  'die 
power burst. For o-Lher combinations t h e  reverse i.s trut. 

acioil. I1 w h e n  assembled a t  NFiTS a . r e  shom ii? Fig. 5.55. ThTs was a 

Generally, I domaward dispJ.acemcn-L o€ t h e  cumes on -the graph can 

The r e s u l t s  ob'caincd f r o m  experiments with ORNL B u l k  Shielding Rc- 
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Fig. 5.%,. Effec t  of Differrent Delay Times  on Reactor Peak. POWW 
a s  a Function o f  the Reciprocal. Period, ao. 
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Fig .I 5 55 Ex-pel-irnental and Calculated Values of Peak Powe:c Versus 
Reciprocal Period f o r  Varrlous Sh.utd.om~ Cond.i.tions . 
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delay was f u r t h e r  iindicatid by t h e  bzhav-ior of both types of conti-vi system 
scram, whic'n exhibited an efPec-t-Lve cutoff of t h e i r  pro.tec-i;i.ve capabi l i ty  
for. r e a c t i v i t y  inscrtioiis  T.i? which aozd >> I., Cl.early, t h e  period. scram 
provided val.i,iabJ.e addi t ional  protection. S i m e  -the tests were conduc tcd 
wri.t%rout a s o u ~ e  i n  th? system, the efrecti-veness of c o n t m l  s y s t e m  shut.-. 
dowi? w01L.d have been inqroved ixider normal i n i - t i a l  power conditions. 

5.3.2.5 Enei-av i n  Fast Reactor Excursions 

The t e rn  "severe acciCjent'' i s  used here to cover si-tuations iiiat would.  
lead t o  an explosi-ve releasc of nuclear eael-,gy i n  a fast reactor. Analysis 
of such accidents involves the  calculatioii  o f  i l iose r e a c t i v i t y  excus.sioii.s 
t h a t  would n o t  be t,errninated until some of the  fuel  liad been vapoi-ized and 
appreciable pressures h a d  b u i l t  up i-ti 'ihc core. Tnese pressures would- 
cause thc who1.e core  o r  a porJGion tl iereoP t o  expand; leading t o  a. reduction 
o f  r e a c t i v i t y  and a consequent termiria-Lion of the excursion. A corriprehen- 
s ive  review of Past, reactor  k ine t ics ,  i.nc1.uding acciden'c tsansri.eiits, vas 
recent ly  pi-eparzd by L). Okrent and W. McCarthy as part of t h e  MLY' study of 
"The Tecbnol.ogy of Nuclear Reactor Safety. 'Qie m t e r i - a 1  pre seuCed 
heye i s  only a b r i e f  sulilmary of some of the more s a l i e n t  concl.usions o f  
that review. 

FRR.-II and Fermi resctors have l ed  t o  the prediction o f  destruct ive e f f e c t s  
equi.vai-eat t o  those -that would be produced by an explosion of up 'io 4-00 and 
500 lb of Y'lVT, respectively.  Conta-i i l J W X l t  s-true Lures provi.ded f o r  these t w o  
reactors  have been desicmf. i;c> accommoda'ce si.lch an accident. Hence, bo'ch 
i-efinernent of cal.ca.lati.ng methods and more carefu l  analysis  of the fac tors  
1eacli.ng t o  a severe acci.den.t have been demmclerl. 

O f  course, -the calculat ion of a severe acc3.d.en-t i.n a r e a l  power reac... 
.tor meam dealing w i t h  coinpl.ex geome-Lry aid irregulari-Lies in composition. 
The conditions a i d  cause of the ecci-dent are generally not known precisely,  
and the cov~sc of the accident prior t o  the Large nuclear burs t  i s  usual ly  
very complex. NeverLheless, ideal ized calculat ions provide some gage o f  
the  sever i ty  of the accidenti  ani; the  evaluation and. comparison of methods 
of cal.cull..ati.on provide an esti-mate of the errOTS introduced by the mathe- 
mmt.ical Lechni.ques once an Ld.ealized form of .the a c t u a l  si'cuation has been 
adopted. 

configiiration. About hal-f the  core of  a t y p i c a l  P a s t  power reactor  i s  
occupied by fuel. a l l o y  and solid s t r u c t u r a l  r a t e r i a l .  
the  coolant. 
avai lable  i f  the  f u e l  alKl.oy can be reassembled i.n a considerably denser 
configura,tioa. The core i s  assumed t o  have l o s t  i t s  rigj-dity, and e i t h e r  
the  forces of gravi ty  o r  those of a high veloci ty  o r  high pi-essure f l u i d  
would cause much of the f u e l  t,o reassemble i n  a more react ive posi t ion.  

r l 1 1 2 x  

Asswni.ng grossly pzssimis t-i.c conditions, cal.cu.lati~ons rnade12" I"or -the 

Fast resct,ors gain r e a c t i v i t y  i f  the f u e l  i s  rearranged i n  a denser 

The other ha.l.f is 
Hence very la rge  armimts of reac 'iiv-n':t;y are  p o t e n t i a l l y  

"Chapter 10, Xeac tor Kinetics . 



What -i;wms out  t o  be s.i.gnFficant i n  estimating the e.xpl.osive yield of 
a, severe nuclear accident i s  no t  the  total reactj-vity available but, the 
r a t e  c? . t  which it can be added. t o  the  assembly. 
of neutrons i s  al.w;xys present a,nd that the reactor i s  opemting a t  I.ow 
power a t  the begirmliag of the accident. (O-ti-iexM.se, a r b i t r a r y  arno~mylts of 
r e a c t i v i t y  could be introd.v.ceci e f f ec t ive ly  as a step function. ) 
r i s e  i s  s l i g h t  i.mi;il. prompt c r i t i c a l  has been reached. k y o n d  t h i s  paint 
the power r i s e s  as  exp [ ( & / Z ) t ] ,  where Ak i s  the r eac t iv i ty  above prorqit 
c r i t i c a l  and 1 i s  the prompt ueu-t~on l i fe t ime.  
may range from several  x 
sec f o r  small. hi.ghl.y enriched sy&mn;;. The t t m e  scale now becomes so  
short that heat eonducti.o?n and d.el.ayed-neu.Lror1 efi"ects can be neglected. 
If -the f u e l  is  in. a molten or przsty s t a t e ,  t h e  usual r eac t iv i ty  loss  mecha- 
nism associa-Led with the  fue l  element expansfon may be less s igni f icant ;  
con.sid.erable energy m y  have t o  be added. befc)ve the pressure buildup n t w t s  
fuel ~novemmt and l o s s  of r c a c t i v l t y  a t  a rate  suf f ic ten t ly  great t o  ovey- 
r i d e  the caixse of the  accLden-1;. (IT the  fuel  element i s  i n i t i a l l y  in tac t ,  
i t  T.s assumed .tha.t -the I n i t i a t i n g  cause of L41e accident overrides any rea,c- 
t i v i t y  _l_osses due to fue l  expamion in the solid state; Doppler r e a c t i v i t y  
effee-tx associated with f u e l  hwxLFrig w i l l  be discussed. 1.a-te.r. ) The mmximi-m 
r e a c t i v i t y  of t he  excmc ,,ion (&cm:ix) hiil.1. be given very closely by t11c 

product of dk/dt, t he  rate, a t  vliich r e a e l l v i t y  i s  being added, and -tl, the 
time i.nterva1 betweer i  prompt c r i t i c a l  and the tj-:rw when qpr.eeiab1.e ~ e 3 . c -  
t i v i t y  l o s s  due to f u e l  rmti.on begins, CFncc? pressures are generated, the 
r e a c t i v i t y  e x c ~ ~ ~ r s i ~ m  i s  over in aUouL 2 e-folcling tines, -th:%t is, i n  hun- 
d . r e d s  of mnicroseconds, and very l i t t l e  a.d.d.iti.orral r eac t iv i ty  can be atlded 
mechanically by 1;he i.ni.tiating CRUSC. The pjFess1.lres invi;l.ved are so grea.t 
thal; quesl;ions of rriechanl'.cal. strr.ength are 1104; impm+ant and can be ignored I 
LnerLia l  e f f ec t s  are para.mow.t i n  determining the acce3.era.-L,ion of the fuel 
a l loy .  

8n.d. therefore  on 
t he  r a t e  at which r e a c t i v i t y  i s  being added., C J ~  tne 
time, and on the rat,io of G'ne energy threshold for ap-precla.bl.e pressure 
genemtion t o  the  i n i - t i a l  power of the res.ct[x.  
tl3.e ex;o.l.osi.ve ener-gy inc,reases w t t h  reac-Lor s ize .  O f  cc:)wsF: not a]-1 'die 
ener,gy gr3r?er3,tte8 is available for destruet ive work. 

gene ra l l j  lick S,he lju.i.lj.ng point, of the fue l  at, atmospheric pressure b i t  
that tem.perature where a l l  the s p c e  f r e e l y  avai lable  -to t%le fie1 i s  oc- 
eujji.t:d by it as a s ingle  ph.ase, i~su..all.y as a l i qu id  innd.er pressixre ~ 

coiisequence, the  void present, i n  the  reassem'ol.ed core becomes Q cmc:.i.af.. 
parsmeler e The f u e l  iriu.st e q a s d  until. ri.t occu.l)ies its or ig ina l  vol.iunt:-: 
p lus  xmi1abl.e void volume before apprecia-ble motion i n  a macroscopic sense 
begins. 

Most s tudies  of hy-potheti.ca1. severe acciden-1;s i n  the past  have dea l t  
with r e a c t i v i t y  :.zddi.iliori ra-tes i n  .the rcmge 0.05 t o  7.5 (&/k)/@ec. 
correspon.d.ing mnxirnun? r e a c t i v i t i e s  above proinpt; critical l i e  i n  .the rnage 
4 X J . 0 -  .c, to Flowever, any mfle(>l?anism that can bring the  reac- 
toy -to sqierprompt c r i t i c a l  may be of iri tereat , .  For, should there be some 
autoca ta l f l ic  e f fec t ,  such n.6 a pos i t ive  Doppl.er coef f ic ien t  of apprreciiAble 
magaitud.e, the atLi:Lillinen-i of prompt c r i t i c a l i t y  might automatically Lead 
t o  expiosive d i  sas semb1.y. 

It is  assumed t h a t  a sowce 

The power 

( P f o m p t  neutron l i f e t ime  
see f o r  l a rge  ceramic-fueled reactors  t o  l om8  

I F  lrie explosive energy yie1.d depends strongly on 

Lneutron l i re-  

Other things b e k g  equal, 

The ternperati.,u*e khres?m1d for signi.fi!;nrr.t pressurc generation i s  

As a 

The 

&/k. 
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A par t ia l .  l i s t  of i n i t i a t i n g  methods fol.l.ows : 
1. Loading or dropping a f u e l  elernent i n t o  a just-cri t , j .cal  

r e a c h x .  
2. Scramming a control  rod whose reactivi-by effec-i; has been 

inadvertently reversed. 
3. Rapid iatrodiiction of modera"Li_ilg material123 or z loading 

e r ror  i n  some unusual experiment. 
4. Large-scale inwdrd bowing of f u e l  eleneizts due -to thermal 

sti-esses. 
5. Mov-T~ig r e f l e c t i n g  rmter ia l  toward t h e  core of a bare 

o r  poorly re f lec tcd  reac tor .  125 
6. Removal of all iieutron sources, i n  whj..ch casc aiiy slow 

reac-tivri.ty inser t ion  mechanism may simulate a s tep-  
function additi.on. 12' 

1 2 2  

1 2  2.9 124 

7. Bunching o f  fue l ,  providinz a. self . -mult ipl icat ion ei"fect. 
8. Positive coolant void coef f ic ien t .  127--129 
9. Slumping of f u e l  i m t e r i a l  witlnin i t s  jacket. 110 

10. Cnmrd ne t  elcpansion of  f u e l  upon hea.tS.ng. '1'hi.s might 
resuli ;  f r o m  a c e n t r a l  gap t x l  a txo-half c r i t i c a l  assem- 
bly;130 it might r e s u l t  from t h e  ne t  motion of  a. m u l t i -  
piece f u e l  element which ha33 separated, possibly due t o  
ra tche t  e f f e c t s ;  it might r e s u l t  from t,he manney of 
support of a mil t ipiece f u e l  elemmt; or it could be the 
consequence of a void space a i  -the core center,  resu l t ing  
from t h e  previ-ous t ranspor t  of f u e l  mater ia l  from h.ot t o  
coo l  areas. 

11- Posi t ive Doppler coef f ic ien t .  '-'-OJ 132--'.34 A s  inentioncd 
prcvi-oilsly, a p s i - t i ve  coeffri-cient oi" .thi.s s o r t  need 
not  be la rge  enough Lo ini.tiat.e the a ident  and br ing 
the reactor  from ddayed  'LO su.perprompt crit?l.cal. If 
3.t were Lhe so le  rapid-acting r e x  1;li.vi.ty co2fi"icient 
once the  reactor  a t ta ined  prompt cr i t ical . i ty ,  even a 
mode s t  r e a c t i v i t y  contribiit ion c ou2.d appyec iably ag- 
gravate the  ac c id.ent . 

12. Core melt;d.owm and redi-s t r ibut ion of  f u e l .  
The energy yie1.d 7.n a fas t  reactor  excursion m y  be cslculated by t h e  

Bethe-Tait o r  by a direct, numerical techniqi.1.e. 1 3 6  Since the 
Eethe-.TaS.t ine'ihod 1p;norec: the e f f e c t  of expansion an.d wave motion on pres- 
sure, 7::; can be cx-pcted t o  be most  accurate f o r  sharp explos iom with 
s r i l l  r e a c t i v i t y  inszrti.ons, 
(defined 3.n t h i s  case a s  the total energy generatior1 1-ess the eiieygy gen- 
era t ion  up to the incidei1c-e of pressure gcneraticm a t  Yne core center)  i s  
p l o t t e d  a y a h s t  & $ / Z 2 ,  wi. th  I a s  a pa-rameter as calcula-ted from t h e  mo-re 
ac cura-Le iiumer i c  a1- .t e c hn iqiue , 

5.3.2.6 Excirsion Ei7e:rg;y f o r  Use i n  Accident Calculati-ons 

If sintficieul; excess r e a c t i v i t y  i s  added -Lo a reactor  rim a very short, 

Iln Prig. 5.56 the total excess encrgy yield 

-__11 . . -. . . .... . ....._____. ._. . . 

time, a rapid power r i s e  could resu1.t  tha-i; could des-troy the resc tor  with 
explhsive viol.ence and could a d d  'io the energy conten'i of the  contained 
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5. 1.1.4 

Once t h e  fuel vaporized, if not  e a r l i e r ,  so t h i s  assumption i s  an. u.pper 
bouncl, 
i n s  er 'L i~on s might silk st ant i a t e  i i i i  s rough approximat ion. 

cu.latc the  energy required t o  vaporize 20% of the core of the Yankee Reac- 
bur ,  the follow in^ i.nformztiori i s  necessary :* 

For a fast, reac'ior, 1i.mi.ts on -the ''cred.iblz I t  rates of resct,ivi.ty 

1. Example oi? Excu,rsion Calcul.atlon . . f o r  a '1:'hermal. iieac'ior. 'To cal- -_-. .......... I-.- 

L _.- 
Cor e weri ght, , WE' 
Spec i f i c  heat, of sol.id U@2, Cp, 

Reactor opei:ati.ng tcciperat-we, To 
Rea,ctor o p e r a t k g  pressure, PO 
U02 melbing temperature, 'i '~ 
U02 boi-l.ing -iempci>ature, TB 
HeaL of  fusion,  AHF 
i i 0  IILat of  vaporization, SI."- 

From i h i s  7 . -nfomt ion  

2.37 x 107 of uo2 
18.45 4 (2.Ar31 X 1 U 3 T )  

268°C 
2000 psig 
2760°C 
3180°C at, 3 atmi 4380°C at, Po 

137 kcal ,/g -;nole 

- (2.272 X 1 0 5 T 2 )  i n  cal/mole."C 

16 kcal/,- P nole  

16,000 
= (0. 2) (2. 37 X 10") (0. 081) (2760 - 268) -!- .................. i 270 

I- (0.100) (4380 - 2760) t 270 

= 5.7'4 x 106 (202 t 57.3 -I- 162 + 508) 
= 5.3 x i o 9  c a i  

Obviously, t h i s  resu l t ,  i s  only approximate. A be t lc r  ca1cuJ a t i o n a l  
technique should evo7 l ie from ihc  SPhRT d e s t n i c t i v z  Leo i program. 

"Al"ihou& Cp i s  der ined for T < 200OCK, avers-ge val.ues from the for- 
m u i a  are used over t he  e n t i r e  temperature range owing t o  l a c k  oi" any other 
da ta .  No a b -  
t e n p t  was made t o  a d j u s t  Lo opera t ing  condit,ivas. Tho vx_l.ue TB (3180.C at 
1 a-tm) w a s  estimated from ex t r apo la t ion  of vapor-pressure da t a  f r o m  
J. Belle (Ed.  ) , Uranium Di.oxide : 
1.97-73, U. S. Govcrnmeni PrT.ni;ing Office, Washington,l'1..961.; 
Po) was estimated. fT(Jm the Clapey-rrrn equa-liori. 
t a ined  from 11. H. Iiausjxel? and R. G. Mi.I.ls, "Uranium Dioxide f o r  E'uel. E l e -  
inentst I '  Nucleoni-cs, 15(']) : 94-95 ( Ju ly  1957). 
j u s t  to o p e r a - i i q  cojzd.itions owing to l ack  of da-La.. 
obtained T:rom j. J. K a t %  and Eugene Habri.nor..ritch, Chemj-stry of Urani.urn, 
U , W C  Repor-i; '1'L':lD-53?;2, 1958. 
condfctions o w i ~ i g  t o  lack of d a h .  

S 

The best, ea.i;imate for T14 of many repor-tcd valnes i s  l i s t e d .  

P rope r t i e s  and _I_..-_ . Nuc:l..ear Appli 
-_I_._- 

The value of AHF was ob- 

NO at-teiii-pt I ~ S  made 'LO ___...............__I 
The va1.i.J.e of AH, 7. 

No attcrrp'c was :[made t o  adjust t o  opera-Lj.ng 



........................ .- 

dk./dI, ($/.ec j p (lIlegnbr?,ra) ( a / $ )  - 1 

1 0 0.036 0.06/+ 0.109 0.35 0. 8Li 0.72 
20 0. Gd.8 0.079 0.137 7.. 27 1. OL 0.90 
50 0. 0'7Li 0.11.9 0.21 1. '96 I.. .56 1~. 37 

7.00 0.103 0.167 0.57 2.7 2.2 1. '76 
200 0.1.63 0.27 0,3b 4, 3 3.6 2 .5  
500 0.32 0.4.5 0.67 9.3  5.9 4. 1, 
1.000 0.57 0.78 1.08 15 .0  10.3 7. I 

I ( y  -I 1)Q*, 
0.5  

1 ~ 0 " O  ergs/:: 
2 0.5 I 2 

10 0.55 0.064 0.65 0.82 0.073 3. 4 
20 0.7'3 0.079 0,'72 1. I8 0. ti99 L:-- 0 
50 1.26 0.119 0.91 1 1  33 0.13'7 5.3 
2-00 1.81 0.1.67 I" 1.3 2.70 0.22. 6.7 
200 2.60 0.27 1.. 53 3.86 0 . 3 1  8.9 
500 Ls 1.6 0.45 2. 4 6.22 0.53 15.1 
1000 5.96 0" 'IC: 4.0 8.90 3.. 03 25.0 
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Table 5.30. Pzrame'cei;s for RBR-11 and. t h e  
E'c nni. React or 

dk/dt 
($/set) EBR- TI F? rini 

5.3.3 i)eI.aved Neutrons 

Del-ayed neutrons produce hea t  a f t e r  a reactor has been shut  down, 
al.thou.gh i n  il1os-t cases t h e  anmunt  is i n s i g n i f i c a n t .  The d-tffiision eqiiati.on 
f o r  Lhe t rans ien t .  case rmy be solved. to y i e l d  Yne fol lowing sirnpli-Tied 
equation : 

where 

m 

i =1 

and 

q!~(t;) ~2 ' hxrml-neut ron  flux as a function of  time a f t e r  shutdown, 
bo = constant  flilx u.p t o  s tar t  of shut,down, 
A i  = decay constant for -" i t h  group ol" delayed neutrons,  
m == number o f  delayed-neutroii groups, 
p = reacti.vi.ty. 

R e s u l t s  calcv..l.ated using Eq. (5 .43 )  are presented iii Fig. 5.5'7 ( r e f .  137). 
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Fig e 5 57. 'Time Dependence of the Neutyon Fl.ux i n  the Sh1nlltd.0~~11 He- 
actor. (From r e f .  137) 

5.3.4. Decav Heeat Generation 

Fission products i n  ea nuclear reactor  continue -Lo re lease eneY,gy 
by radioact ive decay a f t e r  the ehaln react ion has StJbsi.ded. Tile contyi- 
buti.on of -this heat source t o  t he  i n i t i a l  pressurization of the  contain- 
ment vessel  i.s usua.lly negl igible;  however, it may be sigxificau'i; t o  
accident ann.l.ysis thi-ou.gh I t s  contributions t o  core meltdown arid. t o  long- 
.term containment presswe. If' heat transTer mechanisms are su f f i c i en t ly  
disrupted, decay heat could melt and even vaportze the *el, thereby spread.- 
ing f i s s ion  prod.ucts and possibly initin-Ling chemical react ions that s m l l d  
re lease wore heat. 

operating p o w r  leve l ,  with a subsequent decl ine determined by the average 
h a l f - l i f e  of the  mixtire o f  f i ss lon  products. ID. order t o  c ' n ; i~~ : ,~ (> te~ ize  
the problem. of heat generatton from f i s s i o n  products, F t  i s  irq)or.tant .to 
Jmow, as a furic-Lion of t;.ime, (1) the energy d i s t r ibu t ion  of the t i s s ion -  
product gLamms, (2)  t h e  energy rel.ease rate of t h e  f ission-product g a m s ,  
a0.d. (3) the energy rel-ease rate of tlie fission-product betas.  Computation 
of these quan-Lities requires  t h a t  t he  time function of reac tor  f i s s ion  
rate, the  t o t a l  reac tor  operating time, and the  time afkr shii.-t,d.own be 
knoura and that t he  beta  energy rel.ease rate and the energy and plicjton nv-m- 
ber release rates of a su f f i c i en t  umber of gama energy groups be hom 
as a f a c t i o n  o f  time f o r  arr instantaneous f i s s i o n  event. 

Init;ial.ly the  decay heat represents 6 t o  8$ of the reac tor ' s  noma1 



Simplif ied eqress-i.ons, t h a t  is, those o f  ky-.Wignei- and Untermye-r- 
Weills ,  e x i s t  bu-t are ]lot consic%ered suf f7-c ien t ly  acciwate for. Less than 
a few hours a f t e r  shu'id-own. To date ,  hazards eva lua t ions  of t he  existi.iig 
power i-eactors have, i n  general., u t i l i z e d  t h e  Way-Wigoer expression f o r  
c a l c u l a t i n g  decay hea t  gei.iera-Lion. This  was permiss ib le  because i n  most 
cases  decay hea t  wzs r e l a t i v e l y  small compared with o ther  hea t  sources. 

A comprehensi-ve sixvey o f  r ecen t  i n v e s t i g a t  Tons of f i ss  ion-product 
decay energy has been mde138 i n  whi-ch t h e  most r e l i a b l e  i.-rlfonila.tion from 
'ihi. various sources 1-39-14 has been combtned. 
and ganma energy r e l e a s e  a f t e r  in:ri.uite reac1;or operation. a r e  presen-ted 
i n  Figs. 5.58 throu.gh 5.61. Tkta from t h e  t o t a l  energy r e l ease  C U T V ~ S  can 
be con-v-erted. t o  f i n i t e  opera t ing  t imes by the r e l a t i o n  

Data on to.ts.1. energy rzle=1.;7e 

where i is r e a c t o r  opera t ion  t i m  aild t, i s  time af te r  shvtdosmm. Garmm 
energy r e l easz  can be obtained i n  a s i m i l a r  rnanner from t h e  curves f o r  
G( m , t s ) .  

0 

The ra te  of t o t a l  hez i  r e l e a s e  can then be obtained from 

P M ( t 0 , t s )  
watts = 49.8 P M ( t o , t s )  c a l / s ec  , (5.44) 

= 200 

w~liere P i s  t h e  operati-ng power (mtts) oT t h e  r e a c t o r  p r b r  t o  shutdown, 
and M ( t o , l ;  ) i s  the  t o t a l  energy r e l e a s e  ra te  a t  tS R ~ C  fol lowing constant  
reactor operat ion f o r  to see i n  Mev per fi.ssion. 

shutdown of 'a reac'c,or t h a t  has operated for one month (2 .6  x lo6 sec )  a t  
1.. Mw: 

S 

Example. Cal~culatc -the t o t a l  emrgy release r a t e  a t  lo4 see a f t e r  

t = 2.6 x lo6 see.  
0 

li'rom Fig.  5.58, 

and from Fig," 5.59, 

M(W,'Co + ts) = M ( W , 2 . 6  X lo6) = 0.4 Mev/fissrion , 
M ( t o , t s )  = M(w,,1.O4) - M(w,,2 X lo6) = 1.9 - 0.4 = 1 . 5  Mev/fission , 

1 M(to,ts) lo6 X 1.5 
- - 7.5 x io3 wai ; t s  . = 200 -- 200- - 
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The g a m  energy 1-elease r a t e  G( to, ts) c8.n be  calculated siml1.arl.y 
in the  above example, and. i f  t he  beta  energy B ( t o , t s )  i s  a.lso desired it 
czn be obtained by obtaiming the  di.fference : 

M(to,ts) = G(to,ts) -I- B ( t o , t s )  . 

The curves i n  Figs. 5. 58 throu-gh 5. 61 can be approxi.m;zted. by straight 
l i n e s  over vari-ous time I.ntesva1.s. These 3.1n.es on a. log-log p lo t  can the!-1 
be represented m a l y t i c a l l y  by 

(5.4.5) 

where A i s  t h e  ordinate in te rcept  and a i s  the  slope. In Ta'bl-es 5.31. and 
5.32, the values for A and a and t h e t r  deviations from the i n i t i a l  cixves 
are l i s t e d  for  the  t o t a l  energy and gam:i energy releases,  respectively.  
Although the rrmximwr? deviations f o r  energy re lease  I? s ted  above ase <lo$, 
the  deviation f r o m  the  slope of the  curve i.s of ten greater .  For 
-t; < 4 X 10' sec,  the slope deviatlion 3.s <2@, whereas f o r  gren-!;er tlrnes 
t h i s  can range up t o  408. 

down i s  also of i n t e r e s t :  

,%ch deviations camnot occur when -to > 4tS. 
For hazards evaluations the t o t d  enercgy released. Prom time of shut- 

( 5 . 4 6 )  

whi-ch represents the  area under the  curves i n  Figs. 5.58 through 5.61. 
Ruth r a t e  and cxmulative energy releases  are presented i n  Table 5.33. 

The e f f e c t s  of  Brenisstvahiung, photoneutron protliiction, flux m,@- 
tude, and neutron ener,gy were invest igated and consid.ered with5.n the a,c- 
curacy of the experimenta.1. data  and calculations.  A l s o ,  t he  fission- 
product spectrum and. y ie ld  from U233 and pU239 m e  su f f i c i en t ly  srimi.1.a.i. 
t o  those from 1J235 t h a t  no s igni f icant  difference i n  decay heat generation 
shoifid ex i s t .  

For shutdown tinies grea te r  than -lo4 see, the more s i m p l i f i d  expres- 
sions developed by Way-Wlgner"7 and Untermyer-Weills148 are su f f i c i en t ly  
accurate t o  be useful.  The Way-Wigner formula, 

$ (a , t )  = 6.2% [.'i-o.2 - (t -1- . t ) - . O - 2 ]  9 (5.47) 

where QF(a,t) is given 3.n percent of operating power, i s  based on a statis- 
t i c a l  theory i n  which an zvera.ge decay rate f o r  t he  mass of fissim prod- 
ucts  i s  assumed to be constant over the  enlliye time in te rva l .  

An empirical forrnuls developed by IJn-temyer and Weills was based on 
deca.y of fiasi-on products grod.uced in na-tin-al uranium and, consecpently, 
included contributions from U"9 and N p 2 3 g  : 
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Table 5.33. Eher,gy R e l e ~ s e  Rate from Fission-Product, 1)ecay 
i n  a U23'-EZzcled Reactor A f t e r  Shutdovn" 

QF E$, 

($P ($-set) 
a/ % Operating Shutdown 

Time, to Time, t, 
(hr) ( s e e )  (kP ($P 

lo1 
102 
103 
104 
105 

lo2 10O 
10' 
lo2 
1-03 
i o 4  
105 

108 

i o 3  10° 
lo3, 
102 
10 
i o 4  
3-05 

10 

10 
10 

10 

2.53 
1.95 
1.. 06 
0.34- 
0.01 

2.90 
2.32 
1.4.2 
0.66 
0.20 
0.023 
0.0025 

3.04 
2.46 
1.57 
0.81 
0.33 
0,088 
0.016 

3.17 
2.59 
1.70 
0.93 
0.44- 
O"l85 
O.Ot58 
0.007 

2.3s 
1.70 
0.93 
0.29 
0.005 

2.68 
2.03 
1.24 
0.5s 
0.15 
0.007 

2.84 
2.19 
1.39 
0. n 
0.30 
0.060 
0.003 

2.89 
2.24 
1 . 4 4  
0.76 
0.36 
0.123 
0.044 
0.00s 

[+. 88 
3.65 
1.93 
0.625 
0.015 

5.58 
4.35 
2.66 
1.21 
0.35 
0.030 
0.002s 

5.88 
4.65 
2.94 
1.52 
0.63 
0.148 
0.025 

6.06 
4.83 
3.14 
1.69 
0.80 
0.308 
0.112 
0.012 

6 
55 
250 

I, 180 
3,150 
4,350 

6 
55 
4.00 

7,400 

23,600 

6 
55 
400 

2,480 
9, GOO 

200,000 

1,880 

I6,200 

33,500 
86, GOO 

230,000 

6 
55 
400 

13,600 
2,480 

51,500 
203,000 
4.81,000 
771,000 

8. 
Ga,ma energy release rzte, &y (7 , t )  5 of operating power; 

beta energy relectse rate, % (~,t) $ of o p e r a t k g  power; t o t a l  
energy release rate, ~j- j -  (T ,L)  $ GI" operating power; ezmdati.ve 
energy release afber shutdown, EF ( T, t) . 

bMdtiply by power/l00 to obtain units o f  power. 
c 
t a t i p1 .y  by power/100 to obtain uniix of energy, i.,e., 

power-sec. 
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104 10 O 

101 
l o 2  
10 
1-04 
i o 5  
10 
io7 
108 

i o 5  loo 
I O 1  

1-03 
104 
io 
1.0 6 

107 
108 

ua loo 
I O 1  
l o 2  

lo/' 

107 
108 

10 

J.03 

1-0 
10 

3.22 
2. @:- 
1.75 
0.98 
0.492 
0.236 
0.110 
0.022 

3.22 
2.64 
1.75 
0.99 
0.497 
0.240 
0.113 
0.025 
0.003 

3.24 
2.66 
1.77 
1.00 
0.51.0 
0.254 
0. 1.27 
0.038 
0.015 

2.94 
2.29 
1.. 49 
0.81 
0.412 
0.1.72 
0.088 
0.028 

2.97 
2.32 
1.52 
0.83 
0.436 
0.197 
0.113 
0.049 
0.012 

2.99 
2.34 
I-. 54 
0.8'7 
0.465 
0.225 
0. 142 
0.079 
0.040 

6. 16 
4.93 
3.24 
1.79 
0.904 
0.408 
0.198 
0.050 

6.19 
4.96 
3.27 
1-. 82 
0.933 
0.437 
0.226 
0.074 
0.015 

6.23 
5.00 
3.31 
1.m 
0.97s 
0.4?9 
0.269 
0.117 
0.055 

6 
55 

400 
2,480 

13,600 
68,500 

1,090,000 
2,270,000 

G 
55 
400 

1.3,600 
68,500 

370,000 

4,150,000 

6 
55 
4-00 

2,480 
13,600 
68,500 

370,000 
I, 822,500 
8,052, 500 

260,000 

2,480 

1,420,000 

where C & , ( T , ~ )  i s  given as percent of operating power. 
by Unterinyer and Weills f o r  t h e i r  cxpression i s 3 is'ied below: 

Estimated accuracy 

1 G t S lo2 
l o 2  < t < l o 4  
104 < t < 106 
l o 6  < t d I O 8  

wiihin i50$ 
within *30$ 
within +lo$ 
wit;hrin 250% 
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To obtain t h e  heat generation from U235 f i s s i o n  products above, the heat 
from IJ"' and Np239 should. be subtracted from t h e  above expression: 

(5 .4&)  

(5 .48c)  

[ -t/2040 - (t+.t) /2040] 

[ -t/290,000 - (tt-~) /290,000 

QU"9(T, t )  = 0.25 ~1 - e  

C$ip239(~,t)  = 0.13 e - e  

where both values are given as percent of opera-Ling power. A graphic 
comparison o f  the  three  methods presented here i s  shown i n  Fig. 5,62, 
which is based. on an i n f i n i t e  reactor operating time. 147-149 

ORNL-L R - G W G  76099R2 

SIiUTDOWN TIME [set) 

100 2 5 IO' 2 5 102 2 lo3 2 5 lo4 
7 

6 

O L I  
IO" 2 5 

7 

i: 
I.. . . . . . . . . WAY-VJlGNER (REF147) 
--- (IN I R M Y E R  -\NEILILS ( R C F  148) 
- COMPOSiTTE (REF149) 

5 106 2 5 
SHUTDOWN TIklE ( s e c )  

107 2 5 

1.4 

1.2 

I 

a. 
5. 
Y 

1.0 B 
17 
z 
'a 
i_ 

E 

0 

0 

0.8 k! 
L L  

s 
a 

I 

0.6 

W -1 W 

0.4 & 
(L 
W 
z 
W 

0.2 

0 

Fig  5 -62 Comparison of  M e t h o d s  fo r  Obtaining Heat Generation Rate e 
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5 . 4  OTHXR HEAT SOURCES 

Additioiial sources of heat t h a t  exist; i n  c e r t a i n  reactor  sys-iexiin and 
should be considered i n  containment design are described here, with r e f e r -  
ences t o  spec i f ic  data. 

5. I+. 1 Heat Coritent of Mater'ials 

Large amounts of hes-t can accumulate i n  r eac to r  materia.1-s as the  re- 
s u l t  of operating conditions, and i n  some cases t h i s  may represen-t the 
major contribution t o  pressure buildup i n  the  contai-ment system i n  ac- 
cident analysis ;  for example, f lashing of  coo.?.ant watei- i.n acclideiits in-  
volvi-ng primary coolant system rupt.ui.es i n  pressuriwd-water reactors .  
In other cases, s igni f icant  contributions may be represented by heat irans- 
fer- from high-temperatu-ce regions o-f core and s t r u c t u r a l  mater ia ls  as i.n 
Peach Bottom. 

This energy i s  represented by both t h e  sensi.ble heat and the 1.a.tent 
heat contaiiied i.a the  materials.  Since the v a s t  amount of data UA t h i s  
type of energy ma.kes i t,s inclusion hei-e impractfcal; info~-ma-tion conc erning 
t l i ~  source of the  mosL accura-te and usab1.e f igures  present ly  avai-lable l is 
summarj.zed i n  %he following sectlion ( s e e  Tttb1.e 5.3):; r e f s .  7-50 'io 168). 

5.4.2 Stored &i.ergy i n  Graphite (Tdi-gner Energy) 

Graphite, when exposed -to a neutron f1..11.x, undergoes damage r e s u l t i n g  
from c o l l i s i o n s  between neutrons and carbon atoms. One of the  e f f e c t s  of' 
t h i s  darnage (liii-st t h e o r e t i c a l l y  predic-ted by Wigner) i s  the  Yorimtion of  
excess energy i.n the  c r y s t a l l i n e  s t ruc ture  of  the graphite i n  t h e  foim of  
bo-Lh simple and complex c r y s t a l  l a t t i c e  defects .  Rearrangement of the  
atoms -to eliminate Lhese defects,  f o r  example, by heati.iig, w i l l  re lease 
the energy as heat.  Stored energy represen'is a hazard vhen i t s  relezse 
(resulLing from ai1 abnormal temperature ri-se) would be sufficient,  t o  con- 
ti-ibute to  the course of an acclden-t by causing the  tznipercature to ri-se 
higher and more qui.ckly than could be safe ly  controiled.  

qiAre amtealing opera-Lions during whkh the graph.ite temperature r i s e  r u s t  
be careful.1.y control.led.. 'The Wfndscale accident16' illustra'ced the  sev2i-e 
consequences of an uncontrolled re lease  o f  Wigmr energy 7.n such a low- 
temperstxi-e reactor.  Graphi'ie employed i n  current  and f i t i l r c  hi&- 
temperature, gas-cooled power reac tors  w i l l  be subject -to a mxh reduced 
degree of Wi-er energy accuxulation. 
such as Yne reflectmr and coolant inlc- t  sect ion of the core, should be 
examined f o r  the amount of stored Wtgner energy-. 

on Wigiier energy problems has been presented by Ni.gbtingale and h i s  co- 
workers.  5 7  The b r k f  summary o? the sta-ius of  Wigner s tored energy and 
release s tud ies  presented below i s  draw froin r e f .  57, which should be 

Air-cool.ed low-temperature graphite-moderated research reactors  re- 

However 1.ow-temperatixe locatioiis, 

The current sta. tus o f  experimental data and t h e o r e t i c a l  developments 

a comFlet:: treatment of t h i s  subject.  
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T'z.ble 5.3kr. :Iea-t Contsn?; of Reactor ? , ,kter ia ls  

32-16r)O' F 
0.2-55OO psia  
32-1600'F 
0.2-5500 p n i a  
C-160G"P 
0-5500 p i a  

1 ChO" c 

Entropy 

Ssecif ic  heat,, 
l a t e n t  heats 

kavy  water15o915' Theimd cond-dc- 
t i v i t y  

Spci.C.!c hezt 
Latent heats  

10-50°C 
3-220" c 

A i r  15 2 , 1 5  3 &et c?.p;pacity 

Then:? I conduc - 
t i v i t y  

Heat c a p a c i t y  

Tneri~utl ciziiduc - 
t i v i t y  

Heat c a p c i t y  

The r n n  1 c onduc - 
t i v i t y  

Heat capaxit:, 

Yherml. c nnd ix - 
t i v i t y  

0-600" F 
14.7-6000 p i a  
C-ll00"F 

I b i d . ,  R m c t o r  Ikndbook, 
pp. 936-3'1 

60-5C00' r' 
1-100 a t r  
25-1600" b' 

Ibid., Re?cLor +lidbook, _..___ 
pp. 989-90 

100-20CC" F 
1-100 at.m 
80--600" P 

Tbj.d., Reactor i-hndhcck, 
p. '385 

&at  capacity, 
ther-ri31 c o11duc - 
t iv i ty ,  l a t e n t  
he3t.3 

200-300" F b i d . ,  Reactoi- Handbook, 
pp. 946-4? 

Liquid mc.ta.2.s 
Sodium ( o r  ?Tax) Enthalpy, entropy, 

sp rc i  f i e  heat 
Heat cepaci.ty 
Li i emc i  I conduc- 
t i v i t y ,  l a t e n t  
h m t s  

l i -  

& a t  capacity, en- 
thalpy, 1.atent 
hezt 3 

Heat capacity 
Themsl csriduc- 
t i v i t y ,  l a t e n t  
he?f,s 

Heat capacity 
'ik CWJ. c snauc - 
t i v i t y ,  l a t e n t  
heats 

Rea  t cap3,city 
Thcrnml. coi1duc - 

t i u i t y ,  l a t e n t  
heats  

0-900°C 6. A. Jackwin  ( E d . ) ,  Liquid 
Netals ;iandhook, %diun-lIaK 
Supplement, STSAX Report 

July 1, 1355 
11'113-5277, pp. 2 1 4 1 ,  

0-1500" E 
200-1300" E 

Temperature 
Temperature 

Gp. c i t . ,  neactor Emd'book, 
pp. 9536-97 

271-1009" C 
330-700" c 

op. C i t . ,  Reactor E-nd?Jook, 
pp. 9 9 - 7  



P t t e r i a l  

G r i p h i  t e 

@F. c i t . ,  Rcector JT-ndbook, $lo-lI ........ 
PP . 

@. :it" ?eac tor  dndbcok,  ......... .- 
g.3. 112-13 

5.4.2.1 Effec i or' S r r ad ia t ion  ........ .- 

The t c t a l  s to red  energy i nc reases  with ra,d.i.ation dose and in tens i - iy  
and decreases wi th  i r r a d i a t i o n  tzrflperature. 'The neutron energy spectrum 
i s  a l s o  an important i r r a d i a t i o n  condj-tion, si-nce Tast neuhoils c r e a t e  mor2 
l a t t i c e  de fec t s  than slow neutrons. The mechanisms of these e f f e c t s  e r e  
not  corn-olekly understood. 

The increase  i n  sLorsd energy with neutron exposure i s  shown i n  Fi.g. 
5.63 ( refs .  2-70 to 173) f o r  temperetures from 30 t o  4-50°C. The o r i g i n a l  
da ta  were taken from Hanford r e a c t o r  i . r radiat1ons GI? CSF graphi te  and 
3 r i t i s h  i r r a d i a t b n s  i n  Calder Ih'l.l.3 DIDO, and PLUTO r e a c t o r s  of PGA 
graph?-te. S-tored energy, S, accunu-lates a t  a much Lower rate a t  300°C 
than a t  30°C and also saturates a t  2 much lower value. Although the  higher  
t emperah re  energy s torage  does not, appear t o  reach a Lroublesom level, 
i r r a d i a t i o n s  i n  the order of 50,000 Mwd/A.t; ape necessary to cover t h e  ex- 
pecked. l i f e  of cent rx l . - s ta t ion  power r e a c t o r s .  

ti.on-.damage p rope r t i e s  e Equivalent dose, equiva len t  temperature, and 
damzge flux concepLs have 'wen used. t o  r e l a t e  reactoi- design. doses t o  
exisl;in.g stored. energy versus  neutron dose data from Calder and RanPord 

The neutroii energy spectrum a f f e c t s  t h e  s to red  energy and o the r  r ad ia -  



0 I 2 3 4 5 6 7 8 9 10 
EXPOSURf ( M w d  /at A ) 

Fig .  5.63. The Acciimulation of Tot;al. St,ored- Energy (S)  a t  Several. 
I r r a d i a t i o n  Terqx  rature s . 
are shown i n  parentheses f o r  esch c_i_u"ve. ( ~ r o m  r e f .  57) 

Equ.ival.ent C alder i r r a d - i a t  ion t ernpmture s 

5.4 ,2 .2  Energy Releax  __-- 
Y'lie release of stored energy h.as been investig.%ted at ~ O I T  -tempera.ture,s 

(-30" C) and high temperatures ( 3150° C) W i t h  neutron doses to apiiroximtely 
5000 Mrd/At. 
i r r a d i a t i o n  as a fii-nction of azuiealing temperature exh:i.bi-ts 8 r ~ x i m u m  near 
200" C 'chat broadens as the neutron dose increases , 17" as shom i n  Fi.g. 
5.64. Hence th.e stored e n c r p j  release r a t e  (cal/g. O C) exceeds -the spec i f ic  
heal; of graphi te  f m m  about 125°C to 300 to 4OO"C,  d.e-peii&i.ng on. neutron 
dosage, Stored-energy release c i r v e s  171J lY2 f o r  high- i;enipci:r;r-l.kui-e i r r a d i a -  
t,i.o,ns exhib i t  a broad rrD,ximim, 8 s  sho:m in Pig. 5.65. %"ne mximm release 
r a t e  decreases wlth Increasing i r r a d i a t i o n  temperature and occum a t  higher 
anneal.j.ng temperatures, as i n  Fig. 5 .  65. TP1.u.s higher annealing tenipe:rz- 
t w e s  are required t o  release the 8 tored emer,y from higli--ier@era'cure ir- 
radiation. 

The :rate of  release of energy stored dwi.ng low- teriiperatv-re 
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Certain info:cmatrion necessary foi- Lhe engineerring design from a strinc- 
turd s tandpoin t  of  reactor contai.nment, and. eiiglnee~ed s a-ieguards systerr,s 
i s  compiled i n  t h i s  chapLer I The zvai lab le  in-C(xmati~on on. hent i;raisfe?- 
t'nerm~tlynamics, fluid dyrimics stru-ctural design, and missile pro'cectAon. 
L l ? a t ,  i s  unique t o  reac tor  containment i s  iwesented i.n a form tha t  may be 
usei'iil.. t o  the reac tor  contai-ment design engineer.. However, i;h.e engineer- 
ing methods used -to (3.esi.gn reactor contaj.wnei-tt systems a r e  f o r  the .most 
p a r t  convent iona l  mid need not  be deliriear'ied. 'Tile probl.err!:; peculiai-  to 
-Lhe design of coritaj.nment systerns are g e m r a l l y  t rea ted  only i n  the  jou r -  
~i,CiLs an? in tec'niiical reporks . T h e  purpnse of t h i s  chapter i.s, then, t o  
eQmpile some of t h i s  information arid bo present it in a form i;hat w i l l  be 
useful.  

lem under normal opei-ating conditions. I n  the even-t of an accident i t  i s  
even more iniportmt.  'The design of any eontainneni; system and i t s  ener- 
gency heat-removal systerris is d.t?pendent on the doiiity to pred ic t ,  with 
a la rge  degree or coi-tfi.dence, the various rates of  hea t  -kra ,~isf 'er  w-ii;?iin 
the s-y-stems . Rakes of h e a t  tran.sfe:r by condi.rcti.on, convection, r a d i a t i o n ,  
and boi l . ing are disczi.ssed. 

T'he pressure, volume, and. temnpera,ttire rel.at:i.ons i.nvolved LE calcula- 
tions of" khe effects of r e l e a s e  of t h e  reac tor  con ten t s  i.rit,o the contain-. 
men% vessel i n  the even-1; of an accri.rl..eni, are $resented.. The condi t ions  
or the p r o p e r t i e s  of the fluids as 'they woul-d exist i n  the co;iri;aimient 
vessel a2fec.i; the uI-i;inat,e design of this f ins1 h a r r i e r ,  which ccjntrols 
the relkase of r a d i o a c t i v i t y  to iAe environment. 

drsu1i.c -probl.ems that must be considered. The l inea, i -  momen.-tiun eqlcmt,i.on 
and Berrioul l i  ' 6 eqtiation as used. t,o determi-ne ?jet; impingement forces r e -  
sid.ting from single-phase flow, working ec~u~~l;ion:r: :for t :~o-ph,se  fl~oi~, and 
sl-loek transrnission ;LLT discussed. R cpilita-Livci d e s c r i p t i o n  of s t e m  jet;  
condensation i s  presented .  

accordsnce wi1;h Rules :for Cons.tnic1;ion of Nuclear Vessels ,  Sec1:,im 111, 

., . 1 

The remova l  of the he& genera'ced j.n a power reactor .i.s an a,cute prob- 

For tl.ie design of r e a c t o r  contai.nmnent, systems, there  are s e v e m l  hy- 

As a minirnim requirement, c o n t a i m e n t  vessels  should be designed. ;.IT 

---- 

.x- 
r&e initial prepxrat ion o f  t h i s  iAmpter TVRS don2 by J. E. Mott i n  

late 1963. Since t,hst time exti2risive revisi.on has taken place,  with 1;he 
I j - s t e d .  autlnors being rm j o r  c o n t r i b u t o r s .  
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JiSMli Boi le r  and Pressure Vessel Code, 1.963 Edi t ion  ( see  Chap. 2 and App. 
C aqd D). A discu-ssion o f  neutzon embri-ttleme~l'c of s t e e l s  may be foiinrl 
i n  Section 8.3.  'i'ne code cc>ntaifls the most ex tens ive  and cu r ren t  rnatex-ial 
a.vailabl.:: on anadyt ica l  techni p e s  t h a t  a r e  gene ra l ly  appl icable .  
t;he ca.lculat.tion of s t ~ e s s e s  i s ,  i n  general ,  based on an el.astic a n d y s i s ,  
even though {;ne actual s t r e s s e s  r m y  exceed t i le el.astic l i m i t  of i;he ma- 
' ier iz l .  Any attempt to incorporate  e1.astj.c ana lys i s  techniques i n t o  'L'nis 
document, would be needless r e p e t i t i o n .  On the o t h r r  hand, much work i s  
current1:y- be:ing done i n  the f5el-d of p l a s b i c i t y -  t h a t  w i l l  be d i rec t l -y  ap- 
pl-jcable t o  ul-iii,:a.te s t r eng th  ana lys i~s .  This work i s  -in t he  research  a i d  

porated i n t o  a corie. This subjec t  i s  t h e r e f c r e  discussed he re .  
In orde:r t o  cv3luat,e the darnage th.at, m y  be done i.n t h e  event of an 

acci~deiit t o  a nuc1.ear power p l an t ,  L t  i s  necessary t o  predi-ct  the nature  
of  t h e  a.cci-deilt; the energy released, and t h e  resul:t,s o f  t h i s  release. 
O f  pz-r t icular  i n - t e re s t  i n  the design of con ta in ina t  sys'ceim 7-s protcc Lion 
aga ins t  mi s s i l e s  -thzt may be p.rleratec? e i t l i c r  as ilie cause or .the res1rl.t 
of an acc ident .  It, i s  the re fo re  neceznzry t o  determine which componen-Ls 
may conceivably become ini s s i l e s  Z . R . ~  t o  predic-i  tA1e-i.r rraximuii ve loc i - t ies .  
J.T. i s  a l s o  necessary t o  desi-gn m i s s i l e  shi-elds o r  oLfler prrotective systems 
-that wi1.l contaiil t h e  m i s s i l e s  which may be generated.  A seeoiid a rea  of 
i n t e r e s t  i s  t h e  design o f  b l a s t  shields f o r  dissj.pa.t,ii?g much of the energy 
t ransmit ted by a shock wave3. These sub jec t s  are discussed i n  t h i s  chapter .  

