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I FOREWORD 

' J  1 

T h i s  Accident Analys is  include's t he  original draft Accident Analys is  (dated February 1965) as P a r t  I 
and subsequent  formal AEC Safety Review Questions and ORNL Answers (as Pa r t  11) as  submitted to  ob- 
tain authorization to operate HFIR at  t h e  nominal 100-Mw (thermal) design power leve l .  T h e  various por- 
t ions of the acc ident  ana lys i s  a r e  left  a s  originally submitted for the  reader to follow such  changes  in 
thought or design as occurred and to record the  reasons  why the  changes  were made. Footnotes  were 
added to the  earlier work referring to the  la te r  comments. T h e  HFIR Functional Description referred to 
as ORNL-3572 in the  acc ident  ana lys i s  i s  the  original version da ted  May 1964. T h i s  w a s  rev ised  in 
March 1965; however, topic headings  were the  same .  Safety review ques t ions  and answers  refer t o  t h i s  
first revision. 

March 1, 1967. Thus,  th i s  s econd  revision provides t h e  necessa ry  background material for t h i s  Accident 
Analysis,  ORNL-3573. 

reader with j u s t  what the  HFIR is and  how i t  opera tes .  Except  where necessa ry  for clari ty,  l i t t l e  empha- 
sis is placed on the  design ca lcu la t ions .  The- in te res ted  reader will  find in Appendix C of ORNL-3572 a 
l i s t  of HFIR reports which cons t i tu te  t he  de ta i led  b a s i s  for t he  design. T h e  various operating parameters 
c i t ed  include both des ign  numbers and  the  ac tua l  va lues  if they differ from them to some extent.  

Volume I1 of ORNL-3572 conta ins  a se l ec t ed  group of HFIR design drawings which, i f  u sed  in con- 
junction with text and figures in  Vol. I, will  materially a id  in gaining a n  understanding of the  sys tem.  

T h e  information contained herein is primarily the  result  of s t u d i e s  performed by F. T. Binford and  
other members of the,HFIR project, which was  directed by C. E. Winters unti l  December 1961 and s i n c e  
then by A. L. Boch and T. E. Cole  as Director and  Technica l  Assoc ia t e  Director respectively.  Among 
those who have contributed e i ther  by supplying ana lys i s  or  a s s i s t i n g  in the  review of the  manuscript a re  
F. T. Binford, R. D. Cheverton, T. E. Cole,  W. K. Ergen, M .  J. Kelley,  J .  0. Kolb, J .  P. Nichols,  T. M. 
Sims, G. M. Watson, W. R. Wise, and their  co-workers. 

T h e  HFIR functional description ORNL-3572 will  b e  revised to reflect the  reactor that  e x i s t s  at  about 

Volume I o f  ORNL-3572 is bas ica l ly  descr ip t ive  in nature and is for the purpose of acquainting the  

T h e  Editors 
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~ ABSTRACT 

T h e  High Flux  Iso tope  Reactor is a light-water moderated and cooled, beryllium-reflected flux-trap 
reactor designed and built  t o  opera te  at 100 Mw (thermal) for t he  primary purpose of producing significant 
quant i t ies  of the  transplutonium i so topes .  

T h e  reactor sys tem is equipped with two types  of containment. T h e  primary containment c o n s i s t s  of 
the  reactor primary coolant sys t em,  including the  reactor ves se l  and a s soc ia t ed  high-pressure piping. 
Th i s  sys tem a lone  is capab le  of containing t h e  more l ikely and more se r ious  acc idents .  The  secondary 
containment is accomplished by controlled leakage  into,  and  the cons tan t  d i scharge  from, the  reactor 
building of -28,600 cfm of a i r  through appropriate fi l ters t o  the  250-ft HFIR s t ack .  