A coiiipj-l.ation of computer codes designed Lo dea l  with the  problems 
of r e a c t o r  containuient i s  i.nc J.u.d.ed. 

It should be no-ted t h a t  r eac io r  containment problems have receri.ved 
a t t e n t i o n  only i.n thc: p a s t  few years,  and therefore no s t rong  body- of 
r e l i a b l e  informa'Lioii has y e t  been developed. 'Thh i.s p a r t i c u l a r l y  true 
i.n t he  a r e a s  of two-phase c r i t i c a l  flow, shock effec-Ls, d.y-namic loading, 
and m i s s i l e  protec.Lion. It i s  therefore imperative t h a t  conservat ivc 
design procediires be employed and t h a t  extreme care be exercised i n  ex- 
t r apo la t ing  e x i s t t n g  i.nfor.ma'ii.on. 

It w a s  o r i g i n a l l y  intended 'iiiat R sec t ion  on external loading be 
i.ncl.uded i n  LhiLs chapter ;  however, it is  felA t h a t  t h e  r e c e n t l y  released. 
handbook Nuclear Reactors and. Earthquakes' and conventional works on strsuc- 
tu.ral desisn. cover .this a rea  satisfsct,ori.J.y. 

However, 

t s tage  a d  a s  such i s  not  we1..1. enoilgh developed to be incor -  

- 

. . . ._ .. .. . .. . . . . . . . . . . .^ ... . . 

6.2 IWA'L' 'TKAKSFER PROBLEMS 

T. W. Pickel 

Renoval of t he  hea t  geinerated i n  a power r e a c t o r  i s  at1 important con- 
sidera-Lion under normal opera t ing  condi t ions ,  md i n  t h e  event; of  an ac- 
ci-dent, it becomes an acute  probl-em. The success of  containment and. o the r  
safeguards sys  terns i s  dependent upon the  des igner ' s  a l h i . l i t y  t o  predi-et, 
with a high degree of con€idence, t h e  var ious  r a t e s  of heet; t l .ansfer wi th in  
t h e  s y s t e r .  I n  &enerr.!-, the containment v e s s e l  i.s siz,ed f o r  tile maxi- 
~l ium ci-edible acci de-:it. This usua1.l.y i.ilvolves dumping of  t h e  primary 
coolant, and frequeni2.y somc secondary f l u i d  a t  a rate determined by t h e  
assumed rupture ,  i n t o  'the containmen-L vessel. Heat transfer problems are 
involved in es tab l i sh in t :  the temperature of t h e  f i e 1  (from t'ne standpoin'i 
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of over heating the f u e l  and -the subsequent :release and transport of f i s -  
s ton products ) and  -the ternpej-ature of  the  gas-va,yor mixture i n  the con- 
Lainment s h e l l  (f'nm the  sta,ridpoi.nt of pressure i n  the  s h e l l ) .  

In  the  case o f  transfer of heat  from- t'ne fuel elements t o  -the coolnnt 
a f t e r  an accid-ent, the most comaon mechanism of heat t r a n s f e r  w i l l  be f r e e  
convection or' bo i l ing  of resid.ud water. Heat t r a n s f e r  by rad.j.a,t;ion may 
be si.gni f i c m t  at high fu-el cladding temperatures regardless of the type 
of convection. 
which f o x e d  convecti.on w i l l  be the cont ro l l ing  heat t ransfey mechanism. 

cooling system, flow into t h e  contaiimient vessel ,  heat i s  t,ransferred t o  
the coa-tainmeilt s h e l l  and. t o  s t r u c t u r a l  neiiibers and equipment within the 
s h e l l .  Again n a t i r a l  convection i s  an important mechanism of heat t rans-  
l e r  between the I l u i d s  and the surfaces of the s h e l l  and. sI;ructixal mem- 
bers .  Condensation m y  occur on -these s iafaees  anit contr ibute  t o  the 
t r m s f e r  of heat. In sollie reactor systems, spray cooling znd vapor sup- 
pressLon -banks are provided. Iienr-e, simultaneous heat and. IIELSS t r a n s f e r  
i s  important. Eadi.a-t;j.on.  nay be important especi.sl ly between the  reactor. 
vessel. and. s t r u c t u r a l  o r  containment sinfaces. Transfer of heat I'rom the 
s h e l l  t o  the  envi-ronment i s  accoxplished pr1rmri.l.y 'oy natural  convection 
and rzdiat-ioii, although in some cases this heat Ixairisi'er is lessened by 
the presence of  insu.1.n-tIon. 

I n  most cases, emergency coolant loops w i l l  be used i n  

After the contents of the  primary system, a.nd some-times -t;he second.ary 

6.2.1 Conduction 

E ' o i r k r ' s  law g i w s  the  rate of  heat conduction dq/d,c of {./'A through 
a plane area A as 

qi-iant i t y  of heat t ransrer red  i n  heat imit s, 
time , 
heat flux i n  heat uni.ts per unj t  area per u n i t  time, 
area., 
terriperatur e 
d k t a n c e  measured norinid- l;o A arid. i n  the  d i rec t ion  of tnc  heat 

thermal conduc-tivity of the  mmterial. 
flow, 

Thermal. con.ductivities f o r  most reac'cor mater ia ls  rmy be found i n  r e f s .  2 
and 3. 

The general  e q 1 ~ 2 t i ~ n  f o r  uns'i,eady-state conduction wil;h i.rxLema1 heat 
geaerat i  on, motion of the cond.u.ctl.on f i e ld ,  and two- and l;hree-di~i~nsiOii&l. 
shapes i s  
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where 

6”’ = i n t e rna l  hea t  Eeneraiion i n  heat, units per  volume per  unit, time, 
11 . veloc i ty ,  
p = densi ty ,  
a = thermal d i f f u s i v i t y ,  k/pC7 
C = s p e c i f i c  hezt ,  

v2 = CaDlacian operator .  

Steady-state  conduc’iion for several geometries 3.s discussed by 
Bonil la .  ‘ 
and Jaegcr, %Those t e x t  giveE exp1ici.t so lu t ions  of  m ~ a y  problems of p:trac-- 
t i c a l  i n t e r e s t ,  i n  add i t jon  t o  an excelle-nt p re sen ta t ion  of t h e  theory  and 
rnathem~Lics h v o l v e d  i n  -these prohkms Unst,eady-state conducJLi.on i s  al-so 
covered by Hsu6 and Jakob. 

Schneider8 p resen t s  tempera’ci.ire response c h a r t s  f o r  s eve ra l  boundary 
conditi.ons and body shapes and considers  the  r e l a t i v e  magni-tude cf j -nternal-  
to.-surface conductance. ‘Yne ind iv ldua l  cases considered i n  each oi“ t hese  
t h r e e  ca tegor ies  arc l i s t e d  be l  ow: 

Unsteady-state conduction i s  covered ex tens ive ly  by Carslaw 

A. SOUNDARY CONDITIOI\J 

1. CoilstaLlt sur face  t emperah re .  
2. Variable surface temperature. 
3. Constant ambirn’c temperature.  
4. Const,ant and variab1.e hea t  input .  
5 .  Radiaiion. 

R. BODY SHAPE 

1. 
2. 
3.  
4. 
5. 
6. 
7. 
8. 
9. 
1.0” 
11. 

Sem?.-infin?i ?;e s o l i d .  
Single-Layer p l a t e .  
‘Two - l a y e r  p l s t  e .  
Cylinder.  
Cyl indr ica l  cavi’i. y . 
Cyl indr ica l  s h e l l .  
Sphere. 
Spherical  cavi-ty. 
Spherical  s h e l l .  
‘Ell. ipse .  
E l l i p so ids .  

C . INTERNAL AND SURFACE CONDIJCTANC~E 

I.. Fini‘ie internal .  conductance, i n t in i ’ i e  sur face  

2. I n f i n i t e  i n t e r n a l  conductance, f i n i t e  sur face  

3. F i n i t e  i n t e r n a l  and sur face  conductance. 
4. F i n i t e  i n t e r n a l  conductance. 
5. I n f i n i t e  i n t e r n a l  conductance. 

c onduc tam e. 

condiictance. 
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The char t s  represent anal-ytical  solut ions f o r  t r a n s i e n t  one-dimensional 
heat conduction. The density, spec i f ic  heat,, and themnal. conductiv3 t y  
of the conducting mater ia l  are assurfled to be i so t ropic  and constant. 

6.2.2 Convection 

Heat t r a n s f e r  by convection m y  occur as a result, of f l u i d  being 
forced p a s t  t h e  heat t r a n s f e r  surface (forced convection) or  the c i rcu la-  
t i o n  of fluid. caused by densi ty  gradients  ( f r e e  or natw-al convection), 
In t ransfer r ing  heat from f u e l  elements t o  cool-ant, forced convection i s  
the  normal heat t r a n s f e r  mechanism. Bowemr,  f r e e  convection may be irn- 
por tant  during periods of' pump fai l -ure  o r  a f t e r  par%ial. l o s s  of coolant. 
Where condensation i.s not occurring, f r e e  convection i s  t h e  princip1.e 
mechanism by which ?lea-t i s  t ransfer red  to t h e  containment shell. or s t ruc-  
t u r a l  members from. the  coo1-a.n.t and steam t h a t  a r e  re leased by  a system 
failure. Free-convection - t ransfer  may a l s o  occur i n  the t r a n s f e r  of  heat 
from t h e  contalmflent shell.. t o  t h e  surrounding atmosphere. 

heat through a f i l m  of the f l u i d .  This i s  expressed by the following 
r e l a t i o n :  

The t r a n s f e r  o f  heat by convection i s  characterized by the  flow of 

whe 1-e 

q = heat t ransrerred,  Btu/hr, 
h = heat transfer coef f ic ien t ,  Btu/hr. f t2 .  O F ,  

A -= area normal t o  t'ne d i rec t ion  of heat flow, f t2 ,  
A t  = temperature drop across t h e  f i l m  or difference i n  tempera- 

t u r e  of the  bulk f l u i d  and. t h e  su_rface, O F .  

6 .2.2.1 Forced Convection 

The hea t  t r a n s f e r  r e l a t i o n s  201" forced. convection have been studied 
extensively, but because the mechanism i s  so complex, the best; cor re la t ions  
have an accuracy of only "2076. 
vanciat or y . 
A list of those used. i n  -the following t a b l e s  is  given below: 

This uncert,ainty makes conservative design 

The data  a r e  norinally correlated with various dimensionless numbers. 

Nu = Nusselt number, IiD/k, 
Re = Reynolds number, E / p ,  
Pr = Wandtl  number, Cp/k, 
Pe = Peclet  number, DCCC/k, 
GZ = G r a e t z  number, CGD"IW, 
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h = heat  -transfer c o e f f i c i e n i ,  Btu/hr. Pt2. OF, 
D = diameter, f’c, 
k = thermal conduct ivi ty ,  A”iu/hr. f t 2  ( “ F / f t ) ,  
G = mass flow rate, l b / h r . f t 2  ( i n  case g, Table 6-19 G i s  defined 

p = viseosi-ty, l b / f t .  h r ,  
C := s p e c i f i c  hea t  a t  constant  pressure,  Btu/lb.”F, 
L = length. of f low channel, ft. 

as lb / sec -  f t 2 ) ,  

I-. Turbulent Flow. Flow channels a r e  usua l ly  long compared wi’ch 
t h e  equivalent; diametg?, and t h e  thermal e n t r y  length  i s  shor t ;  t he re fo re  
the  hea t - t r ans fe r  coe f f i c i en t s  f o r  long tiib3s are usually- des i r ed .  Iieat- 
t r a n s f e r  c o r r e l a t i o n s  f o r  t h e  s i n g l e  -phase tu rbu len t  Plow of nonrnetallic 
f l .u ids  a r e  gi.ven i n  Table 6.1. It shoiild be noted t h a t  all f l u i d  pmper -  
t i e s  a r e  eval-ua’ied a t  t h e  f i l m  -Lerperature : 

where t i s  t h e  bulk f l u i d  temperature 2nd ‘L i s  t h e  wal l  temperature. 

bu len t  flow. 
fe rences  i n  t h e  wet t ing of t h e  w a l l  by l i q u i d  m e t a l s ,  (2) ent ra ined  gases, 
and ( 3) e r r o r s  i n  iernperature measurements e 

b W 
Table 6 .2  shows t h e  p r i n c i p a l  c o r r e l a t i o n s  f o r  l i q u i d  metals i n  tur-  

me l a r g e  d iscrepancies  i n  these  da t a  are due t o  (1) d i f -  

2. Laminar Flow. I n  I.arninar fJl.ow t h e  e f f e c t  of ’che thermal. e n t r y  
length i s  grea.ter than  t h a t  f o r  turbuleni; fl.ow; the re fo re ,  t h e  hea t  t r ans -  
f e r  coe f f i c i en t s  f o r  short. channels a r e  usua l ly  d-esired. The princi.;oal 
1amj.nar-flow r e l a t i o n s  f o r  s h o r t  channels a r e  l i s t e d  i.n Table 6.3. Tne 
term Nu (cases  d and e )  empl.oys AM 

where A t  i s  the  ar i - t lmet ic  mean of t h z  i -n le t  and l o c a l  EL. 

shapes. 

A!!4 
Tables 6.L:. and 6.5 give long-channel v a l u e s  of h Tor t h e  usual. channel 

The Pl.ow mean A t  i s  the  value def ined by 

q l  
A h  

A t = - - .  

The values  of maximum A t  a r e  u s e f u l  i.n computing, from t h e  flow mean A t ,  
the  rnaxirnum temperature v a r i a t i o n  in t h e  stream. The space mean .At values  
gi.ve the  volumetric average tempera-Lure of the fl.uid, which i s  use fu l  i n  
ca lku la t ing  t h e  mass and buoyancy of the coolant  i n  the  tube. Baca.use of 



Belation deference DeslgnEtiori Case LimitaxLons, etc. 

0 . 8  0 
fiu = 0.023 Xe Pr113 = PTu 10 Flow i n  long 

c:?an.Cds 
2,000 < Re < 30C,000 a 

b Local h in short 
charnels; down- 
stream dissance L 

bcsl ii in short 
chznnels 

2,060 < Re < 60,OGC 

60,000 < Re C 

cl 

e 

?Tu = 0.87 (D3/D2)1'2 BuO 

1"- 
3 .  53 0 

log:(, p') Nu 14 V L C  = (1 -c 6.K- 

f 1 3  

'@?low wi- th  25 < G < 100 
ILb/Pt2* 3ec 

n 

I 

= 0.4tw + 0.67 

Case a holds with 

Xu = Nu 0 ( ae ing  De) 

NU = 1.4 NU 0 (using n j 
e 

16 

17 

P l o w  para l le l  to 
5.be buzd.les 

Ratio of a x i a l  STzcirig t o  
dimie'ie-. <1.3 

Ratio of a x i a l  spacing to 
d i m e t e r  = 1*46 

6 
Prorn re?. 9. 
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0.727 
1. GOC 

: .03c 

0. ?i+2 
c. 824 

I " 300 
1.300 

1.. COO" 
1. coo" 

the v iscos i ty-  change wi'iii tempei-a'iure, the value of h f o r  a liquid being 
heated OT a Eas being cool.ed w i l l  fall between t h e  pa rabo l i c  and uniform 
velocity cases  a 

6.2 .2 .2  Free Convection 

1, Free-Convccti on Hea-t Transfar  i_n C0i-e Channels. .._____ l i l  the event 
of a pimp o r  b1-owzr fail-urc o r  p a . r t i a l  l o s s  of c o o l a n t ,  f r e e  convecti-on 
i.s t h e  mechanism by which h e a t  i s  removed from t h e  f u c l  elemenks. The 

_I ...-_I ~ _ _ _ _ _ _ _ _ _ _ ~  



Table 6.5. Local Nusselt J!Tm'oer for Streamlined 
Flow i n  Long, Concentric, Cyli.r?d~ical Anrm.lj- 

Heated a t  Constant q/A on One Sid.e" 

"Pwa'nolic 'I Velocity 
Ratio of Uniform (1-1 Constaut,) 

Dinsulated Velocity, 
to %teated Nub NUb Ratio o f  At,, t o  

& f l o w  1?3ex%1 

54. 60 
7.389 
2.718 
1. 64.3 
1.284 
1 
0.7788 
0.6065 
0.3679 
0.1353 
0 

32.96 34.78 
9.71 10.18 
6.748 6.758 
6.168 5. is98 
6,040 5.606 
6 5.384 
6.036 5.222 
6.132 5.104 
6.442 4. 962 
7.144 4.854. 
8 4.364 

1.1 
1.16 
1.23 
1.29 
1.31 
1 .35  
1.37 
1.4.0 
1.46 
1 .55  
1,64 

a 
From ref. 26. 

bNu based on De; D = D3 - D2. 
e 

c h a a c t e r i s t i c  parameters for. f r e e  convection a r e  the Nussel-t nlrn-ber (NU) ,  
Grasbof number (Gr), and the Pk.and-tl nmnber ( P r )  . 

The heat  tr-sn.sfer by free conveciion 
having various cross-sect ional  geometries 
H i s  r e s u l t s  a r e  summrized by the various 

2( cross-,c,ectional are%) 
wetted perimeter 3 ft, 

coef f ic ien t  of volumetz- ic  .therm1 
temperature of surface, OF, 
ternperatuse of the  f i lm,  F, 

at, the inner surface of ducts 
has been stu-dj-ed. by Elenbaas. 25 
curves in Fig. 6.1, where 

aceelera-Lion due t o  g r s k l y ;  f t / inr2,  

The other  physical properties are the same as previously defined. 
ordinate  i n  Fig, 6 . 1  is  the Nusselt; number, and the absci-saa. is ( r /h)GrPr ,  
where h i s  t h e  height of the duct ( t h e  use of h for height applies only 
t o  this f i g u r e ) .  The physical properties (with t h e  exceptton of 3 )  are to 
be taken att t h e  sixrface temperature, t,, and B i s  t o  be evaluated a t  the 
bulk f l u i d  temperature, tl,, 

The 
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Fig. 6.1. Free-Convection :kat Transfer  from t he  Int,e-rior Suj-faces 
of Ver t i ca l  h c t s  Ihaving Various Cross-sectional Geometries. 
ref.  25) 

(From 

I n  rmny reac to r s ,  thermal ci.rcculaiioi1 may resu.7.t when t h e  pumping 
rqiulpment Bails. The flow rate and heai; Lransfer r a t e  i n  t h i s  t) e of 
system are dLrectZy rels.ted. ThLs  problem i s  covered by Bon i l l a .  

important niecbanism i n  t r a n s f e r r i n g  hea t  from the  r e l eased  coolant  t o  
structural. members and t he  containment s h e l l  and from the  shell. t o  t h e  
surrounding atmosphere. Table 6 .6  gives empirical. c o r r e l a t i o n s  for flow 
past iiori.zonta1 m d  v e r t i c a l  surfaces with .the phys ica l  pinoper.ti.es evalu- 
ated a t  -tf = (t, -I- t b ) / 2 .  
Yr =; Cp./k. 
tions have been developed. The equati-ons f o r  air are l i s t e d  i n  'l'a'ale 6.7. 

Die f low i s  laminar tor values of G r  up t o  lo8,  passes  through a t rans j - t ion  
region 'oet;ween l o 8  and IO1', and becomes f u l l y  turhulen' i  f o r  values  above 

$7 

2 .  Free Convec'ii.cm Past External.. Surfaces.  Free convection i s  an ......... ____ 

Hzre Nu = 1iL/k, Gj: = p'BBg(t, - tf)T.,3/p2, and 
Since t'ne f l u i d  i-Involved i s  f requent ly  air?, simpl-ified equa- 

The ' iype  of fl.ow i s  determined by the value o f  t he  Grasliof number. 

10'-0. 

6.2.3 Radiation 

Itadi ation heai t r a n s f e r  may be i-mporiant i n  t r a n s f e r r i n g  hea t  f r o m  
f u e l  elements t o  coolant and from r e a c t o r  vessel  and o ther  eqiriprncnL t o  
t h e  containmei1t she l l  and s t r u c t u r a l  components. Radiat ion hea t  t r a n s f e r  



6.1.3 

a 
Tkble 6.6. Average Free-Coiivection &at Transfer 

Case RmC;e Relaticxi 

Vert ical  wm1.1 or large 
cyl inder  (I, = height)  

Hor i m n t a l  cyl.inder 
( L  = D ) and sphere 

l o 4  < G ~ + P ~  < 109 
l o9  < GrPr < 10l2 
io3 < G r P r  < 109 

Nu = 0.57(GrTr) ’ I 4  
Nu = 0.13(GrF~)’/~ 

Nu = G.53(GrPr)”j4 

(L = rp 

Hor i zontal  square p l a t  e sb 
1. ? k i t e d .  p la te  facing 105 < G~I* < 1010 NIJ  = o e . v + ( m f i ) 1 / 4  

N~ = O . ~ . C - ( C ; ~ - B )  1 1 3  upward or cooled 1-07 < Gr- < 1010 
p l a t e  facing downward 

downward or cooled 
p l a t e  facing upmrd 

2. Hea-t;ed p l a t e  facin.g 105 < GrPr < 10” Nu = 0.27(GrPr)’14 

3. 
From ref. 28. 

bFor disks, replace L by 0.9 t i rnes  diameter. 

Tdbk 6.7. simp] i Fied Relations for FPec Convection 
with A i r  as Fluid“ 

Cas  e Range R e l . a t  ion 

Vert,i.cal wm11 or large 
cyl inder  ( L  = height)  

Elor i zon t,al. c y 1  inde r 
( L  = D ) and sphe-rc 
( L  = ry 

Horizont,al- square 
platesb 

1. Heated p l a t e  facing 
~pi~~arfi or cooled 
plate fa<: i.ng down- 
ward 

2. ika ted  plate facing 
downward. cr cooled 
plate facing upward 

l o 5  < G r P r  < 1G’O 

h = 0.19 ( t  - tb)lI3 
C s 

h = 0.27 
C 

he = 0.22 (.LS - tb)lI3 

a 

b 
P r c m  r e f .  28. 

For disks,  replace L by 0.7 t i m e s  d izmeter .  
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betveen tmo sur faces  separated by a nonabsorbi-ng medium imy be expressed 
i n  the  f o l l o K h g  foi-m: 

(6.4) 

where 

Q = r a k  of heat transmission, Btulhr, 
A = area of one of the  two sur faces ,  f t 2 ,  
F =: shape o r  area fsct ,or,  

= emissivity fac tor ,  
6 := Stefan-kltzmaiin constai.l'c = 0.1.714 X Btu/f t2* hr. O H 4 ,  

TI = temperature of surface I, OR. 
T2 =: temperature of surface 2, O R .  

Values f o r  FA and F,: a r e  gi.ven i n  Table 6.8 and E'i.gs. 6.2, 6.3, and 6.4- 
for several arrangements of -the two surfaces ,  
a r e  the total-  emissivi t ies  of the *do surfaces.  

In T a b l e  6.8, €1 and ~2 

Equation of p lot :  

Radiation between surface 
element dA and rectangle 
above and paralie! t o  it, 
with one corner of rectangle 
contained in norrrial t o  dA. 

Fa f r a c t i o n  o f  
d i rec t  rad ia t i on  f r o m  

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
D Dimension rat io - 
LI 

6 I 2 ,  RadiaLion Between Surface Elenient and Rectangle Above and 
P a r a l l e l  t o  It. (From r e f .  29) 
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I .o 

0.8 

Q 
L 
0 

0 v- 
C 
0 
t 

0.6 

._ 
Radiation between 
porallel planes, 
directly opposed: 0.4 

m .- 
't 1-2-3-4 Direct  radiot ion 
0 between t h e  planes, 

5-6-7-8 Planes connected by u 

1-5 discs 3-7 2:l rectangle 
2 - 6  squares 4-0 long,nurrow 

nonconducting hut 
reradiat ing wal ls  0.2 

0 
0 I 2 3 4 5 6 

side or diameter 
distance between planes 

Rotio, 

Fig a 6 . 3 .  Radiation Between Fara l l e l  Planes . (Fro-m ref e 

0.50 

0.45 

0.40 

0.35 

0.30 
c3 
5 0.25 
t 
V 

9 0.20 

0.15 

0.10 

0.05 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.05 6 7 8 9 IO 
Dimension R a t i o  I 

29 ) 

Y =  

Z =  

Rotio, (length of 
unique side of that 
rectangle on whose 
area the heat tran- 
sfer equation is 
bosed)/(iength on 
cornman side), 
= Hx in sketch 

Ratio, (length of 
unique side of other 
rectangle) /(len t h  
of common side3, 
= Z / x  in sketch 

Fig I 6 .  A .  Radi.ation Betireen Adjacent; Rectang1.e s i 11 Perpendicul-ax 
Planes. ( P m m  ref. 2 9 )  
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Tbb1.e 6. 8 .  Radiaticn Hctweea Sul.idsa 

Factors f o r  use in  equation 
4 4  Q = AF F UCT, - T2) , A E  

where 

Q = r a t e  of heat  transmission, B t u / k r ,  
A = area of one of t h e  two  s.Jrfaces, f i 2 ,  
u = t h e  Stefan-Eoltzr:&rn constant: 0.1714 X lo-' Stu/ft2-hT. " 3 4 .  

,%rfaces Be tkeen V%i.ch Area Emissivity 
r a c t o r ,  Factor, 

&e&, 

FA F E  
A Xaar?ia tj ,on Is Being 

Tnterchanged 

S e r i a l  
No. 

1 Inf inz te  paral le l .  pIlanes Ei ther  1. 
I 

surface 2. + .L - 1 
E 1  E 2  

2 Completely encloserl bcdy, A1, see 1 € 1  
s m l l  compyred with enclosing footnctt- 

enclosed bcdy) 
body (subscr ip t  1 r e f e r s  tu !b) 

3 Cc-nplete!.y enclcsed bady, ! ? ~ r ~ e  AI 
ccnpa rei: vPth enclosing body 
(subscr ip t  1 r e f e r s  ta 
enclosed body) 

4 Intermediate case bezweeil cases AI 
2 3qd 3 (incspa'de cf exact 
treatinert excent far given 
shapes) 

5 Concentric spheres g r  i n f i n i t e  Al 
cyl inders ,  s p e c i a l  case of 4 

6 Surface e1eiiie:it d.A ar-ri a r e e  A2;  &I 
there a r e  var ious spec ia l  
cases of c ~ s e  6, with r e s u l t s  
presentable in graphical  form; 
they f3Uov as cases 7, 6, 9, 
e t c .  

7 Xemen; dA a?d rec",angular sur- dA 
f s c e  above arid pzr?l.lel~ t,o it, 
wixh cne corner 35 rect;in&e 
c c n ~ i n e d  i n  n o m a 1  t o  6 A  

_s. 
"Prom r e r .  29. 

1 1. 
1 1  - + - - J .  
€1 E 2  

- .............. 

or 

1 .... 
-I-- l , l  I '  
€1 € 2  

see footnote  ( c )  

See below El€:! 

Given. in E 1 E 2  
Pig. 6 .2  

bEr.closed b o Q  r i i i s t  con 
cc' by equivalent pl-incs 

C-. . 

, negative curvature i f  AI is  used; repl?ce a n y  "dim_oler;" i n  
i lus t ing  A:, and r a i s e  ' e f f e c t i v e "  emissivi ty  from t l  totmiad 

ic pr2pcrtlc.n t r '  de?-;h cf din-ijle. 

21.rst form r e s u l t s  i f  rc:lti:tion i s  esswnec? t i c  be compl.ete1y diffusc; second, i f  r e f l e c -  
t i o n  is  compl.ctely specd-r ;  t r u e  valu- w i l l  be very m c h  nearer  fir.s'i t,%n second. 
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Tti.ljle 6.8.  (continued) 

Area Area, 
~ S ' P w e s  Retween i4hich 

Tadi?ti.on Is Being 
interchanged 

Serj-al. 
190. 

Fc;cti>r, A 
FA 

Ehissivi ty  
Factcior, 

F€ 

8 Z l m e - n t  <dA and any rec-tangular dA 
surface a b w e  and p a r a l l e l  to 
it; s p l i t  rectangl-e h. to  four 
pr ts  having common cOL'il+T 

above a. and t r e a t  2,s i n  case 
7 

9 Elerfient dA and circu1.a.r d i sk  i n  dA 
plane p a r a l l e l  t o  plane of  U. 

10 Element dA and serrj.-i.nfinite dA 
surface, la t te-c  generated by 
l i n e  moving ;pzrnl.lel t o  i t s  
ori.ginal p o s i t  tori and t o  
plane of dA; pzss plane 
through nonivxl t o  dA, per- 
pendicular t o  gen.erat.ing l i n e  
of other surfacc; i n  this 
plane 3' 2nd 9'' a r e  ang1.t:~ 
mede by l i n e s  connec'r,ing rlA 
t o  edges of surface, with t h e  
n o m 1  t o  dA 

with centers  mi SXIIIC noma1 
t o  t h e i r  planes 

4, 11 Two paral le l .  circular disks  

surn of f o u r  F*'s E l E 2  
determined as i n  
case 7 

Give-rr i.n Fig.  6.3, Zx;ict t?:'eatment depen- 
l i n e  1; formila dent  on iiir?il  of re- 

e 
given fn fontn.otc f'lecti.on, un'mo.;m; Fc 

l i e s  between ~ ~ € 2  e,nd 

1. 
1. 3. 

+ - - l  
€1 € 2  

.l__l^..._.._. 

P 

-Case 1.1: r a d i i  of d i sks  = 7. and b; dis tance  be.t-,reen p?.nncs = K; 

use are% o r  disk  u i t h  rad ius  b 
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lab12 6.8. (continued) 

Area, 
A 

,%faces 3etwsen Which 
3adla t icn  Is Deing 

Interchanged 

Ss-riiel 
No. 

'ilG:o equal rec-aiigles i n  par;il-- 
Ilk1 planes an6 d i r e c t l y  op- 
posi-Gc each other  

Two e q u d  squai-tis i n  r rarel le l  
planes and direct l j r  opposize 
eech cther ;  spee ia l  Zase of 
case 13 

Two rectzngles  w l t h  cmmoii 
s ide,  Ln perpendicula-t- p3.anes 

Fk:,zl-leI scpmres 3r disks coii- 
nected by nor,conducting but  
re rzd ia t ing  bl sck -walls 

Parallel rectanel es connected 
by nonconductin& but re- 
rad ia t ing  h k c k  balls 

E 1 th-  j- 
sui-face 

F i the  r 
surfzce 

fit he^ 
surface 

f l i ther  
surfzce 

E it he -c 
swface  

Are?" Emi ssi-vity 
Fzctor, Factor, 
F* F, 

-. 

Forrmla given i n  
fcotnote  (f) ; 
a:>proxima;ion : 

'A '-A A 

see fco tnc te  ( g ) ;  
a l s o  Fi.g. 6 . 3 ,  
l i n e s  3 and. 4 

= ( v  ,F / / ) l l z ;  

Given j.n Fig. 6.3,  ( see  previous cases)  
1.im 2 

Given i n  Fig. 6.iL Approxiratply clc 2 

Given i n  Pig. 6.3, Approxiliatzly E ~ E ~  

l i n e s  5 and 6 

Obtained from case Approximately ~ ~ € 2  
1.6 as  case 14 frclli 
case 1.3; see foo t -  
note g and F ig .  
6 . 3 ,  l i n e s  7 and t? 

fCase 1.3: i-atios o f  s ides  -x dis tecce  betweill plsrres = X and Y; 

gFAl = fqc tor  obtained f o r  case I/- f o r  squares 2qui;;alzrlt t o  srnaUer s ide  of rectangle;  
F / I  = f m t o r  obtained foi. case 14 for squares e q u i m l e n t  t o  l a r g e r  s ide  of rect,angle; t h e  
approxirmtioa i;' 
A 

= ( FA/FA/ / )  fntrcdluces l e s s  than l$ ercoi-. A 
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Several corimnon gases and vapors (such as C 0 2  and w8,te.r vapor) exhibi t  
emission and absorp-Lion effec-Ls of s u f f i c i e n t  magnitude t o  be considered 
i.n heat t r a m f e r  probl.em.s. For the net rad ia t ion  heat t r a n s f e r  between 
a gas and a black surface, the following m y  be used: 

(6 .5)  

Q = net  heat transfer rate, Btu/h:r., 
u = Stefan-Boltzmann constant = 0.1714 x 
A = surface area,  f t2 ,  

= emisslvlty of gas a t  temperature Tg, 
= absorpbivity of gas a t  temperature Tg f o r  radiation from a 

Btu./hr- f t 2 -  OR4, 

E 

'jh 

a 
b h c k  brjdy a t  temperature Ts. 

"he emissivi ty  and .absorptivli-ty of the  gas are functions of p a r t i a l  pres- 
sure, temperature, and mean beam lengt,h. Values of mean beam length f o r  
various geomnetrri.ca:l. shapes a i d  graphs of emissivi ty  f o r  C02 and water 
vapor are given by Bsu, 29 Jakob, 30 and McAdams. 31 

%"he case of rad ia t ion  lieat transfer between -two surfsees separated 
by an absorbing gas i s  discussed by Jakoh3' and. McAdams.31 The. form of 
.the equation i s  the same as the case where there i s  no absorbi-ng medium 
present,  with the  quant i ty  FAF, changed t o  allow f u r  the presence of  t h e  
gas. 

two surfaces.  Many cases car1 be reduced -Lo t h i s  s i t u a t i o n  wlthoii . t  exces- 
s ive  loss i n  accuracy. Howe~er, some cases, where rad ia t ion  e f fec ts  are 
I.arge and where there are %fi(>Ye -than t w o  su.rfaces involved, will reqiiire a 
more precise  aiialysis. 
t ransfer  has been presented by Oppenheim. 32 

The r e l a t i o n s  presented are resti-icted t o  the net  t r a n s f e r  between 

A method of network an.al.ysis f o r  radiatiori  heat 

6.2 .4  Condensation 

Condensation can be ZLIA extremely important factmr i n  contaj.rmien.t de- 
s ign i f  the maximum credi-'ole accid.ent involves the  re lease  of steam o r  
liquLd coolant that may vaporize due t o  a red.uctj.on In pressuxe. In t h i s  
case condensatfoil may occur on thc: r e l a t i v e l y  cold contairment she1.1 w i l l  
a.rzd. on cold s Lyuctura l  menberc . 

Condensation m y  be characterized by the formation of d.r.ops o r  by 
the fo-matj-on of a continuous film. Drop-wise condensation 1-esul.ts in heat 

Since it i s  di.ffici_lt to mainksin dropwise condensation on n o r m d .  surfaces 
(surfaces t h a t  are not polished o r  coated),  and s ince conservative hea,t 
l imnsfer coef f ic ien ts  a r e  desirable,  only film.-tnx? condensation will be 
consj.dered i n  t h i s  report. 

'LransPer coef f ic ien ts  four t o  e ight  t,imes as high as f i l m  condensation. 2 6  
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6.2.4.1 Condensation Without I n e r t  Gas Present  .. . .......... ~ . . . . . . . . . .._.. . . . . . . 

The theore.iri.ca1. equat ion of Nussel-l; for f ilkn-ty-pe condensat,ton on 
vertical sur faces  and laminar ? l o w  oP condensate is33 

(6.6) 

mean va1u.e of t h e  ilea-i; t r a n s f e r  coef f ic i .en t  w i t h  r e spec t  t o  t h e  
he ight  of the condensing surface;  Btu/hr. FL2. OF, 
TJiscosity of condensate film evsliuated a t  t 
t h e m l .  c_ond.uctivi-ty of condensak  evaluated a t  L y j  
Btu. f t / "  E'. h r  * f t ', 
dens i ty  o f  condensate Yilm evaluated. a t  tf, l h / f t 3 ,  
acce le ra t ion  due t o  g r a v i t y  = 4.17 X 10' f t /hr '> 
mass rate of flow of condensate from 3.owest po in t  on condensing 
sirrface divi.ded by the  breadth,  l b / h r -  fl;; C o r  a vertlical tu.be t h e  
breadth i s  TD; f o r  a ho r i zon ta l  tube the breadth i s  equal t o  the  
l eng th  of tube,  
1/4 s a t u r a t i o n  temperature ,-:- 3 / 4  sui"face tempera-Lure, O F .  

l b / f t .  hr,  f' 

Equation (6.6)  app l i e s  t o  v e r t i c a l  sur faces  where t h e  value of' 41?/pr i s  
below 1800. 
equa:,ion he mul t ip l ied  by 1 .28  for v e r t i c a l  tubes. 
a t  atmospheric pressure  and with A t  ranging from 10 t o  150°Y, the preceding 
eqimti on reduccs to 

M ~ A d a r n s ~ ~  recormeinds t h a t  t hc  v2liies of qlII obtained from t h i s  
For steam condensing 

( 5 . 7 )  

where 

I, - leng1,h of v e r t i c a l  tub?, 
A t  s a t u r a t i o n  temperature minus temperature of surtace, OF. 

With values  ol" 4r/p, exceeding 1800, McAdams 3 3  recommeiids the f o l l o w k g  
r e l a i i o n  for v e r t i c a l  simrfaces : 

For h o r i z m t a l  tubes ilie hea t  t r a n s f e r  c o e f f i c i e n t  i s  given by Nusselts 
equation 
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Equation (6.9) appl ies  f o r  values of 41'/pf below 4200. 

6 .2.4.2 Condensation w i t h  Ineyt G a s  Present 

When. noncondensa,ble gas i s  present, t h e  heat  t r a n s f e r  coeffi.cj.ents 
w i l l  be g r e a t l y  reduced. In t h i s  case the  temperature of  the free surface 
film, tf, w l l l  be equal t o  the satwraticm temperature of" the  vapor at a 
p~esswe  ec~ual t o  i.ts partia3. pressure on that, surface The tem-perature 
tf can be found from a heat  balance, consi.deri.ng -that the heat conducted 
through t h e  liyiuid f i l m  must be equal t o  t h e  sum of the hea.t trztrtsferred 
by convection from t h e  bulk of the vapor-gas mixture t o  the free film sur- 
face and. the heat l i b e r a t e d  by cond.ensation. To determine t h i s ,  the amount 
of vapor t h a t  d i f fuses  t o  the  l i q u i d  surface must be knoTa. The difference 
i n  partial .  pressure of the vapor i n  the bulk of t h e  ps-vapor  mixture and 
i.ta p a r t i a l  presswe on. the  f r e e  l i q ~ i i d  surface i s  the  dr iving force for 
t h i s  d i f f u s h n .  1Jsin.g procedures presented. by Jakoh, 3 c  the  temperature, 
tT, may be found by trial. and error .  
height of th.e surface s ince the thickness of condensate film changes, 

d k n s h g  heat t r a n s f e r  coef f ic ien t  f o r  steam. The height of the  TJertical 
surface i n  t h i s  case i s  one meter. 

This value of tf w i l l  vary along the 

Figures 6.5 arid 6.6 show the  effect, of air  concentration on the con- 

6.2. 4.3 Direct Cont,act of Liquid and GELS 
I__ 

In  some ccmixai-nrnent systems w31;er sprays are used t o  reduce t ;k  f i r i n l  
presswe. In addi t ion t o  cooling the gas, the spray m y  cause condensa- 
t ion .  The e f f e c t  of the  spray i s  d i f f i c u l t  t o  pred ic t  becsuse the contact 
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Fig. 6.5 .  Coefficien-t of &at Il'rmsfer h i n  the Conden.sa-L-im of 
Steam Coiitaining A i r  Ve~sii.s Surface Temperature t,. (F'rorn ref. 3 4 )  
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F i g .  6 .6 .  Coef f ic ipnt  of Heat T r m s f c r  h in t h e  Ccndcnsztion of 
Steam CcnLaining A i r  Versus A i r  Content 4 .  (From r e f .  3 4 )  

sur face  bctwcer, t h e  two phases and t h e  d i f f u s i o n  c o e f f i c i e n t s  are uncer ta in .  
An c s i i m t e  of  t h e  e f f e c i  imy be obtained by consider ing the da ta  f o r  vEr- 
t i c a l  spray iowers .  T’he he ight  of t h ?  spray tower i s  given by3’ 

(6 .10)  

where 

Z = heighl; of v e r t i c a l  spray col.umn, P’i, 
ZoG = height  of an o v e r a l l  rmss- t ransfer  u n i t ,  f t ,  
iG = zni;hal.py f o r  gas-vapor mi.xture, E ~ u / I . I ~ ?  
iL = value of  iG based on terflpera’iure o f  bu lk  3-iqiiid, 3tu/I-b. 

‘The he ight  of an o v e r a l l  mass- t ransfer  u n i t ,  depends on the  gas and 
l i q u l d  mass flow r a t e s .  Values of Z o ~  from 2.5 t o  1.0 a r e  given i n  refs.  
33 and 35. 

I n  add i t ion  t o  sprays,  open water sur faces  i n  t h e  containrrent shel-1 
may be effectiv:: i n  condensing vapors.  
meiital da t a  showirig the  e f f e c t  of 3-iqui.d p0ol.s of cold water on the przs-  
sure i.n contaimflent vesseis ai”’ier re lease of  boilling water t o  the system. 
These data showed s i g n i f i c a n t  reduct ions i-n Lhe f i .na , l  p resswe whcn theye 
were pools  of  cold water i n  t h e  v e s s e l .  

ZoG, 

KolflaL36 has presented experi- .  

6.2.5 Boil ing 

Boili-ng hea t  t r a n s f e r  m y  0ccu.r as l i q u i d  coolant  i s  exposed t o  t h e  
f-uel. elements at a reduced pressure  caused by a sys-tern f a i l u r e ,  or i.t r a y  
occur in t h e  containment shell .  when a superhested l iquid.  i.s re leased  t o  
tlne containment sys LeIil. Boi l ing heal; t r a n s f e r  i s  charac te r ized  by szveral  
regj-mes. These are show-n in Fig. 6.7 and. discussed bel-ow. 
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Fig.  6.7. Boiling Regimes 

13 regime a-b, the heating-surface tempemtux-e is  nearly equal t o  or 
only a few degrees greater  than the  l i qu id  temperatu.re. Thus there  i s  
l i t t l e  l i qu id  superheat and no bubble formation, aml heat t r ans fe r  i n  
regime a-b i s  by liquid convection onl-y. The heat thus t ransferred i s  
-Lrancported by the  1iqui.d ri.si.iI-g t o  t he  surface, where some of i-t evapo- 
r a t e s .  

f lux  increases and regime b-c i s  reached. In t h i s  regime the  beat fl-ii.x i s  
s t i l l  snlall, and only a srnall nmiber of niicleatlion centers  come in to  play; 
consequently, a smixill nixnber of bubbles are forried. 
quj.ekly toward the surface and may collapse on the way. “he s l i gh t  agi-ta- 
t i o n  thus encountered causes ,/I (and h) t o  i n c : r e ~ ~ s e   re rapidly with A t .  
Again the e f fec t  of lieat t r ans fe r  i s  i n  Lne cvapora-Lion a t  .the l i qu id  top 
surface, as in regime a-b. 

As A t  i s  fur ther  increased, regime c-d is reached. In Y l i s  r eg im,  
the number of nucleation centers  (and consequently -the number of bubbles) 
increases: rapidly wil;h AT. The increasing nimber of bubbles causes con- 
siderable  ag i t a t ion  and. -turbulence of the l iqu id  i n  the boundary layer  
and, consequently, an increasing heat flux with AT. Reginie c-d i s  cal led 
the nucl-eate-boiling reglrrie and gives large rat:::j of heat flux with roder- 
a t e  values o f  the  temperature differences,  AT, t h a t  is, moderate heating- 
surface temperatiire. 

nonflow saturated boiling, a simi.1-ar mehanism ( x c i x s  i n  f 1 . o ~  systems 1.f 
the  bulk temperatire i s  below sa tura t ion  (for sulxooled boi l ing) ,  provided 
there i s  su f f i c  Lent; liquj-d. superheat near the heating surface t o  ir i i t , iate 
bubbles. These bubbles miy collapse on or ncxr  {;he l iqu id  top su.rfac.i.ce i n  
the  subcooled liquj-d., but they cause the saiile sort of l iqu id  ag i t a t ion  and 
make large heat- t ransfer  coeff i.c:i.en-t;s possi’ol..e. ‘]??e fact t h . ~ , t  bubb2.e for-  
mation occurs i n  subcooled liquid means that locrtal bo i l ing  a t  the heai;-i.ng 
siirfac:e cizn OCCUI- i n  pressurTzed-s te r  reactors  ~ h s r e  t h e  liquid. bulk tem- 
pera twe  i s  kept lower ~Lhan. sati-ira.t,i.on II 

As t h e  heating-surface tempcralux*e and thi-is A t  ai-e increa,sed, the heat 

T k s e  bubbles r i s e  

It chou1.d be noted here tha t2  although t h i s  discussion per-Lains t o  
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With reference t o  Fig. 6.7, t h e  hea t  f l u x  a t  p0rin.t d i s  given var ious  
names; among them a r e  maxi .mim nucleate;  c r i t i c a l ,  and peak hea t  f l ux .  The 
tempcra,?;i.i.re d i f f e rence  Cory ponding Lo poi-nt, d i s  a1.m c a l l e d  t h e  maximuin 
iiucl.eate o r  th.e criLical.  t e  zraLure d i f f e rence  

A s  t h e  temperature di.f:f'?i-ence i s  i-ncreased beyond t h e  cr i - t i -cal  value,  
regime d-e ts reached., Hzre -the buhbles becone so numerous t h a t  they begin 
t o  coalesce and clump ~ie~. i"  t h e  hea t ins  sur face .  In  t h i s  case a po r t ion  o f  
t h e  hea t ing  sur face  gets b1anket;ed w i t h  vapor, and -the vapor blanket, a c t s  
as a hea t  i n s i i l a t o r  (vapor i s  a poor heat-tran-s.Cer agent)  . .lf AT i s  j.n- 
creased t h e  hea t  f1~ii.x rnomenta-rLly increases ,  causing more blaiiketizig and 
z reduci ion in hcat f lux .  The mzmr bianketo thus  periodical.3.y co l lapse  
arid refoam. Operation i n  regime d-e i s  imstable .  'This regime ris given 
var ious  riarnes , among +lhich arc -ihe p a r t i a l  nucleate ,  unstabl-e nuc lea te  , 
par t i a l -  film, mixed nuc lea te  and film, a-nd. t rans i ' i ion  f i l m  bo i l i ng .  

surface,  and t h e  hea t  t r a n s f e r  coeffj.ci.ent reaches a. l o v  value.  Regime 
e.-f i s  ca l l ed  t h e  s t a b l e  f i l m  o r  simply -'LIE f i l m  b o i l i n g  :regime. 

In  regime f - g  'he te-mperatui-e of t h e  heating sur face  i.s s o  high t h a t  
thermal r a d i a t i o n  from .the s i r f a c e  comes ri.nto play.  Tflermal radiat i .on i s  
a s t rong  fi iuction of temperature,  and t h e  hes-t f lux r i s e s  yapidly with A t .  
The exact  1oco-t:Lon o f  po in t  JT depcnds, of coursc, on the  thermal. r a d i a t i v e  
emission and on t h e  absoi-ption c h a r a c t e r i s t i c s  of t he  surface and l i q u i d .  
Regime f-g m y  be c a l l e d  the f i lm and r a d i a t i o n  regi-me. 

t h e  tcrnpcratu.re d i f f e rence  changes ab rup t ly  from t h a t  aL d t o  t h a t  a t  d/. 
The heat ing  suryace tempera'mye a t  d/ i s  so high -that it gene ra l ly  exceeds 
t h e  melt ing po ia t ,  and t h e  sur face  7.s said t o  burn out .  The h e a t  flux 

ding t o  -the tempera-Line a t  burnout is c a l l e d  the binnout hea t  
flux. Th7.s may be the hea t  flux corresponding tk t h a t  a'c d. or d/ bu-L not 
necessa r i ly  so.  Burnout may occur a t  any po in t  on the  curve, depending 
on t'Lie ma te r i a l  of the hea,t ing sur face  and t h e  opera t ing  condi t ions .  I n  
most cases ,  bu.moiit 0ccin-s when 'ihi. heat  f l u x  a t  p o i n t  d i s  exceeded. 

f'ol-lowing equation from exper immtal  da t a  : 

- 

In  regiiize e - f t  a> continuous 'danket  of' vapor f o r m  over the  heati.ng 

If t h e  heal; f l u x  i s  iiic:reased bcy0n.d t h a t  of po in t  d i n  Fig.  6.7, 

For nuclea te  pool  bo i l ing ,  Rohsenov and C i 1 0 i ~ ~  have d-eveloped. the 

where 

CE = spec i f  i c  heat  of sa-Liurated l i q u i d  , B-tu/lb * OF, 

I$ = Prand-tl number of t h e  sa tu ra t ed  l iqu-id,  

g, = conversion factoi-, numerical.1-y equal  t o  gJ 
pf = dens i ty  of s a tu ra t ed  J-iquid, l b / f t 3 ,  

Hfp = l a t e n t  hea t  of vaporiza-Lion, Bt,in/lb, 

e; = accelerat? 'oi l  of gr-avi-ty, f t / h r 2 ,  

= dens i ty  of sa tu ra t ed  vapor, l b / f t 3 ,  
Q : sur face  t ens ion  of the  liqui-d -to--vapor in t e r f ace ,  l b / f t ,  

pE = v i s c o s i t y  of t he  liqu.i.d, l b / f t . h r ,  

(6.11) 
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A t  = temperature difference between t h e  surface and the satwa.t,ion 

i// = heat flux, Btu/hr.ft', 
KSf = a constant .that depends on the surface-f luid combtnation. 

X 
temperature of t he  W L ~ G % ,  "F, 

Values of K,f are given in Table 6.3 for se.vera,l surface-f luid combina- 
tions. Where the e f f e c t  of couvection heat t r ans fe r  (either. forced or 

a Table 6.9. Values of KsP 

Surface - FLui d 
Comb i n a t  ion Ks f 

FPA t er -nickel 
Water -plat  ilium 
Wa-Ler -copper 
Wa, t er -bra. s s 
C C I  4-copper 
Benzene - clrrol-nium 
n-Penta.ne-chromium 
E t  by1 alc ohol  - chr omiim 
Isopropyl alcohol- c opper 
35s 1 ~ 2 ~ 0 3 -  copper 

n-Eutyl alcohol-copper 
50% K2CO 3 -copper 

o3 006 
0.013 
0.013 
0.006 
0.013 
0.010 
0.015 
0.0027 
0.0025 
0.0054 

0.0030 
ii. 0027 

free) i s  superimposed on tha t  caused by nucleste boiling, Rohsenow and 
suggest t h a t ,  t he  t o t a l  heat flux be eva.1ua-t;ed by 

vhere 

(i/')c = heat flux due t o  convection ri.n the absence of boili.ng, 
Btu/hr. ft 2, 

= heat flux due t o  pool boiling, Btu/hr.St2. 

The maximum heat  flux f o r  nuelsate boliling, 01' peak heat, flux, i.s 
given by3 

(6.1.3) 
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Addit ional  inrorrmtion on the efTecL of forced coinvection on peak heal, 
f l u x ,  f i lm boj3 ing, e f f e c t  o f  superheat,  and e f f e c t  of r a d i a t i o n  i s  given 
i n  r e f s .  37, 38, arid 39. 'I3e siibject  cf burnout hea t  f l u x  i s  covered by 
G s m b i l l .  '' 

P. F, Pasqua 

Pressure,  volume, and tempemtxre r e l a t i o n s  are invol-.ved i n  t h e  cal- 
cu la t ions  lead ing  t o  the desi-gn of  t he  containment ves se l .  
o r  the  p rope r t i e s  of -Yne fluids as they  would e x i s t  i n  the  containment 
ves se l  i n  the  event of an acc iden ta l  r e l e s s e  from the r e a c t o r  a f f e c t  the  
ulti.matc design of this f i n a l  b a r r i e r  t h a t  con t ro l s  "ne yelease o f  rad io-  
act ivi-by i n t o  t h e  sixrroundings. 

The p)ri)bl erns a s soc ia t ed  v i t h  the determinat ion of t he  final. propel-- 
t i e s  of  t h e  f l u i d  i~n the contatnnent v e s s e l  depend upon severs1 f a c t o r s ,  
such as (1.) t h e  nature and mass of f l u i d  and i t s  s t a t e  i.n t h e  r e a c t o r  
before  r e l ease  i n t o  the coiiiainrnent vesse l ,  
the  fl.~uj-d in'io t he  coniaimient  v e s s e l  and i t s  i n t e r a c t i o n  wi th  t h e  ma-ti.- 
ria1.s of  t he  con-Lairment vessel, (3)  t h e  i n i t i a l .  s t a t e  and volume of t h e  
f l u i d  in t he  contai-:ment vessel., ( 4 )  'die l i ke l ihood  and- ex tzn t  of  any 
exothermtc -reactions, and ( 5 )  the expected load t o  be imposed by decay 
hea t .  

The pressure,  vel-ume, 2nd temperature condi t ions of a sys.l;eai a r e  
dc'iermined -i;iirough the use of equat ions of  s t a t e ,  energy balances,  and ill;tss 

balances.  These equations are i .n te r re la ted  and i n  many cases w e  very d i f -  
f i c u l t  t o  solve without niaking simp1.i Tying assmpti .ons.  A s  an example, 
assurne t h a t  t h e  rea .c tor  i s  o f  t h e  boi l ing-water  o r  pressurized-. ,~aier type 
and t h a t  i - t  j.s 1.oca-tcij wi.thin a contaimnent vessel. The energy eqimti.on 
f o r  t'ne containment ves se l  as t h e  sysLcm ( t h e  reac-tor i s  consldered cx- 
t e r n a l  t o  the system) i.s 

'I'he condi~t ions  

( 2 )  t h e  r a t e  o f  r e l e a s e  of  

-- 

(6.14) 

where 

d s  d~ = energy t r a n s f z r r e d  as hea t  in-to and out. of a l l  
J J Q  a%, 

Tl a,r as sur faces  o f  t he  sys?Jem d.uring the t i m e  T Z  - .cl, 

sTS2 ef dmf = energy tmimferred i n t o  t h e  system with the  rmss 
T1 en-tering -tile system from t h e  r eac to r ,  



U = f i n a l  i n t e rna l  energy o f  the f l u i d  i n  t he  system 

U = i n i t i . a l  i n t e rna l  energy of the  gas i n  the system. 
' 2 (contai-ment vesse l ) ,  

T1 

The fol.lowri.ng assunipt,ions a re  mde for t h i s  problem: 
1. The re lease  of reactor  fLi1i.d i n to  t'ne system i s  so rapid t h a t  

heat t r ans fe r  out of the syr;tcm at the  containment walls and beat; - transfer 
from the core in to  the vessel  are not  si.gnifiean-t i n  calculat ing t h e  maxi.- 
mum pressure r i s e .  

reactor ;  therefore,  t he  second in t eg ra l  of Eq. (6.14) does not, ex i s t .  
2. With the  above assumption, the  system i s  changed. t o  include the  

The energy equation i s  thus reduced t o  

u - u  = o ,  
7 2  73. 

(G. 15) 

where t h e  in t e rna l  energies include reactor and containment vessel  f l u ids .  
In order t o  expand upon .the problem, consider t,hat t he  reactor,  using 

~,7ater as the  coolan t  or rncderator or '~oth, ruptures tirid. re leases  i t s  con- 
t e n t s  tnto the coritai.imien1; vessel, which contains a gas, T!ie following 
addi t ional  assmpt ions  a r e  wBde : 

ai; a given pressure or  temperature. 
1. 'The i n i t i a l  s t a t e  of the smter i n  the  reactor  i s  saturated. liqu-id 

2.  The mass or vol-iune of  water i s  lilio~m. 
3. The i n i t i a l  s tate of the  gas in the  containment vessel  i s  lmowx. 
4- The volime of the contairmen-t vessel. i s  k iom.  
5 .  'The fj-nal mixtu.re  i n  the  containment vessel. i s  one of equ.ilibrimi 

6 .  T%.ere a r e  no exo.t;hermic i-eactiolzs withi.n the system. 
%rie problem i s  t,o d.ete:mine the f i r i a l  s ta te  of the mixture i n  the con- 

Vie t o t a l  interna.1. energy of  the syo.tem i s  made up of the i n t e rna l  

between satu~ated $jater, saturated vapor, and gas. 

t a  inment ve s s d .  

energy of the  a i r  i n  the  containment vessel  and. the  internal energy of t h e  
wKter riii the  reactor .  Thus Ey, (6.1-4) becomes 

mass of air i n  contaiaient  vessel, 
iimss of witer i n  reactor,  
i n i - t l a l  temperature of gas in con-tai-men-L vessel, 
final fxmperature of gas i n  containment vessel, 

reference temperature, 
specrf ic  heat of gas at const;a,nL volume, 
ini-tia.1 spec i f ic  intei.na1 energy i?I" m,t,er i n  reactor, 
f i n a l  specific i n t e rna l  energy of Tmi;er i n  contatriment vessel ,  
reference interna.L energy. 



Equation (6.16) reduces t o  

M C T  - I - M u l = M C T   MU^. 
a v al  w a v a 2  w 

(6.17) 

‘I’he le f t -hand  s i d e  of  Eq. (6.17) i s  known if a l l  t h e  in r i t i a l  condi t ions 
a r e  gliven; however, t h e  f inal .  temperature of the gas (Ta2)  and. t h e  f ina l .  
i-nternttl energy of -the vater ?.:a t h e  containment v e s s e l  are uikiiowfi. I P  
i-1; i s  asswried that  -the fi.aal cond.lti.on i n  -the con’iainmeut v e s s e l  i s  one OF 
equi l ibr jum bciweeti gas, s a tu ra t ed  vapor, and sa’iusrated 
becomes 

M C T t M ~1 = M C T2 + MW(uf + XU ) 
a v a l  w a v- 2 fg 2 

l iqui-d,  Eq. (6.1-7) 

( 6.18) ? 

where 

‘i?2 = f ina.1. equi l ibr ium tempera-tire,  
u = s p e c i f i c  i n t e r n a l  cneqgy of sa-Lurated l iqui.d,  

= specific in-iernal. energy change from sa tu ra t ed  1.i-quid t o  
r 2  
fg 2 

TI 
satura-Led vapor, 

x := qu.ality. 

In  Xqm (6.18) t‘ne proper t ips  of t h e  water ( 1 ~ . f ~ ~ ~ f ~ ?  ) depend upon t h e  

f ina l  tempcraturp   IT^), which i n  iurn depends O i l  t h e  f inal ,  p ressure .  
expression f o r  t h e  q u a l i t y  x i s  

An 

- -  V v  
M w f, 

(6.3-9) 

where 

V = v o l ~ m e  of containmen-t vessel :  
= spec.i.fj.c volwne of saturated. l i q u i d  a-t; ‘T2, vf 2 

V 1: speci-fie volume change Prom satura-Led l i q u i d  t o  s a tu ra t zd  
fg2  vapor a t  T2. 

Thus it i s  seen t h a t  t h e  f i n a l  specrific internal .  energies  and the  f ina l .  
qual..ri.ty depend upon t h e  final.  tempera,ti.ire o f  t he  system. 

mei-e ace seve ra l  ways i n  which t h e  f j -ml  teitiperature and li.iiiis pres -  
s i n e  can he determined. One method i s  a trial and erroT so lu t ion  usj.ng 
’die t a b l e s  of Ynermodynamic Proper-Lles of  Steam. The f i n a l  temperai.ure 
i s  assumed and’,-usi.ng t h e  values  of ref. 41.> Eq. (6.19) i s  solved f o r  t he  
qualiLy x. Using t h l s  qual i - ty  and t h e  assumed f i n a l  temperature, Eq. 
(6.18) i s  checked f o r  e q u a l i t y  ( o r  solved for ‘T2). 
found, then a d i f f e r e n t  f i n a l  temperature i.s assumed and. t n e  procedure 
i s  repes-Led a 

--__ 

i f  an Lnequality is 
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Once the  f i n a l  equilibrium temperature has been determined, the  final 
pressure in t he  containment vessel can be determined. 
can be expressed as 

The fhinal. pressure 

p2 = Ps2 -1- P J a2 

where 

P2 = s"iaa.1 pressure i n  con-taiiment vessel, 
= p a r t i a l  pressure of t he  saturated vapor corresponding -to T2, 

= p a r t i a l  pressure of the gas corresponding t o  T2. 
PS 2 

Pa. 2 

Assuming t he  per fec t  gas equation of s t a t e  f o r  t he  gas, 

where p 
ThUS 

is t he  i n i t i a l  pressure o f  the  gas i n  the contai.nreent vessel. 
a1 

Equati.on (6.18) can be handled i n  a d i f f e ren t  Imnner through the use 
of noiographs. Dividing Eq. (6.18) by t he  mass of  water gives 

U 
(6 .20 )  

MW --CT + - u u . l = - c T 2 + - ( u f  +xu ) = -  
Mw v a1 Mw Mw Mw fg2 Mw 

M Ma Mw a 

U 
u + u  = u  f u  = -  ? 
"1 w1 " 2  w2 MPT 

(6.21) 

where 
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Ma 

a2 Mw v 
u = - c T2, 

In Figs.  6.8 through 6.11, u and 11. can b e  deteriiiiried i f  the  gas a1 a2 
temperatures and IIELSS r a t i o  of’ gas t o  wakr are known. 
sure or temperature of the w a t e r  i n  t he  r e a c t o r  w i l l  f i x  By assuming 
t h e  f i n a l  tempera.tv;t-e and knowing the r a t i o  of t he  contalnment volume t o  
the imss o€ watei-, t h e  final L + ~ ~  imy be det2rmined. The values  determined 
mus-t; satri.sfy Eq. (6 .20) .  

The i n i t i a l  pres-  

To i l l u s t m t e  thc f i g r e s ,  assume the  followi.ng : 

T 

P 
V ::: 2000 ft3, 

P = 5 ps ia ,  

Ma := 41 lb. 

= 200”~ ( temperature  of  ai-rc), 

= 1500 p s i a  (satwa’i ion p res su re ) ,  

a1 
Mw = 300 lb, 

W1 

a1 

The problem i s  t o  deteimine t h e  fi.nal equilibriiim pressure. 
From Fig.  6.8, knowing that T = 200 and t h a t  

a. 1. 

Ma 41- 
- 0.137 , _. - .._ - - 

300 Mw 

t h e  i n i t i a l  i n t e r n a l  energy of t h e  a i r  i s  

From Fig. 6.9, a t  1500 psi-a, 

merefore ,  thc  t o t a l  i n t e r n a l  energy of iiie system per  poind (mass) of 
water i s  

. L1 . . . .- I - 1.6 + 611 = 627 Etu/ lb  of H 2 0  . 
M w 

This tutal  in te rna l .  energy mist, be checked. by t h e  final. condi t ions 
Thus it i s  assumed t h a t  the  f i n a l  equi l ibr ium teniperature i s  
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Tz 240°F , 
and since 

_ I _ I _ -  - 2ooo - 6.66 Pt3/lb of HzO , 
300 Mw 

f r o m  Fig. 6 .  LO, 

and a t  2 4 O " F ,  Fig. 6 .8  gives 

There fore  

U h  $. u52a = 565 4- 1.8 = 583 # 627 . 

Another trial at T2 = 245°F gives 

At Tz = 245'F, the  sa,-tinrat,ion pressure is approximately 27 psia. Therefom 

Equation (6.20) ha8 'oeen prograrrmed i n  FOX'IRAN language and is  pre-- 
sented i n  Table 6.10. Results from t h i s  progrsrii are shoTm in Ffg. 6.11 
f o r  the i n i t i a l  condit,i.ons of saturated wa,ter in the reactor a.nd air a t  
sts.nd.a.rd temperature and presswe i n  the eontai.nment vessel .  Qie pr*ogram 
i s  w r i - t t e n ,  however, s o  tha t  any i n I t i . a l  condi-Lion o f  water i n  the reactor 
and any initial conditfon of air. i n  .the containment vessel  may  be used. 
The OLher assumptions r e l a t ing  to Eq. (6.18) remiin i n  Ynis aimI.ysis. 

pressure i n  'the contaiiment vessel vas for the  condition of no t r ans fe r  
of energy as hest. Thus, the compl-exity of Eg. (6.14) c01~1.d 'oe reduced. 
%e assumptions used In the  analysis lead to a, ~mxrimim pressure i n  the con- 
tainment vessel. 

attempt should be made -Lo solve Eq. (6.14) a 

It must be remembered t h a t  t he  analysis  j u s t  made involv-ing the final 

If t h e  assumption o f  no heat trarmfer is not appropriat,e, then an 
'&E: f i r s t  term i n  thFs 
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TaSle  6.1.0. !'ORTWT Prograin for Eq. (6.20) 

_......._ - _I . . . . . . . .. .- __-. _____ - 
c 
C 
C 
c. 
c 
C 
c 
C 
C 
Cr 

5 

C 
e 
C 

C 
C 
C 
C 

C C O N T A  I NME-NT VESSEL.  CONO I T I ONS FOLLOW I NG R E A C T O R  A C C I D E N T  
C V A R I A B L E S  Ah'E DFF INEU A S  F O L L O W S o o o  
c P R E S S = S A T ~ P ~ ~ E S S .  ( P S I A  1 T E M P =  T e T i E M P e  ( D E G o F - o )  

C V G  = SPO VCI  ..e C E  S 4 T e  V @ P O R  (CLI0F-T ./I..BM 
C V F  CP e VOI.. 0" S A T  FLV I i, ( Ct.' F T  /LBM 

C UF z SPP I N I ' E I R N A L  E N f @ G Y  O F  THE V A P O R  ( f l T U / L a M )  
c UFG = SP. CHANGE I N  INTERNAL ENERGY ON EVAP. ( O T W L B M )  
C V F G  C H A N G E  I N  SF>* V O L o  O N  E V A P C  ( C I . J o F T o / L d M )  
C R A T  = M A S S  R A T I O  (L6M A I r ? / L E M  W A T E R )  
C I N I T I A L . .  9 E A S T O R  C O N D I T I O N S o o c  
C P l W = I N I  1 - I A L  P R E S S  O F  S A T a F L l J I O  I N  F i K g C T O R  
C U 1  W .CORRfk5POND I N G  SPo I N T t H N A L  E N k R G Y  
C I N I T I A L  A I M  C O N D T - r I O N S o o o  
C T A I R  = I N I ' I ~ I A L  A I R  T F M P ( D E G o  F - )  

C P A I R -  I N I 1 - i A L  A I R  PRESS (PSIA) 

C E N 1  = T 0 T a l . .  I N I T I A L .  I N.TERNAl.- E N E R G Y  O F  SYSTEFS 
C EN2 = TO'TAL F - I N A L  I N T E R N A I L  E N E R G Y  OF S Y S T E M  

C V A I R  = I N H I A L  SPe VOILo OF- 4 I R  ( C u m  F-T. / LF5M9 

<:- 

6 

23 

1 3  

1 4  

1 5  

9 
8 4 

85 

1 1  
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Table 6.10 (continued) 

1 2  
1 7  

2 c 0  
1 0 0  
1 1 0  

10  
20  
50 
90 
30 
40 
70 
8 0  

36 
60 

K=K 
P 2 = P R E S S ( K ) + P A I R * (  (T€MP(K)+460o)/TAIR+460.) 
PClNCW 601 P l W ( J ) ?  P21 T E M P ( K )  
C O N T  I NL'E 
C O N T I N U E  
F O R M A T ( F 6 * 0 * F 7 * l * F 6 * 3 )  
F O R M A T ( F ~ ~ ~ * F ~ O ~ ~ F ~ O ~ . F ~ . ~ . F ~ ~ . P I F R . ~ )  
F O R M A T  (F6.3) 
F O R M A T ( F 5 ~ 0 ~ F B o l )  
F ' O R M A T ( S 1 H C O N T A I N M E N T  PRESSURES V S e I N I T I A L  H E A C T O R  C O N D I T I O N S )  
F O R M A T ( 2 2 H M A S S ( A I R ) / M A S S o = F g , 3 )  
F O R M A T  ( 40H I N I T I A L  PRESS F I N A L  P R E S S  F I N A L  T E M P  ) 

F O R M A T  (38H ( R E A C T O R  1 ( C O N T A  I N M E N T  V E S S E L  1 1 
F O R M A T ( 2 7 H F I N A L  P R E S S - E X C E E D S  1 0 L ' P S I A )  
F O 2 M A T ( F 7 * 1  . 2 2 W  F I N A L  P R E 5 S o T 0 0  L O W )  
F O R M A T ( F 7 . 1  r F 1 7 - 1  rF15.1 ) 

EKD 

equatl,on involves the  heat t r a n s f e r  through a l l  surfaxes of the  syst,ein 
during a specif ied time. One method of e ~ a l u a t i n g  t h i s  i n t e g r a l  i s  t o  
t r e a t  the valls of the containment vessel  as a. semi-infiniite slab t h a t  
has been subjected t o  a sudden increase i n  temperature. 
ni-qiie kmowri as the Schmidt plot j-s ava i lab le  :Tor solving such pro?Y.ems. 
However, it should be recognized th-% the  teqeraCure  at the surface of  
the slab i s  a var iab le  t h a t  depends upon the amount of energy removed a t  
the ux11 and the  amount added t o  the system by t h e  in-flow of reac tor  
f l u i d ,  

The second int,egral of Eq. (6.14) , t h e  energy added t o  .the system with 
the  n9.s~ flowing i n t o  l;he syst;em, depends upon many fae tors :  tine type and- 
s i z e  of t h e  break between t h e  reackor  a.nd the containment; .vessel, the state 
of -tile mmterial released, the  pressure difference between the react,or and 
the conta iment  vessel ,  and the  .ty-pe of' f l o ~  assumed - equilibrium, two 
phase, c r i t i c a l ,  mettzstabl.e, e t c .  A s  can be seen, the r a t e  of ilBSs re lease  
i n t o  the contaimiien-t vessel ,  and. i t s  state,  w i . l l  a f f e c t  Lhe herzt t r a n s f e r  
and. the f i n a l  i n t e r n a l  energy of t h e  system. 

ferent conditions that could p e v a i l  i n  a p a r t i c u l a r  s i t u a t i o n .  

A graphical tech- 

No general  solu.'cion t o  Eq. (6.14) is proposed because of tile many dif- 

For the  design of reactor  containment sys.terns, there  are a varj.ety of' 
hydmuli-c problems t h a t  must ,  be considered. %'ne following sect ions include 
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(1) discuss ions  of the  l i n e a r  momerituiiz equa t ion  and Bernou l l i ' s  equa-ti.on, 
bo th  of which a r e  used t o  determine j e t  impingement f o r c e s  resul-ting from 
singie-phase flow, ( 2 )  working equaLloiis for 'cmo-pha.se flow, and ( 3 )  shock 
transmission.,  A q u a l i t a t i v e  d e s c r i p t i o n  of jet, condensation 7.s a l s o  p re -  
sei?.ted. 

6.4.1. Jz t B p i  n p m e n t  Forcc G .............. ~ _.... 

Y'he l i n e a r  rnorrientwn equat ion Tor s t eady  flow throwgh a c o n t r o l  vol_ime 
(Fig.  6.12) is der ived  for the x d i r e c t i o n  i o  begin the and]-ysis. Thc 
r e s u l t i n g  equat ion  i s  i n  s c a l a r  fom,  but, it i s  e a s i l y  extended t o  vector 
form by cons ider icg  the y a n d  z d i r e c t i o n s .  

ORNL-DWG 6 4 - 8 7 7 7  

d r  

Fig. 6.12. Cont ro l  Volume. 

E'oi- t h e  x d i r e c t i o n ,  Newton's second. l a w  of motion f o r  a p a r t i c l e  
ri. S 

( 6 . 2 2 )  

where 6fX i s  t h e  x cornponeat of f o r c e  on t h e  p a r t i c l e  and ux i s  t h e  ve- 
l-octty- i n  t h e  +x d i r e c t i o n .  'i'he l as t  term drops owt, when the equati-on i s  
app l i ed  t o  a given mss element as 7 . t  f l .ows t'nrough Vile c o n t r o l  volume 
bzcau.se 6, is cons tan t .  The term on 'die r i g h t  m y  be  expanded as 

(6.23) 
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For steady flow, &+/at = 0. 
represents the mss flowing through any sect ion o f  the  stream tube i n  
steady f l o w .  Thus 

The mss element i s  wr i t ten  as p SQ St,  which 

Integrat ion along the  strzam tube from entrance t o  e x i t  gives 

out 
- u  1 -  

X 
f = SQ du = P SQ (ux 

X i n  X out i n  

(6.24) 

(6.25) 

,Sumnfng for a l l  stream tiibes passing through t h e  control  volume gives the 
x component of force on -the control  volume: 

dQ - pujz dQ . 
O U t  in 

(6.26) 

l'he aliove in t eg ra l s  are only carr ied out over those portions of the control  
volume where u # 0. Ey using the  notat ion given i n  Fig. 6.12, 

X 

SQ = ;;f COS CX dA , 
where rX i s  t h e  angle between the  normal t o  t h e  surface area elenent a d  
the veloci ty  vector a t  t h i s  point;. Thus, Eq. (6.26) becomes 

F = s pux u cos CX dA . 
A X 

I n  vector notation, Eq. (6.27) becomes 

(6.27) 

(6.28) 

'l"ne y and z componen-Ls, which m y  be obtained i n  a similar fmhion, are  

(6 .29 )  
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The gene-t-al, s'iesdy, l i n e c r  momentum equat ion i s  obtained by adding t h e  
ind iv idua l  components -v e c t o r i a l l y  : 

In  m n y  p r a c t i c a l  app l i ca t ions  the coordinate  system may 
t h a t  only one o r  two of Ync s c a l a r  momentul71 equa'iions nzed be 

(6.30)  

be chosen s o  
cons idered.  

In addi t ion ,  i:1 some ins-Lances p and 'Liie ve loc i ty-  are  cons tan t  over t he  
i n l e t  01" o u t l e t  seeti-on. Wi-t'n V t h e  average v e l o c i t y  over a sec t ion ,  and 
r e c a l l i n g  tinat f o r  sL@ad.y flow (pa) . 
e quat ion  be  c ome 6 

X 
= (pQ)  ou,i, t h e  x -d i r ec t ion  momentum 

lil 

When the  v e l o c i t y  i s  not  constant  over t h e  i n l e t  or t h e  o u t l e t  sec t ion ,  
but  t h e  densi ty  is, the i n t e g r a l s  j v l  R q .  
genera7 form 

(6 .26)  may be W r i J L - t e L i  i n  t h e  

where p r ep resen t s  a momentixn correcLion f a c t o r .  If tine vcloci-ty p r o f i l e  
i s  known, e i t h e r  a n a l y t i c a l l y  o r  experimental.l.y, p i s  found hy so lv ing  

m 
m 

(6 .33 )  

Numerical values  of p a r e  r e a d i l y  obta inable  i n  t h e  l i J i e r a tu re .  For 
example, f o r  t u rbu len i  f low i n  pipes ,  pro v a r i e s  f r o m  1 . 0 1  t o  1.05, and 
for laminar flow i n  round -tubes, B = 4 f 3 .  

P Ano.ilier equation t h a t  i s  u s e f u l  in so lv ing  ekmen ta ry  flow problems 
i s  Bernou l l i ' s  equati~on. To der ive  BernouX.7.'~ equation, it i s  first 
necessary- t o  ob ta in  a f r i c t i o n l e s s  equat ion of mot'lon, Euler 's equat ion.  
The motion of a fluid partic1.e a long a ski-eamline, as shown i n  Figa 6.13, 
i s  considered.. 

Figure 6.13 shows t h e  f o r c e s  a c t i n g  (:n a f l u i d  par t ic l -e  of inass 
p 6s 6A I.n t h e  d i r e c t i o n  of i t s  mnoti.on along a s t reaml ine ,  It i s  assumed 
t h a t  t h e  v i s c o s i t y  i s  zero, which amounts t o  neglec t ing  a l l  f r i c t i o n a l  
fo rces .  From Newkon's second law of motion, ,7Ts = &-,as, it i s  found t h a t  

Y 

(6.34) 
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ORNL-DWG 64-8778 
4.2 

Fig.  6.13. Forces Acting on a Fluid Pa r t i c l e .  

where as i s  the accelerat ion of the p a r t i c l e  i n  the  -1-s direct ion.  
p a r t i c l e  moves a dis tance fis, it changes elevatj.on by an amount 6z, thus 

A s  the 

The accelerat ion a = du/dt, where u = u( s, t ) .  Consequently, 
S 

(6.35) 

(6.36) 

To simplify, it i s  assumed t h a t  the motion 1.s steady. S ibs t i t u t ing  Eq. 
(6.36), w i t h  &/& = 0, and Eq. ( 6 . 3 5 )  i n to  Eq. ( 6 . 3 4 ) ,  and. noting t h a t  
ds/dt  = u, gives 

9 + g dz + u du = 0 .  
P 

(6.37) 

Equation (6.37) i s  EUler's equation of motion along a s t reardine f o r  steady 
flow of a f r i c t i o n l e s s  f l u i d .  

Integrat ion of Eq. (6.37) gives Bernoulli 's  equation: 

gz 4- - U 2  -i- JF = constant . 
2 

(6 .38 )  

Equation (6.38) i s  only va l id  if p = p ( p ) ,  and it, only appl ies  t o  motion 
along a given streamline, s ince the constant on the r igh t  generally varies 
from streamline t o  streamline. 
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If t h e  i"1.uid i s  inconiprcssible, Eq. (6 .  38) becumes 

-!- 7: cons tan t  . (6.39) 
U 2  g .+ 
2 0  

An expression slmi.I .ar  t o  Eq. (6.39) is a l s o  obtainable  by consideri-ng 
a nonro-'iat-ion.al~ -C.i.ow f i e l d  aiid imposing a l l  'die o the r  assumptions uxed i n  
deri.vi.izg Eq .  ( 6 . 3 9 ) ,  w i t h  t h e  excepti.on t h a t  t h e  mo'cion need not  be l imi t ed  
t o  flow along a st reamline.  For t h i s  case, however, t h e  constant  on the 
right-haiid s i d e  of  Eq. 
s t a n t  iiirougliout t h e  f l o w  fie1.d" 

t o  i ~ s e  a one-dimensional ana lys i s ;  that is, t h e  flow i.s represented by a 
sLream tube with average ve loc i ty ,  V. 
t h e  CYOSS sec t ion  of t h e  s.irc.arfl tube; i.t i s  necessary t o  modify Eq. (6.39) , 
s ince  t h e  kine-Lie energy per  unit  weight, V2/2g, l.s not  t h e  average o f  
u2/2g taken across  the  stream tube.  'Ylo accoimt for t he  d.ifference,  a 

'k' k i n e t i c  -energy corrcc t i o n  f a c t o r ,  
t he  average k i n e t i c  energy pzr  un i t  wei.ght passing Lhrriugh any c ross  sec-  
t i o n  of t h e  s'x-earn tube.  The cor-txction f a c t o r ,  $kJ i s  obtaiiied by solving 

(6 .39)  implies  t h a t  t h e  a v a i l a b l e  energy i s  con- 

'To faci_l.~ri.tate the use o f  Bernou l l i ' s  equation: it j -s of t en  desired 

TP the  v e l o c i t y  i s  not  uniform over 

i s  inkrodwed so Lhat fik(V2/12g) i s  

( 6.40) 

w-hich i s  e a s i l y  cal-culated i f  -tile vel-ocity p r o f i l e  i.s known an.alyti .eally 
o r  experimentally.  For tur'nulent f l o w  ri.n a pipe,  pk ramges from 1. 03. t o  
1.10 and i s  usua l ly  neglec-Led; while f o r  laminar flow i n  a pipe, PI, = 2. 

Applica.ti.on of t h e  above equat ions i_s demonstrated by the  following 
exampl.es : 

Exainp1.e 1. The mixing of two streams of f l u i d ,  as shown i n  Fig. 6.14; 
i s  considered t o  demonstrate an a p p l i c a t i o n  o f  t h e  l i n e a r  momentum equa- 
t ioii .  For s i r ip l i c i ty ,  it i s  assumed t h a t  bo th  f l u i d s  are incompressible 
and have an i d e n t i c a l  dens i ty ,  p. T'o s a t i s f y  the  s t eady- s t a t e  con-Linulty 
e qua'c i on, 

~~- 

Since t h e  velociLy i s  not uniform across sec t ion  1 ,  t he  mommtwn co r rec t ion  
f a c t o r  , must be cal.cir1.ated: @mJ 



Fig. 6.14.. MrixJ.ng of  Two Streams of Fluid.  

Since the f l o w  i s  symmetrical, it is Only necessaiy t o  integrate  over one- 
half  t he  charnel width: 

0 r 

I 1.0 - -  
%I 9 a 

Since the  ve loc i ty  i s  uniform a t  sec,t,i.on 2, f3, = 1.. 
A nomentum balance between sect ions 1 and l2  i s  then, f rom Eq. (6.31), 

but, VI = V2 = (3/L,)u0, therefore  

P2 - P I  = PV,”(Pml - 
= p 1% 9 2  uo (% - 1) = 16 3 . 2  pu . 

0 

The expression pz  - represents the pressme increase resu l t ing  Prom t h e  
mixing o f  the  two streanis, neglecting a11 vLi;cous forces.  
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Nxa.rfl;pl.e 2. The probl-em i s  t o  f i n d  t h e  tensile fo rce  exerted on t h e  - ................... .- 
pipe shown i n  P’i.g. 6.15 by iiie converging sec t ion  and t o  f i n d  the fo rce  
exerted on wall szc’i?..m 3, 
determine the  dj-scharge, Bernou_l.li’s equat ion i s  used : 

The f l u i d .  has a s p e c i f i c  g r a v i t y  o f  0.85. T’o 

Since z1 - 2 2 ,  V2 = ( D l / U ? ) ’  V1 ::z 9V1, and y,  t h e  s p e c i f i c  weight, of the 
fl-u.id, is 0.85 X 62.4, it is round that 

I U U  v1 ( 1 - $-)  + - ......... = o ,  144 x 0.85 x 62.4 &2 

or 

Vi 14.78 ft/se@, V2 = 133 ICt/st7.~. 

The € l . l s  rate, Q, i s  

Q = 14.. 78 =zz (I>’ ;:= 0.725 c f s  . 

Wiiii the force excr ied  on the fl-uid by ihc: converging sec t ion  designated 
Ea_. (6.31) gives Px f 

I I 
I I 
I 

.~ ......... 7 p, = 2 0 0 p s i a  I 

O R N L - D W G  54-8780 

0 

_I .......... 
I I 

I I 
I I 3 in. DlAM 

I 4  
I 

I I 
L- 

P 

......... 

1 i n . D l A M  

Fig. 6.15. Pipe Considered i n  ihz=miple 2. 



,rr 201) ; 9 - 100 - - = 1.935 X 0.85 X 0.725 (133 -. 14.78) , 4 px 

= 1191.5 Yo . 
px 

Although p,, represents t he  force exerted by the converging seeti-on on -tine 
f lu id ,  it does not represent t he  tensi.1-e force i n  the pipe, since the  
force on the  ex ter ior  of the converg-ing sect ion due t o  p2 has not been 
accounted f o r .  

on t h e  ex te r io r  o f  the coinverging sect ion due to 112 i s  
From Fig.  6.16, it can be seen t h a t  t h e  net, force i n  the x di rec t ion  

“hus, t he  t e n s i l e  force i n  tine pipe i s  

1191.5 - 626.5 = 565 11s. 

The d.i.fference between the  force of the converging section on t he  f l u i d  
and the  t e n s i l e  force 02 Yle pipe i s  t o  be noted. The t e n s i l e  force could 
have been readi ly  o’oixined if it had been assumed t h a t  p 2  = 0 and p1 = 100 
( a  pse1xd.o gage pressure) . Rpplica.t.i.on of Eq. ( 6.31) d i r ec t ly  yields  

100 -rr 9 - p, = 1.935 x 0.85 x 0.725 (133 - 14.78) 

and 

px = 565 Ib.  

ORN L-DWG 64 - 8781 

p2 x 

Fig. 6.16. Forces on Converging SecLion. 
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The jet iixpingemeiit fo rce  acti-on on swi'ace 3 i s  ca l cu la t ed  by using 
Eq. (6.31,) between sec~'i7.on.s 2 and 3. Si-nce V = 0 and p3 = p2, Eq. (6 .31)  
give 3 x3 

-Fx = PQV;! 

= 1.935 i< 0.85 X 0.725 X 133 

= 158.5 YO. 

Tine fo rce  on sec t ion  3 i s  eq.u.al and opposi te  t o  F 
x' 

6.4- 2 Two-Phase Plow 

The simulLaneous flow of a l i q u i d  and a pas o r  vapor i s  commojily t: 
defined i n  tlhe l i t e r t ~ i u r r e  as lltwo-plmse flow, 
apply t o  simultaneous f l o w  of  s o l i d s  with gases ci" so3.i.d~ with 1iqiii.d-s. 
I n  this sec t ion ,  t he  term "two-phase f l o w "  w i l l  r e f e r  exclusive1.y t o  t h e  
cocurrent  s t eady- s t a t e  gas-1iqui.d fl .ow. This type o f  f l o w  is found in 
t h e  coolant channels of  boi l ing-water  r eac to r s  and may be found 3.n any 
pressurized-water  c f rcu i - t  following a ruptu.re i n  tile system. 

fl .uidsJ t h e  vel-oci-ty of the g s s  phase i s  gres- ie r  than  the  velcci.i;y of t h e  
l i q u i d ,  g.ving r i s e  i o  t h e  so-ca l lcd  "sl.?.pJ I '  t he  d i f fe rence  of t he  av-emge 
pha.se v e l o c i t i e s .  The r a t i o  of the average veLociti.es of 'ihe vapor and 
l i q u i d  i s  called the slip r a t i o .  A t  t h e  rupturz  of a J.ine o r  a vessel., 
crci.tical f low I s  l i k e l y  'io e x i s t .  The cri-ti.ca1. f l o w  i s  obtained by drop- 
ping t h e  dohmsLrearn or back pressure i m t i l  a maximurn discharge i s  reached 
f o r  a f ixed  upstream pressure  and tiiermodynasrti.c, s t a t e  o f  Y1ui.d. Further 
reduct ion  of t h e  back o r  i-.eceiver pressure w i l l  no loizgej: a f f e c t  ' h e  flow 
m t e  o r  t h e  exit pr, 0s sure .  

'The cocirrrent f low of gas-liquid.  mixtures y i e l d s  ?rari.ous flow pa t -  
t e rns .  The F1 .o~  behavior and. pressure  drop or" the systein are dependent 
.upoil whi-ch of  t hese  Y l o w  p a t t e r n s  occurs. The gas- l iqi i id  flow m y  be 
divided i n t o  two general  ca t egor i e s  : 
gas 2nd liquid aye d i f f e ren - i  subs tames ,  o r  ( 2 )  one-component f l o w  of a 
l i q u i d  aiid i t s  vapolp. One-component f l o w  can be P ~ - ~ ' i h e r  divided in.Lo non- 
boil~i ng and boil-ing ea-tegories . I n  nonboiling flow, t h e  1.iquid and vapor 
i n  thermodynamic equi l ibr ium a r e  established. upstream befoi-e en te r ing  a 
flow channel, wit'n the  f l o w  t h e r e a f t e r  being a d i a b a t i c .  I n  boi.l.ing flow, 
t h e  gas phase i s  generated by n e t  boi.l.i.ng of  t h e  l.i.quid phase due t o  heat 
addi-Lion i.n t he  channel. 

(I.) v e r t i c a l  non'ooiiing flow, ( 2 )  i io r izonta l  nonisoil.ing flow, (3) v e r t i c a l  
b o i l i n g  flow, and ( L + )  hor i zon ta l  boi.l.ing flow. The c l .ass i f ica t ion  of f l o w  
p a t t w n s  in gas . - l iquid f l o w  i s  not  s.i;and.ari.zed a t  pre3en.t bu t  depends 
I.a.rgely upon i.n.d.i.vi.dual in-ieypre'cations of the v i s u a l  appearance of par-  
~n.cul_ar flows. 

although t h i s  term can a1 so 

Because of t h e  g r e a t  d i f f e rence  i n  densi-ty and viscosity of  he two 

(1) two-componeii'i flow i n  which the 

The f low-pat tern desc r ip t ions  ma.y be gi-ouped i n t o  fou r  ca t egor i e s  : 

* *  



In the  case of ver t ica l  non'ooiling flow, only symmetrical pa t t e rns  
a re  possT.bl.e, The fo i i r  pat terns  usual ly  are s h o m  i n  Fig. 6.17. 
For horizontal  noliboiling flow, there  may be bubble, p l u g ,  s t r a t i f i e d ,  
wavy, slug, annular, m d  spray fl-ow, lt3 as shovn in Fig. 6.18. 
boiling flow patterns have been c la s s i f i ed  by Wallis and G r i f f l i t l ~ ~ ~  as 
'oubbly, transit ional. ,  annular, dropwise, and streaky. T h e ~ e  is  1. i t t le  
or no informm.Lion on hOrfZGnta1 boiling flow pat terns .  

bdo'oles aoving independently up the  channel. Plug, o r  s h g ,  f low occurs 
when patches of coalesced vapor fill most of Lhe channel cross  sec-LFon as 
they move upimrd. Plug f l c i w  has been reported a s  being both a s tab le  mad 
an urnstab1.e transi-t ional Slow between bubble PI-ow and the  next type, amu- 
lar f l o w .  fii aimii1a.r f l o w  the vlzpor f o r m  a continuous phase .that car r ies  

Vert ical  

In the vertical chanzlel, bu'oble fl.ow consis ts  2.n indivi.dmal d.i.spersed 

F ig .  6.1.7. F l o w  Pa t t e rns  of Two-Phase Vert ical  Nonboiling Flow. 
Y 

(a) Biibbl-e ; (b ) plug ( sl-ing) ; (c  ) annuLI-ar (channelized) J 

re f .  4 2 )  
(d)  fog. (From 

BUBBLE SLUG 

PLUG ANNULAR 

STRATI F 1 ED SPRAY 

FLOW * 

Fig. 6.18. Flow Pa t t e rns  of Two-Phase I-lorizontal Nonboj.1in.g F1.o~. 
(From ref". A 3 )  



only disperscd li-qiiid di-op3-ets. ?'he 
ne). core snd leaves an. annulus of sup heated l i q u i d  adjacent.  t o  Liie wal I s .  
The f o u r t h  typc shown i n  Fig. 6.17 i s  ca7Z.ed fog, d i s p r s e d ,  o r  hoiiiiogeiieous 
fl..ow. This i.s t h e  opposi.te oI" 'ihe f i r s t  typa,  bubble f l o w ,  i.n t h a t  i n  the 
lat 'ber case t h e  vapor ilills t h e  e n t i r e  c:ia.nnel and t h e  l i q u i d  i s  dispersed 

I- i.n t he  form of individual.  d rop le t s .  
tal channel-, bubble f l o v  cons i s t s  i n  bubbles or gas 
per  p a r t  of t h e  pj.pe a t  approx imtz ly  '~iie same vclocj t,f 

nt inuous phase t r a v e l s  up the  chan- 

as t h e  3-iquid. Ylug flow occurs  when a l - te rna te  g lugs  of l iquid.  si-td ga5 
w v e  along t'ne upper p a r t  of  -3ie pi.pe. In s t r b t i f i e d  f l o w  t h e  l iquid.  :!Tows 
along t h e  bottom of t he  pipe whilz -the gas Plows above over a smooth 
l~i-quid-ga,~ in t e r f ace .  Wavy flow 7 - 5  similar to s t r a t i f i e d  :?low except that, 
the gas moves ai a higher  velLocity sild t he  i n t e r f a c e  i~s dis txrbed  by- waves 
t r a v e l i n g  i n  tbe dii.ecti.nn of flow. i n  s lug  f.J.(w a wave i s  picked up 
p c r i o d i c a l l y  by the more r ap id ly  moviiig 28s t o  form a f r o t h y  s l -ug  t h a t  
passes  iiirougb the  plpe a t  z much grea.ter v e l o c i t y  than  the a.verage 1iqui.d 
velocj-ty.  In  the a.nniilar f low,  t h c  l iquid.  fl-ows i n  a. film around t h e  i.n- 
s l d e  w.11 of the pipe,  and t h e  gas .fl.ows a'c a htgh v e l o c i t y  as a cen-trttl. 
core.  Most or nea r ly  all the  l ~ i q u i d  i s  en t ra ined  as spray by Liie gas i n  
t'ne spray fl.ow. 

In t h e  v e r t i c a l  b o i l i n g  channel, ai.r u'obles of aJ.1. s i z e s  e:xi.st i n  
bubbly Tlow, with the  i i i ters t i .ces  f i l l e d  ti-) water.  'The d i s t r i b u t i o n  of 
the two phases appears f a i r l y  uniform across  the channel. The t r a n s i - t i o n a l  
f low i s  a mix'iure of bubbly arLd annular flow. AnnulRi.. flow consisi-,s essen- 
t h l l y  of a core of ai:r surrounded by bubbly 1-ayers on L i le  walls. The 
bubbly l a y e r s  rorm sur face  waves, some of whFch devel-cp i n t o  c r e s t s  and 
ayjpear t o  be t o r n  off to form d rop le t s  i n  'che gas corc.  "he dropwise flhw 
i n  9 i iert i-cal  b o i l i n g  channel 3.s thought 'LO he a flow pa t te r r ,  i n  whi.ch t h e  
wa . t e r  i n  Lhe stream i s  i n  t h e  form of drops swirl.7.n.g around a t  extreme 
turbulence. s t r eaky  flow i s  similar i o  drcpwise f low except %hat it 
i s  f u r t h e r  obscured by shear s t r e s s e s  a c t i n g  on the l i q u i d  l a y e r .  

place i n  high-pressure r e a c t o r  sys.tems. It i s  conceivable, however, that, 
it 7.s detcrmined by  the  v0i.d f r a c t i o n  (vel-umetric rstic of vapor t o  vapor 
and l i q u i d ) .  It i s  also bel ieved  t h a t  the type of flow <.s a funcl;i.m of 
-ihe F:rou.de number ( a  measu;re of the  rati.0 of i n e r t i a  t o  g r a v i t y  f o r c e s ) .  
Research on flow phenomena i s  being conducted a t  t h e  Universi ty  of Minnesota 
and a t  Hanford, as discussed- i n  C'napter 12. 

-- - 

L i t t l e  i s  now krii>Wn about the exact  -type of  two-phase f l o w  t k i  takes  

6.4.2.1 Quality and Void Fractions i n  a Nonslip Flow System --__- _ _ _  ....... _........ _.__ .l..-I.... ~ _- 

The q u a l i t y  x of a vapor-1iqii.ri.d mixtui-e i.il a nons2.i.p flow system, 
such a s  a homogeneous-model flow system, where no gross r e l a t i -ve  motion 
Setween %he vapor and l i q u i d  phases cxis ts ,  i s  def ined as 

&ss of vapor i n  mixture 
To-Lal mass of niixture 

x f; -- 

The void f r a c t i o n  a ri.s defined as 

. Volume of vapor im rn5.xtu-e 
Tota l  volume of vapor- l iquid riiixture 

a := ~- ---I__- 

( 6.41) 

(6.42) 
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The re l a t ion  between x and a i n  this system cam be o'otalned by as- 
suming a ce r t a in  volume conta.j.niag 1 Yo of mixture i n  thermal equilibrium 
(Fig,  6.19). 
specific volume (lb/f-L3). In the notat ion used i n  .&is chapter, the sub- 
s c r i p t s  P, g, and fg  r e f e r  t o  sa.t,uua.i;ed l iqu id ,  saturated vapor, and. the  
difference between the two, respectively,  which is  the u s u a l  notat  ion of 
steam pract ice .  

In an equrili'oviuni mlxtu-re the t w o  phases are saturated l i qu id  and 
saturated vapor, and the volume of vapor present is eqi~al.. to i:ts -mss 
(lb) times its spec i f ic  volime v 

That vol.me w i l l  be equal t o  (vf 3- xvy ) f - L 3 ,  where v i s  the 

Thus CI I s  given by 
PJ* 

This equation caii also be wri t ten i n  the form 

(6.43) 

( 6.44) 

where tne spec i f ic  volunes zre a l l  taken a t  the system pressure f r o m  ap- 
propria-Le tab les  o f  therxcdyziam-ic properties,  such as the  Keena.n and Keycs 
s-team t ab les .  
Ey. (6.444) serves t o  show t he  la rge  v a l u e s  of a asmciated. wi.th low pres- 
sures for small vali~es of x.  'Illus iz snall steam f r ac t ion  by IIB.SS corres- 
pond.~ t o  a very l a rge  f r ac t ion  by volime. 'i.'he dFf'f'crencle decreases a t  
high pressure, however, Figure 6-20  shows calcul.ated values f o r  W versu .~  
x for l i g h t  water at ,vctr.lious pressilres. 
the  following : 

1.. For consta.nt x, n: decreases wit'h. pressure. A s  the pressure ap- 
proaches the c r i t i c a l  pressure (3206 psia  f o r  l i g h t  water; 3212 psia  for  
heavy m t e r ) ,  ci rap id ly  approaches x. 
phases a r e  indistin.guishahle and a. 2 x. 

Since the ratios of q/v ,  a m  I.arger a t  low pressures, 

Exnmincition of the eixrves reveals 

A t  t h e  c r i t i c a l  pressixe the t w o  

2. 
3. 

%or any one pressure, da/d-x decreases wj:tii x. 
A t  low v-dues of x (such as those used i n  boiling-type reactors), 

da/dx increases as the pressure d.ecreases and becomes severely la rge  a t  
low pres sure I 

6.4.2.2 

In -the above calculat ions j.t was assumed. that no reI.a,i;j.ve mution 
existed bettieeri the two phases, -Lh:it ,  is, be-tween vapor ' o v S ~ l e s  and. the 
l iqu id .  However, i f  a two-phase mixture i s  movi.rig ( e , g . ,  i n  a v e r t i c a l  
direct ion,  as between fuel clcme:nts), the  vapor, because of 1 ts 'ouoyancy, 
has a tendency t o  slip pas t  the 3 . . T q 1 , i l d ~  that Ls, to move a t  8 higher. ve- 
l o c i t y  t h a n  t h a t  of the l iqu id .  A s l i p  ra1,i.o 8, iwually greater  than 1 .0 ,  
i s  def:l.ned as the r a t i o  of the velocity- o f  t he  vapor V, t o  .t'iia-1; of 'che 

4 



-. . . . . . . . . . .. . . . . . . . . 

E’i.g.. 6.19. Mixture of L i q u X  and Vapor i n  a liomogeneous Model Two- 
Phase E’io-Fr System. Mass mixture, 1 lb; coiiiposed. of x lb o:F saturated 
vapor plus (I - x )  lb of s a t u r a k d  l j - q i ~ . d ;  volume of mixtiire; vf + m f g .  

1 

P 
8 

*- 

F i g -  6.20. 3 Versus x Tor a Nonflowirtg Water System. (From ref .  
4 2 )  Used by permission of McGraw-Xi 11 Book Cornpdnj . 
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where 4 
di c u l a r  i o  fl ow d i r ec t ion ,  i f  i h d  two phases are imagined 'LO be completely 
separated f rom ezch o the r  as in Fig. 6.27 (a). 
t i o n s  gtves  

and Ar a r e  t h e  c ros s - sec t iond l  areas of the two phases, pespen- 

Cornbini ng t hc  above equa- 

(6 .47)  

The void f r a c t i o n  i n  the sec t ion  considered i s  -tile r a t i o  of the vapor- 
phase vol-ume i o  t he  t o t a l  volime wi th in  the sec t ion .  I n  t h e  small sectioi? 
of channel consi-dered, this i s  t h e  same as t h e  ratio OP cross-sectional 
a rea  of vapor A -Lo  he i;ots.l cross.-scctional.. a r ea  o f  t h e  cliannel. Thus 

Q 

o r  

Equation (6.47) then becomes 

x 1 - a v  
!3 s = ._ - . 

vr I - x  a (6 .48 )  

Th7.s equai ion can be rearranged Lo give a r e l a t i o n  between a and x, 
including "ilne e f f e c t  of slip, as 

(6.50) 

where 
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It i s  to be noted t h a t  the relation between a and x f o r  no slip (S = 1) 
given by Eq. (6.4.3) i s  a spec:ial. case of t he  gerierul r e l a t ion  given 'oy 
Eqs. (6.49) and. (6.50). 

ceria1.n value of' x belcrrw t h a t  which ex i s t s  for no s1.i.p. Thri.s can be seen 
i f  Eqs. (6.49) and (6.50) are examhed. A?; constxnt pressure and quality,  
the f ac to r  (1 - a)/ol i s  di .reetly propor-L-iuml t o  S.  'B.iis, a decreases as 
S increases f o r  a fixed x. A high S i s  t h s  an advantage from both the 
heat- t ransfer  and :rnod.eratiol?l-ef~eci~ standpoints e Figure 6.22 shows (x 

versus x f o r  l i g h t  water a t  1000 psis and severa,l s l i p  r a t io s .  
Tae Tmlue of S has been experimentally found t o  decrease with both 

the system pressure and t.he volumetric flow ra te  and t o  increase with power 
density.  
pressures but to decrease with it at, very low pressures. 45 
to 6.25 show some of thsse effects.  
fo r  vario'u-s values of VJD, wiiere v i  i s  the i n l e t  velocity,  a t  a pressure 
of' 3% a t m  (ref. 46) from which S may be computed. 
channel length, S has been fourid .Lo increase r ap id ly  a t  the beginning and 
then more slowly as the  channel exit i s  approached. A t  the e x i t  i.Lself, 
turbulerice seems to cause a sudden Jump i n  the  value of S. 

Von ~ la l - i r i .~ .7  proposed the following empri.rica1. rela,%;-on between x %nd 
a, vklich i s  based on niuch of the experimrn'cal data, avai lable  at t;he time 
f o r  vater  and wh.ich covers a wide range of operat,ing condj-%ions and cham- 
ne1 geometries : 

The effect o f  s l i p  i s  %o decrease 1;ll.e value o f  a corresponding t o  a 

It has also been found t o  increase with t he  qn3l i ty  at high 

Figure 6.26 gives (X versus xpf/p 
Figures 6. 23 

€5 

As a finict,j.on of the 

(6. 51.) 

ixture quality, z per cent 

Fig ,  4.22. Versu.s  x fo r  Water at 1000 psisz and Various S1l.p Ratios 
l.n a Flow S j . s i ~ ~ .  (From ref. 42)  Used by perm.j.ssiori o f  McGmw-iT i l l  Book. 
CoI!pn:oy. 
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Figz 6.23. Working Curves for Predic t ing  S l i p  Rat ios  a t  3.50 ps ig .  
(From r e f .  42)  

4 

3 
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Vi 

10 

Fig.  6.24. Working Curves for Predic t ing  SI i p  Ratios at 600 ps ig .  
(From re P I 4 2 )  

Experimental- da ta  o r  t h e ~ r e t i c a l  correla.”iioiis f o r  S covering a l l  
possib1.e operating and. design va r i ab le s  do not now exist, In contaiiimeiit 
s tud ies ,  values fo r  S m y  be estimated from da ta  that c1osel.y approach 
those of i n t e r e s t .  In t h i s  a ceytai-n amount of Fiidi.vidua1 judgment i s  
necessary. 0-Llierwise, experimental values of S must be obtained u n d e r  
s imi l a r  conditions.  This procedure i s  usua1.l.y expensive and time-consuming 
but  may be necessary i n  sorfit cases. In  design work t h e  usual. pi-ocedure i s  
t o  assume a constant value of S al-ong t h e  l e n g t h  of the channel. 
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A Data of Isbin, Sher, and Eddy 
4 0 Data of Hughes 

s V Oats of Marchaterre 

0 Data of K. Schwartz 

Q Data of Egen, Dingee, and Chastain- 
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Fig .  6.25. S l i p  Rat io  as a Pimction OS Pressure for Vi NN 2 f t /sec 
and. x Z 0.05. ( F r o m  ref. 42)  

Fig. 6.26. Void Fraction as a Function of V:/D nnct xp /p for Vert i -  f g  ea1 Tubes ( p  = 32 atm). (From r e f ,  4 2 )  

6.4.2.3 Fr ic t ion  Drop i n  a Boiling Channel. 

The p re s sue  dkop in a channel i s  th .e  sm of t h e  pressme drop i n  
Lhe non’ooiling sect ion Z, and. the p r e s s ~ r e  d r o p  i n  the bo i l ing  sectiozi %. 
In the nonboil.l.ng section, f r i c t i o n  i s  due t o  singl-e-pha.se flow and m3y be 
eval.u,a’ced by standa.rd me-thods used in s w h  C R S ~ S  ( e .  g. , .the D r c y  Formula) . 
Thus -the presswe diaop dire to f r i c t i o n  i n  the zionboiling sect ion nay be 
given by 



( 6 . 5 2 )  

Apsp = sing]-e-phase pressure drop, I b / f t 2 ,  

f := f r j -c t ion  f a c t o r ,  dependent on Reynolds number and ciiannel 
r oug'me s s , d. ime ns i onlk s s , 

D = equivalent  diameter of channel? C t ,  e 
p ::- average densi-ty in nnnboi l tng sect ion:  lb1f - t  3, 
V = average v e l o c i t y  i n  nonboiling sec t ion ,  f t / h r ,  

::: conversion f ac to r ,  32.1'74 3b,-ft/lbf.-sec2 or 4.17 X 1.08 lbrfl- gc f t / l b f -hp2 .  

In  t h e  b o i l i n g  height ,  however, the T J - ~ ~ C P  I L ~ - u o u r e  drop duc: .to t i - i c t i cn  i s  
g r e a t e r  than t h a t  due Lo single-phase 1-iquid f1.m ot Llle same mass.-fl.nw 
rate. This higher pi-essirj-e drop appears t o  be a functi.on oT t h e  type of 
flow snd r e s u l t s  -pari;ly fi-om t h e  increased Plow speeds. It can be cxperi- 
mental ly  d.etermincd by iiieasurimg t h e  to 'ml  pressure  drops i n  two-phase 
flow and by sub t r ac t ing  the cal.cu.la+;ed prcssure l.osses i n  "ilie sys-tem, which 
include i.nl.et, exi.t, cont rac t ion ,  acce le ra t ion ,  a d .  f r i c t i o n  losses due tc 
t h e  l i q u i d  phase only j.n t hz  nonboiling sect;irm of t h e  cli.a,nnel, if any. 

tion pressure  d.yop were made, w i t h  var ious  degx-ees of success .  Usmll.y 
the  two-phase I"ri.r,tion drop w a s  compared with a ca.l.cul.ated f i - ic t ion  drop, 
assuming t h a t  only sa'curated 1iqui.d. ex i s t ed  i n  t i e  ciiarinel.. R f r ick i -on  
mul.Liplier, 2, g r e a t e r  than I. 0, was 'chen used tiiat w a s  correl.ated wiih 
opera t ine  parameters,  It i s  def ined by 

Several  a t tempts  a t  f ind ing  a sui'mole c o r r e l a t i o n  f o r  two-phase fric- 

I 

(6.53) 

where 

__ 
I< = two-phase f r i c t i o n  mul t ip l i e r ,  

= Lvo-phase pressure  drop j n b o i l i n g  he ight  only. 

- 
The most w i d - e l - y  accepted co r re l ah ion  for 8 i s  t h a t  ol" Nir t inc l l i -  and 

Nelson. '' 'The c o r r e l a t i o n  i s  based on previous c o r r e l a t i o n s  of  two-phase 
tu rbu len t  flow by b!art~.nel.li and represents  an ex t r apo la t ion  of pressure.-  
drop da ta  obtained f o r  isothermal  fl-ow of a i r  and. var ious other l i q u i d s  
a t  low temperatures and pressures .  The Ma-ctinelli.-Nelson c o r r e l a t i o n  i s  
p:t.-esen'ied i.n t h e  form of  curves ([Fig. 6.27) as a Fwicti.on of  pressure and 
q~ml i - t~y  ai ihe e x i t  of t he  flow channel. 
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Fig ,  6.27. Ma:rtinel.li-MeI.son Frictiou-Mul-tri-plier Correla, t ion.  (From 
ref. 42 j  

6.4.2.4 Acceleration .Pressure Drop 

&cause the fl.uid ~mdergoes an inereact. in voliune as i - t ;  .vaporizes, 
it has t o  accelerate  as it .Lra.vel.s through the  channel.. If the  presswe 
drop 7.s srm1.l. compared with the absolute pressure, the Ylov LB el"fec'i,.i.vel.y 
incompressible. 111 other words, although -the spec i f i c  volunle of' the mix- 
ture changes over v i d e  limits, the :~;pecil"ic volume of each phase is sub- 
s t a n t i a l l y  constant along the -Woe * 

tween these extrerries : (1) liqy.5d and vapor comp1.etel.y ml.xed ( fog)  and 
( 2) l i q u i d  and. vapor comp1etel.y separated, 

l?,m extrerce cases can e x i s t .  'i7he actual cond"it,ions probably lie be-. 

The accelerat ion pressure drop i n  -Lhe fii-st case can. be expressed as 
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T’he v-zl-ue of r2 increeses  r a p i d l y  wi. t,h x aiid only very sli&it:Ly with Lhe 
sl . ip ra-Lio S. 

6.4. 2. 5 Ex-ua.nsion and Contraction Losses i n  Y’wo-Rmse Flow 

‘l’wo-phase mrixtures comrncmly encounter sudden area changes. A s  wI ih 
friction, cxgai-isi on and cont rac t ion  pressure  changes i.n two-phase flow are 
l z r g e r  tliai? those iil single-phasc flow because cf t he  increased speed of  
t he  l iq i i id  caused by bhe presence of  voids .  It a l s o  Bol.l.ows that the  hi.gher 
 lie void f r a c t i o n  of R two-pilase mixiwe,  t h e  higher  the pressu1.e change. 
lianfoi*d analyses  of ihe  bJ.owdown phenomenoll &re discussed i n  Chapter 12. 

To a i d  i.n t h e  anal.ysis,  t h e  fol.l..owing relst:i.ons a r e  der ived from ths 
con i inu i ty  equation arid by re ference  t o  Fig. 6.21(b) : 

A 7  

and 

S C  

( 6 . 5 6 )  

where the subscripts 1 and 2 refer t o  before and aTt,er t h e  a rea  changes, 
respec t ive ly ,  and the symbols have the same meani-ng as i n  the previous 
sec-ii-rjns. The above relati.cms assme iha’i expansicns c)r cont rac t ions  are 
adiaba-t ic  so t h a t  x1 = x2 := x and, s ince  t h e  pressure changes are smal.J_, 
ihe d e n s i t i e s  of the  sa- turated l i q u i d  and vapor do not change. 

methods have been suggested f o r  c a l c u l a t i o n  of t h e  losses. 
compared f o u r  of these  arid -r-ecoimnended one by Romie as Yne b e s t  ava i l ab le .  
This inethod is ou’dined below. 

A force  balance zcross t h e  expansion region i s  w i t t e n ,  as i n  s iagle-  
phase flow, i.n which the  upstream pressu-e p 1  i s  assumed ’io s t i l l  a c i  011 
t he  expanded a rea  A2 imedia-te3.y a f te r  L h t .  expansion : 

1. Expansion. In  t h e  casc of area expansioii (F ig .  6.28), se\reral 
I,ottes4’ 



Fig.  G.28. Two-Phase Flow i n  Sudd.en Expansion. (From r e f .  42)  
Used by permission of McGraw-Hill Book Company. 

Using t h e  r e l a t i o n s  o f  Ey. (6.56) and Eq. (6.57) and reari-aiiging gives 

1412 t o t  
P2 - P1 = - 

(1 - x ) 2  

%sed upon experiments by Petr ick wi.th a i r  and water i n  vert;j.cal 
colmms near atmospheric, pressure, the  following relatton between a,  and 
a2 has been suggested: 

I a ,  = I (6.60) 

31 reac tor  work the  pressure changes a r e  sml.1 compared with the 
operating pressures, s o  p*/px E 1.0. Equatlion (6.60) shows that, a t  high 
pressures the void f r a c t i o n  decreases somewhat across an area expansion. 
Table 6-11 gives values of a2 V ~ I T S U S  a, cornputtiid :Tn'om E:¶. (6.  60) ~ O Y "  two 
area r a t i o s  a t  high pressures.  It can be seen t h a t  the decrease i n  .void 
f r a c t i o n  i s  not, l a rge  Tor area m t l i o s  o f  0.5 or I.arger an.d. is r e l a t i v e l y  
grea te r  the  lower the  initial void. f rac t ion .  blliere th18 change rmy be 
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Table 5.11. Effect of k e a  Expaasion on 

Mixtilreca 
Void Frac t ion  i n  Ver t i ca l  Air-Waher 

e.  2 2.0 
20 
L)O 
60 

0.5 1- 0 
20 
40 
60 

7.4 -2 6 
15.3 -23.5 
32.0 -20 
52.0 -13. 3 

9.0 -1.0 
18.0 -1 0 
36.6 -8.5 
5'7. 0 -5 

%ram ref. 49. 

ignored, t h a t  i s ,  when a1 = a2 = a, Fq. (6 .59)  reduces -to 

The ca.se of s ingle-phase 1iqi.ii.d S 3 . o ~  may be obtained by p u t t i n g  x = 0 
and a = 0 i n  Eq. ( 6 .  6 l )  and ge t t in .g  

(6.62) 

Since Al i.s less -tha,ii t h e  ri3;h.t-hand s ides  of Eqs.  (6 .61)  and 
( 5. 62) a r e  posi'cive, i -ndicat ing (in all cases)  a pressure increase  d w  
bo area expansions. It can. a l s o  be seen t h a t  f o r  'ihe same t o t a l  mass-- 
flow ra te  and areas o f  flow, and si-nce x i s  srral..l-er than  a, t h e  pressure 
7-acreases a ~ e  l a r g e r  i n  two-phase than i.11 single-phase f?.ow and a r e  I-arger 
the l a r g e r  the void. f r a c t i o n .  

i n  a vena cont rac ia  of a r ea  A,, following the  contra.ction (5'T-g- 6 .29) .  
me f l u i d  then expands t o  t h e  redimed arm A2. A s  i n  s ingle-phase flow 
the losses f r o m  the contracti.on to t he  vena con t r ae t a  a r e  neg l ig ib ly  s m a l l ,  
and t h e  cont rac t ion  l o s s  i s  assumed to be t o t a l l y  due t o  the  expansion of 
thc  f1ui.d f r o m  the  vena contraeta. to t he  po in t  where the f l u i d  f i J .3-s  a r e a  
Az. 
t h e  l i qu id ;  resulLing i n  a consi.derab1.e decrcsse i.n jrmgnitude of thz  void 
f r a c t i o n  at Lhe vena cont rae ta .  Beyond -bile vena con'cracta, however, sheai. 

L 

2. Contraction. As in single-phase flow, area cont rac t ion  r rsu- l ts  

I n  trdo-phase flow t h e  vapor i s  3bl.e t o  acce le ra t e  iflore r e a d i l y  '~han 

- 
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% 
I 

Fig” 6.29. Two-Phase Flow i n  Sudden Contraction. (From r e f .  4 2 )  
Used by permission o f  iVcGj-aw-Hi l l  Book Company. 

forces between l iqu id  and ml-1 and between l iqu id  and vapor stead.y the f l o w  
and  CRUS^ the  void f ract ion a t  plane 2 t o  assime subs tan t ia l ly  {;he same 
value it had a t  pLa11e I.. 

~ f :  the pressure losses  a re  a t t r i bu ted  t o  the  expansion length from 
plane 0 t o  plane 2, the  contraction pressure change in single-phase flow 
can. be t o  be given by 

- 

( 6 . 6 3 )  

where k i s  a dimensionless l o s s  coefficient;  -that i s  a function of A 2  and 
the ai-ea of the vena contrac-La A, and is  given ’oy 

k = e - l )  2 . 

Since A i s  not known with cer-tainty, k i s  usually given by 
0 

( 6. 64.) 

(6.65) 

where a i s  a dimensionless number l e s s  than uni ty .  
a has been repor-Led Lo be between 0.4 to 0.5. TJsing the value 0.4 a.nd. 
eo;r$oining Eqs. (6.63) and (6.65) gives, fol- sir!gle-phase flow, 

For slngle-phase flow, 



(6 .66)  

Using fn = p$lVf , t h e  above equat ion rmy be wriLteii i n  Lhe :fo-~m 
t o t  I. 

( 6 .  67) 

In two-phase f l o w ,  it has Seen foundL9 t h a t  the v3l.u.e of a i s  0.2.  
If pf is replaced by -the dens i ty  OB t h e  two-phase mi-xture, which i s  given 
by 

(6 .68)  
& ’  

,o = (1 - a ) p r  3- a p  

and t h e  product ap i s  ignored (being small a t  pressures  far removed from 
c r i t i c a l ) ,  and if die pressure losses arc a t t r i b u t e d  i o  t h e  liquid alone, 
t h e  pressure  change i n  two-phase f l o w  i s  given by  

6 

(6 .69)  

where a = a ,  -- a2, as indica ted  previously.  ‘fhe above equation may be 
modified, wiih the  he lp  of Eq. (6 .57 ) ,  t o  t h e  forrn 

Eqilations (6 .68)  and (6 .69)  show t h a t  siilce A 2  i s  l e s s  than Al, con tme t ion  
pressure  changes i n  ei . ther sing1.e.- or two-phase flow are negat ive,  i nd ica t -  
ing  a l o s s  i.n pi-cssure. A comparison of t h e  two equations shows t h a t ,  for 
the same t o t a l  mss-flow r a t e  and a reas  and : T o r  most valii.es of a and x 
encountered i n  reac-tor work, t h e  two-phase cont rac t ion  pressure  losses are 
l a r g e r  than those i n  s ing le  phase and are l a r g e r  t h e  l a r g e r  the void f r a c -  
t i o n .  

6.4 .2 .  6 Cli-i.t,ical F l o w  

The design of  effli.ci en t  and economic reac-ixir containment systems i s  
i.n many i n s  ‘iailces dependent on pred ic t ions  of c r i t i c a l - f l o w  behavio:L- f o r  a 
r e s c t o r  coolant .  ‘Typically, the pi-i~mary coolant  contains  considerable  
energy znd. contarniiiatlon i n  a wa-Ler-cooled reactor. Upon a ruyture  of 



scme pa r t  of t he  p r i m r y  coolant system, the  escaping coolant m u s t  be 
contalned. i n  order  -to prevent the rei-ease of radioactive mteri.nl.s t o  the 
enviruns e Since the  critica,l-flo'cr phenomenon plays an  impcsrtxjt ro l e  i n  
the  r a t e  of l o s s  of the prilrstry coola-at, exact technical  hiowledge of i t s  
mechanism i s  needed fo?? the  design of e f f i c i e n t  and. economic contaimneni; 
and pressure-sul,pression sys t em a 

rnethod has been proposed t h a t  will prove sa t i s f ac to ry  over a wide range 
of t.l;io-ph%e flo:.r conditions. 

The available information on cri-tLca,l flow i n  tubes rmy be dlvided 
in-Lo three categories,  c l a s s i f i ed  according to a modified cavi ta t ion 
nirmber, Ca' ,  as proposed by Fauske and Kin. 50, 51 

To date, however, no single  design 

mis nmiber i s  defined by  

(6.71) 

Ap = pressure difference between in:i . t ial  a,nd e x i t  pressure, l..b/ft 2, 
pi = i n i t i a l  density of .Lhe saturated o r  subcool.ed i'lu.id., l b / f t3 ,  

V = average ve loc i ty  of the  Tluid, f-L/sec, 
L = length of tube, f-t;, 
D = diameter o r  equivalent diameter, Tt. 

As indica'Led i n  Fig. 6.30, f o r  a modified cavi ta t ion nunibex- less  -tnai 9, 

I o5 

8 

6 

2 

IO" 
I 4 2 400 600 200 40 €0 80 400 20  6 8 10 

Fig. 6.30. Dimensionless Correlation Deter~nj.nin.g the Occurrence oI" 
Single -Phase and Two-Phase Flow liegiinz s and the Cri-Lies1 Discharge F1.o~ 
Rates Through Shor-t Tiibes. (From ref. 51) 
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t h e  f l i r id  erAi.bIts coriipl.etely metastable  si.jigl_e-phase fl.ow. 51 
mod.ified c;ivi.tation number exceeds 15, two-phase flow exis - t s .  In  -ihe 
ra,r-ge of Ca’ between 9 and 15, uns tab le  t r , ans i t i ona l  fll.ow occurs.  T h z r c  
a>:?, hawser, incons i s t enc ie s  i n  these  cl.assifica-Lions. 
performed t e s t s  on circu1.a.r o r i f i c e s  ( C a ’  ::. 0) i.n which 3 de-parture from 
metastable  flow w a s  found -Lo exrist. ‘I’he miss-flow r a t e  vas l e s s  tihail t h a t  
p,red.i’.cted f o r  metastable  flow, 
y i e l d  hi-gh flow rat,esi g iv ing  conserva,-t,i.ve resul- ix  ror most cases of  i n -  
t e r e s t  i n  contahment  s t i idiec,  

When t h c  

I ~ b i n ~ ~  Pecent ly  

‘i‘’o.e assumpti-oil of me ias’cab1.e flow wLJ.1. 

6.4.2.7 Equi l ibr i im Two-Phase Annular . . Cri-Lied. tii.l_ow -_ ..I_..^ 

Because of t h e  recent  work by ii’aiiske,53 c r t t , i ca l - f low r a t e s  of -the 
eqiii1ibriu.m c r i t i ca l -  flow i n  long tubes can he calcul-ated v i L h  a I.arge 
degree o f  conf j.d.ence. 
t h e  fol-lowing assimptions : (I) annul.ar fl-ow ( s l i p  occurs), ( 2 )  thermo- 
dynamic equi.l.ibrium, and (3)  i s en tha lp i c  expansion. He a l s o  pos I;u.l.a.ted 
(1) that t h e  s p e c l f i c  volurne v of t h e  t,wo-phase fJ.ow mixture was given by 

J?au.ske developed a - theore t ica l  t reatment  based on 

2 x v (1 - x ) 2  
+ -  v v = -  g 

a 1 - a  f ’  
(6.72) 

( 2 )  
i-ncreas ing p res  sure  d t f f  erences,  that i s  , 

khat t he  flow was cri-Li.ca.1 when the flow r a t e  no longer  increased with 

and (3) t h a t  a, coizdition of c i - i t i c a l  f 1 . o ~  
e n t  a long tlne p ipe  proceeding t o  t h e  exi-i  
value f o r  a given flow ra-Le and c-uaI.ity. 
der ived the  following expressions f o r  t h e  
Ci9 and mass velocity, G: 

( 6 . 7 3 )  

ex i s t ed  when the  pressi3-i.e gradi - 
had a n  absolute ,  f i n i t e  maximum 
With these assumptions Fausite 
s1.i.p r a t i o ,  S, void fract i -on,  

+ I ,  

(6. ?4) 

(6. ’75) 



d.x 
(I + 2& - 2x) 4- Vf(2XS - 2s - 2xs2 -I- s q  - - dp 

1% i s  in te res t ing  t o  note t h a t  Eq. ( 6 . 7 4 )  s e t s  an iupper l i m i t  on the 

dvg/dp IH, and. dvf/dplH m u s t  

magnitude of the s1.i.p r a t io s ,  and the  graph f o r  the  Eq. (6.74), a:; shown 
i n  Fig. 6.32, has the same shape as t h a t  i n  Fig. 6.25.  

be evaluated from a table  of properties,  sui% as  t h a t  of Keenan and Keyes'+' 
f o r  stearn. 
constant mixture enthalpy. 

In Eq. (6.76), t h e  derivatives,  dx/dp] 

The der ivat ive dx/dp is approximated by Ax/& de-termined a t  
For a given pressure p and qual i ty  x, 

E = H  I - X H  (6.77) f fg 

(6.78) 

and an approximate value f o r  dx/dp i s  then 

where Kfg, AHf:, and. qr can be f'0ux.d. from a t ab le  of properties.  41 
The derivat ive dv 7dp czn be approximated by hv /Ap evaluated a t  eon- e 

s t a n t  mixture enthalpy. Actually, v is the  volume of the satu- 
G 

ra ted vapor arid i s  a function of pressure; hence 

( 6.80) 

The va3.ue of dvf/d.p i s  approximated by Avr/Ap determined a t  constant, 
mixture enthalpy and i s  determined in the  same fashion as dv /d.p, 
w i t h  the  a id  of Eqs ,  ( 6 . 7 4 )  arid (6.77) t o  (b.RO), t o e  cr i t ica . l  KBSS ve.- 
l o c i t y  may- be calculated f r o m  Eq". (6.76) and appro-priate ta'oles 02 proper- 
t i e s .  'ITie resu l t s  of E q s .  (6.74), (6 .75) ,  and .  (6.76) are plot-ted for miter 
in Figs. 6.31, 6.32, and. 6* 33. Figixe 6.34  shows a c r i t i ca l - f low envelope 
developed by means o f  t,he Fauske eqiuitions. 

Thus, g .  
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0 

Fig .  6.31 P red ic t ions  of Void Frac t ion  zc at C r i t i c a l  F l o w  f o r  
Steam-Water Mixtures. (Prom r e r .  5 3 )  

It should be noted t h a t  e i t h e r  Fig. 6.33 o r  6.34 nay be i i s zd  ’io n s -  
c e r t a i n  the  c r l - t i c a l  mass v e l o c i t y  if t he  c r i t i c a l  exi-i; pressure Pe and 
“ne c r i - t i c a l  e x i t  quali-ty x are knowil. 
n c i t h e r  P nor x i s  known; hence, a. mul t ip le  t r i a l  and e r r o r  procedure i s  
ileccszary f o r  es t imat ing  the  c r i t i c a l  e x i t  p ressure  and q u a l i t y  before  
-the c r i t i c a l  disc’nargc ra te  can be determined. 
i n  Section 6.4.2.11,  Bessure-Flo.l\i-Ti.me H i s  tory. 

it can be  said t h a t  t h e  ma.xji-flm f low and cr i - t ical  pressure a r e  mached 

when the veloci. ty o f  t h e  s-txea-m i s  equ.31 t o  tbe v e l o c i t y  o f  soiinct i n  .the 

In most p-ractica.1 s i t u a t i o n s ,  

e 

Yhe procedure i s  descr ibed 

The c r i i i c a l .  velor.i.ty i s  a l so  of interes’ i .  For a single-phase system, 
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same rn4j:im. 4;’i this time, changes i n  the domistream pressure  can no 
longer be -transmi-ited up into t h e  pipe.  
from -the Fauslie theory  ai-e bel..ow sonic veloci-Li.es, except -the quality 
zpproaches l.0. I n  Fig.  6.35, t he  ].inear vapor v e l o c i t y  i s  p l o t t e d  versus 
quali’cy, with pressure,  p, as a paramet,er. P’igiiree 6.35 shows .ti?at nc sonic  
ve l .oc i t ies  occur C o r  two-phase critical I”l..ow of steam-water mixtures.  
Therefore, the method of sonic veloc?’.iies cannot be adopted Lo expla in  
tk maximum flows of  two-phase mixtures.  

The absolu-Le ve lcc i . t l es  calcu.l.at& 

Fig. 6.35. Theore t ica l  P red ic t ion  of t he  Vapor-Phase VelociLy Corn- 
pared wi th  t h e  Veloci ty  o r  Sound. (From ref. 53) 

6. I+. 2.8 Nonequi-librimi oir Metasta’oJ-e Two-Pbese .._ Critical Flow 
~ . . . ~ ~  

The Fa’iiske equi.1.lbriu.m annular  riiodel i s  believed to be achieved wlieii 
ihc. tube i s  suf.ficienkl.y long Lo ertswe that the  flow wil.1 reach physical  
eqi?.ilibrium. 
g r e a t e r  and a Ca’ o f  3000, and t h e  p red ic t ion  by ’die method described ii1 
Scc tlioa 6. LF. 2. ‘7 checks w7.th h i s  expej?imen-i;al da t a  qui Le well i n  .that range. 
30weve~; f o r  s i i o ~ t  tubes wi-tln L/U in the  neighborbood of 20 and a Ca’ of 
300, t h e  predj-ct ion based on E’a.ii.ske’s model j-s about J-5$ l o w ? r  than  t h e  

Fauske’s cxperi-ments were run w i i l i  I,/D r a t i o s  of /+00 o r  



measured. rate. 5 0 9  53. 

d.a,ta5O, 
and. Ca' 'oelow 300. 
qua l i ty  of the metasta'o1.e two-phase Ylow i s  n??nch smllrr th.au the qua.tj.ty 
cab cuda t e d by as suming the mod yiami c e q u i l  i b r  i L ~ I .  

thermodyma,mi.c equilibrium i s  vei-y d i f f ic i -d t  t o  include i n  a rmthemntical  
model, Mi% e t  al. , 51 suggest the  enipirj-cal. correlatioais shown i n  Figs. 6. .30 
and. 6.36. The modified cavi:tation number, Ca', i n  Fig. 6.30 i s  based on 
.tihe pressure difference between th.e i n i . t i a l  p resswe Pi and the er i{; i@al  
exit pressure P,. 
pressure nor the  c r i t i c a l  veloci-ty is known. For a @veri ini.Lzi8.l pressure 
Pi,  back pressure Pb, and TJD r a t i o  of the tube, i'L i s  necessary t o  as- 
ce r t a in  Yne c r i t i c a l  exit pressure from Figs.  6.30 and 6.36 by t r ia l  and 
er ror  procedures before the  e r i t j - ca l  d.ischarge flow m'ce can be detei-mined. 

The c:ievLation between t he  predictioiis m i 3  the test 
becomes I-arger arid la.i-gei- as -ti.ie L/D ratio decreases below 20 

One contributS.mg fac to r  to t h i s  is t h a t  the ne-Lual 

Srinc e depart w e  rt"rom 

i n  most p rac t i ca l  siti.iations nei ther  t h e  c~-it l .cal .  exi'i 

1 
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L P  

Fig. 6.36. Correlation of  Diniensionless Velocity and LengI,h-t,o- 
Dj-ameter RatTo of Short Tubes. (From ref. 51) 

For a given L/D r a t io ,  Fig. 6.36 gives a value of u/u Since uo i s  
.the a,verage veloci ty  of the f l u i d  flowing out from an o r i f i c e  of the same 
s i z e  as t h a t  of  -the tube, it can be cal.culated from the following equation 
once a c r i t i c a l  exit pressure i s  assumed.: 

0' 

(6.81) 

where 

c = discharge coeff ic ient  o r  Euler Nim'oer, which can be estimated 

= conversion factor ,  32.2 3.bm-ft,/l.io:C-sec , 
from ref .  54 o r  Fig. 6.3'7, 

2 
% 
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pi = i n i t i a l  densi-ty of  the f l u i d  i n  .the vessel, lb/€t3, 
Pi = i n i t i a l  pressure of fluid i n  the  vessel., l b / f t 2 ,  
P = e x i t  pressure, l b / f t 2 .  e 

Then u can be obtained from the value of U/UYe. On,ee U is  det,errnined, a 
corresponding modified cavitatLon nwiiber, C a  may be obtaincd f r o m  Fi.g. 
6.30. This all.ows ve r i f i ca t ion  of t he  assumed cr i t ical .  e x i t  p r e s s u ~ .  
If it 5.s not correct,  a new c r i t i c a l  e x i t  pressure ri.s chosen, and the 
procedure i s  yepeatea. Once -the correct  va,l.iie of  cri,i:icnL e x i t  pressi;~re 
and vel.ocity a re  found, t he  d.l.scharge r a t e  can he evaluated. 

6.4.2.9 Transi t ional  C r i t i c a l  Flow ..._.. - m - l  

For a modified cavi - ta t ion  inimber betmen 9 and 14., from Eq,  ( 6 . 7 % ) ,  
imstable t ransi t ional-  Plow a l s o  occurs, as shr3w-n i n  Fig, 6.30. In  t h i s  
range, sing1.e- and. two-phase f lows occur a l t e m a t e l y .  It has been postu- 
la . t ,eds0?5" t h a t  the contact  tin^ between wall and. Shiid may or may not be 
long enough t o  cause steady fluid f lashing and hence produce a steady two- 
phase J?l.ow regime. Since the i'low i s  unsts.1K.e and osc i l la tory ,  the d i s -  
charge r a t e  is indef in i te  and hard t o  es.Lirw+w. Tbis can be seen i n  the 
region o f  t r ans i t i ona l  unsta11l.e :flow Ln Fig. 6.  30. 

6.4.2.10 M3tastable Flow 

For a modified cavi ta t ion  numher sm22.l.e:r than 9, metastable flow m y  
exist. 50? 

through a very short  tube or  an or i f i ce .  No cri-t ical .  pher:tomena, a r e  ob- 
served. The flow r a t e  increases continuously as the  back pressure i s  r e -  
di~ceed. 5 0 ,  sl, 5 s 9  ' 
f o r  heat t r ans fe r  t o  -take place between the phases, and the sxtm.at,ed flulid 
discharged from a very short  tube or an  aperture behaves as a single-phase 
inc ompre s s i b l e  f lu id .  The discharge f 1 - o ~  rates b ec onie , -therefor e , niuch 
larger than could have been expected From equ.Y.i.briiim tvo-phase annular 
c r i t i c a l  f l o w ,  nonequilibrium two-phase c r i t i c a l  ~Yow, or -transitional. 
f l o w .  

6.36. The modified. cav i ta t ion  numbe~ i.n t h i s  case i s  based on the d.iffer-  
en.ce of in i t ia l  and back pressure. Flow rates f rom varj-ous aperture con- 
f igurat ions can. be determined f h m  Fig. 6.37. It, i s  noted tha-t; f o r  a fixed 
pressure, the  Euler nimbers or discharge coef f ic ien ts  f o r  ci.rcular, tri- 
angulay, rectangular, sgu-are eye-shaped, and W-shaped apertures depend o~ 
the configuration and cross-sec-tional area.  For the same configuration, 
t he  l a rge r  the cross-sectional area, the  smaller is  the  dtsclznrge or Eu-ler 
number. 50, 51 

nozzles and suggested erqiz.ica,l. cor-r*elations , t~hrich depend on the  value of' 
the  siirface tension, t o  give t he  nxxximiarn f low sate f o r  m y  given i n l e t  

This i.s the s i tua t inn  when t h e  saturated. : ? h i d .  d.is@hal*geS 

The avail.able evidence m>.gges.i;s <;hat there  i s  no time 

Hates of disch&rge from very short tubes m ~ y  be obtaixed. from Fig.  

E-urnel155 fo1lrn.d. t h a t  equilibrium condi'trions were nev-e:~' a t ta ined i.11 
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cond.ition. The recommended r e l a t i o n  f o r  sat ,urated l i q u i d s  i s  

and for subcooled w a t e r ,  

wilere 

(6.82) 

( 6 . 8 3 )  

pi = i n ? - t l a l  r e s e r v o i r  pressure,  Ib/fG2, 
ps = satwat,Ion pressure  f o r  reservoir temperature, J_b/ft2,  
v. = s p e c i f i c  vol.ixme f o r  r e s e r v o i r  tempera-tme, f t  3/1;np 
6 = coei"fi.cient (dependent on sur face  t ens ion )  = @.264u-/49.2, 
LT = sur face  tension ::: 7'1.97 - Q.@7'78T for a i r - f r e e  water, 
T = r e se rvo i r  temperature, OF. 

Phss ve loc ik i e s  f o r  water are shown i n  Fig.. 6.38,  w i i h  t h e  values  
ly ing  bztween t h e  extremes of inetastable snd- equi l ibr ium flow. E'i-gure 6.39 
shown mass v e l o c i t i e s  f o r  steam-water mixtures.  

as a compressible 2.7.uj.d, aiid critical. condi t ions  can exis ' i .  5 7  The t h e o -  
r e t i c a l  trca-tmeiit of such 8. flow has beer! extended by Edwards58 t o   cove^ 

a l l  wetness condi-Lions. Figure 6.40 shows the  r e s u l t s  of thris t3:eatlnent 
f o r  o r i f i c e s ,  The flow r a t e s  p l o t t a d  a r e  based on e f f e c t i v e  flow area .  
Sligh-i; rounding of a sharp-cdged. oi?ifi.ce can a f f e c t  t h e  discharge con- 
s iderably ,  'l3e curve of s a tu ra t ed  w a t e i -  P3 ow i n  Fig. 6.4@ i s  based. on 
the assunpt ion of "d = 1 . 0 .  

Where both steam am3 m t e r  e x i s t  Ln t h e  reser'voi-r, the  steam behaves 

6. 4 .  2. 3-1.. Pi-e s sui-e -%7 OTY'- Time H s-kory 
_I... I_ ..~ ........... ~ ..-. ~ . . . . . . . . . .- 

In computing the pressure-flow-time h i s t o r y  a f t e r  a rupture  of  a long 
-tube i n  a high-pressure system; the  f ollowiiig approxlm-Lions appear t o  
y i e l d  reasonable resu3.ts. F i r s t ,  the fluid flowing through the  p ip ing  f o l -  
I.ows an isenthal.pic expansi.on. Second, the fluid i n  -ihe p res su r i ze r  ex.- 
pancis a long a line of cons'can-t entropy. The flow i s  then assiiiied t o  fol low 
a seri.es of s t eady- s t a t e  s teps ,  ea.c)l of which las t s  f o r  a smi1-1, f i n i t z  
t i m e  intervzl.  A t .  'l'his technique r equ i r e s  mul-t7.pl-e t r i a l  aind es:mr sclu- 
tj.cxis coniposed. o f  tke followii2g s t eps  : 

I-. Determine tlie entropy and s tagnat ion  entha: py. 
2. Det,e:rmiile -ihc s a t u r a t i o n  pressure corrzspondiirg t o  t h e  s tagnat ion  

3. Ass-mc a mss v e l o c i t y  G. 
1,. Cal..ciLLate length cf pipe requii-ed f o r  Lhe pressure t o  reach 

eil t halpy. 

the sa tu ra t ion  p-iressure by a si.ng1.e-phasc prcssure  drop, Eq. (6, 52). 
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5. E'r-om t h e  c r i t i c a l  .-flow env-el-ope (F ig .  6.34), d.etencline t h e  c r i T i -  

6. U s e  t h e  cri . t l .cal  p ressure  and qua1it.y 7.n Fig. 6.27 t o  obta in  iiie 

7. Calcula-Le the two-phase f r i c t i o n a l .  p ressure  drop Tci- t h e  b o i l i n g  

8 .  

9. 

c a l  press1xe and quality. 

Ma.?-tir?elli ifitiiltipl-ier R.  
-- 

Ee'iercmiae the s i l p  r a t i o  S, from F ig .  6.32 end void fract5on C! 

Calcii.la-te the  a.cceJ.eration pressiire drop by m a n s  of .Eq. 
froiil Pi.y. 6.31. 

(6. 55), 
1 1 -  using specir'i-c vol.i.i.mes vi and v evalua-Led 

sure  drop, and the accelera-ti.  on pl -essue  5rop t o  Lhe c r i t i c a l  pi-essiu-e and 
compare 'L3i.s with i he  p re s su r i ze r  pressure. 

3 1 .  Ili' the  t o t a l  p ressure  drop plus t h c  z r i i i ca l .  pressurc does n o t  
equal t he  p re s su r i ze r  pressur?,  assime a new iimss ve loc i iy  a:od repeat steps 

LM c r i t i c : ?  I. pressilre . 
g 10. Add the sine!.a-phase pressu-re drop, the tic .-phase fl ; lct :onel przo.. 

ii- -i-hrO~~~gh 10. 
12.  Assuming steady flow, determine tihe iT1;iss thzL has left t h e  prcs -  

13. Calcula.te t h e  new p i - e s smize r  specific volwriij. 
14.. Determine Lhe new pi -essmizer  pressure correspondins t o  t h e  i n i -  

L . Y ~ I -  entropy and tlie spcciI ' ic volume cal-culated i.n s-it-i~': 1.3- 
15. Repeat s-teps 2 throug'h 1.4 inti1 -the 3.iqirid level i n  t h e  pres -  

surizer fa l l s  below i'ric. exit, pipe  3.nd the  pressurizei-  has lblowii ( J C V ~ .  '' 

s i r i z e r  during time ini;er.val. At. 

1 .. - 

6.4.3 ,Shock Cerie-ration am3 Transmissim 

The t h e n r e t i c a l  treahiient of the propags:.,i.oj-t o f  a shcrk wave i n  nos-t 
i r i ter i r , ls  must be g ross ly  p l i f i e d ,  a n d  an eccurate  treatriiect i s  probably 
beyond t h e  present  state o he art. wit,hout suhs t ,mt , ia l ly  mo-r~. t hec re  'sica.?~ 
and experim?nl?;. work. 'I.'he ni-opagzIion of a shock SELW i n  Iwo media (sir 

) lias only recei i t ly  been un stood j.n somethine like 
Thc research  i n  ihese t w  rn  a ims suppcried by an z 

of -tiier.modynzmic p rope r t i e s .  Coiiiiparablc data do not exisi. f o r  
such as concrete  and steel., which are cormonly used i n  contaln 
1 .. Lul'es. 

The c:robl.em a t  present  i s  -io seek out sild sS.Tiiplify tiic pp tnc ipa l  fea- 
LIli 'CS irivolved i.n a shock i n i - t i a t i o n .  A t  prcseik tlie bes? thai cen  be 
expected i s  t o  esta, 'oli  s h  the oi-tier of rnagjij~tude of t h e  veriabl-es involved 
a,12d to discl~ose pro !~i nes f o r  fur'cher research .  

and maLcrial. vel oci - t ies ,  descr ibes  sliock transmissj~on ;*cross hi1 i 'ntlerFact, 
givc:: serniempirica: formulas tliat describe pe& ]::r-essurer:, and c i t e s  pres--  
sure  decay l a m .  I n  addition, the  waste neat ccncent js u . s d  Lo describe 
t h e  d iss ipe t ior>  of energ behind a shock and t o  e i d  i n  - 'mderstanding e f -  
fectli.ve SI. ast sni e l d s .  he Snalysis  i s  begili-t by consideyi.ng thc hydro- 
dynamic variablk at the chock firont; naniel.y, t he  Rankinz-:Iugoniot, laws. 

1-. 

This scc t ion  considers  -the 'nasic 12%~~ of  iniechanics that govern shock 



6.4 .  3. L Ra,nkin.e-Mixgoniot Conservation ..-_ 

The Rankine-Ilugoniot cond.j.tions across a shock front represent the  
cor!se:cvation o f  :mass, mo:menturn, and energj. Although .they arc  gcn.ere,lly 
derived 011 the  basis of a niodel.. of a s11arp discor1ti:nuity i n  prc-:ssinre arid 
umxally f o r  ad f l u i d  l i k e  air ,  Lhese restric-Lions by no means a f f e c t  i;he 
general  v a l i d i t y  of the equa.ti-ons. 

e ~ e r g y  release i..s not instantaneous. For exaiaple, consider t h e  case shown 
in Fig. 6.419 where the initial re lease  o f  energy i s  uot jnstantaneous, 
and where it l.s propagated out'mrd as a risirig wave of pressure. Within 
a r e l a t i v e l y  shor t  dis tance the pressm-e pul.se w i l l  "sh.ock up 
reach the configizratiol? shom on the r i g h t .  T h i s  steepening r e s u l t s  from 
the  facl; t h a t  as the pressure increases the  7ml.ime of the rntzterial de- 
creases and the  res i s tance  t o  compression increases.  These characl;eri.stics 
apply- to almost  nl.3- kno~m mater ia ls .  

In addition, the _%nkine-Ihgoniot; cond.itions wi3.3- be reasona.1f.e so 
long as the  decay behind ?,he shoek f r o n t  i s  slow enough tha,-i; sone m e a r i i n g  
can be attached 'Lo the concept of  r'peakff varl.ab1.e~ and t h a t  there I s  no 
arriuiguity in. specifying t h e  point  behind the shock a t  vhieh the  peak $.en- 
s i t y ,  pressure, and material. ve loc i ty  can be s a i d  to e x i s t .  The Rankine- 
I1iigonio.t conditions fail only i f  these .variables a r e  e s s e n t i a l l y  of 
phase " with each o-Lher and t7.iei.r peaks 0ccu.r a t  d i f f e r e n t  locations i n  
npac e " 

Tie concept of a sharp shock f r o n t  i s  reasonable even when the i n i t i a l  

and. rapidly 

Under these  Rankine-lhg,r;niot conditions, conservation of pass gives 

vhere 

U = shock veloci ty ,  
u = peak iimfxrial veloci ty ,  
p = peak dens i ty  'oehind the shock, 

p, = densi ty  i i i  f r o n t  of the  shock. 

UNCLASSIFIED 
OHNL DWG 64-8784 

DISTANCE ---- 

F7.g. 6.41. Shocking Up of a Pressure P d s e .  
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This equat ion presispposes t h a t  t he  m a t e r i a l  iii front of the shock i s  a.l; 
rest .  

Conservation of momenLwn across t h e  shock r equ i r e s  -illat 

po 4- pou-2 := p + p(u -" , (6.85) 

where p i s  peak absolu te  pressure  behind t h e  shock, and p i s  arnl,i.ent pres-  
sure  ahead of  t h e  shack. Like the l a w  f o r  conservat ion of  mass, t h i s  zq-ua- 
ti-un does not depend on the  equat ion of' state of -LIE ma te r i a l .  If the 
shock "thickness " is not  inf ri-ni-tesirml but; has a f i n i t e  wfdth, bo L h  eqm- 
t i o n s  a r e  s t i l l  v a l i d  i f  a l l  the variables a r e  considered as average values 
f o r  t h e   tin^ and. space over which they  a r e  wr i t t en .  

0 

TiJith t hese  two l a w s ,  t h e  shock velociLy ri.s immediately deduced as 

P - P o  
TJ2 v .  v - - V  0 

0 

The m t e r i a l  v e l o c i t y  i s  

(6.86) 

( 6.87) 

where v and vo r e f e r  t o  the  specWic volume behind and ahead of -the shock, 
r e  spec 'Lively 

ing t h e  material behind the shock as R p i s t o n  pushing wi-ti? absolu te  pres-. 
sure on 1 3 of matei-i-al of mi.t cross sec t ion  and coqpressing it from an  
i n i t i a l .  volume vo t o  a f i n a l  volw~ie v. Here aga in  t h e r e  i.s no dependence 
on t h e  equat ion of s t a t e  nor t he  necess i ty  f o r  an  ahsol.utely sh.arp r i se  
i n  t'ne shock. 'Then 

The L-o-Lal. energy- dens i ty  behihd t h e  shock Cron-i; ris obtained by regard- 

::= p(vo - v) . tot E (6.88) 

The k i n e t i c  energy, Fk, f o r  1- g of m i z r i a l  is, of course, (1/2)u2. 
i n t e r n a l  energy i s  given by 

"he 

- 'k 1 Lot 
E. = E,. 

which be c om? s 

(6. $9) 

(6.90) 
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(6.91) 

Strictly speaking, p I s  a variable;  however, it, approaches a valu.e o r  4 
for almost any substacce at high prsss.u~es.  
and b are const;ants. A t  Low presswe, Eq. (6.71.) reduces t o  

For an.y gi-ven mt,erial ,  C 

 dier re co is the sonic veloc i ty  evaluated. a t  p,. 
p apprcaches t he  nm-erica1 vnI.i~e of  4, Ey. (6 .92 )  becoxes 

At high pressures, ~&it?r*e 

For an ideal ga,s, the  Pknki.ne-Hugonio’c eipxation is 

Y + 1- P, 
V - + -  
0 Y - 1  P , :L; -- 

V Y + l P 0  
1t-- 

Y - l p  

(6.93) 

(6.94) 

where y is  the ratio of the syc.c:i.fj.c heats .  The i-erminring hydrod.ynamic 
variables are reniJ.l.l.y ded-uced using the iieI.a.1;ioii h&vtt3en pressure m.d 
d,ena:iA;y, as  Pouiid i n  e i t n e r  Eq. (6.91) o r  Eq. (6.94), w d t h  the equations 
for mterial veI.ocity, shock velocity, ai-td. epLerm density,  E ~ S .  
(6.30) . 

( 6 . 8 6 )  to 



'The general  expression f o r  material vel-ocity i n  sol i -ds and l i q u i d s  i s  

(6.95)  

In t h e  e l a s t i c  region, where gq, 
between p and v, t h e  maieiaial. v e l o c i t y  becomes 

(6.92) adequately expresses the r e l s t i o n  

(6.96)  

No-Le the l i n e a r i t y  oP material- v e l o c i t y  w i . t h  p ressure  i n  thi.s region.  A t  
h igh pressures ,  t h e  ma-terri.al velocj-ty i s  found t o  be propor t iona l  t o  LIE 
square roo t  of t h e  pressure .  %ne ma'iei.ia1. v e l o c i t y  i n  an  i d e a l  gas i s  

(6.37) 

wheye V / Y  may be foiind i n  Eq. (6 .94)  

i n  geners l ,  

0 The e q u t i o n  for the shock v e l o c i t y  ?or s o l i d s  and  l i q u i d s  becomes, 

(6.98) 

which reduces, i n  the z l a s t i  3 approxi.:m;ation, t o  

Even a f i e r  the  e l a s t i c  approximation f a i l s  and as long as the shock equ':.. 
Lions a r e  ad iaba t i c ,  iiq. (6 .99)  i.s appl icable .  For a u  idea l  gas, t h e  shock 
v e l o c i t y  i s  given by 

(6.100) 



The t o t a l  energy behind the shock f r o n t  is  given closely by 

f o r  s o l i d s  and l iqu ids  and becomes 

( 6.101) 

( 6.102) 

i n  the e l a s t i c  approximation. An importan-t r e s u l t  here is t h a t  the  pres-. 
sure required f o r  a given energy densl ty  a t  the  shock f ron t  i s  given by 

(6.103) 

Table 6.12 shows the var ia t ion  of t o t a l  energg w i t h  peak pressure f o r  
several  d i f f e r e n t  materials.  The ou-ts.Landing r e s u l t  shown i n  Table 6.12 
i s  t h a t  a very srrall amoimt of e n e ~ g y  i s  required in. solid and. l iqu id  
med.ia t o  produce very s t rong  pressure pulses. 

Table 6.12. Total Energy of Shock Front a t  Various 
~ e a k  Pressures f o r  Seve:raj- Ikterilzls" 

.-. 

10 bars 100 bars 1000 bars 10,000 bars 
I-. __.l.l___ 

Air 0.72 15.5 243 1910 
Water 1 . 4  X lo-'* 1 . 4  X lom2 1 . 4  53 
~ ~ ~ ~ ~ ~ t , ~  5.5 x 1 0 - 6  5.5  x 3 - 0 4  5.5 x 10-2 5.5 
Steel  1.2 x 10-6 12 x 1 . 2  x 1.2 

a 
F r o m  ref. 61. 

6. A* 3.2 Wave Form 

In order t o  provide so~rle ins ight  i n t o  the d.uration of loading, ex- 
pressions are needed to describe tbe decay o f  psessi.ire behlnd the shock 
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f r r m t .  
waves m y  be descr ibed ,  

i n  the Pol lowing form: 

Figure 5 .  Jk2 i l .Sustrates  two of t h e  forms by which t h e  pressui-e 

The time of d x a y  of pi-essurz a.1; -!,he shock fron-L has been der ived60 

0 

O R N L - D W G  64-8785 

f , ,  T I M E  

( a )  E X P O N E N T I A L  04 P O W F R  LAW D E C n Y  I S  A P P L I C A B L E  AT HIGH 
P R E S S U R E S ;  I T  MAY DECAY BELOW AMOICNF OR L A T E R  DEVECOP 
"NEGATIVE P R E S S U R E S "  I N  A, T E N S I O N  W A V E .  

~ C 0 M P R E S S I O  N WAV E 

POSITIVE \ T E N S I O N  WPVE 

DU RAT1 ON 
r". .......... - 
................ ................... 

.................... .................... 

( 6 )  r i i C  N - W 4 \ / E  I S  A P P L I C A B L E  A T  L O W  P R E S S U R E S ;  ITHE NEGATIVE 
PRESSURE IN T H E  T E L S I O N  WAVE C A N N O T  E X C E E D  T H E  i rENSlLE 
STRENGTt1 O r  Tk-lE M A T E R I A L  
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where 

dp /dT = time der iva t ive  of peak pressure across t h e  shock front ,  
dus/da = time der iva t ive  of peal? mteri.al v e l o c i t y  across the  shock 

s 

f ront ,  
r = di.starice from the center  of a spherical. shock, 
X = divergence parameter, with t h e  value of 2 for sphe?:i.cal shocks, 

'I?iis equation m y  be simpl-ified by use of the e l a s t i c  approximation 
along with the -Lwo following assumptions: 
sures, t h e  peak overpressure and time are related by 

(1) over a. wide range of pres- 

n 
( p  - po)7 = constant , (6.105) 

where n = 1 + A > 1; and (2 )  the  shock has been running w i t h  sonic ve loc i ty  
for some time and has travel.ed a distance,  r, froffi the  center,  g i ~ e ~ i  by 

( 6.106) 

where C1 i s  a coastant t h R t  represents  the  e a r l y  radius-time h i s t o r y  when 
the e l a s t i c  approximtion did not hold.. With these approxinl;ttions, Eq. 
(6.104) hecoines 

(6.107) 

This equatiom i s  u s e h l  i n  ma2kin.g comparisons between shocks i n  d.i%- 
3 

fen:ent media at, tile same distance.  
decay behind the  shocks i.s much more rapid f o r  material-s of high dmisity 
a:o.d sonic velocil;y. The term i n  brackets Ls more or  less insensi t ive t o  
the type of medium i n  whi.ch the shock occurs, provided t h e  material  i s  
fsotropic. 

t h e  peak pressure i n  damage c r i t e r i a .  The pressure irnpu.lse Imy be given by 

_&cause of the  term poco, the  pressure 

hipu.l.se Effects. The impulse o f  the pressure wave i.s as imp(:)rta-i1; as 

w ~ ~ e r e  .the form f a c t o r  i s  1./2 for l inear decay, p = A - BT; 1 f o r  exponen- 
t i a l  decay, p = A e-B ( '5 - T ~ ) ;  and B/(B - 1) f o r  powe:c--l-nw decay, 
p = A(,,/a)IU. The form f a c t o r  t h a t  i.s appl.icable depends on the character-  
i s t i c s  of t h e  shock; that is, whether -the peak pressure i s  much larger than 
or  comparab1.e t o  the am1ilien.l; presssure, In any case, the form f a c t o r s  do 
not d i f f e r  appreciably and m y  be regai?ded" as e s s e n t i a l l y  independent o f  
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t h e  medium. Combining Eq. (6.108) w i t h  Eq. (6.107) and assuming a f o r m  
f a c t o r  of  1, pji?res 

3 ----__-_____ V Pressu.re impulse = 

n - 1 )  -I- ......__._.__.C p c  E r - C 1  nC1 1 o o  

(6.1.09) 

that; increzses  i n  
However, Eq .  

In  makin3 cornparisoris anong d i fPc rea t  media, i t  i s  lioted. 
soljild veloci.ty and dens i ty  ten-d t o  decrease t h e  impulse.  
( 6.103) shows thai; t h e  overpressure a c t u a l l y  increases  for the  same t o t a l  
energy behi-nd t h e  shock when. po 2nd cG increase .  
t h e  observat ion - that  p i s  considerably l a r g e r  than p , gives 

A-pply?:ng thLs r e s u l t  and. 

0 

6.4.3.3 Shock Transfer Across an In t e r f ace  

There are two types of i .n teract ion t h a t  %re of in t e re s . t  i.n shock c a l -  
cul.at,ions. The f i r s t  i s  t h e  transfer r e l a t i o n  across a l iqu id-gas  h t e r -  
f ace .  Upon arr ivial  of t h e  shock a'i the  l i qu id -gas  intei-face,  r e f l e c t i o n  
as .z rarefacii-on. vave throws a mass of  liqurid. iqmard, mostly i n  t h e  form 
of spray. The equations descr ib ing  this typc .  of transfer are  gi.ven i n  
S e c t i o n  6.4- 3.5. 

s o l i d  or so1i .d-sol id  inkerfaces .  (For conveulence, a l i q u i d - s o l i d  inters- 
face is di-scusscd. ) 
l o c i t y  behind t h e  reflec-Led. wave i n  t h e  l i q u i d  and behind ihe t ransmi t ted  
wave i n  the  ineflzc'ced I.nedi.ixn are both  zero.  This y i e l d s  tlze followins 
1-elat ion : 

'The other  i n t e r a c t i o n s  o f  in ' ieres t, here a r e  'LL*ans:fers ac ross  fluid- 

With a pzrfecl;ly 1-igi-d r e r l e c t o r ,  the mate r i a l  ve- 

( 6. 3.1.1 ) 

where the  subscript o refers  t,o ambient, condt t ions;  subsc r ip t  I refers t o  
condi t ions behind the jnciden-t shock, and subscri..pt 2 r e f e r s  t o  conditions 
behind t h e  reflected shock. For am ideal gas, the pressure r e l a i io i i  be- 
e omc s 

(6.112) 



mult ipl icat ion ffo~ a l i qu id  as 5 = p2/p1 nnd w i t h  
>> po, the  mult ipl icat ion f o r  8. r i g i d  surface i s  

( 6.3.13) 

l’iiis equation i s  not explicitly a fimnction of prr but It can be solved. 
Fy an i t emt iv t .  process when used i n  corijunetion with Eq, (6.93). 

In the next htgher approximation, it can be considered thal; the re- 
f l ec t ion  processes are within e l a s t i c  limits. This gives, for bhe pres- 
sure m u l  t i p l  i c a t  i on, 

E =  (6.114) 

Voere c1 and c 2  aye the  sonic  velociLies i n  the rne4i.a ~ ~ i t h .  the  incident 
shock a,nd t,he re f lecfxr  media, respec t i -e ly ,  aiXl v; i s  {;he ambient spec i f ic  
volixne i n  the r e f l ec t ing  rnedlurn, 

The last approximation comid.er:: the r e f l e c t o ~  as am e l a s t i c  medium, 
while the med3.m wi th  the incident shock i s  above i t s  e l a s t i c  range. This 
approximation i s  c loser  t o  r e a l i t y  than the e la s t l c - e l a s t i c  approxirmtion 
for a l iquid-sol id  interface,  s ince the  eladst ic  region f o r  most I.iquids 
i s  an order of rffignitu.de less than i.t i s  for solids. 
e t a s - t l e  region for m t e r  i s  valid up t o  20,000 bars. The p r e s s ~ ~ r e  multi- 
p l ica t ion  for this case i s  

For example, the 

(6.115) 

where a = pot$ and the prime denotes the re f lec tor  material  ahead of the 
transmitted wave 

Wnen a strong shock i.s transmitted from a liquid to a sol.-i.d., <.t i s  
necessary t o  compare the ra te  of w o r k  i.n %e so l id  with the r a t e  in the 
I.i.quid dming the same in te rva l .  The ra-Le of work per u n i t  area i s  given 
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w = pu . ( 6.1.3.6) 

For an  e l a s t i c  medjim, iiie m a t e r i a l  v e l o c i i y  behind t h e  inc iden t  shock i s  
r e l a t e d  t o  i t s  pressure, p l y  by 

(6. 1.17) 

2 
whem al = p eo (eva lua ted  f o r  p r o p e r t i e s  of material liavjng i n c l d e n t  
shock) . 
pial velocity i s  

0 Behind t'ne traiismi t t e d  shock i n  t h e  ref l .ect ing medium, t h e  mt , e -  

( 6.118) 

where pi2 i s  t h e  pressure  behi.nd the t r ansmi t t ed  shock i n  -ihe ref lec-Ling 
mediii.m, a2 = p'cA2 f o r  t h e  r e f l e c t i n g  material. ewilua-ted a t  ambient con- 
d i t i o n s ,  and vo 9 i s  t h e  ambient s p e c i f i c  volumz Tor t h e  re f l . ec t ing  medium. 

Thus, us ing  t h e  e l a s t i c  approximations for the m a t e r i a l  v e l o c i t y ,  'ine 
r a t e  of work becomes 

and t h e  r a - t i o  of work done i s  

(6.3.1-9) 

(6.120) 

(6.121) 

6.4.3.4 I n i t i a l  Pressure Generation 

For an underwa-Ler explosion, Cole 62 giv=s the fo l lowing  empirical 
re laLion  f o r  peak pressure as a func-Lion of diskan-ce from the  c e n t z r  of 
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the  explosion : Yr 

(6.122) 

W = equivalent charge of TNT', lb, 
r ;= radius S:eom the  center  of the  expl.osl.on, ft, 

= r e s u l t i n g  peak press1.1.re a t  dis tance rg bars;. *m 
The prompt energy re lease  i s  assimed t o  be 1000 c a l  per gram o f  m T ,  wh3.ch 
j.s i n  accordance with customar.y usage with. poin'i-sou.r-c.e explosi.cms , The 
form of Eq. (6.1.22) makes it very- useful for blast-shielding ca lcu ls t ions .  
Experimental data on this phen(xici1on have beer? obtained by the Ba7.l.istics 
Riiest?nz.c'n Lzboratory, as noted in Chapter 12 .  

6.4.3.5 S ~ r w  Yressure 

TJ~pon the a r r i v a l  of a shock :mve a . t  R I.iquid.-gas interface,  r e f l e c t i o n  
as a rarefractrion wave occuiis. As a res-u.l.-t of t he  refl.l--c.tion <)f the in- 
cident  smve, a mss of 3-.iqu.l.d i.s thwm upward., mostly in the  Torm nf a 
sp~"ay. Tne p a r t i c l e  ve loc i ty  of the op-uay depends on .WE pa~t1.cl.e vel.ocity 
behind the incident; wave ri.n {;he l iqu id .  If i.% is  asssrmed t h a t  the re-  
f l e c t e d  wave is  of s t rength about ecgial t o  -i;he incjdet-it wavep superposi.tion 
causes the  p a r t i c l e  veloci..i;y t o  doubls  inpon en t ry  i n t o  the gas, Since the 
peak pressure with?-n the  l i q u i d  m%y 'oe e s t h a L e d  from Eq. (6.122) 
assuming the  particle vel.oc.i.-t;y i n  -the 1.i.qii.id. i s  given by Eq. (6.117), the 
p a r t i c l e  veloc Vi;y for the spray is 

arid 

(6.123) 

However, since t h e  peak przssure does not occur n'c .Lhc s m ~  in: r ;Z,ant ;  
over the e n t i r e  l iquid-gas interface,  the ga.rt,i.cle ve loc i ty  7nri . l . l  a l s o  vary. 
By r e f e r r i n g  t o  Fi-g. 6,4.3, the  relatior? between the peak pr"essure a t  the 
interface on a v e r t i c a l  ceiitex9.ri.ne through t h e  explosion center and Lhe 

?(- 
It should be noted t h a t  in r e a l i t y  the  TNT C U I - ~ ~  does not fol.l.ow I;hls 

simple power-lav dependence on 1-ad.ius. Tt i s  known t h a t  the peak pressiwe 
versus dis tance curve f o r  TNI ?xis higher values mid. is steeper than t h e  
sirxiple poTwer-law curve a t  high pressures. At intermediate pre~sixres, i;he 
slope gradually decreases imt;il, a,t lowei~ pressures, the  p ~ w e r - 1 ~ ~ ~  cw'vt 
gives higher p~essinres and s m d l e r  slopes Lbxl are ird:i.ca,~t(:.d by the  curve 
f o r  TNT. T?ie TN'Y curve o f  cons-ta,nt, exponent 1-13 is .Lo be regarded as tihe 
average fit for t h e  pres81.11"@-(3.i3.j;allCt': c1.1~ve in the  regit:ms of p r a c t i c a l  
i n t e r e s t  
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yEXPL.OSION CEN T E H  

Fig .  6.43. Explosion Geome;ry. 

peak pressure at any r a d i a l  J-oca,’iion r i s  

(6.124) 

‘T‘he p a r t i c l e  v e l o c i t y  of the spray i-s then found as a func t ion  of r by 
subs.Litu’c3.mg Eq. (6.1.24) i n t o  Eg. (6 .123) .  Ti?us, 

(6.1.25) 

Figu-i.e 4.44 shows t h e  v a r i a t i o n  of t h e  p a r t i c l e  v e l o c i t y  ra t i -os  
( p a r t i c l e  v e l o c i t y  a-t, 1- := 0 divided by partic1.e v e l o c i t y  a t  r) as a fmc- 
’cion of r /d .  Because of -the v a r i a t i o n  in. t he  p a r t i c l e  v e l o c i t y  over t h e  
f r e e  surface,  it i s  e a s i l y  seen that t h e  subsequent impact; of t hese  par-  
t i c l c s  a s a i n s t  a s o l i d  sur face  wi.1.L no t  y i e l d  a ujni.fom pressure  d i s t r i b u -  
t ioil  on t h e  impacted sur face .  

‘The dynamic pressure assoc ik ted  with the spray p a r - t i d e s  i s  

(6.126) 

In Eq. (6.1.26), p is Lhe spray dencT.ty. Upon impact with a sol.?-d. surface,  
and neglecLing a l l  frictional 1-osses, the d-ynamic  pressure given by Eq. 
(6.126) represenbs t h e  loading oii t h e  impacted. siirfacc per  unri t  ai-ea. 
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Fig. 6.44. Par t i c l e  Velocity Ratio at the  Liquid-Gas Interface as 
a Function of Radial Distance from Vert ical  Centerline of ExplooL @ 1  on. 

6.4.3.6 Fnergy Dissipation 

Figure 6.45 i l l u s t r a t e s  the entropy, or  waste heat, concept, t h a t  i s  
basic  t o  Yne following discussion of energy diss lpat ion,  (This concept 
w i l l  a l s o  be used i n  Section 6.6.3 to describe efTective blast shielding.)  
This f igure i n  a conventj-onal thermodynamic presr;ure-voliu~le dl.agr,m for 
a un i t  rmss of material. On this d.l.agram, energies are  portrayed as areas 
The t o t a l  energy is  represented by the area of the recta.agle 'nelo7rr the  
pressure labeled p acd between v and v : 

S s 0 

The k ine t i c  energy i s  the  triang1.e i n  -Lhe upper r i g h t  of t he  -t;o.tal exiergy 
rectnng1.e [see Eq. (6.87) 1 : 

E = - 1 2  u = - 1 (p, - p,)(v0 - vS) . 
k 2  2" 

( 6.128) 

1 
1 2 s  E. = - ( p  4- po)(vo - I T s )  , (6.1.29) 

The curved l i n e  between p,,v 
i s  the  r e l a t ion  bel;ween pressure and speciff.c volume [for examnple, Eq, 
(6.31) I. 
s t a t e  ps, vs . From t h i s  point, thz material. wi 1.1. exp3n.d. adiixba,ti.cnl.ly t o  
t he  or ig ina l  speci.fic vol-wne, vo, essentj.al.ly along the Rankhle-13 goniot 
Tmve. The area under the Rankine-Iiugoniot cwve represents the f p  dv 

and ps,vs i s  the  Rankine-Sugoniot curve t,hat 
0 

Khen a shock occurs, t he  m;2terial I s  i r revers ib ly  converted t o  the 
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energy giv-en up through the expansion o r  t he  irlate?-j.d and i s  sh0-m as Lhe 
"useful hgdmdynamic ene-rgy" i n  3'i.g. 6. Li-5. 
Tigure ( labeled "waste hezt ") represents  t h c  energy d iss ipa ted  by i r r e v c r s -  
i 5 1 e  processes.  Ilt wi.11 be manifest  :is an increase  i i l  temperature of t he  
mater ia l .  

JA; high enough pi*eSsU-cS., t he  Hank.in.e .- F3iJg on i o 'c c ixve as yrip ti: t i. c a l l y  
approaches a 1 bniti1,ig s p e c i f i c  vol.ui-ne, and tile .waste hea t  area increa.ses 
rap id ly .  A s  the pressure range i s  extended, the waste h e a t  &rea approaches 
the a r e a  of  t h e  inLe-riia.1. energy t rapezoid,  and t h e  useful. hydrodyriamTc 
energy fractj-on i s  correspondingly decreased. A t  some pressixe, however, 
t h e  i r r e v e r s i b l e  hea t ing  w i l l  be so  l a r g e  t h a t  t he  inat,erial will lie i r-  
r e v e r s i b l y  converted. t o  a gaseous s ta te ,  i n  whlch case it wil-1 Zxpand 
along afi ad.iaba-Lic l i n e  t h a t  I.i.es above t'ne Rankine-Hiigoniot curve and 
wi.11 term?-nate i n  a final- volume much l a r g e r  than  t h e  ini- i ia l -  volume. Ti 
such a casc the waste hza-t i.s less severe than ind.:i.cated by 'ihe cori-es- 
pondinc waste heat; ai:ea of Fig. h,45. Thz m~xirniun waste hea t  f o r  a gf.veii 
iai;ej:i.al occurs near  t he  poin t  where the waste heat, area i s  just suffici-ent,  
t o  vapori-ze -the material and decompose i t  t o  i t s  elemental  s t a t e .  Tke 
waste hea t  concept i s  p r imar i ly  a method of bookkeeping t h e  energy and, 
does no t  depend s j -gnif icant l -y  012 the details of t he  expansion process .  

t o  small vol.umes a t  re.l.ai;ively l o w  pressures ;  Lhese a r e  t h e  i d e a l  absor'u- 
ers.  For such rmte r i a l s ,  the Rankine-Ilugr)niot curve is sharp ly  bowed, as 
shown i n  Ftg.  6.45 a k  t h e  upper j?i.ght. Near]-y all t he  i n t e r n a l  energy 
appears as waste hea-i;, amd I - j - t t l e  i f  any appears as use fu l  hydrodynamic 
cnergy. The kineti.c energy Yraction i s  sti.3.3.. t r a n s f e r r e d  t o  the next  par-  
bic1.e tiiroingh the  conservat ion of momentum -io s u s t a i n  the shock. FJ.ilally, 
the subseqixnt expansion rmy be more corfipiicated than  shown here f o r  a 

The shaded portion o f  t h i s  

I t  i s  f a i r l y  easy t o  f i n d  or" t o  fabrics.l;e ma te r i a l s  t h a t  " C T U S ~  down" 

I 
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var ie ty  of reasons : heat  t r ans fe r  between phases, slippage along c rys t a l  
boundaries, phase changes, e t c .  The ne t  r e s u l t  i s  t o  terminate the  ex- 
pansion curve c loser  t o  vs than t o  vo. These a re  equivalent t o  a hystere- 
s is  e f fec t  and lend fu r the r  va l id i ty  t o  t'ne approximation t h a t  near ly  a l l  
tine in t e rna l  energy i s  wasted behind the shock i n  an idea l  a'osorber. 

and w s t e  lieat approach the configuration shorn as  the "ideal t ransmit ter .  " 
This i-s the domain of ordinary e l a s t i c  o r  acoustic theory. 

A t  low pressures, o r  i n  the e l a s t i c  range, the Hankine-Eugoniot curve 

6.4.4 J e t  Condens:ation 

Tine venting of steam-air mixtures t o  a, pool of water and the  sub- 
sequent condensation of .the steam have been considered i n  the  design or" 
pressure-suppression containment systems, and numerical evaluations have 
been made of t'ne condensation of steam-air bubbles i n  a pool of water. 6 3  

'.Z'he s e evaluations have been made f o r  the  following i n i t i a l  cond.it ions,  
which a r e  applica3le t o  current designs : 

I n j t i a l  temperature of bubble 280" F 
Bulk water temperature 100" i? 

Pressme on bubble 18 psis. 
I n i t i a l  bub'ol-e radius 0.25 in .  

The e f f ec t s  of i n i t i a l  steom-mss f rac t ions  (0.2,  0.5, and 0.9) and heat- 
t ransfer  coef f ic ien ts  have been included. 

The r e s u l t s  of the calculat ions have indicated tht the presence oI" 
air i n  the  steam-air bubble does not reduce the  condensation r a t e  suffi- 
cient,l.y io increase t'ne l ikelihood of appreciable steam ea.rryover. For 
exanple, a~bout 9'7% of the steam initi.al1.y present i n  the  steam-air btibble 
i s  cond.ensed within 0.01. sec f o r  an i n i t i a l  steam f r ac t ion  of 0.9. Even 
wit'n 
denses within 0 .1  see ;  beyond 0.5 see? the excess steam carryover i s  not 
s ign i f icant  

The values reported are f o r  spec i f ic  i n i t i a l  condi-tiom; however, the 
iium?.rical procedures outlined by Isbin, Nishiwaki, and KleinG3 may be used 
to invest igate  o-tlier conditions. It should 'oe emphasized t h a t  the  con- 
clusions a r e  based on an ana ly t ica l  evaluation of the  problem and have not  
been ver i f ied  experimentally. 
have shown -tfla.t, f o r  t he  coiiditions o f  the Hurflbol.dt 233)- Reactor, stexm 
carryover i s  ins igni f  icant  . 
ing water and IEeiXIS of discharging steady s t e m  flows of up t o  100,000 
Ilb/hr a t  a supply l i n e  pressure 02 100 psi-. 
t o  14 i n .  i n  diaxeter .  The t e s t s  demonstrated the  extreme rapid,i . ty of 
steam- j e t  condcnsa.-l;ion. #Be je ts  s t i r red.  up the  water vigorously, and 
complete condensation rm,s obtai-ned i n  a3-1 b i ~ t  a few tests where t'ne in-  
jec tor  pipe end vas barely below the ~ w t e r  s izface,  No large stearn bub- 
Isles were observed. J e t  condensation in these t e s t s  was fouxd. t o  be in-  
sens i t ive  t o  the amourcit, of a i r  i n  the stearn, to t he  temperature of the  
pool, and t o  t he  depth of the vent pipes as long as .they were s.ubmerged. 

i n i t i a l  steam-pass fr.actiol-1 of 0.2, about SO$ of "chc steam con- 

Zowever, t e s t s  by Pacif ic  Gas and El.ectric '/+ 

The equipment f o r  these tests cons1,sted of a 20-ft-diam tank contain- 

In jec tor  pipes w e r e  from 4 
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6.5 S‘TRIJCTURAL PROBLEMS 

8. L. Greens t ree t  
M. A. Salmon N. A. Weil 

6.5.1. In t roduct ion  

Containment ves se l s  should he designed i.n accordance wi th  Rules f o r  -. .......... 
Construction o f  Nuc1.ear Vessel-s, Section 111, ASME B o i l e r  and Pressure 
Vessel Code, 1.9613 Edi t ion  (see App. C and :D) . The code c o n t s h s  ’ihe most 
extensive and cur ren t  mixrial a7ia-ilabl.e on anal-yt ical  techniques t h a t  are 
gene ra l ly  appl-icable. However, the  c a l c u l a t i o n  of s t r e s s e s  is ,  i n  general., 
based on an e l a s t i c  a n a l y s i s , 6 5  even though the a c t u a l  s t z e s s e s  may exceed 
-the e l a s t i c  l imit  of t h e  matcrLal. Any at tempt  t o  ii1eoYpora-k e l a s t i c  
ana1ysi.s techniques into,:  t h i s  r e p o r t  wodd  be needless  repeti-Lron and w i l l  
Lnerefore be omitted. 

On the 0-tiler hand, much woyk i s  c u r r e n t l y  being done i n  the  f i e l d  of 
p1asticJi:ty t h a t  wi2.J- be d i r e c t l y  appl icable  t o  ul.timate s t re i igth a a a l y s i s .  
This work i s  i n  t h e  research  and develoynmit s tage  and i s  no t  w e l l  enough 
developed t o  be incorporated i.nto a code. Thzrefoi-E: t he  cu r ren t  s’iate o f  
the art  i s  discussed here .  This s ec t ion  wi.l.1. be revi-sed from t h e  t o  . t i m e  
as new rmterial i.s developed.. 

a membrane (its bending s t r eng th  i s  neglected)  and ( 2 )  t h a t  the  s h e l l  mate- 
rial i s  rrigi-d s t ra in-hardening p l a s t i c  ( e l a s t i c  displacements are neg- 
l e c t e d ) .  The f i r s t  assumption should l ead  t o  good results Tor unrein- 
forced she l l s  with l a r g e  radi.us-”io-thS.ckness m t i o s  under the  d i s t r i b u t e d  
loadings that mighl; r e s u l t  from a nuc1ea.r inc ident .  Reinforcements, a h -  
tac’nme-ots, and openings present s p e c i a l  problems outsi.de t h e  scope of 
t hese  mne’ihods. Research on ’chese problem a reas  9.s irnder w ~ y ,  and. t h e  r e -  
sul’is wi.J.1 be  incl.iided i n  l a t e r  ed i - t i -ms .  ‘Yhe assumption o f  rigj-d p l a s t i c  
material behavior i s  appropria under the followtrtg conditrions : 

c a t i o n  of a n  in’iense overload. 

has been shown zxperimenisl ly  t h a t  r e su l t s  of ca.Iciilations based on t h e  
above c0nd.i-Lions a r e  wi th in  engineering accuracy. ) 

conforms t o  ’iiic appl icable  code requirements. 

by IIT Research I n s t i t u t e  (formerly Armour  Research Foundation), g ives  -tile 
bases  foi- p l a s - t i c i t y  ana lyses  of mrri.ous shzl l .  conf igura t ions  and smie 
theore.tica1- and experimental  r e s u l t s  obtained ’LO date .  

.........-.....- . 

I, 

The bas i c  assumptions imde i n  the analyses  are (I) - tha t  the  shell i.s 

1. ‘The s p e c i f i c  problem belng considered i s  that, o f  a singl..e applj.- 

2. ‘The s t ruc-Lural  ma te r i a l  7.s a relaty-vely d u c t i l e  mild s t e e l .  (It 

3. The e l a s t i c  response t o  serv ice  1oad.s has been determined and 

The followiilg inater ia l ,  taken from a t e c h n i c a l  t o  be issued 

6.5.1.1. Limita-tions of Ana,lysis ...... 

O f  a l l  containtnen-t shell configusat ions,  only t h e  complete sphere and 
the Lnf ilnite cy!..inder arc r e a d i l y  airienczble t o  exset ana lys l s  under bo th  
s t a t i c  and dynamic i.n’l;ernal pressure  loadings.  T’hfs  follows from the f a c t  



:iwd shape of these s h e l l s  can be speci.fri.ed by a sirrgle 
coordinate (they a re  si!igl.e-degree-of -freed.om systems). I-lowever, other 
C O M ~ O : ~  contai.immt shell configixrations are,  s t r i c t l y  speakj-ng, i n f i n i  Le- 
tlt.fi;:ree-oS-freedolll sys tem * Since the equations are a,l.so rmnlinear, t h e  
r e l a t i v e l y  simple methods of model and-ys:i.s of dymmic respons? are in- 
applLca1ole. The dyrimnic analyois be xade by step-by-step timewise 
integra Lion of the equ.ahi.ons of motiou of :a Pinite-deeree-of-freedom mod.el 
of %he actual  s:;:ruc.t;u-re. ?tic: s t r ixture  can be r-edinceci Lo a system with a 
f ini- te  number o f  degrees of' freedom ej.ther by the use or-' f-ini-te difference 
technl.ques or by the use of a I~r~ped-parame.ter model. arr ived a t  from physi- 
cal considera-Lion. In  e i t h e r  case the work invol-ved. i.n o'otaining solu.tions 
for a range of types of containment s9iel.l~ with a range of imte-rial. grop- 
er-Lies Poi- a varie-ty of dynamic loadings would. be a task. beyond t h e  scope 
of this e f f o r t .  Consequ.entl.y, the nm,jor einphasis of the m i t e r i a l  in t h i s  
sect tun i s  on the devclopmmxi'c of approximate ~e t ,hod .s  for tb.e anal-ysis of 
the response o f  containment, shells as single-d~egree-of-freedoln systems 

.the sts-l;ic load response of s h e l l s  of v;~s:l.ous types, since -the method 
eqployed i n  the d y n a m i c  analysis i s  -Lo assume I2iat the static. I.oad ?-e.- 
s Ls taac  e -displaxeicient re la t ionships  a1 so apply imcler d.ynarnjx loading ~ I-t 
turns  out t ha t  the s t a t i c  load. analyses are l;l!ernselves qui te  involved, so 
it i s  necessary to develop simple zpproximte mnethods A considerable 
e?f"frll-1; i s  ride however, t o  check the  accuracy of t h e  approxirate methods 
agalnst  boLh e-xr.tc,t " solut ions and experiIwntal r e s u l t s  

t i c  defoma-t;i.on of shell. s-t;:K~uctv.s:e s ,  the appropriate rmter ia ls  prope:rti.es 
art: discussed f i r s t .  The emphasis i s  on f;hi;3 p1as.t:i.c behavior i n  b i a x i a l  
states of sLress and the effects  of s t r a i n  r a t e  on j-nzterial propert ies .  
'This i s  followed by presenting methods for the s t a t i c  mmlysis of various 
sbel.1 configumt,i.ons. Both exact and appr'oxima-te methods are given, and 
coniparisons between -the methods and. experlmental results are mde Fx- 
tensive nui-ncrical. resUI-LE; L b - t  cover the  range of rmtesri al. propert ies  of 
prac Lical i n t e r e s t  a r e  given i n  graphical form. These results form the  
basis f o r  the  methods of analysis  of d.ymmi.c response. 

~ r o m  results o f  iiror3i now in p:,rog~e:<s a t  T i i T  Hescnrcli I n s t i t u t e  (see 
Chap. 12), is pl-mmed, i n  fu tu re  ed i t ions  o-f this document, to expa.n.d the 
s i ~ . ' o ~ e r _ t i  on on s-LaLic methods o r  ma,lysis a d  .to i nc lud . ( ?  new sec t ions  on 
d y n m L c  analysis, ef'fect of o p e n h g s ,  atui -the pro'alem of shie1d.iu.g t,hc 
s1iel.l.s against  bl..asi; by usc of crushable blast, l i n e r s  01: shi-elds. 

nat,hematicaI_ d.eve1-opmen-L as possible and yet a t  the same t i m e  gi.ve t h e  
rr-ad.er a f u l l  and, it i s  hoped, understandab1.e accoiml; of the  'oasis f o r  
t h e  l imi ta t ions  of the  ~ e t l i o d s  presented. More detai led inforniation than 
can be incorporated. here w i l l  'ue found i n  refs. 56 'r;hroui;Sh 132. Ax at- 
t w r i p L  has been made t o  conform t o  s t m i d a r d  nota.tions, as defined i.n refs.  
68, 69, and 70. The most important def in i t ions  a r e  ia.cIu.ded i n  the f o l -  
lowing l i s t  of nomenclature. 

Before discussing the dynomic aiia,l;ysis, it i s  necessary t o  de-i;emLne 

,,' 
Since the m t e r i a l  l.n this  sect ion l.s devoted to the problem of plas- 

An attempt is made throughout th3.s sec t ion  t o  elimina.te as much of the  
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6 .5 .1 .2  Nomenclature 
_I 

%ell th ickness  
Origi-nal. s h e l l  thickness  
Streng L h  c o e f f i c i e n t  i n  power law 
Half - length  of c y l i n d r i c a l  po r t ion  of s'ne1.1 
L/Ri ,  length-to-diame t e r  rat  i o  
M2ridionaI. membrane s'iress r e s u l t a n t  
Hard-ening zxponent i n  power l a w  
Internal .  p ~ e s s u r e  
Dimensionless pressure  ra'iio3 see Eq. (6.159) o r  Eq, (6.161) 
Radial  coord.inate 
lvhximujn Tadius of c y l i n d r i c a l  po r t ion  o:C s h e l l  

I n i t i a l  rad ius  of  cy1indrica.l por-t ion o f  s h e l l  
Radius of hemispherical  cap 

Circiimfei-entia1 radi-us of curvature 

Meridional r ad ius  of  curvature  

RJRf 

K, /Ri 

!Ri 

%/Hi 
um/crC, biaxiaI.i.t,y r a t i o  
True s t r a i n  i n  ci-:rcuriierential, meridional,  Rild normal d-ij-ections, 
re spec t i v e l y  
Circimiferential  and meridional s t r e s s e s  
Ef fec t ive  s t r e s s  
I n i t i a l  y i e l d  stress i n  l i n e a r  hardening 1 . a ~  
Ehrdening coeffic ienl; in l i n e a r  hardening law 

6 .5 .2  Mechanical Proper t ies  of Mater ia ls  

This secti-on i s  intended t o  provi-de t h e  backgroimd i n  s ta t i -c  and 
dynamic me c han i.c a1. prop ert i e  s of r a t e r  i a l  s suf f i. c i en t fo :r c omprz hen 3 ion 
and optirrium u t i l i z a t i o n  of t h e  containment vessel- analyses  presented i n  
t h i s  sec t ion .  Par-tlcular emphasis i s  given t o  t h e  fmdamerttals of the  
p l a s t i c ,  s-La-tic behavior of b i a x i a l l y  s t r e s sed  metals  and 'che e f f e c t s  of 
s-trai.11 rate on inater ia l  propert ,fes.  

6.5.2.1 Fundamentals of Lhe P l a s t i c  Behaviol- of Metals Under Biaxi-al 
States ot ,Stress 

- 

A knowledge of ma-Lerial behavior u n d e r  un iax ia l  stress i s  s u f f i c i e n t  
f o r  t h e  design of  t h e  simpler s t r u c t u r a l  ele-nents (beams and yods). 
an  understanding of 'ihe behavior of  membrane shel.l_s iii the  plast7.c range, 
it i s  necessary t o  be a b l e  t o  p red ic t  materj.al behavi-or i n  biaxial .  s tates 
of stress g i v m  the un iax ia l  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s .  Experimenta3. 
and theore t lca l .  i nves t iga t ions  have l e d  t o  the  genera l iza t ion  of the fa- 
rntliar concept o f  t h e  yield po in t  under uni-axial s t r e s s  t o  tine y i e l d  con- 
d i t i o n  for biaxial .  states of s-iyess ~ The Leiisi1.e s t r e s s - s - i r a i n  curve gl.ves 

For 

- . . .. . . . . - 
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6% 5.2.2 Uniaxial Stress-Strain Re1.ation.s 

A typical ,  uniaxial ,  -LYI.IC s t r e s s - s t r a in  cwvc f o r  mild s t e e l  i.s sho:wi 
i Fig. 4.46. The s t r e s s - s t r a i n  rei-a-tion shows considerable curv3,tix-e 
between the yield stres:; arid the i i l t t m t e  stress (maxhum load) and then 
s t ra ightens out u.rtt,.i.l. the f ract i re  !.cad i s  reached-. 

Id.ealri.zed miaxia.1 s t r e s s - s t r a i n  ~ u r v e s  a re  shown i n  Fig. 6.47. It 
i s  reasonable t o  neglect the  el.astlc s t r a i n s  if they  aye sma1.l i n  compari- 
son wl.i;h the  t o t a l  s i;rains ; t h i s  neglect leads t o  t h e  ascimqLion of -iigid 
p l a s t i c  miter ia l  behavior. A j71atderi.aJ. i s  s a i d  t o  be perfect1.y p l a s t i c  j.f 

flow 0ccu.r-s a t  a constant, s t r e s s .  If an increase i n  stress is :~equ.ired 
for continued p l a s t i c  defotm~~-tion, then thn n!a:t;ex::j.a.l. i s  sa id  t o  'ne s3;rai.n 
hardeni ng 

i n  elastic s t r a i n s  and t h a t  the  accomnpanying slope of the  s t r e s s - s t r a in  
c ~ x m e  will. be the  same as for Yne i n i t i a l  I.oadi.ng ( FFg. 6. 47) . Siw.t the 
same s t a t e s  of s-Lress occur f o r  unl.oad.ing as for. t h e  oi-Xginal loading, il; 

i s  c lear  t h a t  s t r a i . n .  1 s not uniq1-iel-y d.e-ter.mi.ned by s t r e s s  

sul,ts in a yi.eld s t r e s s  eqJ.a,i i n  nagni-Lude t o  the s t r e s s  ai; which the m- 
loading occ.u.rred. 
s t r a in -ha rdenkg  niat,errial depends upon the p l a s t i c  s t r e s s  hi.s'rory. 

Several- empirical formilas ( strain-harden i.ng 1.aws ) have been proposed 
for f i t t i n g  imiaxial t rue  stress-st:ra.l.n curves. Because the cirve usu.ally 
becomes almost a s t r a i g h t  l i n e  on a l ~ g - l o g  plot ,  the  po7wer law 

1% i s  assumed that unlcad.ing i n  the p l a s t i c  :range iiiriii?diately resiults 

Reloading of a specimen 7;7hich was umloa.iled i.n the pl-astic range re-. 

This meun.s t h a t  the "currenk yield s t r e s s  u ' '  f o r  a 

(6.130) 
n 

(T = KE 

i s  o f t en  selected.  
c oe ff j.c i en t  and s tra I n  - ham3eab.g exponent 
due t o  Ludwik, usual ly  clirr"f e r s  s ign i f i can t ly  fi=om the experimentally 
m a s u e d  tkme stress-st,raln c u ~ v e  only f o r  very smll and  very large 
sti-ains.  A s  i s  shom i n  Fig. 6.48, the  tendency is to overestimate the 
a c t u a l  s t r e s s  f o r  small s t r a i n s  0.n.d. t o  uadxrestimate it Tor I.a,rge s t r a ins .  
T h i s  difference f o r  small :3trains i s  essential.1.y eIimi.nated it' elastic 
s t r a i n s  are neglected. Correcttons f(jr large strains are occasionally 
employed to make t he  empirical, relatrion f i t  the data. b e t t e r .  '11 Values of 
the constants K and II have been compiled for va.rri.ous s t e e l s  (Y'ahle 6.13) .. 
Equation (6,130) i s  por-brayed. gra-phically i n  Fj.p;. 6.49 f o r  various values 

Here, K and 11 a r e  material  cone-tants cal led stre!-igt'n 
re spec t j.ve ly . This re la t ion ,  



6.96 



1 . 2  

1.0 

0.8 

0 .6  
x 
\ 
b 

0.4 

0.2 

0 

Log True Strain, E 

Fig. 6.48.  True Tensile Stress-Strain Rela-tion. 
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Fig, 6.49.  Family of True Stress-Strain C m v e s  for Power-Lax S t r a i n  
Hardening. 
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A212, grade E, f i rebox 96,980 
s t c e l  

A295, grade C, f i rebcx 76,550 
steel 

':me 304 stahl~ess s t e e l  1 4 9 , C O O  

A302 s2eel  ?2! ,  300 

USS T-1. steel 141,500 

0.1.5$ carbon s tee l  74,000 

SA-E 4130 s t e e l ,  z n n e a l e d  

SAE 4130 s t e e l ,  normal- 
ized, temper r o l l e d  

'L'ype 130 stshl.css 
steel., ennealed 

0. 05j'O. 0777 phcsphorus 
low-carbon steel 

Low-carbon r i  irm?d. 
steel, annealed 

steel. 
Con;>letely decnrbvi-ized 

0.172 155,000 

0.215 1-17,000 

0.548 193,000 

0.1~23 U d ,  703 

0.173 1.33,000 

0. 250 108,000 

169, 2-03 

1.5'~, 530 

143,000 

93,333 

77,100 

75,500 

0.245 32 ;OOO 

0. 276 2'i,500 

0.959 '*e, 100 
0.197 52,190 

0.937 119,809 

0.285 32,700 

0.118 106,70CF 

0.156 83,90OE 

3.229 56,30@ 

0.156 50,700'" 

0.261 27, 700a 

0.284 21~, 800" 

11.8 73 

3.3 73 

4.9 73 

1.7 '73 

1 . 5  73 

5.1 73 

1.98 71 

2.41 71 

3.27  71 

2.44 71 

4.08 71 

3.99 71 

d 
Determined by 0.02 o f f s z t .  

of Lhe st rain-hardening expalent.  7'hnls rc la t i  011 i s  extremely versati le 
because t'w v a r i a i i o n  o f  n permits cons idera t ion  of a wide range ol" s t r e s s -  
strai o. behaviors.  

r e l a t i c n ,  which o f t e n  1 eads 'LO s impl i f i ca t ions  i n  ana ly t i ca l  
a re la tSon can bP xrritieii as 

Strrss-siizain curves m y  also be f i t t e d  by a l i n e a r  s t ra in-hqrdening 
work. 5bch 

where 0- ri.s t h e  i n i t i a l  y i e l d  s t r e s s ,  and h i s  a nondimensional hardening 
constan?. 
a c t u a l  s t i -ess-s t ra i .n  curve t,hat are of i n t z r e s - i  i n  an a n a l y t i c a l  solutl on. 
Figure 6.50 shows the  graphica l  r ep resen ta t ion  of Eq. 
from 0 t o  12 .  In  cerkain inskances, f o r  example, type 304 s t ah le s s  s teel .  
( r e f .  72), t h e  !.inear relation provides a very  c lose  f i t  :Cor a l l  p e r t i n e n t  
por t ions  of t h e  s t r e s s - s t r a i n  curve (F ig .  6.51). 
(6.1.31) corresponds t o  n I:: 0 i n  Ea_. (6.130) ; t h e  ma-tei-ial behavior i s  .then 
r i g i d  p l -as t ic  with y i e ld  stress c = K, 

'Laken from r e f .  '73 were detzriiiined from the a c t u a l  stress-s'ira.i.n curves, 

Equation (6.13l) can be ad jus ted  to f i t  those  por t ions  of t h e  

(6.131) for X ranging 

The case X = 0 i n  Eq, 

The r a t e r i a l  cons tan ts  cro an8 h a r e  given i n  Table 6.1..3- The values 
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Fig .  6.50. Family of Nondimensionalized T r u e  Stress-Strain Curves 
r Linew Strain-HmYiening LmT f o r  Various Values of X. 
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Pig, 6.51. ‘I’rue S t r e s s - S t r a i n  Curve ror. ‘Type 304 Siainleys Stee l  
Used i n  NOL Tesi. 

whereas those  f rom r e f .  71 were f o u t d  from t h e  power-hardening l a w  r ep re -  
s e n t a t i o n  of  the stress-strain curve. For t h e  la‘c~er case, t h e  i n i t i a l  
yield stress was s e l e c t e d  as ’die projeciiun o f  the s t ress  a t  0.02 s t r a i n  
011 t h e  a x i s  of  7ero s-crain ( s e e  Fig. 6.53).  

6 . 5 . 2 . 3  Y i c l d  Cr i - te r ia  f o r  h i a x i a l  Sta’ces of Strcss ~. . . . . . . 

In  u n i a x i a l  t ens ion  t h e  y te ld  s t r e s s  i s  the l i m i t i n g  s t ress  ai; which 
p k s t i c  flow occurs. %or a work-hardenhg ma”icria1 t h e  yi.eld stress i s  
affec-Led by t he  loadring t h a t  has been app l i ed  s i n c e  the las t  anneal ing.  
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A’ti stress levels below the y ie ld  s t ress ,  mi t e r i a l  behavior i s  e la s t i c ,  but 
permanent, p l a s t i c  defojrrrsztion i s  possi’ole when the a t r e s o  reaches the  c w -  
vent  yield streas. 

axl.al s’i.ates of stress behave elastical.1.y f o r  cer-tii~i~l values of .Lhe xionzero 
pr incipal  s t resses ,  while at higher s t r e s s  leve ls  plnstlic flow occurs. If’ 
the princI.pal. s t r e s ses  a re  denoted. by (TI, u2, and. ( ~ 3 ,  the  contiltion t‘nat 
the  mater ia l  behave e l a s t i c a l l y  can be expressed by the eqim.t,I.on 

__ 1-t has been found experimentally t h a t  materials subjected t o  m u l t i -  

x- 

where rn i s  -the current, t e n s i l e  yield s t r e s s .  The f o r m  of tne  yield fvnc- 
ltion f must ’ue based on exper imnta l  evidence. The two most commonly used. 
t heo re t i ca l  y ie ld  cri i ;eria a re  th.e m n  iwses octahedral shear s l;ress yield 
c r i t e r i o n  

< -c = o ,  
oct  

and the Tresca or  mxirnum shear s t r e s s  c r i t e r ioa  

For b i ax ia l  states of‘ stmss, 03 i s  a l m y - s  zero, and t h e  yield c r i t e r i a  
reduce t o  

( 6.132) 

(6.133) 

For b i a x i a l  s t resses ,  bo-th c r i t e r i a  can he drawn as closed eoiivex curves 
i n  the u1,o2 stress plane. Figures 6.53 and 6.54 (:ref. 74.) show a corqmri- 
son between these two theo re t i ca l  y ie ld  c r i t e r i a  and experimental du,-ta for 
twc, ty-pes of steel. Fi.gpre 6.53 shows data points  a t  i n i t i a l  yielding, 
o = my, while d.ata at  ul.tlrmte load, (r = ou, a re  given i n  Fig. 6.54, 
the  n;axi.riiim difference bet-deen the Tresca ard the  vc3n Mises y7.el.d c r i t e r i a  
i s  aboixt; l5$> and since the  experimental results generally fall somewhere 
between the  two, the use of e i t h e r  c r i t e r i o n  seems jus t i f i ed .  

Since 

-x 
&re the  subscr ipts  1, 2, and. 3 are used t o  denote directi-on only, 

and not re la t ive  magnitude. 
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6.5.2.4 Flow Ku1.e 

In p las t i c i ty ,  a re la t ionship  between s t m i n  ra-tes and s t resses  i s  
ki-lown as a f l o w  ru le .  Flow rules a re  based upon t h e  s.ssixfipi;ioii of stable 
jmter ia l ,  t h a t  is, the  m t t - t e r l a l  cannot do work iipon its existil2g loads 
or t he i r  inc:rwnents. ~f a set of strain r a t e  axest Cl, k 2 J  i 3 ,  is S L Q ~ Y -  

imposed on the  skress axes, then the dt ree t ion  - of *,he stmin r a t e  vecLor 
E ,  whose corflqonents are iii, - k z 7 ,  and i 3k ,  i s  drtenni.ned by the  condition 
of s t a b i l i t y .  
norrml t o  t h f 2  y te ld  sm-face a t  all point:; a t  which the slope of f i s  
continuous and must be directed outward between ad,jacent norm1.s at all 
points a . t  w’nfch the slope of f i s  disconi;irii..iois. 

- 

- I 

The vector i must al>.i3.jrs be directed. al.onli; 1;h.e oiit,w;Ird 

It i s  known %hat the  gi-adiexxi; vector 

i s  normal t o  :e. 
%??e components of vf. 
for the von Itises yield condition, 

Therefore, the  compinents of e must be p ~ o p o r t i o i i a l  t o  
Thus, during pl~to t l ic  f low in .the L and. 2 directioris, 

(4.134) 

while f o r  the “ resca yield. condition, 

i 2  > 0, i l  = 0 i f  132 = cr > u1 , (6,135) 

In ei-Uier case the  value of the third pr inc ipa l  s t r a i n  ra te ,  i3, i s  
determined f r o m  the  condition t h a t  p l a s t i c  deior:rm.tl.on produces no vo11m.e 
change; t h a t  is, 

ThLs condition can be obt::Lined d i r e c t l y  from the general thn:t2:e-dim~nsiona,1. 
flow m1.e f o r  any n la t e r i a , l  Tvhose yi-eld. c r i t e r i o n  i s  independent of the 
hydrostatic component of s-Lress by noting tlial; vf‘ (7 -I- 3 + k} = 0. mr- 
thermore, Eq. (6.136) i s  i n  g m d  agreement with experimental evidence. 75 

:from Eqs .  (6.1.34) and (6.335) , In o rde r  t o  calcu-late ac tua l  s t r a i n  r a t e  
mgnitudes,  another independen-t condition obtal.ned f r o m  p l a s t i c  work con- 
s idcmt ions  must be wed. The coizcept o,f ef fec t ive  s t r a i n  i s  introduced 
by deI“ini.ng “ E ”  in terms of  the cwr.re:u’i y ie ld  stress 0- m d  the  p l a s t i c  

Gnly the  r e l a t ive  iragpitudes of .t& s t r a in  rater; C R ~  be determined 
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work 1,: 

ifieiz, i f  -t'ne s t r e s s  i.s some i"ur*ction of t h e  e f f e c t i v e  s t r a i n  ( s t r a i n -  
hardening l a w s )  , 

m =: F ( E )  , (6.138) 

and t h e  r a t e  a t  vhieh plastic. work is done can be w-rik ' ier ,  as 

6- 
F '  w I- 0 (6.139) 

Plas- i ic  work can a . l so  be written i n  'ie~ms of the  strai.iz-.rate coriiponents 

i,. = ml:]. -I- 0 - 2 i 2  4- D3i3 . (6.140) 

EquatLons (6.139) and (6.140) can be equaked t o  form 'ihe I.. condi t ion . .. . . . _... of . . . 

p l a s t i c  flow: 
___...I. 

For biaxi-a1 s'ia'ies of s t r e s s  ( 0 3  = 0) ,  thi.s condi t ion  reduces t o  

The 1"1 ow r i l e  i"or t h e  von Miscs yield condition is  obtained by sub- 
stiLuLing Eq. (6.7 34) i n t o  (6.7.41) > thus  

(6.142) 



The analogous r e l a t ions  f o r  t he  Tresca yield a re  obtained using Eqs .  
(6.135) and (6.141) ; thus 

(6.14,3) 

b 
F i l  + i 2  = 7 

The flow laws, either Ey. (6.142) o r  Eq. (6.143), together with the  in- 
compressibil i ty condition, Eq. (6.136), form the  basis f o r  incremental 
solut ions t o  p l a s t i c i t y  problems. 
and subs t i tu t ing  i n t o  Eq. (6.l41),  the  :following expressios f o r  6 i s  ob- 
tained i n  the  case of  a von ~Mises materia.1. 

Ey solvlng f o r  u1 and “ 2  i n  Eq. (6.142) 

(6.1M+) 

Taking der ivat ives  of both sides of Eq. (6.137) and comb-:iing the results 
with Fq. (6.144) gives the e f fec t ive  s t r a i n  r a t e  f o r  a von Mises Imter ia l  

( 6.145) 

Then 

a = F J i  (6.146) 

can be wr i t ten  as t h e  expressj-on r e l a t ing  the  current y ie ld  stress t u  the 
s-trai.n his tory.  An exact incremental solut ion e n t a i l s  .the evaluation of 
t he  right-hand s ide of Eq. (6.1[+6), abo-ve, at, each mater ia l  point through- 
out the deformation process. 
methods of solut ion.  In cases where the ratio of t‘ne princi_pal stresses 
rermins constant, Eqs. ( 6.134), ( 6.145) , and ( 6.146) can be h t e g r a t e d  
d i r e c t l y  t o  obixiin the  t o t a l  s t r e s s - s t r a i n  r e l a t ions  

This  usually requires  the use of  step-by-step 

(6.147) 
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t h e  o r i g i n a l  si-rain-hardenin2 1 a w  

D = F ( E )  , 
and the  eTYective s t r a i n  - -I_..- 

(6.148) 

Y ~ n y  so lu t ions  t o  p l a s t i c i t y  probl.ems have been obtained ustng these  in.- 
t eg ra t ed  s~L~ess-.-straj.n re la  Lions when, i n  f a c t ,  they  were no t  appl icable ,  
t h a t  is ,  i n  cases  where t h e  r a t io s  of  the  p r i n c i p e l  s t r e s s e s  changed 
durj.ng deformation. However, t hese  so-ca l led  deformation theory so lu t ions  
h a m  o f t en  been i n  good agreement wi th  experimental  evidence. This com- 
bined with the fac-i; t h a t  dcfommtion t'neory sol.utions a r e  almost alway-s 
e a s i e r  -to ob ta in  than  exact  i nc renen ta l  theory sol-utions h a s  Led t o  i.t,s 
wide use.  Bot'? methods arc: u.sed i n  -the analyses  of Liie var ious .types of 
s h e l l s  considered in t he  following sec t ions .  Where possib7.e) exact  solu.- 
i;ioiis a r e  obtained, bu t  even 2.n these  cases  i-t i s  usua l ly  found. necessary 
t o  empboy deform.t,i.on iiieoq- as wel.1 i n  order  t o  ob ta in  a sirfflfcient1.y 
wide range of so lu t ions .  

t o  83. 

-.._.-___ 

More comnpl-ete infoi-mation on plast ic j - ty  m y  be obtained. from i-efs. 76 

6.5.2.5 Behavior of  Maierials Sub.jected Lo Yynartiic Taadinp; 

The f a c t  t h a t  t he  s t r e s s - s t r a i n  'nehavinr o f  most rflateria1.s i.s ai?- 
fee-Led by increased speed of defo rmt io i i  w a s  recognizzd a'i. an e a r l y  da te .  
Ludwik8" i.nclud?d the in f luence  of s t , ra in  rate i n  h i s  cons idera t ions  oP 
t h e  r e s i s t a n c e  increases  with both  permment strajtii and s Lratn r a t e  and 
concluded from h i s  t es t s  t h a t  t he  uJ.tima'ie s t r eng th  increases  as the  
logari thm of t'ne r a t e  of si;rai.n, 

comparatively inexac t  and o r t en  provides only t rends of  t he  e f f e c t  of 
s t r a i n  r a t e  oil t h e  u n i a x i a l  y2 e1.d s t rength ,  un iax ia l  Pi-actire styeugth,  
and final. elongat ion of' mater ia l s .  RecentJ-y, experimental  procedures have 
been devised t o  measure the  a c t u a l  unia,xial  dynami.e s t r e s s - s t r a i n  curve,  
A l l  the work indica-Les t h a t  t h e  y i e l d  s t r e n g t h  and flow stress a r e  no'i 
independent of t he  r a t e  o f  s t m i n .  In fa&, sl though t h e  p l a s t i c  dynamic 
stress decreases  w i t h  i-ncreasing temperature,  t h?  i-esultan-t of t h c  simul- 
taneously a c t i n g  e : i fec ts  of s t r a i n  rate and tem;perati.ii-e experienced undei- 
the adiaba-t ic  condi t ions  of high-speed. p l a s t i c  defomti.o:n. of  impact loads 
i s  geneyally an increase  i n  p1astri.c dynamic stress. This ti-end i s  in- 
d tca t ed  i n  t h e  t y p i c a l  u n i a x i a l  s t r e s s - s t r a i n - s t r a i n  r a t e  graph i n  Fig. 
6 . 5 5  ( r e f .  85).  'The p l o t  shows compressive true stress agains-L both  t r u e  
strz.ri.ii and t rue s t r a i n  ra te  at i:oom temperature for a 0.2% carbon s teel  
t h a t  w a s  cooled from W 0 " C .  

Miich of tile e,rperiment%i work i n  dynamic s t r eng th  of i!laterLals i s  



Fig,  6.55. Effect  of S t r a in  Rate on the Stress-Strain Curve f o r  a 
0.20% Carbon S tee l  Tested i n  Compression. 

In the  folJ-owing pragmphs ,  the r e s u l t s  of some experimental voyk 
on the  m t e r i a l  behavior effects of s t r a i n  r a t e s  a r e  discussed. 1% mag be 
seen t h a t  these effects  a r e  dependent upon many factors ,  including rate of 
s t r a in ,  r a t e r i a l ,  temperature, a m i  the ' type of t e s t  conducted. A l s o  in-  
cluded i n  the followfng i s  a discussion of t he  cor re la t ion  between e f f ec t s  
of b i ax ia l  and uniaxial- s t r a i n  r a t e s  and a study of -the m,qitude of the 
s t r a i n  ra-Lcs t h a t  c8n be cxpec.t;ed t o  occur Fn dynamically loaded spherical  
c ont:i irment ve s s e l  s . 
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1. EfFec’is of S t r a i n  Hate on Material Properties _I___ 

Low Rate oP” Strain. Conventional t e s t i n g  =chines have been 
used t o  i-etermine t h e  eff6yts of ].ow m t e s  OP strai.n, f o r  zxamnpl.e, (1 
i n .  / i n .  * sec.  
s t r e n g t h  and f i n a l  el.ongation of austel-ij.ti.c steels decrease substantial1.y 
wi th  increas ing  s t r a i n  r a t e s ,  wh2rea.s t hey  are h.own t o  increase  or reimin 
unal te red  w i . t h  i.ncreasi.ng s t r a in  rates f o r  carbon steels. These phenomena 
arc i l l . i i s t ra ted  i:n Fig. 6.56 f o r  a t y p t c a l  carboil s t e e l .  In addi-tlion, very 
cl..-i.stinc’i i-ncreases i.n dynamic y5el-d and u l t i m t e  strengths over the corres .. 
ponding sta-Lic strengbhs are shown j.jl this f i g r e .  

streng-til steel. ,W 4340 i n  t h e  range from t he  annealed condi t ion t o  a 
nominal. iiltimte s t r e n g t h  of 220,000 psi.. 

Experiments by Puzi.cha and K~iscb‘ show t h a t  t h e  f r ac tuye  

Kl.i.izSerB7 conducted low s t r a i n - r a t e  t e n s i l e  e x p e r i n m t s  on the  high.- 

H i s  results (F-igs, 6.57 -io 6.60) 
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indicate  tha t ,  i n  general, the  s t rength proper-Lies incrrease with increasing 
s t r a in  rate; moreover, t h i s  strain r a t e  e f f e c t  becomes umi-kedly less as 
the st rength l e v e l  of -the s t e e l  i s  increased, i n  f a c t ,  the  220,000-psi 
s-teels showed e i t h e r  no cha,nge o r  a l o s s  i n  s t rength with increasing s t ra in  
r a t e .  No s i g n i f i c a n t  e f f e c t  on t h e  elong:atri.on a t  any stren@h level- ~ 3 ~ 3  

noted. 

moderate s t r a i n  r.a-tes, f o r  example, up t o  3.000 i n .  /in. - see ,  modif3.cati.ons 
of standard. t,esting mchines  r m s t  be made o r  d i f f e r e n t  rapid-loading test-  
ing -iechniques developed. For example, dropping weights, Izod or Charpy 
pendulum machiries, r o t a r y  iapacl; mchines,  and explosive impact t e s t e r s  
have a l l  been used f o r  t h i s  work. Since moderate "dyiiamic" condi.-tl.ons a r e  
usual1.y essociated. with a wide spectrum o f  loading times and. because there 
are l imi ta t ions  on individu.al t e s t i n g  methods, it i s  or ten necessary t o  
apply several  tec'miques -to inves t iga te  completely t b e  response of the  
loading-time range for a given specimen. 

termined by invest igat ions of Manj oine and Na,dai88 and of Clark. '' 
these works covered the range o f  s t r a i n  m t e s  from 100 t o  1-000 in .  /In. see ,  
Mmjoine and Nadai used. a r o t a r y  impact mslchine and instrumentation yield-  
ing a force-elouga,tion diagram on a cathod-e-ray oscl.ll.lograpb. The r e l a t i v e  
motion between the heads of the  t e s t i n g  rmchine ~m.s used t o  indicate  s t r a i n  
and stl-ain r a t e .  Tne stress on. the  specimen w a s  indivect,l.y determined by 
nie8,sixring t h e  load on a load  gage. Yaterf.als tes-Led were copper, aliminum, 
%nd mild s t e e l .  Clark used tihe same instrunentat ion but  d id  h i s  work with 
an Izod pendulum. 

Clark and DuwezgO have pointed out .th:at when t h e  speed of defommtj.on 
becones too  high, as rmy be the case for tension f.mpac-t; t e s t s ,  the  effect 
of ira-ve propagation must 'ne taken i n t o  accoimt. Under these condit,i.ons 
an appreciable change of s t r e s s  occurs during "c'ne time :required f o r  a, slrall 
increnieat of  s t r a i n  t o  propagate tk1:o1.i.gh(mt "Lie specinlien. T'his r e s u l t s  
I.u a. s t r a i n  rate kh8t i s  not .ui&L'orrn along t h e  speci.i:neiz and rmkm it d i f -  
f i c u l t  .to determine reali-st5.c s t r a i n  r a t e  e f f e c t s .  To elimimate - b e  e f f e c t  
o f  mave propagation from t h e i r  tests, Clark arid C z i ~ e z  usxl a hollow cyl in-  
d r i c a l  specimen i n  which a circumferential  stra.5.n was induced by i.nt,erial 
f l u i d  pressure. Their tes ts  irxJ.icated t h e  e f f e c t  of s t r a i n  r a t e s  as high 
as 200 in .  /in. * sec f o r  specimens made of carbon s t e e l ,  low-carbon manganese 
s t e e l ,  and nickel.-chromium steel, The u l t i rmte  s-t;i*en.gtl.i for di f fe ren t  
rates of s t r a i n  STAB deteirmined from stress-tfme records. 3 1  the lower 
range of s t r a i n  ra-tes, it IELS possible t o  obtain an. approx5.mate evaliiztLox 
of the propor-tional l i m i t .  Tlie resu l tk  shown i n  Figs. 6.61, 6.62, and 6.63 
appea,r t o  indicate  t h a t  th.e proportional 1. i m t t  increases w i t h  increasing 
nominal strain r&e u n t i l  it coincid.es wit,h the nominal ultimate s t rength 
of t h e  m e t a l  a t  r a t e s  i n  the  nef.ghborhood. of 70 i n .  /in. = see .  
strengt'n increases imtil  a s-Lrain rate of about 200 i n .  / ine - sec i s  reached. 
'This increase of u l t i m t e  s t rength i s  o:f t h e  order of 45$ f o r  t l ie  carbon 
st,eel and about 30$ each f o r  Lkie manganese and. nickel. -ch:rornium s t e e l .  

Similar .trends f o r  the  e f f e c t  o f  moderate s t r a i n  ra-tes have been 
secured i n  tension inpac-t t e s t s ,  
s t r a i n  curves f o r  a niun'uer. of s t e e l s  a t  s t r a i n  rates loetveen 80 arid 210 
i.n* /in. see.  

.- 

Moderate h t e s  o f  Strain. For consideration of t h e  e f f e c t s  of 
1_1.- 

Stress -s t ra in  diagrams :for moderate ra.tes of  strai.ii were first, de- 
Both 

The u.l.tj.rmte 

B r o s ~ ~ ' -  used such t e s t s  t o  ob ta in  s t r e s s -  

15s r e s u l t s ,  presented for stee1.s wiJGh -t'ne composition and 
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heat-treatment d e t a i l s  l i s t e d  i n  Table 6-11,., a r e  shown i n  Fi.g 6. @'+. 'These 
graphs i l l v s t r a t e  'die contraski.ig dynaniic responses of various s k e l s .  In 
partLcu.l.ar, t h e  curves iiidicate t h a t  t h e  dynami-c t e n s i l e  f r a c t u r e  s t rengths  
of bo'ih carbon a.ud austeni-i;ic s t a i n l e s s  s t e e l s  remain approxinately thz  
s a m e  as the s t a t i c  f r a c t u r e  s t rength .  'The elongation a t  frac'cure of a 
carbon s t e e l  appears to be independ-ent of strain rate, whereas t h a t  f o r  



Table 6.14. Composition and Heat-Treatment Details 

I%terial 

~~ 

B. S. Analysis ($) 
,Specifi- 
cation C s i m  S ? Et Cr No hi 

Condition 

Mild steel En2A 0.20 0.01 0.52 0.031 0.041 0.03 0.06 0.01 Normalized at 900" C, 
annealed 

0.34% car-Dora E3212 0.34 C.39 0.82 0.036 0.053 0.07 0.07 C.02 Ekzdened at 900" C, 
sLeel water quenched; 

tempered at 650" C; 
annealed 

2.5$ Ni-Cr-?do En25 
steel A 

2.5$ Xi-Cr-Mo En25 
steel B 

Stainless 
steel 

En58 

0.32 0.24 0.66 0.024 0.017 2.55 0.71 0.66 

0.30 0.24 0.62 0.014 0.024 2.53 0.65 0.62 

As received; hot 
rolled and tern- 
pered 

I'rdened at 630" C, 
oil quenched; tem- 
pered at 600" C; 
annealed 

0.07 0.58 0.59 0.011 0.050 S.31 18.56 0.20 0.15 As received; soft- 
ened and roller 
straightened 
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Pig .  6.63. Ult i rmie S t rength  and Propor t iona l  T , i r n i t  Versus Rate of 
S t r a i n  Tor N-j.ckcl-Chromiun S t e e l .  

ausi;eni.tic s t a i n l e s s  s t e e l s  decreases w i t h  an increase  j.n s t r a i n  r a t e .  
Both stee3.s d i sp l ay  a considerable  tncrease  i n  yiel-d stress foi- i.ncreasing 
stra7.n r a t c .  Although the u l t i m t e  s t r e n g t h  of t h e  carbon s t e e l  shows a 
s i zab le  imcrease as the  s t r a i n  rate i s  increased,  t h e  ul.'i,irnate s t r eng th  
of tiie austeiii.Lic s t a i n l e s s  s t ee l  rernaim unaffected.  

tremely hish, dynamic loads e l a s t i c a l . l y  f o r  a s1io'L"t time p r i o r  t o  yj-elding. 
This i s  t,he so-cal led "delay-time " e f f e c t  f o r  y i e l d  i n i - t i a t t o n .  
and Dubyg2 found. t h a t  m i l d .  s t e e l s  subjected t o  impact l-oads yielded. a t  
a sti=css aboui; 2 l / 2  t i m e s  -the s t a t i c  upper yie1.d stress. 
s t e e l s  a l s o  di-splay constderable  del-ay-tihe effect. 

for deter&iiing t h e  dynm1ri.c t e n s i l e  pyopert ie  s of mate r i a l s  a-i very high 
r a t e s  of s t r a i n  (up t o  22,000 i-n. / in .  - sec )  . "hey conclud-ed, among o-ther 
Lhings, t h a t  the  dynamic s t r eng th  and d-ii.cti1-i.ty of SAY 1018 cold-milled 
s t e e l  increase w i t h  b c r e a s i n g  s t r a i n  ra te  at rooin temperature.  Their 
work was ca r r i ed  out on an explosive-impact t ens ion  tes te r  whi.ch had pro- 
v i s ions  for direct mezsurement o r  Imad, impact .velocity,  and instantaneous 
chxnges of diameter as a function of .Lime. A charge of powder w a s  used 
t o  propel. a pro jec - t i l e  t h a t  was threaded t o  one end of R standard tension 
specimeii; t h e  o ther  end was f i x e d ,  Their r e ~ u 3 - t ; ~  (Fig. 6.65) t rdicate  t h a t  
the dynamic ul.ti.mte and f r a c t u r e  strengths of W 101-8 cold- ro l led  s tee l  
increase cont inuously with increas ing  s t r a i n  r a t e s  up t o  22,000 i n .  /in, sec .  
Also, t h e  perceni; reductrion of a r ea  ajld percent  elongation show that tiie 

A s  can be obsemed i n  Figs, 6 .64 (a ,b ) ,  c e r t a i n  s t e e l s  support  ex- 

Campbell.. 

Medium carbon 

RLgh Ra-tes of S t ra in .  Austin and S te ide lg3  developed a method 
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Fig. 6.65 .  Results of Explosive I m p a c t  T e s t s  a t  Room Tempera,ture on 
SAE 1018 Cold-iiol1 ed Stee l .  



dl.ncl;illty increases with the stra7-n r a t e  'out tends t o  approach a cnilstanlt 
.sa.Lue a t  t h e  higher r a t e s .  

s t a t e  o? Ei.ow~.edge of the e f f e c t s  of s t r a i n  rates on t h e  propert ies  of 
s t e e l s  under b i a x i a l  s t a t e s  of s t r e s s  i s  ra ther  I-imited. 
dence between s t a t i c  umi.ax.i.aJ_ and static b i a x i a l  states of stress muld  
seem. t o  indicate  Ynat t h e  .trend.s shown i n  uniaxial. dynamic tes ts  a r e  a l s o  
applicable t o  b i a x i a l  s t a t e s  of stress. 

low and mbd.erate s t r a i n  rates w t l l  be induced i n  the  dyn..m-i.cal.ly loaded 
contaim1xm.t vessels  utide:r consideration. It i s  evid.en-t from the  inves t i -  
gations described i n  the previous s e e t i o m  t h a t  the s t r e s s - s t r a i n  behavior 
of most s t e e l s  i s  not  independent of e i t h e r  l o w  o r  mediim s- t ra in  r a t e s .  
lfence, some nllo.~ra.nce should be made for increases i n  both y ie ld  and u l t i -  
rmtc s t r e s s e s  t o  account for the e f f e c t s  of s t r a i n  r a t e s .  

creasing s t r a i n  ra-be f o r  s t e e l s ;  however, o f ten  the ultimmte s t rength in-  
creases t o  a lesser extent, than the  y ie ld  s t r e s s  i x i t i l ,  a t  moderate r a t e s  
of s t r a i n ,  the two a r e  equal. 147. such a case the mater ia l  beh.a-es almost 
i n  a r i g i d  p l a s t i c  maimer. These e f f e c t s  a r e  par t ic i i la r ly  pronowced for 
mild, carbon, manganese, and nickel-chromium s t e e l s ,  -dhez.-e the  i i l . t imte  
s t rength and proportional I-j-rnit coin.cId.e at s t r a i n  ra,tes of about 70 
fn. /in. 'see. 
and ult imate  s t rengths  increase fo r  low and moderate s t r a i n  rates, whereas 
-&e f r a c t u r e  s t rength decreases. ?"ne s t r a i n  rate e f f e c t  on the stress- 
s t r a i n  r e l a t i o n  f o r  heat- t reated high-strength stee1.s J.s r e l a t i v e l y  svz~l l ,  
and. Yne assumption of s t r a i n  rate independence as a f i r s t  approximation 
ir?. a n a l y t i c a l  work appears t o  be sound. 

Effects  of S t ra in  Rates i.n Bi.a.xri.al States  of Stress .  The current  

The correspon- 

S~umnnry. A s  i s  shown i n  a folloT.ing section, it i s  probable t h a t  

I n  general., both the yie ld  and. ul-t,im,te s t r e s s e s  increase v i t h  in -  

In  the  case of auxten i t ic  s t a i n l e s s  s t e e l s ,  bot??. the yle ld  

2. Determination of S t r a i n  Rates for. SL Sphere 
The magnitude of t h e  straj-n r a t e s  involved in dynamically loaded 

~ 

containmen-L vesse ls  must be determined -to a s c e r t a i n  the  e f f e c t s  of skrain 
r a t e  on the  s t r e s s - s t r a i n  behavior of the  vesse l  material. 
i n  tu-m, a r e  used t o  a l t e r  par,ameters i n  the  s t rength analysis  of t h e  
vessel ,  

Strain rates f o r  a sphere can be e s t i m t e d  with suff ic i .ent  accuracy 
on t h e  b a s i s  of a consideration of the  response of a si.mple mass-spring 
system subjec-Led. t o  an i n i - t i a l  peak t r i a n g d a r  pulse loading. 
system with a constant res tor ing  force,  t h e  eq-tmtions of nickion a r e  

These e f fec ts ,  

For a 

(6 .149)  

and 

raV -I- R = 0 f o r  -Lo € t , (6.150) 
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where 

x =  
Ill == 
R =  

t =  
Fo = 

0 

displacement, 
mass of t h e  system, 
cons tan:; r e s to r ing  force,  
peak force  of the pulse, 
pulse duration. 

The mxiinum ve loc i ty  occurs when t h e  applied load has decreased t o  the  
valup of t he  r e s to r ing  force  and is given by thhp foimiula 

(6" 151) 

where 

v = imximwti velocity,  m 
q = F0/S = rati.3 of the peak applied force t o  t h e  constant r e s t o r i n s  

foi-ce. 

'The maximum displacement xln i s  r e l a t e d  t o  the  pulse duration "io and the  
pressure r a t i o  q by t h e  formiilas 

(6.152) 

and 

(6.153) 

For gi-ven values of maximum displacement and pulse durati-on, E q s .  (6.3_51), 
(6.1.52), and (6.153) determine t h e  value of t he  i w x ~ . : m i m  ve loc i ty  and., 
hence, the maximim s'irai.n r a t e .  

sure, t h e  equations of motion corresponding t o  Eys. (6.1-49) and (6.150) are 
In $he esse  of a r i g i d  p e r f e c t l y  p l a s t i c  sphere under internal.  pres- 

(4 .1 5 4 )  
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(6.155) 

where 

I) = peak pressure, 
KT = i n i t i a l  thickaess of t h e  sphere, 

Ri. = i n i t i a l  radius of the  sphere, 

uo ::: yie ld  stress. 

d 

p\ = radius of the sphere, 

y = :mass densi.t,y of t he  shell material ,  

Equations (6.154) and (6.155), which are ob-Lained by equili’orium of 
forces on the sphere, neglect the e f f ec t s  o r  s h e l l  thinning. Tne c i r -  
cvxiferentia,l (and meridional) s t r a i n  is expressed. i.n terms of the d is -  
placement by the  eqmt lon  

Equati.ons (6.151), (6.152), and (4.153) n o w  become, for t h e  case of the  
sphere, 

(6.156) 
1 -  - - -  - P ( 3  Fd - 4 )  i f  I ? ~  > 2 
12 ’ d 

and 

where 

(6.157) 

(e, )max := maximum circumferential s t r a in ,  
(e, )nEx = mxinizun  ci-rcumfereiitia.~. s t r a i n  ra te ,  

= PdRi /2~oHi  = ratio of the peak applied pressure t o  the 
s t a t i c  pressure required to cause failure I 
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For a gtven valuc of  t'ne maximm s t ra in ,  Eqs (6.156) and (6.157) can be 
used t o  determine the nlaximurn s t r a i n  r a t e .  Graphs of these eguati-ons a re  
given i n  Fig, 6.66. The d o i i e d  1-ines show the procediLre f o r  obtaining the  
val-ue o f  f o r  specif ied values of Lhe quantity 

To get; somz idea of the  order of magnttude of the  s t r a i n  rates i.n 
spherical  sbe1.l.s under t m n s i e n t  loading, consider a steel sphere 
( y  = 0.7323 X lo-' lb-sec/in.  4, with a dia.metei- o f  100 ft. Pole a ma.ximum 
allowable s t r a i n  of 0.05 arid a yie ld  s t r e s s  of 50,000 psi. the r e l a t i o n s  
i n  Tablc 6.15 aye obtained. In the right-hand column of the table ,  maxi- 
mum thickness s t r a i n  r a t e s  ( 5  ) are 3.ri.sted. For an incornpressih1.e 
ma-teria.3. ( i  ) = 2(ic) i I l ; ix .  t max 

t max 

Table 6.15, Strain R a t 2 3  i n  Spherical Shells Under 
Trans i e n t  Loa d i ng 

Duration, Ra t io ,  - Str3i.n Rate, S t ra in  Sate, 
t ( s e e )  Pd ( g C )  ~n-zx ( i n .  /in. * sec) (bJmax - - 2 ( i c ) m x  
0 

0.005 7.20 
0.01 3.95 
0.10 1.. 325 
0.40 1.1.15 

5.03 
4. 27 
I., 52 
0.91 

10.06 
8.54 
3.04 
1.82 

Clearly these s t r a i n  rates c m  be cI.assi_fied as l o w  o r  moderate, and 
hence the s t r e s s - s t r a i n  behavior of -the rrlaterial. wil..I. not d i f f e r  s i g n i f i -  
can-tl-y from t h a t  under s'Gati-c loading. For a p a r - i i c d a r  mterj.a3., Figs. 
6.56 t o  6.65 can be emi@oyed t o  estimate the increases, if any, i n  -the 
y ie ld  an.d. ult imate stremgthsm 

'That i s ,  
f o r  f ixed values of the pressure r a t k  and. maxi.mwn s t r a i n ,  the s'irain 
rates, as well as the pi.ilse duration, vary inversely wiLh the  radius. 
Z'husj 'che s t r a i n  r a t e s  would be twenty times as la rge  for a sphere 5 ft, 
i n  diameter, and the mater ia l  propert ies  mi.giit d i f f e r  subs tan t ia l ly  from 
those under s t a t i c  1-ozd.. 

ca te  "illat the e f f e c t s  of t rans ien t  ioa.d.j.ng on mater ia l  properties wil.1. be, 

Equations (6.156) and (6.157) show t h e  e f f e c t  of scale. 

In summary, the  r e s u l t s  of the sri.m.pl.ified analysis  gl-veil above i-ndri- 
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i n  most instances,  small for large spheres b u t  1na.y be q u i t e  important i n  
siilK.1 spheres o r  i n  srml ].-scale t e s t  stnnctures. 

6.5.3 S t a t i c  Pl.astic Strer-gth- of Thrln Cy1indrica.J. She l l s  with 
Va.rious End Cl~osures Under In te i .nz l  Pressures 

..... . . . . . . . . . 
~~ 

I-___.-.. __  ~ 
~ 

'The p l a s t i c  si;i;engtb of Lhin she l l s  under i n t e r n a l  pressure  i s  of 
i n t e r e s t  i o  Lhe designer  iil those  cases  iii which t h e  s-Lruc"iure i s  in'cended 
t o  wi-i;iis-t,and only a s ing le  a p p l i m t i o a  of t he  desi.gn load.  

i n t e r n a l  pressure, Llie assiimptions aye m d e  thai;  t h e  e l .as t ic  stra7.u.s and 
the bending s t r eng th  of iiie she3.1 can be neglected,  s ince  their e f f e c t s  
a r e  neg1Lig;ihle at l a ~ g e  s t r a i n s .  The s h e l l  i s  therefore assumed. t o  a c t  
as an i d e a l  membrane, 3.11.d t h e  shell materi-a1 i s  assumed t o  be a r i g i d  
s t ra in-hardening  p l -as t ic  s o l i d ,  I n  t he  following, comparisons of exact  
theore t ica l .  sol i l t  ions  w.bh. t e s t  rcsu l . t s  a r e  made for cyl.i.iiders wi-th r i g i d  
encis; approximate so lu t ions  for cy1.i~ndei.s 'with r i g i d  ends o r  hei-nispherical 
caps a r e  developed and t h e  r e s u l t s  coi'npai-ed wi L h  ava.iJ.able cxacL t h e o r e t i -  
cal. so lu- t j  o:ns and t e s t  r e s u l t s .  

In t h e  ana.1ysi.s of  -ihe deformation of t h i n  s h e l l s  under slowly appli.ed 

6 .5 .3 .1  Comparison of Exact Solut ions wiih 'Y'est Results 
__1 

Exact solutri ons for t h e  sphere and t h e  iiifiiiite cylirdex- are a v a i l -  
a b l e  i n  the form of sirnp3.e a lgeb ra i c  equations r e l a t h %  the pressure  t o  
i-.ad.i.al displacement. C'yllndri.ca.1 s h e l l s  0.f f i n i t e  leng-bh are s t ronger  
Lhan cyl-7-nders of i n f i -n i t e  l eng th  'out weakcr -than sphe r i ca l  s h e l l s .  Exact 
sol-utions for cyl indi- icul  she l l s  of €i l l i te  leiigth wi-ii i  r i g i d  end closures I 

-the geometqr of which i s  shown i n  Fig.  6,6 '1(a) ,  have r e c e n t l y  been ob- 
ta ined ,  6 6 ~  122 and much shxpler approximate so lu t ions  t o  t h e  smne pro'olem 
have been devel-oped. 66 
t o  appl..y t o  cyliiid.ej-s w i L h  'cwo 'nemispiierical hcsds, Fi-g. 6. 68( a )  and t o  
cy l inders  wi'ih one rig?:.d a i d  cap and one hemispherical  head; Fig. 6.49. 

4 s e r i e s  of tests123 on small cy l inders  (E: i n .  d.i.ami 0.100-in. w a 7 - 1 )  
w i t h  these  -three types of end condi t ions  has also been c a r r i e d  out  t o  
t e s - i  t he  accuracy of Lhe klheories. l h z  test specimens were of low-csrbon 
s t e e l  (ASTM A 53-B) and w e r e  aiuiealed dead soft af te r  machining. The 
tensi1.e t e s t  da t a  f o r  this material. axe shown i n  Ftg. 6, 70. The yi-eld 
stress i s  35,000 p s i ,  and t h e  u l - t i m t e  s t r e n g t h  i s  56,000 psi.. The power 
Law of s t r a i n  hardening 

'i'his approxihate  solu'ii-on has a lso been 

(8.158) 
n 

cj = KE 

i s  seen t o  fi.t t he  da t a  faisrly wel l  wi-th t h e  va lues  K := 108 ki.ps/in.2 and. 
n = 0. 27'1. Coinparisons of the r e s u l t s  of -'die -tests of  cylindeys with r i g i d  
ends with t h e  exac t  t h e o r i e s  c i t e d  above are given i n  Figs. 6.71 through 
6.75 for a ra.nge of values  oY t h e  length- to-diwneter  r a t i o  1. Values of 
t h e  nominal c i r c u n f e r e n t i a l  s iress, I?Rj_/Hi, are ei-ven foi" t he  range oj" 
diiwnsionless m d i a l  displacements, rl - I., where P ris -the i n t e r n a l  
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(b) Def'o-mwd Cylinder 

F ig .  6.69- Asswnecl Deformed ProTik of Cylinder w i t h  Oile  End Rigid 
and. One Hemispherical C8p. 
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'r: 6 Q 0.04 0 .08  0.12 0- 16 0 .20  0.24 0.28 0.32 

z Radial Displacenlcnt - ( ~ ~ - 1 )  0 

Fi,g. 6.73. T e s t  R e s u l L s  for Mild Siee l ,  I = 2.01. 

Radial Displaccrnent - (rl-l) 

Ei.g. 6.74. Test, Kesulis for Mild S tee l ,  I -- 2.98. 
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pressure,  K i  and :-ii a r e  the  i n i L i a l  rad.i .us and thickness ,  and r3. i s  t h e  
r a t i o  of t h e  maximum rad ius  of t h e  deformed cyl inder  t o  i t s  i n i t i a l  rad ius .  
The quan t i ty  i-l - 1. i s  equal to -Lhe engineer ing strain i n  t h e  circumfer- 
en L i.al d.ire c t ion.  

The t h e o r e t i c a l  curves labeled. Mi-ses were obtained by the method of 
r e f .  122, a s tep-by-step incremeiital theory  soluti-on i n  which the mi;eri.al 
is assumed 'io obey the Mise3 y i e l d  crit,e-rion. The curvcs labe led  Tresca 
were obtained by tiit. exact  method of r e f .  66, whi-cln app l i e s  -to materials 
t h a t  follow -ihe Tresca y i e l d  cri-i;eri.oa. The d i f f e rence  'uet,ween t h e  two 
so lu t ions  i s  grcaies-t f o r  tne  i n f i n i t e  cy l inder ,  where thcy  d i f f e r  by t h e  

On t h e  
whole, -the so lu t ions  Dased on 'Lhe Mlises yi-eld c r i t e r i o n  seem to agree more 
c1osel.y with the  -Les 'i i.ecul.ts * 

l i g i b l e  f o r  values of 1 2 f o r  t h e  s-icel  t e s t e d .  End r e s t r a i n t  does, 
however, g r e a t l y  increase  the  s t r e n g t h  of s h o r t  cy l inders  ( I d 1.). 
e f f e c t s  of v a r i a t i o n  i n  'die v a 1 . i ~  of  t he  hctrrl.ei1ln.g exponent, n, are shown 
i n  Figs .  6.76, 6.77, and 6.78, where va1.ues of t h e  pressure  i-attc 

'l2ln+'- kjhich f o r  il = 0,277 amouilLs t o  about 20%. fac-kor [2/ ( 3 )  , 
The Lest i-esul-ts show ' ~ h a i  t he  e f f e c t  of r i g i d  end r e s t r a i n - t  is neg- 

The 

p = m / m i  (6.159) 

versus t h e  cen'cer radi.us, r12 a r e  given f o r  a r m g e  O€ v-dues  of 1. These 
results were obtained using -the met,hod of r e f .  122. 'I'hc curves l abe led  

I = a r e  f o r  inf'liiite cyl-inders.  Values of t,he s t r eng th  coefficieri t ,  K 
and the hardenring exponent n f o r  a niimber of s tee l s  a r e  given i.rr Table 
6.13 EiboVe. 

The true s t r e s s - s t r a i n  curves for some s t e e l s  ( t y p e  304 s t a h l e s s  
can be b e s t  approximzted by t h e  l i n e a r  I.aw, 

=1 CJ (1 -t L E )  , (6.l60) 
0 

i n i t i a l  y i e l d  s t r e s s  i n  t ens ion  and t h e  hardening coef- 
U f i c i c n t  X is the s lope  of the dimenstonless t r u e  s t r e s s - s t r a i n  cirive. Pres- 

sure ra t io-ccntcr  rad ius  curves f o r  va lues  of h = 2, 4,  and 6 w i t h  a range 
of 9alues  of I a r e  given i n  Fig.  6.79. Tn t h i s  case Llie pressure  i*a"co i s  
defined as 

p = PRi/o H, (6.161) o I" 

and is simply the  rat-iLc of t h e  appl ied pressure  to -Lhe pressure  required 
t o  cause ini t ia l .  y ie ld ing .  The resid-ts shovn i n  these  fi,mi-es were ob- 
t a ined  using the  incremental  theory  o f  r e f ,  122 for mate r i a l s  obeying t h e  
Mises y i e l d  condi t ion.  
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Fig. 6.76. Pressure Versus Center Radius 
f o r  Cylinders with Rigid Ends; Exact Solwkion; 
Mises Yield Condition; Power-law S t r a i n  Barden- 
ir4, n = 0.1. 
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r , ,  CENTER RADIUS 

Fig. 6.77. Pressure Versus Center Radius 
f o r  Cylinders with Rigid Ends; Exact Solution; 
Mises Yield Condition; Power-Law St ra in  Harden- 
ing, n = 0.2. 
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6 .5 .3 .2  Approximate Tlzeories 

In  order to reduce the computational e f f o r t  required t o  obtain r e s u l t s  
by the exact incrementa.1. theories  cited. above, the rollowing method f o r  
obtaining approximi%t;c solut ions has been developed. 66, 12', L25 Y'hc method 
can a l s o  be applied t o  shells with one o r  two he-rnispberical heads, f o r  
which ex.act solution:: a r e  not avai lable .  

deformed s h e l l  i s  a c i r cu la r  arc ,  as shown i n  Fig. 6.67(b), f o r  s h e l l s  with 
r i g i d  ends. In t he  case of she l l s  with eith.ei: one o r  t-$0 spherical  heads, 
the p ro f i l e  is assumed t o  be compcjsed of two o r  three tangent, circul-ar arcs, 
as shoxm i n  Figs. 6.68(b) and 6.69(b). in a l l  cases, the  d.i.stance between 
the  ends of' the  cy l indr ica l  portion of t he  shel.1 i s  assumed t o  rernain fixed. 
?'est results123 show this assumption t o  be very near ly  tj-ue. The r a d i i  0% 

these circii lar arcs a r e  determined by the  requirement t h a t  the equations of 
equilibrium be satisfied at t he  crown cylf: the  bulge of t he  cylindrical por- 
.Lion (a t  R = R1 i n  t h e  sketches) and a t  t h e  pole of Lhe end cap i f  t he  
s h e l l  has a hemisphericaJ head. 'file Mises yield condition and the s t r e s s -  
s t r a i n  r e l a t ions  of deformation theory are assxmed. t o  apply. 

the meridional and c i r c m f e r e n t i a l  d i rec t ions  by (T , E -  ,R 
respectively,  the  Mises yLeld condition becomes 

The bas is  of  t he  ana lys i s  5s the  assumption t h a t  the p ro f i l e  of t h e  

Denoting the  pr inc ipa l  s t resses ,  s t r a ins ,  and r a d . i i  of cwvature i n  
and ( r c , , ~ ~ , R ~ ,  rn m m 

(6.162) 

where ci i s  the  y ie ld  s t r e s s  i n  tension snd the function F i s  given by 
Eq. (6.158) f o r  a m t e r i a l  t ha t  hardens according to the  power law, and 
by Eq. (6.159) f o r  a material  with l i n e a r  hardening. The e f fec t ive  s t r a i n  
E is, i n  the present case, 

while t he  f l o w  rule becomes 

If the  stress b i a x i a l i t y  r a t i o  p i s  defined as 

(7 m p = -  
0 '  

C 

(6.163) 

(6.164) 

(6.165) 

Eqs.  (6.161) and (6.162) can be combined t o  give 



6.1.34 

(6.3.66) 

and Xq. (6.160) imy be solved f o r  t he  meridional s t r e s s  

::: p ( 1  -- p + pq -112  F ( E )  . 
m 

The incompressibilj-ty condition for t h i s  case i s  

E + E n l + E  = o ,  c n 

(6.1.67) 

(6.168) 

where t h e  thickness strain E i s  n 

E = log H/H~ , ( G .  2-69) n 

where B/Hi i s  the r a t i o  of  the thickness o f  t h e  deformed s h e l l  t o  i t s  
i n i t i a l  tbickness.  An expression f o r  t he  cu.rrent thickness i n  -Le~ms of 

and  c C  i s  obtained by combining Eqs .  (6-164), (6.1.65), (6.168), 2nd 
( 6.169), with .the r e s u l t  

N - i r H  m m ( 6.173..) 

i s  found, by combining Eqs.  (6.1.67) and (6.170), to be 

Thlp equaiion of' equilibriim i n  the  axial di recLion  can he wr i i t en  i n  t he  
form 

(6.173) 

Thesefore, an expression for ilic pressilre P i s  



(6.174) 

A t  the crown of t he  bulge of the cyli.ndrical portion o f  the  shell 

K C R1 ( 6.175) 

and 

(4,176) 

bbbsti tuting i n  En,. (6.3.74) and rearranging t e r m  gives 

(6.177) 

as the expression f o r  the  nominal circiun?'ererttial stress i n  the  cylinder, 
i n  which, by Eqs.  (6.166) and (6.176), .the ef fec t ive  stra3.n is  

A second independent equilibrtum equation at the  crown o f  the  cyl indrica.1 
port ion of the  shell i s  

(6.179) 

where 

1. Cylinder w i t h  Two R i g i d .  Ends. In the  case shown i n  FLg. 6.67, 
r is  found by geometry t o  be 

M 

(6.180) 



6.136 

Equations (6.177) and. (6.180) then give the pressure  P d i r e c t l y  as a 
func t ion  of -the dimensionless rad.ius rl. 

1 T *  Fig. 6 T -  
2. Cylinder with 'iko Hemispherri cal. Heads. in. t h e  case t l l u s t r a  Led .. ......... .-- 

where 

e r = -  
R 

e Ri ' 

(6.181) 

(6. Lg2) 

An a d d i t i o n a l  equat,ion i s  requi-red t o  determine t h e  uvlknown To, the dimen- 
sionless rad jus  of  the end caps. 

In t h e  spherical zmie 

L 

E =  E = l o g  re , 
C m (6.183) 

and t h e  p r h c i p a l  r a d i i  of curva ture  are each equal. t o  Re; thus, f3 := 1. 
The e f f e c t i v e  ~ L r a i n  i n  the sphe r i ca l  zone ri.s then found from Eq, (6.163) 
t o  be 

~ = 2 l o g r  . (6. 184) e 

Subs t i t u t ion  of  t h e  appropr ia te  valiies of  B, I < ~ ,  E and E in t t ,  Fq. c' (6.174) g. 1ves 

PR . 2 

which i s  simply t h e  formula f o r  t h e  stress i.n a spherical .  s h e l l  whose 
deformed radj-us i s  R and whose i n i - t k l .  r ad ius  i s  R The sol.irtlon f o r  
a s h e l l  with two hemispheri.ca1 caps i.s determined. by Eqs  
(6.1-79) , (6.181) , and  (6.185). A t r i a l  and. e r ~ o i -  procedure can be used 
t o  dei;ermi.ne the pressure  for a given value o f  i:l f o r  a p a r t i c u l a r  shell-  
of length 1 .  A value ol" re i s  chosen and. t h e  two va1.u.e~ of PRi/Hj- given 
by Eqs. (6.1.77) and (6.185) a r e  coniputed. 
value of re i.s correc-t, i.f not, a new val-ue of re i s  chosen. 

e i' ( 6.1.77) , ( 6.178), 

If t h e  two values ~ g r e e ,  t he  
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3. Cylinder w i t h  One Rigid End and One Ilemispherical Cap. In  the  
case shown i n  Fig. 6.69, r i s  determined by geometry t o  be m 

(6.1.86) 

where 

The value of y f o r  a given geometry can be found from Eq. (6.186) as 

or 

rl - 1 
f o r  r = 1 , 

21 e 
y =  1 -  

where 

(6.188) 

( 6.189) 

Here, as i n  the  case above, a t r i a l  and e r r o r  method of solution. i s  re -  
quired * 

4. A computer code ‘ I E N E O N f t  wzs  wr i t ten  t o  solve the adhove 
three  problems. 1”ne r e s u l t s  designated approximate solut ions i n  the 
figures presented i n  Eketion 6.5.3.3 were obtained using t h i s  code. 
Fortran l i s t i n g  of ENDCON i s  presented i n  Section 6.5.3.5. 

Code. - 
A 

6.5.3.3 Accuracy of the Approximate Tneory 

In the  case of cyl inders  with r i g i d  ends, comparisons of the r e s u l t s  
given by the approximate theory with the exact t h e o r e t i c a l  results of  
Figs. 6.76, 5.77, and 6.78 (power-law hardening) and of Figs. 6.80, 6.81, 
and 6.82 (linear hardening) are given i n  Figs. 6.79 and 6.83. Here t h e  
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e r r o r  ( i n  percent )  of t h e  approximate theory- i s  given as R f i rmt ion  of  rl 
.L~.).L- a range of values of 13 and X wi:th I as a parameter. 'The r e s u l t s  show 
.that the  e r r o r  i n  t h e  approxirimte -theory i s  l e s s  than J.0$ f o r  va3.ues of bile 
maximuin. circimferen' i i ial  s t r a i n  (rl =.- 1) less  than  about 0.1.. 

A compai-i.son of t h e  approxiIra3;e theory  w l i h  some t e s t  residts f o r  
cy l tnders  wt-th r3.gid ends i.s given i n  Fig. 6.84.. 'The agreement -i.s f a i r l y  
good. 

There are no exact  t h e o r e t i c a l  resu1.t~ avaf1ahl.e a t  t h i s  t l h e  f o r  
cy l inders  with hemispherical  eild. caps w - i t ' n  which t o  compare t h c  approximate 
theory; however, two t e s t s  i n  t h e  ser ies  c i t e d  above were made on cy l inders  
of this type. 'The t e s t  data ,  toge ther  wi-th t h e  approxirmte theore t ica l .  
c;im-es, a r e  shown i n  Figs. 6.85 a:nd 6.86. The res id- t s  of  a t e s t  on a 
cy l inder  with one end r i g i d  and. one hemispherical  cap, and a leng'ih-to- 
drikmeter ra'cio of t h e  cyl..ri.ndrical portion of I = 2.31., a r e  siiown i n  Fig. 
6.85. In  t h i s  case t h e  e f f e c t s  of end r e s t r a i n t  are negljtgible, as they  
are i n  cyl..inders with r i g i d  end caps vY.th I > 2 ( s e e  Figs.  6.73,  6.74, and 
6. 75). The residts of a test, of a cyli i ider with - L - w  he-mispherical. end 
caps and a length-to-diameter ra'cio of t h e  cyl ind.r ica1 porti-on of I = 1 
are shown i n  Fig.  6.86. The e f f e c t s  of end r e s t r a i n t  a r e  l e s s  than. i n  
the  corresponding cy l inde r  with r i g i d  ends (F ig -  6 - 7 2 ) ,  bul; t he re  i s  an 
increase  of about  1.0% over t h a t  of t h e  inf in i - te  cy l inder .  

L S - -  

ORNL-DWG 64-8796 
-r------------i - (207 

N 

SPEClMCFi A - 2  
n SPECIMEN A - 3  

'9 20 k-1 - - WEIL'S THEORY - - -  - f l  = 0.277 

K = 408 kips/in? 

......... .......... -. ...... 
0 0.04 0.08 0.i 2 0.46 0.20 0.24 

q - 4 ,  R A D I A L  DISPILACEMENT 

Fig .  6.84. 
wi ih i'ne App-coximate Theo ry. 

Comparison of Resu l t s  of Tests on M i l d  S t e e l  Cyl inders  
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cc 80 9 TEST DATA 

5 
A PPR OX I MATE SOLUT I ON 

f , - i ,  MAXIMUM RADIAL. DISPLACEMENT 

YIELD STRESS. 
35 kips/in? 

Fig. 6.95. 
Mild Steel, 2 = 2.31. 

T e s t  Results f o r  a Cylinder wFLh One Semispherical Cap; 

O R N L - O W G  6 4 - 8 7 9 8  ........................ r--- _ _ _ _ . _ ~  , 
I I 

@ TESTDATA 
-APPROXIMATE SOLUTION 

I 
I ----- - - - -  

'I - 0  0.05 0.io 0.(5 0.20 0.25 0.30 Qi- 
r, -- 1 ,  RADIAL DISPLACEMENT' t - 

Fig .  6.86, 
Mild S tee l ,  I = 1.0. 

T e s t  Resulks for a Cylinder with Two Hewispherical Caps; 



6 3 1.42. 

The ef fec ts  of end res- ixaixt  foi- t h e  th ree  tyyes of end condi t ions a re  
showL7 i n  Figs .  6.87, 6.88, and 6.89 for pwer-l.aw hardening mteri~a.1.s and 
i n  Figs .  5.90, 6.91, and 6.92 for materials w i t h  l i n e a r  hardening. These 
ciirves were o’a-iained by t h e  approximate theory.  The curves f o r  t h e  corn.. 
plete sphere designated 1 = 0 and f o r  t h e  i n f i n i b e  cyl.i.nder labe led  I :: Q) 

are  a l s o  s h o m .  The formula f o r  the 1.atteT ease i s  ob-Lizincci by s i b s t i t u t -  
ing t h e  values OP R, and F~ from Eqs. (6.175) and (6.3.76), along with the 
value f3 = 1 / 2  i:nto Eqs.  (6.166) a.nd (6.174) t o  ob ta in  

(6.190) 

1.4 

0.4 

0.2 

0 

Fi-g. 6.87’. Pressui-e-MizximmT Radius Reh t i -on  f o r  F i n i t e  Cylinder; 
Po.r?rzr-Law Hardening Material: n = 0.1. 
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2.0 

1. 6 
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1.0 
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0.6  

l o b  1.05 t. 10 1.15 1.28 1.715 1.30 1.35 1.40 k.45 1.58 1.55 

~~X~~~~~ Radius, r 1  

Fig. 6.90. P ~ ~ s s ~ ~ e 4 ~ l ~ ~ x i ~ u x i  Radius Rela t ion  for Fir;te Cylinder; 
x = 2. 
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Fig .  6.92. Pressure-Maxirnwn Radius Relation for. F i n i t e  Cylinder.; 
A. = 6 ,  

6 .5 .3 .4  Concl-usions 

Test r e s u l t s  show tha t  the s t rength under in te rna l  s t a t i c  pressure 
loadings of t h in  shells without openings i s  well i n  excess 03 t h a t  a t  i n i -  
t i a l  yield.  Pdi1-1~ simpie approxipate aaaly-tical  methods can predict; this 
st rength within about 10%. 
be realized. i n  ac tua l  practice,  t h a t  is, i n  structw-es with openings, de- 
pends on the  exten-t t o  whi-ch these openings reduce the a b i l i t y  of the 
structure t o  sustxin large deformations without rupture. 

The degree to which t h i s  excess s-krength can 



6.5.3.5 ENDCON 

The f o l l o w i n g  i.s a Fortran listing and a samp7.e set; of data of the 
coniputei- code used to calcuia'ie the approximate theory solu'cions rePc:med 
to above. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c. 
C 

3 0  

300  

3 C 1  

3 0 2  

303  

Y L A h I  

4 . 1 7 7 1  K S I  
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6.6 SHOCK AND M_LSSlLE PROTECTIOIV 

R, L. Greensti---" Lb ii 

M. A. Sa,linon N. A. Weil 

Tn order  t o  evaluate  t h e  strii.ct,inal darage t h a t  would be done i n  tlie 
e-70 > , J L  of am acc ident  i-n a n u c l z a r  power plant, i t  js necessary  t o  p red ic t  

t h e  na ture  o€  Llic accid-eni;, t h e  energy relecsed, and 'L'I~:? resij.l.ks o€ ihi s 
r e l e a s e .  Of p a r t i c i l l a r  i n t e r e s t  i n  the design o f  containment systems i s  
p r o t e c t i o n  aga ins t  iaissi.l.?s t h a t  mi-ght be generated.  S u c i  m i s s i l e s  cou.ld 
be e i t h e r  t h e  czuse or t h e  r e s u l t  of  an acc ident .  It '-s t h e r e f o r e  neces- 
s a r y  t o  deLemine which components could conceivably b e c m e  r::issi les end 

s h i e l d s  o r  o t h e r  p r o t e c t i v e  systems t h a L  wou1.d con ta in  a l l  m i s s i l e s  that 
migh'c be generated.  A second area of i n t e r e s t  i s  LIE des-iyn of blast  
s h i e l d s  'io dissi.pa-t,e iiiii-ch of t h e  energy contained i n  a shock 5ja.w. 

.(:I; t h e i r  niaximlm v e l o c i t i e s .  It i s  al.so :iecessary t o  design m i  ssile 

6 .6 .1  Missi le  Generation 

hi ob jec'i 13islocat;ed. f:mm a p l a n t  component and provided vj.kh poten- 
L i a L  energy or:-ginating from wii;liin the p.l.ant component o r  from a source 
a t  some d i s t a n c e  (p re s su re  waves) m y  develop i n t o  a missrile Ynrougli tlx 
conversion of - t h i s  p o t e n t i a l  energy in- to  kiiieiik energy, The m i s s i l e  may 
have enough energy when ii  coi l tacts  t h e  vapor-containing shel l  ti, penet:cate 
-Lhe vessel and %hereby r e l e a s e  f i s s i o n  pmduc t s  to t h e  atmosphere. 

The concentrated load. caused. by t h e  missi le  r~my occur a,1; t h e  same time 
t1ia.t .ihe vapor containment s h e l l  receives t h e  peak pressure  load contern-. 
p l a t e d  ?or t he  mxirflinm c r e d i b l e  acc iden t .  This comb.in.ed I.oad -might causc' 
exceosj-ve s t r e s s e s  i n  t h e  v e s s e l  an.d. resu7.t i.n rij.ptij.re. Therei"ore pro- 
t e c t i o n  of t h e  vapor contai-nmeiit shell from thc  m i s s i l e  may be  necessary-. 

Methods f o r  prevent ing  - th i s  ad.ii.itri anal- b a d  from occurring rmy be 
ca tegor ized  as follows: 

1. E3.iminate t h e  possibi l i -Ly of  rj.ssfl.e development by ins - i a l l i i i g  
c e r t a i n  p l a n t  conipoiients that, contain a cons iderabla  ailiomt of s1;ored 
energy, such as tu rb ines ,  heat  exchangers, e t c . ,  ou t s ide  t h e  vapor con- 
t a i ~ n e r  ( p a r t i  al c o n t a i m e n t ) .  
components that a r e  p o t m t i a l  ni.issi 1.e prociucers; t h i s  car-i b e  done by 
us ing  1-argcr s a f e t y  f a c  Lors ii1 eomqonent design.  

t ac t s  the vanor con ta ine r  tm3.i. 

ways. 
pia-Le or conere te  slab, i s  placed in t h e  po tc r i i i a l  p a t h  of t h e  missile 
f o r  c0nvertli.n.g pmt, o r  a l l  of the missi-le energy i n t o  h a n i i e s s  p.l.astic 
d e r o m t i o n  of  -ihe ri.sl.s and h e a t  on impact. - the  t l dpamic l '  ap- 
proach, a fl-exible i s  used; f o r  example, a st 1 ma i;, which absorbs 
p a r t  o r  a l l  of the energy by wall motion. 

A m i s s i l e  c m  a l s o  '02 r e t a rded  wlLh l i q u i d  m.edia .  In a l l  cases  t h c  
objec<L,ive i s  t o  slow t h e  missi1.e down t o  such an  ex ten t  ih:i .L upon arrival 

1:ncreasr t h e  r -a te r l  a1 s t re : rg ih  o f  p l a . n t  

2. If a missril-e does develop, in'iercepl; o r  r e t a r d  it be fo re  i t  con- 

In te rcept ing  01- r e t a r d i n g  t h e  m i s s i l e  rin fli-ght; can be done i n  severa l  
In t h e  t ls ta- i ic ' t  a-pproach, a hard wall, USlJ.a1.3.Y c o n s i s t i n g  of 3. s t e e l  



at, the  va-por container she l l  i t s  k i n e t i c  energy will be haml.ess. The 
followLng P o r n  of missi le  in-tercep-Lion have been applied in reac-tor 
pl.ants : 

1. Reinforced concrete l i n i n g  of the  vapor con-tainer shell. 
2. Concrete w i l l s  between t h e  potenti.al rni.ssi.le sild the  vapor con- 

t a i n e r  wall. 
3. Stee l  p l a t e s .  
4.. Hemovable steel mats 
If miss i le  darmge i s  a n t i c t p a k d ,  c e r t a i n  expenditures must be made 

t r z  provide t h i s  miss i le  protect ion for the  con.taimnent s h e l l .  Since this 
m y  r a i s e  t h e  t o t a l  cos t  of contairment a considerable amvuit, it i s  
important t o  reduce this cos t  t o  a min?:murn by accurate determination of 
the minimum protect ion requi-rements, 

A missi le  may have almost a.ny shape and si-ze (fragments with Sharp 
edges, bo l t s ,  nuts, contl'ol rods, reactor vessel  cover, complete p e s -  
sur izer  vessel ,  concrete spalls, &::. ) ,  
the  s h e l l  are d i f f i c u l t  t o  determine because of uic:ertain :factors, such as 
shape, s ize ,  and weight, of the  m i s s i l e ,  poteiit,i.al- energy impa.rted t o  +;he 
mi.ssLle a t  i t s  o r i g i n  and i t s  r e s u l t i n g  veloci ty  and. sng1.e of impact, and 
i r r e g u l a r i t i e s  i n  the  s h e l l  m-Lerial. Missiles can acquire ve loc i ty  by 
the shock pressure from an expl-osion or by being struck by a j e t  of f l u i d  
issuing from a point  of f r a c t u r e  a.nd being propelled by t h a t  jet or, i f  
the rnissile contai.ns f l u i d  a t  the -time of r.iiptix?e, it can be propel.l-ed 
by the  expanding f l u i d .  

The e f f e c t s  of missi le  impact on 

6.6.1.1 Shock-Generated Missiles 

The unbahnced  pressure, P, ac t ing  on tne missi le  i s  assixned t o  a c t  
for t h e  length of time required €or the shock wave t o  travel t h e  length of 
die rnissj.l.e, t h a t  is, L 

(6.191) I, 
't o - v '  .- 

where I, i-s the  length of t h e  missile nor11~i.l t o  the shock wave, V i s  the 
shock ve loc i ty  [see Eq. 

1% can be shom that the  only signiTican-t force aci;i.ng during t'ne 
period of the shock force i s  the pressure force of the  shock wave; and 
assuming t h a t  the pressure i s  constant over - th i s  -time interval., t h e  missi le  
ve loc i ty  can be obtained from l;he impulse-rnomentwfl re la t ionship  

( 6 . 8 6 )  1, and T~ i s  the  time that -file pressure ac is .  

where 

(6.192) 

0' 
V = m i s s i l e  ve loc i ty  at, time T 
0 
P = mbalanced. pressure exerted ofi missile,  
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A = area of mi.ssi1.e on bhich P acts, 
rn = mass of inissii.e. 

‘l’he d i s t ance ,  x tiiat t h e  missi-le travels dur ing  acceleraLion i s  
0’ 

?AT 
0 x = ............ - 

0 211 * 
(6.193) 

TI”, a t  t h e  end of t n i s  per iod,  t h e  :missile i s  sti.1.l i n  a f l u i d ,  a peri.od 
of ncgal;i-ve accelerai;:i.o,n follows for which 

( 6.194) 

where C i.s t h e  dray  c o e f f i c i e n t  and p i s  t h e  f l u i d  d.en:;ri+,y. The f ina l .  
v e l o c i t y  of .bhe mi-ssile af ie i -  t r a v e r s i n g  the  remaining dis-Lance through 
t h e  l i q u i d  i .s  ob-Lained. by integr:xLing Eq. (6.194.) over t h e  r=maini.ng 
d i s t ance ,  r e s u l t i n g  i n  

d 

where 

6.6.1.2 2e.l C- Proaelled Miss i l e s  

(6.195) 

Pi.pes, p re s su r i ze r s ,  or o the r  hol..low m i s s i l e s  t h a t  con ta in  f l u i d  at 
t h e  t i m e  oi” rupture can be propel-led by expansion of t h e  flui.8. t hey  con- 
LaiiI-? 1.n order  t o  ca l cu la t e  the TirLal v e l o c i t y  the  missile m y -  a t t a i n ,  
d e t a i l e d  know1.edge of Liie expansion process  and the c r i - t i ca l .  d.ischargc 
TZ “is i s  requi red .  A simple ca!_ciAI.ation w - i l l ,  however, y i e l d  conserva t ive  
resul-is. TI t h i s  cal.ciil- i on  it i s  essimed t h a t  the fi.uid i n  t h e  missj.1-e 
expands i sen’mopica l ly  to t h e  ambien‘i p re s su re  and t h a t  -Lhe k t i i e t i c  energy 
of the m i s s i l e  i s  e q m l  t o  the cha-nge i n  inleri ial .  energy of the flurid 
duri i ls  t h t s  expansion. A s  an  cr,mp!..e, cons ider  a sectiofi of 2- in .  sched-1-60 
p ipe  i n i t i a l l j r  filled w i k h  sa-tirirated v a k r  a-i 500 p s i a .  The i n i t i d  in--  
Lez:nal.. energy i s  1-47. 6 B t i i / l b ,  The -Pir ia l .  q u a l i t y  i s  23. .3$> and t h e  fiiiacl. 
i n t e r n a l  energy i s  389 3tu/l..b. There i s  t h e r e f o r e  58.6 Btu/lb or 45,600 
ft,-lh,/.lb of’ energy avaflable Lo propel. the  mLssile. The weight ol” water 
per f o o t  o f  p ipe  i s  0.g 3.h. ThcreTore t h e  kinetic energy of t h e  m i s s i l e  
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i s  36,500 f t - l b  per f o o t  of pipe. 
weighs 7 1 / 2  lb/Pt, and half  the  weight of the  water a re  aceel-erated 
through the e n t i r e  t rave l ,  t he  final veloc i ty  i s  545 f t / sec .  
conservative r e s u l t  since it has been assumed t h a t  a l l  the energy of the 
f l u i d  i s  t ransfer red  in to  k.inetic energy of t he  m i s s i l e  a t  loo$ efficiency. 

IT it i s  assumed "r;hat; t he  pipe, which 

This i s  a 

6.6.1.3 Set-Propelled Missiles 

A credible  niissile upon being detached may be propelled by a jet  of 
escaping Fluid and continue i n  t h a t  j e t  of f l u i d  until i'c s-Lrikes the m 7 . 1  
of the  vapor con-t:ziner. The j e t ,  which has m ~ s  and velocity,  imparts 
impulse t o  t he  missi le .  

The f l u i d  expands in to  the  vapor container and, when expanded t o  
ambient pressure, reaches a peak ve loc i ty  a few feet  from the rupture. 
The missi le  i s  propelled by, and accelerated in,  Chis J e t  of f11nl.d. ACter 
the j e t  has reached vapor container pressure, t h e  assimption i s  im<de t,hat 
the Set continues t o  propel arid accelerate  the  missi le  u n t i l  the missi le  
impinges on the  vapor container wall a t  a distance of x f e e t .  

A constant jet velocity,  which I s  a conservative approximatLon I w a s  
assumed for t he  following analysis .  The vel.oci-f;y of Yize j e t  may be ca l -  
culated by the  means described i n  Section 6.4.2.9. 

The weight of f l u i d  strikimg the  missi.1e decreases as  the  Jet expands, 
s-Larting with a mxiraum a t  the point of rupture and decreasing as the  mis-  
s i l e  moves further and fu-rther from the ruptwce. Since the total PBSS flow 
r a t e  i n  -the j e t  remins constant, as the  area of t he  je t  Fncveases, the 
weight of f l u i d  a c t u d l y  st,riking the  missi le  on i t s  projected area con- 
t i nua l ly  decreases. 
angle of  t he  jet;. 

advancing front of a j e t  of a i r  suddenly released from an o r i f i c e  exp:tnd.s 
a t  an i>llgle of 60 t o  70" i n  going from the o ~ i f - i e e  press1iru.e down t o  atmos- 
pheric pressure, On the  other hand, i n  steam turbine practice,  nozzles 
an? designed with an angle of 10 to 15", si.nce with a greater angle the  
j e t  does not expand €ast encugh t o  maintain contact with the  w a l l s .  W i L h  
unconfined and unconLrolled expansion and with the  j e t  issuing from a 
ragged opening, it i s  considered Ynat t he  angle i s  more l i k e l y  t o  approach 
the  grea te r  value. 

equation becomes 

Thus the  f i n a l  ve loc i ty  of the  missile depends on the  

Data obtained from tine U. S. Department of I k f ' e n ~ e ' ~ ~  ind.icate tha t  the 

With the assimption t h a t  the j e t  expand:; with ang1.e 2(3, the veloci ty  

where 

pf = densi ty  of j e t  f l u id ,  
A, = o.rifice area, 
Vf = j e t  ve loc i ty  a t  o r i f i ce ,  
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A m m = m2ss of missile, 
A .  = j e t  are,% a t  x 

= 7: (ro + x tan p) J 

ro = rad.i.u.s of o r i f i c e ,  
V = mi-ssile -vel.ocity.  

= c ross - sec t iona l  a r ea  oi" mi-ssile, 

for c i - rcu lar  jee ,  

Ti?e so lu t ion  of  Eq. (6.196), which gi.ves the  v e l o c i t y  of tiie m i s s i l e  
as a function of tile d i s t ance  l;ravel.ed, is13b 

where 

(6.19'7) 

K1 = constant  depending on i n i t i a l  coilditicms 

Equatioiz ( 6.197) mmy be solved e i t h e r  g raph ica l ly  o r  by n imer ica l  
1iiC-thods ( t r i a l  and. error or  NeVtori's method) f o r  t he  mls s i l e  v e l o c i t y  
a f t e r  t r ave l ing  a d-i-stance x i n  t he  jet. 

The fo rce  on t h e  missile i s  propor t iona l  t o  t h e  weight of t he  f l u i d ,  
and t h e  accelera , t ion i s  propor t iona l  'io the weight of t h e  f l u i d  divi.ded 
by t h e  weight of the  mis s i l e .  Since t h e  wciyht  of t h c  f l u i d  s t r i k i n g  'che 
lrlissile i s  propor t iona l  'io tiie projected.  area, a c c e l e m t i o n  is, i n  turn,  
proporti.ona1 -Lo 'che area of t h e  mi-ssile divided by t h e  weight of t h e  mis- 
s i lk .  ?"ne rflissj.le tha-t  has the g r e a t e s t  area-to-welgbt r a t i o  w i l . 1  obtain 
t h e  elreatest acce le ra t ion  and hence t h e  g r e a t e s t  veloci'cy. The area- to-  
weight r a t i o s  o f  some poss ib le  missiles are shown i n  the  fo11owtt-g tabu- 
lation: 

Area-to-Weight 
M2 s s i l e  Rat io  

2- in .  s t e e l  valve 0.60 
Thermoine t e r  w e l l  0.25 
2 - i i ~ .  s t e e l  'oar 0.14 
2-in.  s t e e l  pipe 0.15 
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6 , s .  1.4 S p l l i n g  

When a shock w8.v~ .traverses a m t e r i a l ,  the  shock front; coiripresses 
If the pressure i n  and accelerates  the  matter through which it passes. 

the shock wave i s  large compared with the  ambient pressure, the work d-one 
by the shock i s  par t i t ioned approximately equally between k ine t ic  and 
in t e rna l  energy. 
rmter ia l  i s  

%ne r a t e  a t  which energy is  delivered t o  the  uncompressed 

i = p u  = E t o  p U = 2 ($ u2) p0u . (6,193) 

When a shock such as  t h i s  a r r ives  a t  a f r e e  surface, the silrface i s  
~ i p i d l y  accelerated,  and, i f  t w o  conditions a re  satisfied., a layer  w i l l  be 
spa l led  from the nlaterial surface and projected ou-bward. The two condi- 
t ions  a r e  (1) that the  pressure amplitude of the shock mve must be greater  
than. the  t e n s i l e  s t rength of the  material. and (2) t h a t  the duration o f  the 
shock wave must be less thaE appoximately twice the time required f o r  the 
shock 'GO t raverse  the body under consideration. If the  duration of t h e  
shock ~ t v e  i s  rnuch greater  than t h i s ,  the  body rmjr be projected cx~tward 
i n  one piece a t  a ve loc i ty  deteimirzed by the t o t a l  impulse delivered by 
the  energy source. ,Suppose, however, t h a t  spa118 do occur and t h a t  they 
a re  t h i n  compared with body thickness; then one o r  more spalled layers  w i l l .  
be projected f r o m  the  surface a t  ve loc i t i e s  depending on shock. s t rength 
and mater ia l .  Lhder these coaditions the  spal-1s would represent a threat; 
t o  any surrounding c o n h i n e r  ; and, according .to previous work, the  extent 
of  t h rea t  depends on a damage parametex., L, eqiml- t o  k ine t i c  energy- per 
unit diameter of p o j e c t i l e .  135 
(and t h i s  w i l l  depend on geometry), the  extent o f  damage i.riereases rmno- 
ton ica l ly  with 

If a l l  spa1.l~ have the  same diameter 

1 
7 Potd2W2 

L =  d = 2 potdW2 , (6.199) 

vhere \I, t, d, and po a r e  spa11 velocity,  thickness, width, and density, 
respectively.  Since d was assumed t o  be constant, 

i, E potW2 . (6.200) 

Before comparing d i f fe ren t  materials,  some c r i t e r i o n  for equal shocks must 
be estsblished, and it i s  perhaps most reasonable to suppose that  the 
pressure-time h i s to ry  o f  the shock-genera t i a g  mechanism i s  the same i n  
each c a x .  This imp1.ies tha t ,  except f o r  attenuation, which may 'oe eon- 
t ro l l i ng ,  the r a t e  a t  whieh work is  done i s  constant; t h a t  is, pu i s  con- 
s tan t . 'i'lien 
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and 

@ a l l  t h i c k m s s  depends 7.n de'mi.3. on shock wave structui-e 
s t r eng th .  A fa i r  appi-oximation f o r  the long wdvelength shocks 

(6.202) 

and Lensile 
t o  be ex- 

pected iii reac-Lor explosions i s  t o  i-egard t h e  decay ra te  f o r  pressure be- 
hi.jld t h e  shmk front. as l i n e a r  over .'die rlj-stance of a spa11 th tckness .  
Then spa11 Lhlckness depends diyect, ly on dyimmic t e n s i l e  st-i.eng'il-1 of t h e  
medium. It ris in - tc res t ing  t o  compare concrrete, the most Corilloil r eac  Lor 
sh ie ld ing ,  wi.th steel. Concrete has a s t a t i c  t e n s i l e  sLrength of 100 t o  
400 p s i  compared w i t h  abou'i 43,000 t o  300,000 p s i  f o r  s t e e l .  
s.Lreng%hs r i s e  by the  same f a c t o r  (about 3 f o r  s tee l )  f o r  high raLes of 
s t r a i n ,  spa11 th icknesses  j.n concre-Le should be milch l e s s  t h a n  those i n  
s teel .  for i d e n t i c a l  shocks. Since t h e  shock v e l o c i t y  <:ti. s t e e l  i s  abou-i 
twice t h a t  i n  concrete,  it sh.ould be expected t h a t  Zs.t.eo7 z 1000 Lconcre-~Le. 

Shock waves i n  concre'ie wi3.1 t he re fo re  not  producebhigh ene-gy spa1l.s ~ 

The d e t a i l s  of shock wave amplitude and shape a r e  unimportant, except t h a t  
t h e  t o t a l  Inipulse should not  be enough. t o  projec'i the  whole 'nody out a t  
high ve loc i ty .  A high-amplitude shock w i l l  Froduce h igh-ve loc i ty  spal ls  
of powder s i ze ,  whi.1.e a low-amplitude shock v-iI-1- produce massive bu-i 3.0~- 
-veloci ty  spa1l.s. 

rssiilts of Stanford Research I n s t i t u t e  s t u d i e s  of concrete  breaching. 136 
No fragments capable of breaching 'die usual r e a c t o r  buildi.ng were ever 
observed d-wing ex-tensivr concrete  demolit ion %est.s. Fragments of cubic- 
f o o t  s i z e  were given v e l o c i t i e s  oil t h e  order  of 50 I"-i/sec, and f i s t - s i z e  
fra.gmmts were gi.ven velor.itri.es of less  than  200 ft, see.  3.37 

If both 

The qualita-Live t h e o r e t i c a l  cons idera t ions  above are backed up by t h e  

6 .6 .2  P e n e t r a b i l i t y  of  Shells" 

A potent5.all.y s e r ious  hazard t o  the  a i r t i g h t  in'cegvi.ty of t h e  outer -  
most containment s h e l l  i s  t h a t  posed by I-ong, s lender  m i s s i l e s  generated 
d in ing  an excursion. Such missi-les could conceivably be con t ro l  rods o r  
fuel  rods channeled i n t o  t h e  r e a c t o r  core  or  lengths  of plipe broken loose  
by t h e  d i s rup t ion  of a pressure  ves se l .  EYagments of t h e  b io log ica l  
sh ie ld ing ,  including r e in fo rc ing  rod, might also consti:tute hazardous m i s -  
siles. 

- * 
Work reported i n  this section w a s  taken from a paper by G. R. Fowles, 

R. W. White, and N. B. Botsford, Paul-ter i abora to r i e s ,  Stailford Research 
Institu-t;e, Menlo a r k ,  Ca1i.f. Much of t h e  work w a s  performed by N. R ,  
!&.bel. 



6.157 

To assess  t h e  extent  of the hazard from t h i s  soi-rrce, knowledge i,s 
required o f  (I) the types of missiles l i k e l y  t o  be generated and t h e i r  
v e l o c i t i e s  and (2 )  the c r i t e r i a  f o r  penetr:%-Lion. 
depends s t rongly on t h e  type of reactor. and the  magnitude of t he  excursion; 
at present t he  ec.nt,airmerzt engineer must r e l y  heavily f o r  t h i s  ilzforrarztion 
on t h e o r e t i c a l  estimates based on de ta i led  study of the par-Licular reactor  
under consideration. The second has been examin-?d i n  a s e r i e s  of  pene- 
t r a t i o n  experiments. 

Knowledge of %he Pi.rst, 

6.6.2.3- Pene-bration Experiments 

1. % s i c  Tests. Most of the experiments m r e  pcrr'omeed with f l a t -  --- 
ended c y l i n d r i c a l  rods f i r e d  end-on at khin m i l d  steel plates  supported i n  
a heavy frame. The arrangement is  shown i n  Fig. 6.93. A s e r i e s  of f i r i n g s  
at s l i g h t l y  d i f f e r e n t  ve loc i t ies ,  wit ' r r  o thc r  parameters held cr.mstwii;, 

TARGET 
S T E E L  ENTRY WOOD SCREEN IN  STEEL. CARDBOARD SAND 

/ BRACES / CONTAINER PL+TE ,' HOLDERS \ \ 

ALUMINUM \ STYROFOAM \ S T E E L  
FOIL SAND-  REBOUND STOP MOUNTING P L A T E  

WlCH SCRFENS WITH 4 " x  4" OUT- 
FOR T I M I N G  L E T  APERTURE 

EXIT  W I N O O W  

' TARGET 

( b l  

1' '  STE'EL 
STOP 

Fig. 6.93 a Target Arrangement, a (Prom r e f ,  135) 
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sei-ved t o  bracket the critical penetration veloci ty  i i i  each case, Figure 
6.94 shows a case i n  which penetrat ion vas j u s t  achieved. For t o o l - s t e e l  
pro jecti.3-es, the fo1l.owing empirical r e l a t i o n  w a s  found : 

T2 - + 3’75 - -  E -  

DF2 46,500 
(6 .203)  

where 

E = c r i t i c a l  k ine t ic  energy required for penetration, ft-lb, 
TI := rod diameter, in., 
S = ii.tim-te t e n s i l e  s t rength of tayget pla te ,  psi., 
T ::: target  pla-Le -thickness, i n . ,  
W = length of s ide of square window i n  t h e  ta rge t  frame, i n . ,  
F = scale  fac.tor = W/W * W, = 4 in. 

S ’  

A p l o t  showing the agreement of the  data  w i t h  Eq. (6.203) i s  shown 
i n  Fig. 6.95. The data deviate from the formula somewhat, p a r t i c u l a r l y  
a t  the higher (scaled)  thickness values. Detai.l_ed examination of  the 

C 

Fig, 6.94. Threshold Penetration. (From r e f .  135) 
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Fig. 6.95. Scaled Specific Energy f o r  Penetration. (From ref.  135) 



da ta  ind ica t e s  t h a t  some of -i;hi.s dev ia t ion  i s  due to neglec t  of p-rojecLi1-e 
lene'& e x p l i c i t l y .  [ P r o j e c t i l e  l eng th  e n t e r s  Eq.. ( 6.203) only i n  -the 
c a l c u l a t i o n  of k i n e t r c  energy. 1 
furthermore, it I.s probably adequa-te f o r  most engineering purposes. 

r a t i o s  of parame-ters : 

However, t h e  formula i s  simple t o  use; 

The formula can be used wi th in  t h e  fol.l.owing ranges of v a r i a t i o n  of 

0.1 < T/D < 0.8 

10 < L/D < 50 
5 < WID < 8 
8 < WIT < 100 

0.002 < T/L < 0.05 

0.2  < W/L < 1..0 
70 < vc < 400 

where V, i s  c r i t i c a l  pene t r a t ion  veloci ty  ( f t / s e c )  and 1; i s  p r o j e c t i l e  
length .  il'i?ese r a t i o s  are no t  a l l -  i-ndependent hu t  musi; be s a t i s f i e d  si.-mlrI.- 
taneously-, s ince  al.1 combina-tiom wi th in  the above 1 T i 1 1 j - t ~  were not, t e s t e d .  
Some o f  these i:anges a r e  displayed. graphicaL1-y in Fig, 6.96. Tile po in t s  
indi.ca.te the  r ep resen ta t ive  parameter rz t los  t h a t  were t e s t e d .  Cyj. t ical  
pene'ms Lion ve loc i ' i i es  are ind?.ca,ted. by the numbers &om. next  t o  
po in t s  

2. Scaling. It may be noted tha.t  Eq. (6.203), as wr;i.tten, implies 
-that t h e  pene t r a t ion  phenornenon sca l e s ;  t h a t  is, f o r  a given t a r g e t  and 
p r o j e c t i l e  ma'cej-ial - 'he  c r i t i c a l -  v e l o c i t y  f o r  pene t ra t ion  j.s depeindent 
only on r a t i o s  of seometr ical  parameters and no t  their absolu te  values .  
The va l - id i ty  of s c a l i n g  vas es t ab l i shed  i n  a s e r i e s  of experimen'cs a t  t he  
po in t s  l abe led  A, B, and C i.n Fig. 6.96. 'Tbe scale  f a c t o r  was va r i ed  over 
a range of approximately '7 to I-, with al..1 r a t i o s  of parameters he ld  con- 
s t a n t .  
Recause sca l ing  holds ,  t h e  range of validity of Eq. (6.203) i.s expressed 
i n  terms of i-atios of geometrical  pammeters.  

a r e  compared i n  .tile graph shown in Fig. 6.97. The energy requirements f o r  
pene i r a t ion  c l e a r l y  increases  as t h e  strength.  of the  p r o j e c t i l e  decreases;  
t h i s  i s  be l ieved  t o  be due t o  pl.astir: detormati.on o f  tile end of t h e  pro- 
jecti.1.e on impact. 
of those inves t;i-gated; arid, si-nce these  suf fered  l i t t l e  deformat,i.cn, t hey  
probably also represent  the most hazardous case.  Thus, hazard esti-mates 
based on t h e  results for t o o l  s t e e l  [Eq. ( 6 . 2 0 3 ) ]  shGuld always be conser- 
va t ive .  Concrete mis s i l e s  a r e  c l e a r l y  much less ?n.azardous than  metal f o r  
T/D ratI.os g r e a t e r  than about 1.~20. 

A.  P r o j e c t i l e  Shape and A'i'ci-tilde. A 1.i.mited nljinber of t e s t s  t o  show 
t h e  e f f e c t  of a conycal t i p  on the eild of tine iaod showed t h a t  for cone 
angles  g r e a t e r  than  90" t h e  energy f o r  pene-Lm.tri.on i s  equal t o  o r  s1ig:h.tl.y 
g r e a t e r  -than t h a t  for a .Cl-at-ended. p r o j e c t i l e .  
rods, however, tkie energy t o r  per.foration (as d i s t i i i c t  from comple-be pene- 
t r a - t i on )  I s  sihstantriaLly less, For example, a rod w i t t h  a 45" cone ang1.e 
produced pe r fo ra t ion  with approxiirately ha l f  t h e  energy required of a f la t -  
ended rod of the same dimensions. 

The pene-Lration veJsx i ty  va r i ed  by less than  lO$ i n  each case.  

3. P r o j e c t i l e  Materials. The eCfects  of various p ro jec - i i l e  ma te r i a l s  
I___. .. . . .... 

Tool s t ee l  pro j e c t j l e s  pene t ra ted  with t h e  b a s t  enerEy 

For more sharp ly  poi.nted -. 



0.8 

0.7 

0.6 

0.5 

d 2 0.4 

0.3 

0.2 

0. I 

4 in. WINDOW, HOT ROLLED M I L D  STEEL - 
12 in. WINDOW, A201, GRADE B CA30G) STEEL 08273 

- 
262 

UPPER NUMBER IS  LOWEST PENETRATION 2a6, 322 
VELOCITY (ft /secJ. 
LOWER NUMBER IS HIGHEST DEFEAT VELOCITY. 

SINGLE NUMBER DENOTES THRESHOLD ,326 
V E LC CITY. 

* 347 - 
264 $299 329 

- - 

- 
338 

267 3338,274 
165 a:;: 281 

149 153,183 
127 l$8 .* 146 
I16 I59 

- - 214 
206 

0 

Fig .  6.96. Parameter Ratios Investigated. (From ref. 135) 
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Other tests i n  which the rod a x i s  was inclined s l i g h t l y  (<15") -to the  
norin.4. t o  the t a r g e t  showed no apprecia&le d i f  Perences in penetration 
energy conpared with t e s t s  a t  normal incid.ence. 

be prestrFssed by hydros-Latie pressure before impact o f  a rriissile. 
t r a t i o n  . t es t s  vti;h the  t a r g e t  under tensl.on, up t o  6000 ;psi, show& Ynat 
t h e  e f f e c t  of p r e s t r e s s  i s  sirqily -Lo reduce .the: e f f e c t i v e  ul.LrimatL? -Le:mi.1.e 
st rength of the  t a r y e t .  Thus, pres t ress  cam be account,ed. f o r  i n  Eq, 
(6.203) by red-ucing S by the  amomit, of pres'i;ress. 

t a r g e t  nicjiuxted in a frame o f  fj.nj-te size. LJnfo~tvnntely, this s i z e  TVY,~~; 

not so l a rge  that, var ia t ions  in ~ ~ i n d o w  s i z e  or, more acc-urate.l_y, varia-t-i.ons 
i n  the r a t i o  of window s i z e  t,o other geometrical pa.rajnetera could be ne-- 
glee Led, Conseq~~.en'C.y, window size must b e ?  con..;idered ri.n t,he application 
of Eq. (6.203) t o  real s i tuz t ions .  

values of W/L, W/D, and. W , h  subs tan t ia l ly  larger than .those employed. j.11 

the experirmits ; t h e  Tormni-ila p red ic t s  -that the penetration energy increases 
i n d e f i n i t e l y  with W, wtth a l l  oLlier parameters he1.d cons-tn,n-t;. A re-w i;ests> 
'Iiowever, indicated deviations i n  perie 'mat ion energy by no more than k5(.1$ 
from predict ions of Eq. (6 .203)  as ttie wrindow size was rmcle eri.t'ner very 
1.arge or  very- mall ( l a r g e r  windows required larger energy; smaller win- 
dow, l e a s ) .  
hazard i n  cases where the  r a t i o  of window s i z 2  t o  0' parameters is 
gi-eat;e:C t,han the  l~a:fige 03 w,l.j.rlity of ~ q ,  
e y w t i o n  w i - t ; ~ ~  an assumed VRIUF' of w siaci? tha-t W/U E 8 -  
cal penetrat ion energy obtained by t h i s  procedure shoiuld always be con.- 
servative; that I s I  grea ter  es?.ergy T~oulcJ. TIE: reqiiircd t o  netrate whtei-e 
the  a c t u a l  window size was lai-g-::r -than tha-i a:;awired- i n  -the above r a t i o .  

5. Prestress of Target. Iln an. excur*si.m the conta3.iinrent s h e l l  rni.gbt 
Fene- 

6. Window Size. Tne experimnentx were neeesssr i ly  perforrum'l w?:.th the  
I~ 

It should. be noted t h a t  Eq. (6.203) does not  extrapola-Le properly f o r  

Iknce, a reasonable procediire f m  e s t i  l . 1 1 ~  the penetration 

( 6. 20.3) w0111.cl he t o  emp3.o~ 4;hi.s 
'WE va lue  of c y i t i -  

6.6.2.2 Coaclusions 

The experimen-tal r e s d t s  lead t o  the  following coiiclusions : 
1.. Tlne most, tmza.:rdous type of proJec-tl.1.e i s  one of t err ial. 'iha:t i. s 

hard wher, coi~ipared wi-ti.i mild s teel ,  h3,s e i t h e r  a shm-pl.y pointed. e ~ d  (cone 
angle less than 90" ) o r  a f l a t  end, and s t ~ f k . . e s  t,he she.l.3. end-on. 

2. ScsLiiig is v a l i d . ,  Henee, results obtained ii? si-mll-scale experi-  
ments ca,n be applted on a l.n:~gi-.r scale,  provided. a l l  rai;ios OS ge0me.i 
parameters a r e  held constant and provided -tl-ir. materials zire 'the sane, 

the  effec-tj-ve ul-t:i.amLe t e n s i l e  strength oT 'die s h e l l  by -LIE s,:irount of Jihe 
prestress, 

reasombly good predict ion of the eilergy reqiiiremeilts f o r  penetra.t.ion of 
t o o l  steel. i-0d.s 'Yhl~ pred.T..ctri.r:ln is conse?.mit.i.ve f o r  s o f t e r  p r o j e c t i l e s ;  
it i s  generally overly consemmtive f o r  concre te  projec ti.l.es . 

5. Wner-e rriissil.es wi.th energ i.es suff ici. ertt1.y large t o  pene t ra te  the 
coritai.mien-t s h e l l  ciui be shown 'GO exist, t h e  cont,ai.nnien.t shell. should be 
pi;O'ie(::ted as by interposi-ng an adeqi.iat,e barr ier  be tween the shell sild the 
p o t e n t i a l  missile. Shielding concrete frequently doi.ibbl.es foi- this purpose. 

3. The effeet of WI in i t ' l -a l  t e n s i l e  stress in t,he she3-1. i s  'to reduce 

A. Within l2i.e range of parameters list&, Eq. (6.203) pwvides a 



F'igure 6.9% i l l u s t r a t e s  t h e  gener.i.c idea i n  t h e  use o f  b l a s t  s h i e l d -  
i n g  t h a t  was originally su  
E .  4.3 ) . 
hydrodynanic e:icrgy t o  -illermal energy through the use of absorbing l a y e r s .  
The mediur:i s inrounding t k e  core ,  tl;e reackor  shielding; arid the r e a c t o r  
compartment may providz a?equate absorber mater ia l . .  ?he ' ihickness of t h e  
- r a r ious  l a y e r s  is 1. h i  t e d  by cons idera t ions  o f  t h e  p a r t i t i o n  between i n -  
t e r n a l  and k i n e t i c  eiiei'~,y, t h e  enet-'gy i n  t h e  explosioc,  and t h z  pres su re  
level.  at .which tne absorber  reaches i t s  crushing st,!.ength acd ceases  i o  
be c f f i c i e n t  f o r  absorp t ion .  S k e e l  plakez errcl.ose t h e  l a y e r s  of t h e  ab- 
sorbing m a t e r i a l s .  Their  func t ion  i s  t o  fla-L-ten out t n e  shock front and 

es ted  by tile waste hea,i, concept (Sec t ion  
'i'he b l a s  L s3iel.d desigred t o  effect ,  a bonafid-e conversioii of 

t o  rmke zhe shock xt. 
coi i ta in  t h e  absorbing 

. . . . . . . . . . I * 
This Sec t ' on  i s  

and 'Yransirlission. 

W 
n 
3 
In 
co w 
lr 
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a 

~ 

y o r e  I ;ke  a pision on the subsequent 1ayei.s and i o  
I' a t e r i a l s  . 

el osely rela',ed to Sect ion  6.4.3, Shock Genersii  on 

ORNL- -0 'NG 6 4 - 8 7 9 9 R  

I N T E R N 4 1  REGION 
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D I STA NC E 

S A F E  REGION 

Fig. 6.98. The Waste Heat Concept. 
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A b e t t e r  ins ight  into the mechanism of absorption rmji be obtained from 
Fig. 6.98 by following closely t'ne sequ.e:n.ce of events a f t e r  an  Fnstanta- 
neous energy release.  A s  a r e s u l t  of the  energy release, the  in t eya i l  
reglon wi l l . .  be si.xbjected t o  peak pressures,  as shown by ci.~rve A-B. The 
d-ecay of t h e  peak pressure with. dl.stance 1my be predicted by Eq. (6.122) . 
A t  poi.n.t 13, the internal reg-on ceases t o  be an e f fec t ive  absorber (for 
example, for Tmter t h i s  would be about 20,000 b a r s ) .  
s11i-e :~irl.t,l.plica,ti.c)m at, the interface,  the  pressure i n  absorber 1 i s  hoostec3 
t o  point D. From t h i s  poii?.t,, the pressure again decays .Lo point E. A s  
before, point E repreesen-bs the lowest pressure a t  which mteri.aJ- 1 i s  an 
effec-Live absorber. At. ''his point, a new absor'oiiig material2 2, i s  used 
t o  red.uce the pressure t o  po in t  F, ~vhich i s  assumed to be a safe  pressure. 
?"ne dashed curves represent t he  decay of p re s su :~  wi th  d-is.Lance i n  the  
absence of the  s1~hseqiient, absorbing mizterial layers .  Fox- example, cu:~"'vc? 
R-C woi~J-d represent t he  pressure decay i f  absorbers 1 and 2 w r c  replaced 
wit,h the intei-nal region rmter ia l .  

Str.i.ctZy speaking, an op'iiinim- shield ca:n be tailor-made f o r  any given 
presswe level a;nd energy content, but, whatever shield i s  coastmxt,ed, i f  
-t;he b k s t  does not v;zporize soriie of tile absorber, it w f . 7 l  be more eff ic ierzt  
a t  higher energies and pressures than a t  loss energies. Evexi -though it w i l l  
be less efficizii t ,  ~ I : X  expl.osions %elow the  design valii.e, It, w i l l  a1.1my~ 
reduce the presswe to  some. 1 . o ~ ~  and safer lese1 than for. .tile larger ex- 
plosri.011. 

As a resul t  of pres- 

is, 6.3.1- E las - t  ,s" ... 

To e f f ec t  a dirninu+;ioii in the energy nf i i l  shock, e i t h e r  a real. absorp- 
Live nu:cha.nism must be provided or -the energy m u s t  be d is t r ibu ted  over a 
l azge r  wjlwnt: by some nechsui sm such. as cha.nneling. ,4t a high enough pres- 
suxe tn any mkrial, a shock beco~nes a, highly irreversibl .e process; the 
preaeure level. a t  vhich such i r r e v e r s i b i l i t y  is important depends on the  
thermcsd3marflic propert ies  o f  -the r~?:l;es-ial through which the shock passes 
Unfoi-turia.tely, consideying c i r m n t  ~.ea, r_L~x"  d.eni.gn, shock streng'ths in the 
ra.ng;@ of a ~ I E ~ F L ~ I ~ . : ~  i.n coiicre-te or .Lens of kilobars; i n  wat,erc are still. elas- 
t i c  processes and, conseyi.nent,ly, these wmterj.als ac t  as t r n n s x i t t e r c  (. To 
capitsli.ze on the i . rmversibil i t ;y requires a su i tab le  change c ~ f '  t h e  m t t i i -  

rials thuuu& which 'dit? sl~ock is passed, 
AJ-though the  en.t;ropy change a c r o s ~  shocks I s  well recognized, the  

d i f f i c u l t y  i s  one of  expressi.ng or assessi.ng this wa.ste heat i n  a slmp1.e 
engineerring %a.shion, Tnis i s  especially t,rue i n  t'ne abEence of EL couipl.&e 
equaLion of state fo r  the m;~-t;t.:rri.~.1. ixp to ti.ic: presswes in question. FIow- 
ever, it appears t h a t  the ~ian.ltinr.-~~l-~Ejoniot curve f o r  t h e  ma-terisl. m.y be 
vs1i.d to assess  the mxgtitucie o f  the  waste heat a t  any rea:;onable pressure 
level below vcporizatioil of the  aksmbing ind;erLa,lm 

The e n t i r e  I l k t o r y  of the thermod;rilamic behavior of the illaterial i n  a 
'olast wa'v':? and milch of i t s  d p  c hehavioi- imy be portrayed in a conveiiient 
form by use of   he faxni. l iar  pr. lure-volui-r~e p l o t  shown in :Fig% 6.99. It 
i s  sI:fr?iI.a.r t o  Fig. 6. 45 but contains fur ther  d e t a i l s  necessary f o r  the ex- 
positiofi of the ?Taste hes t  theoi_jr. Tne ambient, conditions f o r  t ne  material. 
beQore sh.ock a . r r t v 8 d .  are represented by the coordinatx govo. The cu~ved 
path a,l.o:clg 0,4E is the L3mkine-'&goniot cusve and represents,  for various 
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Fig. 6.99.  T’ne Was’.,e Heat ConcepL. 

shock st,rengths, t h e  pv r e l a t i o n s  tha-‘i must e x i s t  behind t h e  shock front. 
For any given shock s’ii-ength (poiiit A ) ,  t h e  mxlxx-ial i s  e f f e c t i v e l y  raised 
ins tas taneous ly  t o  t h i s  s t a t e  a long -tlie s t ra ight - l . ine  path,  OA. The pa th  
OA does not  mean that, t h e r e  i s  a cons’can-t r i s e  ac ross  ’&e shock Tront, bu t  
merely t h a t  .the internal.  eizei-gy b p a r t e d  by the  shock t o  the material a t  
pressure pa may be convenien-tly represented by the  area of the  t rapezoid,  

After passage of t h e  shock, t he  nl;i%erial expands, and t h e  assumption 
i s  made, w i t h  considerable  experimental. j u s t i f i c a t i o n ,  t h a t  t he  expansion 
i s  acii.a’ua-t,ric. The p dv work done by the  ma te r i a l  i n  the expansion repre-  
sents  the energy given up by t h e  partricles. It i.s t h i s  energy t h a t  i s  
t ranspor ted  forward and compresses more d i s t a n t  mt;erial at a l a t e r  t i m e .  

a r e a  under the curved ac?i.a.bat, from i t s  i n i . t i a 1  shocked volume va t o  i t s  
f i n a l  vo3v.me v, when t h e  ma te r i a l  is re twmed t o  ambient pressure.  The 
r e t u r n  t o  a m b i h  pressure i s  not,  of cou~se, as.ymptotic; it ts r e a l l y  a 
series of o s c i l l a t i o n s  i n t o  negative-phase pressures beyond vf until- t h e  
f i n a l  ambient pressures  are rees tab l i sbed .  This happens e s s e n t i a l l y  a f t e r  
t h e  b l a s t  has deca.yed t o  i r is igizif icant ly  low overpi-essures. The d i f f e rence  
between t h e  a r e a  under tne adiaba%, which i s  t h e  energy given up by t h e  
mater ia l ,  and the area under t he  interna’l. energy . trapezoid i s  t h e  waste 
hea t .  

In general ,  the  ad iaba t  l i e s  above t h e  Rankine-Hugoniot curve, such 
RE shown i n  an  exaggeratkd way i n  Fig. 6.99. I-Iowever, the di.fference i s  
so small t h a t  t he  Rankine-Hugoniot wave may be used t o  dep ic t  t h e  expansioLi 
process so  Ihng as the material. i s  not  ;*aised t o  a s u f f i c i e n t l y  hi& pres- 
s u e  -to resu l i  i n  subseqy-ent vaporizaLion upon expansion. 

v,OVaA * 

The t o t a l  work done during the ad iaba t i c  expansion i s  o’oviously tAe 
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Another remarkable property of so1.i.d and l i qu id  ma-terials i s  t h a t  the 
'temperature r i s e ,  even i m e d i a t e l y  behind the shock, i s  extrenze1.y sm~l l .  
%I addition, t h e i r  heat capacity i s  very large, and t h e i r  coef f ic ien t  of 
th .e rmal  expansi-on i s  sm1.l. Thus, even i f  subs tan t ia l  res idual  beat, is  
]..eft i n  these mm.terials, t h e i r  f i n a l  speeif  i c  volume, vf , is  nea:cly iden- 
t i c a l  with t h e i r  i n i t i a l  spec i f ic  volume, vo. Therefore, from a design 
standpoint, vp may 'oe asstuned t o  be equ8.l to v0. 

6.6.3.2 Absorption Mechanisiii 

The mechanism for absorpticjn of energy, with special  regard for t h e  
process i n  an inhomogeneous med-ium, i s  considered b r i e f l y  bel-ow. A i r  i s  a 
highly eI"fici.ent transmitti.ng medium f o r  shocks a t  presswes  tn  excess of 
100 bars  despi te  a high temperature. % l i d  and. li-quid m d i a  a r e  e f f i c i en t  
t ransmit ters  up t o  ranges near megabars. 'Yhere I s  a question whether it 
i s  possible t o  construct a composite med.:i.um tha t  has  a waste heat, f rac-  
t i o n  at, pressure levels of inLerest (from 100 t o  10,000 bars) 'chat i s  
l a rge r  than t h a t  of e i t h e r  mmterial tnk.en separately as a pure substance. 

The absorption mechanism f o r  a composite substance m,y be visu.alized 
by taking, f o r  example, a compcssj.te rnadt;erial t h a t  contains equal. volumes 
of air and some solid material .  Duriiflg the  passage of the  shock over Lhe 
composite, t h e  F&uikine-Hugoniot equat-ion would be m i t t e n  for  each of the 
t w o  phases. 'The so l id  o r  l i qu id  phase would barely decrease i n  vol.wne, 
and the temperature r i s e  would be negligj.ble. In the range of  several  
hundred atmospheres, however, 01' even a few atmospheres f o r  that m t t e r ,  
the temperatixre r i s e  i n  the  gas phase would be high. 
roughly from 

l'c may be estimated 

( 6.204) 

where 
equation implies the  idea l  gas law but, by virtue of .the l imi t ing  densi ty  
r a t i o  i n  ganlike materials,  -this temperature r a t i o  rapidly becomes [/p 
?'his means t h a t  for a pixe substance, l a rge  p dv work i s  avai lable  by sub- 
sequent exgaa.sri.on. Ln the presence of the sol id  medium, however, t,he a i r  
m y  rapldly transfer i t s  heat t o  the surraoumding matrix of solici. 01" f l u i d  
and lose  t h i s  heat. 
very high tempera.tures, accorditig t o  Eq. ( 6. 204) represent subs-Lantial. 
energy tha t  may be t ransfer red  by conduction t o  the sol.id or l i qu id  phase, 
where it then becomes unavailable f o r  fur ther  p dv work. 
i s  divided. f i ne ly  enough, Ghemod.ynaiiiic equilibriwn CiXI1 be assumed, and the 
compression of the air rm.y be considered as an isothermal process. 'The 
-tempera-t;ure r i s e  i n  the  mixture i s  r e l a t i v e l y  small, and the compression 
s*at,io across the shock. i s  governed almost en t i r e ly  by the  i n i t i a l  air con- 
t en t .  

b i l i t y  of a i r  and ye t  i s  far less e f f i c i e n t  than a i r  for  -transmitting 

I s  the  pressure r a t io ,  p/p,, and 1-1 is  a constant f o r  the  gas. This 

Despite Yne f a c t  tlia'c the mss of air. i s  snail, t he  

If the n m t e r i a l  

S x h  a composite takes advantage o f  iiearly a l l  tile high compressi- 



shocks. ‘l’he composite rnarbei-ial would r equ i r e  an  energy densi-ty i-n t h e  
ord-er of a -thousand t i m e s  g r e a t e r  .l;ilail t h a t  reqi%i.red Tor t,he s o l i d  to pro- 
duce ’die samz shock pressure .  A t  a given pressure  1-evel, i t s  material. 
v e l o c i t y  would be higher  and. i t s  shock v c l o c i t i e s  much lower khan for ’die 
corresponding sol. i d  medi.um. 

6.6.3.3 Criteria f o r  I d e a l  Absorbers ... I I..- 

Cer ta in  c h a r a c t e r i s t i c s  can be spec i f i ed  f o r  an i-deal absoi-ber f o r  
t he  d l s s i p a l i o n  of energy. ‘l’he ?.deal absorber shou1.d maximize the  waste 
hea t  area or ,  more proper]-y, t h e  waste hea t  f-raction. A composite mate- 
rial.. may be r e a l i z e d  j.:n a p r a c t i c a l  way by a s u t t a b l e  mixtinre oi” air and 
s o l i d s .  This requirement i s  shown graphical.1.y i n  Fig. 6.100. The Raiikihe .- 
13jgonio-t curve would be i n i t i a l l y  flat,; and a-t some compression r a t i o ,  
shown as  t h e  value vc, t h e  m’ieri.al wo-~l-d. become p m x t i c a l l y  i.ncompressi.ble 
F r o m  the  s’candpoint of a waste heEt f r ac t ion ;  i’i i s  not of? p:cime i rnpxtance 
what frac-Lion of vo i s  represm.tcd. by vc. In aily case the w a s b e  hea t  a r ea  
will. be nea r ly  ident;ica,l wi.Lh the intei-ilal. energy- t rapezoid.  From Lhe 
sta.ndpoint, of total .  abscrp.ti_on i n  c a l o r i e s  per gram of r m t e r i a l  iraversed,,  
vc woii.1.d ideal.1.y be as c lose  t o  zero as i s  poss ib le .  This wou.1.d imply a 
Large i n i t i a l  f racbion  of a i r  p r e s m t .  There i s  a. p r a c t i c a l  upper 1. . imit  
t o  t h e  a i r  f r a c t i o n  because, if t h e  -v-olwne cf a i r  i s  t o o  laxge, the  T i i i a l  
temperatuu?es would .  be comparable with those of pure a i r .  1.n t h a t  case the 
so1i.d m t e r i - a 1  would vaporize and t h e  sdia.hat wou-l.r3 iio lonser  terlniilate a t  
p o l n t  vo. The ma1 :ial woi.i..lr‘* again become a very cff i c i e n t  t r a n s m i t t e r  oi” 
energy, 

Hugonic-i; cume i s  coilca\re domward over pari; of the  region 0 YB. Froin 
previous considerat ions,  it i s  clear t h a t  the sl.ope oT a. line joi-iiing poi.ni; 
0 with any poin t  oil t h a t  sep,pent oi‘ t h e  Rankine-:r.jj~gonio’c ciirve %!ill be 
close1.y related.  t o  t h e  shock v e l o c i t y  [see  Fq. (6.86)]. From t h e  shape of  
the CUI’W shown i n  ii’ig. 6.100, it i s  el-ear tha- t  the shock v e l o c i t y  wou1.d 
ac-Lually dccrense with i .n@reaaing pressure  i -n  region YR, T’his, i n  twil, 
would imply t h a t  t he  shocking-up process could ilot be a.ttai.ned i n  thts  
presslire region, end i.1; would be expected -that t h e  presswrr dis turbance 
would show a slow r i s e  in s t ead  of a sharp shock a t  t hese  pressure  I.evz1s. 

To bz e f f e c t i v e  f o r  de da t ion  of energy, t h e  hear; t r a n s f e r  i.n an in -  
homogeneous medium minust be accIsrciplished in %. time considerably shor-Le3r. than  
t’ne shock dura t ion .  The Lime f o r  ’zhei-mal ec_uj.l.j.’c?riwn i s  estimated by 
ideal. izing t h e  mixture as conposed of’ spheres of one material.. i n  a lnatri-x 
of ano-ther . 
-that the  in- ieyior  of  a wooden sphere 
of the sur face  temperature i n  t imes of  t h e  crder  of 20 t o  100 psec. This 
means tha-t t h e  heat transi’er from a nlaierial l i k e  a i r  -to a ma te r i a l  l-i.ke 
wood tha-L has grain s i z e s  on the order of  em w. iU_  be complkte wi.thin 

- 

I’L may be noted i n  Fig. 6.100 t h a t  Llic 1 ower branch o f  .i;lie Rankine- 

A rough e s t i m t e  tor tile temperature d i s t r ib i i t i on  gives the  results 
c-ri i.n diameter w i l l  be withln. 5$ 

20 t o  100 psec. 

c r i t e r i a  f o r  ma te r i a l s :  (1) simI.1 g ra in  s i z e ,  p a r t t c l e  s i z e  of cm or 
These cons idera t ions  or t ’ n e m l  conrliictivi.-tLy suggest -ihe foll.owing 
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B 

v v 
C f  

Volume 

(1) Rankine-Hugoniot curve flat in Region YE+ (low yield point)  

(2)  AB nearly vertical (high final rigidity) 
(3 )  Iligb heat capacity and thermal conductivity 
(4) Hysteresis (adiabatic -xpansion follows AB) 

Fig. 6.100. R,wkine-Hugonist Cu.rve for the  I d e a l  Absorber. (Prom 
re-?. 5 9 )  

l e s s ;  (2)  a high conductivity (like a metallic sponge); or ( 3 )  low den- 
s i t i e s  and spec i f ic  heat (like alwnfr iw~~).  
meta , l s  are, i n  general., more favorable than wood f o r  these hea-L--t; rarisfer 
processes. 

It should. be i l o k d .  t’nat the  

6. E .  3.4 Reduction Factor Fo~inula __-. 

Assuming an absorber wj-th c h a r a c t e r i s t i c s  8.5 por-’i,rrayed i n  Fig. 6.100, 
the  waste h.eat per gram of material is t h e  i.nternr,l. el.tergy of the shock 
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(6.205) 1. 
2 Waste hea t  ? Ei = ( p  + p,) (v0 .-l V) . 

~f t h e  materia]. h2s been properly chosen so  Lhat  the peak pressures  i.77- 
volved fa.l.1- on t h e  vertj.cal. p a t s  of the Rsnklne-€€ugoniot curve, then the 
qija:fit,ity 7~ - v i s  nea r ly  independ-ent of %lie peak pressure.  This means, 
i n  t u n ,  -&aL the  vaste beat, i s  d i r e c t l y  propor t iona l  Lo t he  pressure  of 
the incoming shock. A s  -tile m,ve i.s desrad-ed In passing through t h e  ab- 
sor'oe-r, t h i s  pressure  fa l l s .  Previous considera-ti.on.s have siiown t h a t  t h e r e  
i s  no po in t  iil 1et;l;Lng this  pressure  f a l l  too low because ol" -the cor rez-  
ponding decrease i n  iLs capaci.-I;S- t o  absorb energy. Moreover; an equal 
amoujlt; of en.ei-gy i~s present  as k i n c t i c  enerey, and, even i f  s.3.I t h e  i n t e r -  
na l  energy i s  absorbed, one -ha l f  of t h e  t o k l .  energy w i l l  r e r a i n  as k i n e t i c  
energy of t h e  absorbing maberial .  Tiiere i s  no poi~n-t, i n  making the  P i . r s t  
absorbing l a y e r  much '~h3 .cke~ -thm requi red  t o  absorb t h e  i n t e r n a l  energy 
of  k h c  incoining shock. 

A t  the end of Lhis first, absoy'oi~ng layer, it, seems advisable  to inser-L 
a. t,hi.n l aye r  of a s t rong  mater ia l ,  like s t e e l ,  f o r  several purposes. F i r s t  
of a l l J  the poss ib i l iLy  rrust be pi"~:~l-u.d.ed of R. break through the  b a r r i e r  
chaniq-el iiig i n  the event of a wezhiess i-n the  absorbing layer.  1x1 v5ew of 
the enormous d i f f e r e n t i a l  fl-ow OJ? energy t o  reg ions  of ligh'c dens i ty  o r  
wesknessJ it can e a s i l y  be v i sua l t aed  k h a t  SiLCh an  absoirbej- n igh t  r e a d i l y  
'blow o u t "  wesk por-Lio:ns. %ne second purpose of the s t e e l  i s  t o  abs0i-b 
the k i n e t i c  energy oP 'ihe fii-s'c l aye r .  The s t e e l  t'nen becomes the  p i s ton  
'cha-t Lransfei-s shock energy t o  the next  succeeding l aye r .  

I n  t h e  second stage of the zbsor'ne?l-, t h e  beh.avj.or i s  still descr ibed 
tj.r:a,l. portion. of the  Rankine-Hugonio-t curv?; hence, the vo - v 

voll.~me change i s  independent of the pressi.i,re l e v e l .  By thi~s time t h e  
energy densiLy should. be one-ha1.f the energy dens i ty  that en-Lc~ed t h e  y e -  
ceding l aye r ;  but ,  by the sarrie token, Lhe eneygy absa-r.pti.on ability of 
-tile second layer i.s a . 1 ~ 0  halved. Having ca l cu la t ed  t h e  thicknens of mmte- 
r i a l  requrirwl f o r  the I'i.rst absoi-bey, i'~ wi.3.3- then be found t h a t  t h e  thick- 
ness of t h e  sscnnd absorber  is id -en t ica l  w i L h  U i a t  oi" -ihe f-i.rst. After 
such a stage,  a r igid.  ba,rrj.ey3 1.i.h steel.: i s  again placcd for t he  same 
pliirposes as a t  t h e  end of t h e  firs'i. l aye r .  Thus, si.iccessi.ve s-tages of the 
b l a s t  s i i ic l .d  coiint on a reduct ion i n  t h e  peak pressure  and tile energy den- 
s i t y  by a €actor  of 2 until siich, t i m e  a s  t h e  peak pressiire f a l l s  below the 
)-?.el-d. poirit ox- f l a t  po r t ion  of the Rankine-Hugoniot curve. A t  t h i s  t h e ,  
t h e  materisl i n  the absorber  must be exchanged. f o r  one wi th  a lower y i e l d  
pori.nt. 

Tt fol.l.ows fmm these  arguments t h a t  t hc  number of stages, m, req?r.i.red 
i n  t h c  b l a s t  s h i z l d  w i l l .  be gi-ven by t h e  imlat,ion between t h e  inc ident  
pressure a t  the  f ace  of 'die s h i e l d  and t h e  miximiurn t,oJ.embl.e pressure a t  
the back of t h e  shj-eld,  according t o  

- 211 I 

Enciden-t pre uuure  
Ikximux des i r ed  pressure 

............................ _..- ~..  (6.206) 
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6.6.3.5 W t e r i a l s  

B s e d  on .the c r i t e r i a  f o r  i dea l  absorbers, given i n  Section 6.6.3.3, 
a number of mzterials may be considered. The c r i t e r i a  themselves imed i -  
a t e l y  suggest wood as a l i k e l y  material .  

Metallic powders would have thz advantage of high density m d  rapid 
heat t ransfer ;  but  there  i s  a danger that t h e i r  t h e m d  propert ies  might 
be l o s t  by oxidation, and there  i s  considerable doubt t h a t  samples could 
be prepared i n  f i n e  enough gra in  size i n  the  bulk required f o r  -the blast 
shield.  Fine sand would mke an excel lent  material. without the  r i s k  of 
decomposition on heating. In  time, Iiossever, i-'i would pack down and. would 
probably not be f ine  enough f o r  tine piirgoses required. Plast,ic fcams, 
such 8,s those used f o r  Christm,s t r e e  ornaments, a r e  1i.kel-y raten-i-als, 
but, they might be too l i g h t  and e a s i l y  decomposed. 

Wood. offers considerable promise because i t s  n a ~ t w a l  grain s i z e  and 
c e l l  s t ruc ture  i s  probably f i n e  enough t o  effect the heat, t ransfer  requir.ed. 
Wood. shows a low yie ld  point, espec ia l ly  i f  .i-t i s  s t ressed across the grain. 
Tne densi ty  is high enough t h a t  a consi.dera'o.le amowmt o.f heat m y  be 8,b- 
sorbed before decomposition occurs a In addition, crushed wood exhibits 
hysteresis  57hich, as mentioned previously, i s  benef ic ia l  f o r  b l a s t  shields.  
O f  these materials,  the hard woods would be expected t o  be the poorest 
from the  stanapoint of a y ie ld  point or  overa l l  compressibility. 
ol;her end of t he  scale,  balsa  wood shows -the lowest, y ie ld  point and hlighest 
compressibil i ty but  i s  probably too  expensive f o r  use i n  -the b1.as.t; shi.eld. 
Figures 6.101 t o  6.104 (refs. 59 and 138) show compressibil i ty curves fo r  
redwood, Celotex, vermiculi-Le concrete, and aerated concrete I 

Research a r e  given i n  Table 6.16, with the shock veloci ty  as 

On the 

The numerica,l r e s u l t s  of t e s t s  on redwood conducted a t  tne ,rlrmou 

Table 6.16. Compressior?. Properties of Redwood" 

+o, Volume Ratio Shock 
Volume Ratio ( a f t e r  pressure Velocity 

(bars) (compression) re lease)  (cm/sec) 

Pressure 

55 
110 
12s 
132 
154 
220 
440 
880 

1320 
1760 
2200 
2630 

0.908 
0.735 
0.585 
0.504 
0.424- 
0.3.37 
0.245 
0.175 
0.15 
0.135 
0.13 
0.124 

0.204 34,4.00 

26,300 

25,500 
0.157 28,900 
0.140 38,700 

0.175 .31,000 

25,200 

0.135 53,000 
0.126 64,100 

82,000 
0.124 89,500 

73,500 
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Fig. 6.103. Compressibil i ty Ciirve f o r  VemiculiLe ConcreLe v J i t h  a 
Density of 22 l 'n/ft3.  (From ref. 138) 
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Fig. 6.104. Compressi.bn'.l.ity C u m e  for Aerated Concre-t;e with a 
Densi by of 16.5 lb/f-t3. (From ref. 138) 

EL fimction of pressure. 
the propert ies  of an ideal absorber. Ail impor.tant fextvxe i s  the  minimum 
i n  shock veloc i ty  f o r  pressures on the order of 100 s t m .  This 111em.s t h a t  
i;he shock-propagat,ing charac te r i s t ics  aye destroyed. i.n redwood i n  -t;his 
pressure range, and the pressure pulse -that is transmi-t-Led can only be of 
a low-rise t y p ;  the shock discont inui ty  i s  absent. 

For a l l  practies.l purposes, redwood has niost of 
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Aj? examimtion of F i g ,  6.102 shows tha-i  althoi,igh no t r u e  y i e l d  po in t  
i s  present, f o r  Cel-otex, L h e  7.ower l i m i l ;  o f  pressure t ransm~- i~Led i s  1 i-kely 
t o  be  consi.de:rably less  than  thai;  for redwood. Considerable de f l ec  Lions 
occ.1.1.1~ for p r e s s i r e s  as l o v  as 60 ps i ,  where the  shock v e l o c i t y  i s  of the 
order  o f  6000 cm/sec. This j-s a remarkedly ?.ow valse am& j.s i d e a l  from 
t he  s tandpoint  of slowiilg down the  shock i n  f r o n t  o f  the  shi.el.d and per-- 
m i ' i t i n g  back pressure  t o  bui-1.d u p  before  t h e  Yront i s  ccmpletely loaded. 
1.f a y i e l d  po in t  e x i s t s  i-n CeloLex, it would seem t o  be a i  a pressure of 
2 bars ,  or 30 psi, Since the ~~nkine.-:Iu.goni.ot cwve i s  conca.ve ~ p ~ a r d .  i n  
i t s  e n t i r e  h i s to ry ,  a t r u e  shock would be t ransmi t ted  i n  Celotex wi.Lli i1o 
phenomena l i k e  'che s l o w  r i s e  OT acous t i c  wave (as i n  redwood). 

Figure 6.103 ind ixa te s  that  vermicul i te  coilc-i.ete has feat,iires s i m i l a r  
t o  those o f  redwood, and, alihoiigh it i s  r iot  as c lose  t o  an i d e a l  absorber 
a,? redwood, it may have a s u f f i c i e n t  Pa'oricaLion advantage t o  make it 
prcfem1nl.e. Aerzted concrete (Fig. 6.104) has fea-Lures coniparable with 
those ol" Gel-otex, and Lhe choice of t h i s  l?laLei*i.al_ would be made cn o ther  
con.siderations.  A s u i t a b l e  design f o r  a b l a s t  shield would use ei-ther 
redwood or  vermicul i te  concrete  i.n t h e  e a r l i e r  s tagzs  and one o r  ttdo stages 
of eikher Celotex OT aei-ate6 concreie  a.t  t h e  2nd when t h e  pi-essu3:es a r e  
low, 

- 

6.6 .3 .6  %ximum Absorber Thicknpss 
1- I.._. ......... ̂ .I.I 

'The d.etemninati.on of the m a x i m u m  -ihickness of absorbex- reGuired nay be 
imd.e on the  basi.s of gross energy consf-deratioiis. The a.ssumpt~.on~ i.s made 
tha'i all. energy propagated f r o m  t h e  explosions wi.thin a gi-ven s o l i d  angle 
remains wi th in  the s o l i d  angle .  Alja- reduct ion  i n  energy or pi-essiire Lha-t 
occurs as a r e s u l t  of n o n r a d h l  f low of energy i s  reganled as a s:xfety 
fac-tor i n  t h e  shieldl-rlg problem., The energy . transmitted t o  t h e  shield. is 
calcul.ated according t o  the inethods i n  Section 6 .4 ,3 .  

A s  an example, a s h i e l d  composed of redwood i n  t h e  ear l - ie r  stases i.s 
considered. A shock i s  transmi-i; Led t,hrough concrete t o  t h e  red-wood. It 
i s  assumed thal; the shock has a pressure  of 50,000 p s i  a.i?c? an energy of 
80 cal/cm2. The least average pressure  l i k e l y  t o  be t ransmit ted by red-  
wood i s  t h e  y i e l d  poin t  of 1-00 b a r s .  'Yhe p dv work done a g a i n s i  such a 
pressure zives the  maxirnwn o v e r a l l  thj.clmess. The amom-i the redvood 
wu7d have t o  d e f l e c t  t o  absorb t h i s  energy i s  

E 80 cal/c.m2 42 bars 

p 100 ba r s  cal/crn3 
x E 33 cm . _ _  

xo .." ' - - I_1111 

Since t h i s  calcu7.ati.on i s  on t h e  b a s i s  of the u n i t  cross sec t ion ,  a net 
d e f l e c t i o n  of 33 ern (-11. i.n.) would be s u f f i c i e n t  t o  absorb - the e n t i r e  
energy wi th in  -the s o l i d  angle  a r r i v i n g  ai; the sh ie ld .  Since the  ac~ti.i.al 
pressure:: a r e  l i k e l y  t o  be cons idembly  in excess of 100 ba r s  and thz  f inal .  
volume ra 'cio f o r  redwood is approximately 0.15, i-t appears a reasonable 
es t imate  t h a t  1 ft of redwood coiil.d, i n  p r inc tp l e ,  absorb the e n t i r e  energy 
f r o m  the explosi-on, o r  at, least a major fracLioii of j.t .  However, a b l a s t  
siii-eld based on t h i s  calcul.at,km wodd be overdesigned and would be 



improper. 
wood t o  d i ss ipa te  Sarge quant i t ies  of energy as waste heat, a.zi.d it does 
no t  recogjize the eqml p r t j - t i o n  o f  energy whteh requires t h a t  one-half 
the energy be t ransferred through the  absorbimg rmteri-al. as kine t ic  en.ergy. 
The proper shI.eld would consjs t  of layers of the absorbing xmte~ia.1.~ Each 
l ayer  would diss ipa te  energy and reduce the presswe untt1. I.t reached 3. 

mJ-u4e where the coilrpressibi.l.i.ty cv-rve ( Rankine- Iiugoni.o.!; C I I . Z ~ V ~ )  became 
horizontal .  For red.wc,od, t h i s  1mu7.d be approxil-mtely 100 bars. 

nesses, it i s  useful t o  consider the sequence of events 3.5 the shock passes 
from eonc~e- te  i n to  the absorber sedvood. Initially, a. ramfac t ion  occ inx  
a s  the shock passes from concrete to wood.. 
a n d  t he  constant a ;= 4.34- x I O 5  bars for concrete, the razt,erj.al ve loc i ty  
i n .  concrete a t  t h i s  pressure l.eveL i s  ca1.cuJ-ated .to be 

Toe above fiesib- ha:: riot taken ad.vantuge of -the a b i l i t y  of the 

Before pmceeding with the ca.1cula-t; i.ou of t h e  i n d  i.vidua1 layer  'chtck- 

With a density ol" 2. 7 g/cm3 

I ( 3 . 3  x 10312 ergs 

2.7 4.34 x 105 bar - em3 
- -  - X x lo6 = 9 x 1.07 , 

A.ccor.ding t o  the usual a,aswiqAZon, t h i s  material veloci ty  is doubled by 
t h e  rarefaction, and the pressure i n  redwood wb.en the  nia,terFal velocj.ty 
i s  18,000 cm/sec i s  required.. 
6.101 with the  f i n a l  

' T h i s  m y  be obtained. graphically from Fig. 

FOX- vo = 2.8 cm3/g, 

This equation has a solut ion a t  p = 1-85 bars, where v/vo = 0.375. 
The F n i t i a l  shock o f  185 bars is t.rans:mi:;-ted foiwr,z-d i n  the f i r s t  

stage of redwood. After t ravers ing across tlir layer  of redwood, t h i s  shock 
meets a s t ee l - r e t a ine r  piece (which is  effective1.y a r ig id  materLal), and 
the r e f l ec t ion  process i s  asszmed t o  be acous.tic ( r e f k c t e d  = 2 x incident). 
R reflected shock of approxirnxtely 3'70 bars -then moves backward Y'nrough the 
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wocl“, and a transmit-Led shock of tile saine magnitude inoves forward with the 
s t e e l .  Because t h i s  shock i s  well. below t h e  crushing s t r eng th  for s-tee3., 
Lhe s t ee l  continues foi-ward as a r i g i d  body with neg l ig ib l e  ve loc i ty .  The 
r e f l e c t e d  shock i n  -the redwsod meets t h e  concrete,  which i s  a@in a r i g i d  
body r e f l e c t o r .  This pressure i s  i n s u f f i c i e n t  t o  brT.ng the concrete  t o  
r e s t .  A twice- ref lec ted  shock moves forward from the concrete  sur face  
to>mi-d the steel at 740 bars ,  whei-e i’i .is again r e f l ec t ed ,  presumably t o  
1.480 b u s .  such a s e r i e s  of multJ.:p-i-e r e f l e c t i o n s  between concrete  and 
s Lcel surfaces ,  Lhe p r m s u r e  iii t h e  in te rvening  I.ayer of wood i-s even-tnally 
h r m ~ h ’ o  un t o  the pressures  t h a t  ex i s t ed  i n  the concrete  j u s t  p r i o r  t80 tile 
en-imncc of t h e  i n < . t i a l  shock i n t o  the wood. 

Lions i s  i n t r i n s i c  t o  reYlectioiis ac ross  a caixppi-essible medium. It is the  
means by which it i s  poss ib le  far a compressible medium Lo t ransmi t  shock 
pr2ssures Tar i n  e s s  o f  i t s  crushing stzeng’bh. 

i i mi.ght be siqposei: that e n t i r e  absorp-tion would occur. Nonetheless, by 
vj-rtue of  equal p 3 r t i t i . m  between k i n e t i c  and. i n t e r n s 1  eners;:T, it i.s c l e a r  
~riai:, (;nc-”hal..f t h e  original.. t o t a l  energy would rermin as k i n e t i c  energy of 
the wooci i tse3.f .  
atssum i n  any gi.vea l a y e r  i s  one-hal!? Lh.e total .  energy t ransmi t ted  t o  that  
l a y z r .  There i s  no po in t  I n  making a l a y e r  o f  absorbing material t h a t  
corisiderahiy a c e e d s  thi.s thickmess. ‘Eierel”ore, f o r  t‘ne example: t h e r e  
should be no at tempt  t o  absorb more than  d,0 cal/cm2 i n  any of t‘ne f i rs t  
1-ayer. 
IGAS F I . ~ S O  based on t he  assumpt,ion tht  the l e a s t  average pyessure i n  t h e  
wood T ~ C  1.00 b a r s ,  The reflecli .on process  i n  the wood, by a series of  
mul.tiplLe r e f l e c t i o n s ,  i s  Eccomplished by considerably less work than t h a t  
imdcr 3. s i ~ n g l r  shock. T t  will. be conservat ive t o  assime t h a t  t h e  work 
done i s  the a rea  under ’ihe Rankine-Hugoniot curve of Fig. 6.101, and i t  
i s  res r i i ly  vcr j - f ied t h a t  th9.s a rea ,  up t o  3300 bars ,  i s  approximately twice 
the a rea  under .Line r e c t m g l e  1ylil.g be-Lween v/vo = 0.15 and 100 ba r s  i n  
he igh t .  Thus, th? indi.cated th ickness  of -the firs-t l aye r  i s  one-fourth 
the  t o t a i  p rev ious ly  calcula-Le2 - appoxii-na-Lely 8 em o r  3 i n .  

t i a l  pressure  through the  wood i s  -Laken t o  be t h r e e  t h e s  3000 bars, cor-  
responding t o  t h e  pressure  i n  concret?,  the diminution i n  energy will be 
exceedingly re.pi.d and pressures  w i l l  be reduced t o  neg3.igib-i-e va lues  a f t e r  
t h e  llopiirimnl’ tiii.chrmss has been t raversed Hence, the average value of 
pressure i s  1650 ba r s .  Over t h i s  range, Lhe f i n a l  dens i ty  r a t i o  i s  
v/vo Z 0.15, and by a si.ngle shock process the  waste h e s t  i s  cal.culated t o  
be 

It i s  important to  recog-nize t h a t  such a s e r i e s  of  xiul.tiple -reflee.- 

if t he  th ickness  of  wcod absorber  i n  t h e  f i r s t  l a y e r  were l a r g e  enougln, 

1 . ‘  

For t h i s  reason, t h e  maximum absorp t ion  reasonable t o  

The requirement for L o t s 1  abscrber  thickness ,  based on 80 cal/cm2, 

The ’iiii.ckneos liuy a l s o  he just,Lfied i n  t h e  fol.low-ing -my. If‘ t h e  ini . -  

I - 2 2  x 1.650 (0.85) 
2 
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To use up 80 c a l  would require 80/47 ::= 1.7 Q of. redwood, or a c o l u m ,  of 
unit cross section, 4.8 cm long. 
sumption, the  thickness of t he  f i rs t  layer  would be approxirmtely one-ha,l.f 
the thickness of 3 in .  determined on the bas i s  of t he  more r e a l i s t i c  as- 
sumption of near ly  "adiabatic " compression f o r  the wood., 

Under t h i s  exceedingly optimistic as- 

6.6.3.7 Compos it e De s ign 

The thickness of the s t e e l  p la te  separating the absorber layers  i.s 
m u a l l y  somewhat a rb i t ra ry ,  since the  r o l e  of the  s t e e l  p l a t e  i s  t o  e f f ec t  
the  monientum t r ans fe r  from Layer to l ayer  and .to r e t a i n  the  layers .  
optimum momentum t r ans fe r  would occur a t  eqiLzl nla.ss per unit  area,, 
would i-ndicate a s t e e l  thickness of 3/21 t h a t  of wood o r  approxirmtely 
118 in .  
smoothing i n  the b l a s t  wave through the  wood., and 1 in.  appears i n tu i t i ve ly  
t o  be a reasonable thickness on the  bas i s  of t h i s  consideration. 

Without considering the  decay of the  pressure wave i n  concrete and 
assuming i t  t o  be flat-topped, it i s  c lear  t h a t  the  sequence of pressure 
mult ipl icat ions across the first, in te r face  w i l l  eventually bring the pres- 
sure i n  the s t e e l  retainer p la t e  t o  3300 bars .  In the same fashion as f o r  
the  first layer,  a g rea t ly  reduced pressure wave i s  transmitted t o  the  
second layer  with multiple re f lec t ions  acrms it. If the duration of the  
wave i n  concrete were long enough, eventually the  second layer  wmild be 
brought t o  3300 bars,  o r  a s l i g h t l y  lower value because of the greater  
distance from the  explosion, through dLvergence. By the equipar t i t ion 
argument previous1.y made, a reduction of more than .two i n  the  pressure 
transmi-tted across the  layer  could not be hoped for. Alternatively,  it 
could be considered t h a t  t he  f i rs t  layer  was successful i n  reducing the  
pressure t o  one-half i t s  original- vaJ_ue. In that case, the ca1culation.s 
f o r  t he  second layer  would proceed with t h e  smne method as t h a t  used for. 
the  f i rs t  layer,  with half  the  energy dens i t ies  and presswes.  To the  
order of accuracy required, the thickness of the second. layer  w i l l  again 
be approxiimtely 3 in .  
sequent layers  would a l so  be of t h i s  t h i c k e s s .  

l ayers  i-t i s  en t i r e ly  possible t h a - L  the  f i n a l  pressures ia wood m.ight rea- 
sonably be Teduced t o  the  y ie ld  point of 100 bars or a t  least  -to .the point 
where there  would be no fur ther  adv-ntage i n  curvature of the Rankine- 
I-Iugoniot curve. 
rmter la l  such as Celotex, which has a much lower yield point.  The sequence 
of caleulatioris f o r  Celotex would follow i n  much the same ~7ay as for wood 
with, of course, a rm.cli I-ower y h l d  point involved, 

'The 
This 

Etut such a layer  of s t e e l  i s  probably too t h i n  to e f fec t  any 

By 8 s imi la r  extension or t h i s  argument, the s~xh- 

130m the  above calculations,  5:L is c l ea r  t h a t  a f t e r  t ravers ing three 

A t  t h i s  point, it appears reasonab1-e t o  subsLitute a 

6.7 COMPUJXR FROGRAMS 

Because of t he  complexity of most containment problems, d i g i t a l  com- 
puters have been used extensively i n  obtal-ning solut tons t o  t h e s e  problems. 
Tables 6.17 Ynrough 6,20 list a few eorfiputci- cod-es t h a t  a r e  applicable t o  
reactor  containment. All these codes, with Yne exception of ''?'OSS, I '  may be 



......... .................... ............. 
Nane of Code P@xl?Liie Bgs tern Description Reference Loc2-siuii 

KATE 

W i l c i  2000 
-wj.th FAi 
231 R 

FORT?AI'< I1 

FORTFAN- 
ALTAC 

Philco 2000 TAC 

Philco 2000 

dimension?:., neutron d i f f u s i m  
eyurttiors ?.n cyl-irrdrical 
geomexry . 

S a m e  7.s ZQLFOOISE-1. ~ 

Sclveo one- and twc-dimensionzl 
d i f fus ion  equations i n  U L ~ I  t o  
f i v e  tlnersy qrcups i n  3-Z, X-Y 
with diagonal l i n e ,  o r  uniform 
t ,r iangdar mesh geometry. 
Coiiipltlte l i f e  s tud ies  may be 
r,crf 3 n r e J . .  

Solvcs the  L G U - ~ L V I J L J ,  three-  
dimcnsicnal, neutron d i f fus ion  
eq-mLion i n  X-Y-7, gecxetry. 

Coiiiprtrs reac tor  s tar tur ,  t r a n -  
s i e n t s  i n  the  ra~igt: cf  reactor  
pover l e v d s  where the  tempem- 
t u r e  coef f ic ien t  e f f e c t  can be 
negl-cted. A constant shim 
r a t e  iJr a t im dependent t a b l e  
Gi" 'uc-th i s  used 3 s  a dr iv ing  
func t ian. 

Provides a digital.-?nal~og sys- 
tem f o r  corn?uting ree.ctoi- 
starzu:, t r a m i e n t s  f o r  use 
with the  P h i l c i  2000 i n  con- 
j imct icn with an 
ana!.og computer. 
sjrsterr. provides E 

s o l u t i c n  f o r  pcr;tir-rr;nge 
st.-irtup t r a n s i e n t s  cn a reac- 
t o r  p lan t  a u d o g  sirnil_?.tcr. 

Determines t h e  spectrum or t h e r -  
m.1 neu;rons Ecccrd.in5 to  t h e  
Wiy-Wignei- theory and e v  
v a r i o ~ l s  q u a n t i t i e s  iilipoi. 
t 3  r e a c t c r  design m e r  t h e  
spectrum. The b l achess  coef- 
fj-cieiits, mixed nmber  den- 
s i t y ,  d i f fus ion  constants, and 
mcroscopic  c ros s  see tioiis t o  
be averaged ai-e calculated 
d i r e c t l y .  

A se rv ice  rout ine  designed t o  
automate the  t r a n s c r i p t l o n  of 
PUFI and FATE cutgut  data  t o  
FARE input  cards .  

1L4 T3G 

? / ,A  TUG 

obtained f r o m  e i t h e r  tlne Argonrie Code Center, kgonne National k b o r a t o r y ,  
or f r o m  TUG, the  Philco 2000 Users Group Computer Division, Philco Cor- 
poration, Willow Grove, Pennsylvania. TOSS" may be obtained f rom Central 
Data. Processing, Union Carbide Corporation, Nuclear Divisi-on, Oak Ridse, 
Irennessee. 
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‘Table 6.18. G a r m a  Eeating Codes 

CR4CE-1 IBM 7090 

GRRCE-2 IBM 7090 

2EH 134 7090 

SPAX- 3 Pnilcr, 2000 

CLOUD E N  7090 

165 

_ _  -I__ 

Fachine oystem Eescription Reference Location K 3 n e  of 
Code 

NTQF!’IM.RE FBI4 7OJb FORTRAN 11 Calculation of gaimfi heating dose ANL 
a t  any a rb i t ra ry  ta rge t  point 
withir a cylindrical. reactor 
using a source calculated by 
EQIJIPOL% code. 

Crlcida-tion of gamn;.i hestillg and 
gamm dose i n  mil t i region f i n i t e  
OT semi  -ib.finit,e s k b  shields. 
A d i f fe ren t  buildup fac tor  may 
be specified for each soiLrce 
region considered. 

ge.mma dose i n  miltiregion cylin- 
d r i ca l  and spherical. she1I.s. 
‘The sauce inay be 1.ocated i n  
e i ther  the center reginn or  i n  
a concentric she l l  regioa mr- 
rounding it. 
exponential, or have R pcly- 
notri.ia1 -Tar i a  t i oil . 

E’O1WIW.J 

FORTlWi C~l .c i~ la t ion  o f  gamm heating eiid !.!+6 

It mq- be uniform, 

POR’I’lIAN An extend-ed version of  NIGHTPREZ 
with a la rger  .mm’oer of m s h  
points end a two-dimensionzl 
nxiterial zrrangement permitted. 

Calculat,im of uicoll ided gama 
flux, t o t a l  ga.mm dose Ta-te OY 

rgy absorption i n  
a1 shield region a t  

points swxy f ~ o m  a soixce of  
gn.ma radiation. Fast neutron 
dose rate m d  t’neml neutron 

of an enpi r ica l  point kernel. 

garma-yay dose r a ~ t e  and t o t a l  
integrated dor;e rcsiil.ting 
frm the  continuous release 
of radioactive materials t o  
the atmasphere. bktecrologi- 
cnl. parameters, such 5,s wind 
vclccity, la , te r - i l  and ve r t i -  
c a l  diffusion param&ers, 
stabi.1.ity parameters, and the 
presence of pb.ysLca.1. boimiia- 
r ies,  such a s  groi.md. surface 
and n temperature inversion 
lsyei., R E  cansid.ered. 

f1W IIBY be ~ d . ~ ~ l . c t e d  by use 

POf mw Ca:al.cuJl.ation of the extei’nal 118 

Am 

TUG 

ANL 

One program .that is not listed i s  “Eazard Calculation 111, ” which is 
a ruma,way analysis for a gas-cooled reactor. 
of -i;ransients that occur rapidly and which cause fuel vaporization and 
explusion rather than meltdown. 
tained from ref. 1.39 

1% is used in the analysis 

Itiformation about t h i s  program may be ob- 
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'Table 6.1.9. Stress Analysis Ccdes 

:%.chine System Description R - f e r e ~ c e  Location 

~~~ ~~~ 

Philcc 2COO AL'IAC s*p " ,. analys is  of c y l i c d r i c a l  1.49 

lak def lec t io tx ,  SI cpzo, 2nd 
s t r e s s e s  along t h e  length 3f a 
cyl.indrica1 she7 I., ccne, or 
beam on an e l a s t i c  l o m d a t i o n  
TesuLting from any Type cf 
axi.sjmrmetric loading . 'Wis 
elsc inc!.iides a x l a l  teniperatwe 
d iszr ibut ions .  T t  i s  pcssi.31 F: 

t o  analyze a she1-1 with var iab le  
thichness, x d i u s ,  and mod 
of e l a s t i c i t y  whose end e o  
t i o n s  arc fixer?, f ree ,  pinned, 
or et tached t o  anolhr i  e!.asti: 
s t ruc ture .  

Philco 2OOC FORWAN I1 Determines s t r e s s e s ,  d e f l e c z i m s ,  159 
~ n d  i n t e r n a l  reac;i-ons i n  a t h i n  
shell of revolut ion I~coaded by 
pressure and axisymnetric foi-ces 
o r  d e f l e c t l m  a t  each end cy 

both. The code has been suc- 
c e s s f u l l y  E?plind t o  such ~ p ? c Y c ~ -  
lems as (1) cc:n?letc n r e s s i r e  
vesse l  with hernicphericaJ. head, 
c y l i n d r i c a l  s jdes ,  and a flat, 
bottcm, (2)  an omega s e a l  weld, 
( 3 )  a bellows, and ( 4 )  a nozz le  
a t tached t o  a sphere. 

forces and s t r a i n s  i n  thin1 
s h e l l s  of  revolut ion with arb:.. 
t r a r y  surface loadings.  

Philco 2300 ALlAC Ik temincs  s t resses ,  der lec t icn ,  151 

IBM 704 or FORTR4.N TI Uetemines the s t r e s s e s ,  u t i l i z -  152 
Philco ing t h e  E n e a r  theory of el-as- 
3.000 t i c i t y ,  i n  a 3.ong curved p k t e  

due t o  pressures  on t h e  ciirved 
surfaces  arr? forces or defl-ec- 
t i o n s  spec i f ied  on the  s t r a i g h t  
edges. 

NIIJL 3 r  
'!PUG 

A M L  o r  
T;IG 
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___I_I._ _._I.-..-.xI.. ._..- 
Machine System Description Se f er'ence Locat i on mm? of 

Code 

W-NAT Philco 2000 ALTAC 

FUGUE I%M 7090 

MOLE 

155 

TUG 

TUG 

ANI, 

TTD l?hil.co 2000 TAT Solves the -two-dimnsional steady- 153 ATiL or 
state heat  cond.ucti.on equatlon with TUG 
a r b i t r a r y  heat generati.or! rates i u  
rectangular  coordinates .  

s tcady -s ta te  tempmature d i s t r i b u -  
t i o n s  i n  a t h r e e - d i r ~ ~ n s l o n a l  field 
coiitnini.ng internal .  heat generation. 
Both the bolmdary temperatures and 
the i n t e r n a l  heat genera tion can 
vary a r b i t r a r i l y  i n  both pos i t ion  
and tirne. It can handle forced 
c onve c t  ion, Pr ee convtx 'i ion, and 
r , idiat ion boundary conditions. 

drop tbv -q~ i i~ iu t  a network o f  nodes 
and branches. It can handle both 
open and closed loop systems, and 
dea ls  wiLh rcs ia tances  i n  series and 
i n  p a r a l l e l .  

all paths of any Plow systzrn in 
wiiich the f l o w  geometry and heat  
addi t ion  must be speci.Pied for every 
flow path and t n e  system boundai-y 
cnndi.t,ions IEIJ.S: a l s o  be specif ied.  

FOWlIAN CoriipuCes s tzady-s ta te  w a l l  and bulk 
f l u i d  temperatures I void fm.act ions,  
and l o c a l  presswe in  liquid-cooled 
closed chemels  i n  which t h e  hest ing 
r a t e  is  spec i f ied .  

FORTrMT Ccmputeo t h e  t r a n s i e n t  tvo-dixensional 156 
flow nf water i n  a heated v e r t i c a l  
rectsngiihr channel havir.g noauni- 
f o m  a x i a l  and t ransverse  hea t  flux 
d i s t r i b u t i o n  a t  the ,walls. T k  
treatrr.en.t includes the  h o - d i z e n -  
s i o o ~ l  - t ransfer  of mss, mornenturn, 
and energy thraughoiit. the subcooled, 
niicleate, and bulk b o i l i n g  regions 
of tr?1e coolnnt. 

TIGEii-2i3 Philco 2000 AL'TAC CGI&~JIJ.~.?G th.e t r a n s i e n t  as vel1 as the 154 TUG 

FLOPSY-I1 Fflilco 2000 P01WRJ-N CanipuLes t'ce weight flow and pressure 

Computes the  distr2imtio.n. of flow t o  

TITE-3 Pliilco 2000 A.T,TAC %me as TITE-1. 157 

STABLE-2 Philco 2000 ATXAC Emmines the iiydrzxlfc s t a b i l i t y  o f  158 
n single b o i l i n g  coolant, chmmel 
in pxall e l  with many other charnels. 

t h e  simultaneoiis existence cf both 
nonboiling and subcooled b o i l i n g  
regime:; i n  +;he subcooled region of 
t h e  coolant  chrim-~el.. 

Enilco 2000 FORTRAN Determines t h e  temperatiire r i s e  and 
surface tenpeixture  i n  a chaniiel 
bounded by two heat-producing ele- 
ir:en'is which i n  turn a r e  bounded by 
t-m s inks  of k n o m  temperature. 

SWBLE-3 Pliilco 2000 AL'l'AC Extension of STABLE-2 t o  accommodate 159 

TUG 

TUG 

TUG 



T a b l e  6.20. (ccntinued) 

Lkscription Seference Locatinn 
Kame of 

Code 
Machine ,System 

T A m  SI. Philco 2000 IOHlKAIJ Perfxms t h e  thei-ma?. ana lys i s  of t h e  
core during operatior. oP t h c  reac tor  
l’i1.l sys ieti. 

of pressurized-water nuclear pcwer 
p lan t  pressur izers ,  pi-edicting the 
pressure, m s s e s ,  voluclcs, and 
energies w i t i i i r i  t h e  system. 

Pf l i  Riil.r:c 2000 Calculates t h e  t r a n s i e n t  perf3i-iailce 

TUG 

Predicts  the  behavicu~ c f  e wzter- Ihr: NE 
ccoled and -moderated reac tor  with 
plate-ty?tl fuel. e lexents  during 
t r a n s i e n t s  t ha t  a r e  slower than e 
promp-i: excursion and during ‘which 
r e a c t c r  flow, i n l e t  tenperatiirc, 
and cont ro l  rcd  r e a c t i v i t y  e r e  
spec i f ied  3s a funct ion o f  Time. 

ART-05 Philco 2000 TAC Same as ART-0k. 161; .UL 

STDY- 3 THM 704 FORTRAN PerforrrLs t h e  steady-staxe, p a r d l e l -  16 1 A.PL 
channel thermal. ana lys i s  cf a 
rectangular  ;.acei- channel. core 
wi-th R > l a t e - t n e  f u e l  elempiit i n  
a pressurizcd-\rater reac tor .  

iiIL0 

PASS 

TOSS 

PhiJ.co 200C FORTFAX Ccmpuzes the  t rans ien t  performance 1~62 f i N L  or 
of a closed loop system cons is t ing  TUG 
o f  Lvo primary coolant loops,  a 
s ing le  core channel with i n l e t  
and o u t l e t  pl.enimis, pressurizer ,  
ana secondery steaill systcrr,. 

Philco 2000 

Phj.?ilco 200C 

IBM 703C 

1314 70?0 

Performs s teady-s ta te  t h e r m d  snaly-  
sis cf one- and two-pass pres-  
surized-watei- :r?actors. 

Amlustes t h e  s teady-s te te  perfor-  
mnce  of pressurized-qzter  resctor 
power plants  under l e v e l  a t t i t u d e  
of sh ip  an& balanced-loop c3r.d.j.- 
t i o n s .  

Solves t h e  heat  t r a n s f e r  equations 
f c r  +,ire t r a n s i e n t  o r  s teady-s ta te  
temperature d i s t r i b u t i o n  or bo-21 
of a three-dirrLensicna1 i r r e g u l s r  
body with conductiv;. or raciiation 
bomiiafy ccndi t ions.  

t ransi .ent  eqiiations or bo’di 
heat  t r a n s f e r  and temperatuze 
d i s t r i b u t i o n  i n  three-dSmeiisiona1 
irregu.1 arc bodies with conductive 
o r  r a d i a t i c n  ’CJi>l*ndai-y ccndi t ions.  

Solves  s teady-state  e q m t i o m  GT 

TUG 

TIJUG 

16 3 UCNC 
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