T h e  acc ident  ana lys i s  (Pa r t  I) revea ls  that  radiation d o s e s  following the  maximum credible accident,  
taken to be  a 50% core  meltdown, would not exceed the  guidelines set forth in 10 CFR. part 100. T h e s e  
d o s e s  would b e  a lmost  entirely due  to  iod ines  and noble gases. 

by the  USAEC and s u c h  des ign  changes as  occurred following the  draft Accident Analysis.  
T h e  safe ty  review ques t ions  and answers  (Pa r t  11) record the  various additional information requested 8 
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Part 1. The High Flux Isotope Reactor - Accident Analysis 

PREFACE 

T h i s  ana lys i s  of the  consequences of potential  acc iden t s  to the  High Flux  Iso tope  Reac tor  

is the  second of two documents which cons t i tu te  t h e  sa fe ty  ana lys i s  of tha t  reactor. T h e  f i r s t '  

of t h e s e  presents  a reasonably de ta i led  description of t h e  reactor and its ancil lary facilities. 

The  acc ident  ana lys i s ,  which d e a l s  primarily with potential  environmental contamination and 

its attendant hazards  to t h e  general  population, refers frequently to t h i s  description. 

During the course  of t he  acc ident  ana lys i s  i t  became obvious that certain design changes 

were des i rab le  in  order t o  enhance the  overall  sa fe ty  of the  sys tem.  Where these  a r e  not re- 

f lected in  ORNL-3572, they have been briefly descr ibed  in  footnotes herein or  have been d is -  

cussed  in t h e  text. A revision to  ORNL-3572 was  i s s u e d  to  AEC reviewers,  incorporating t h e s e  

changes  and  bringing tha t  document up  to da te  as  of March 1965. 

'F. T. Binford and E. N. Cramer (eds.), The High Flux Isotope Reactor - A Functional Description, 
ORNL-3572 (May 1964). 



HFIR 

1. INTRODUCTION 

The  High Flux Isotope Reactor (HFIR), which is descr ibed in  de t a i l  e lsewhere,  is being designed 

and built for the primary purpose of generating thermal neutron f luxes in  e x c e s s  of 10I5 neutrons cm-’ 

sec-’ in  order t o  produce relatively large quant i t ies  of the  transplutonium elements .  In general ,  the  re-  

actor design concep t s  fall within the  confines of ex i s t ing  technology; and therefore, most of t he  sa fe ty  

problems a s soc ia t ed  with i t s  operation have been dea l t  with before in  connection with the  design and 

operation of other ORNL reactors.  

T h e  design of the  reactor and i t s  auxi l iar ies  h a s ,  t o  a very large extent,  been influenced by two im-  

portant requirements: (1) that the reactor be kept as free a s  possible  from frequent or lengthy shutdowns 

other than those required for refueling and routine maintenance, and (2) that s ignif icant  radioactive con- 

tamination of the environment from any c a u s e  whatsoever be  prevented. T h e  former is necessa ry  to ensu re  

the required continuity of operation. T h e  la t ter  is, of course,  required of any reactor buil t  and operated 

a t  ORNL; i t  is provided for by the  control and sa fe ty  sys t ems  ’ and by the  operating procedures and is 

guaranteed by the  reactor containment features .  

In addition t o  the fuel cladding, t he  reactor is provided with two other types of containment.  T h e  

first  of these ,  which may be  considered “primary containment,” is the  reactor pressure v e s s e l  and the  

primary coolant loop. 

even a major r e l ease  of f i s s ion  products from the  fuel6 can  b e  handled in a routine manner and  only a 

relatively short  time would be  required before normal operation could be resumed. Virtually all the  a c -  

tivity re leased from the fuel would remain trapped in  the  primary coolant loop and could b e  removed in  

a n  orderly fashion by decay and by the u s e  of the primary coolant  system demineral izers7 and the  hot 

off-gas (HOG) fi l ters.  ’ 

T h i s  system h a s  been deliberately designed so that  during normal power operation 

IF. T. Binford and E. N. Crarner (eds.) ,  The H i g h  Flux Isotope Reactor - A  Functional Description, 

’ORNL-3572, chap. 8. I 

30RNL-3572, sect .  12.5. 
40RNL-3572, chap. 4. 
’ORNL-3572, sects .  5 .4  and 6 .2 .  
60RNL-3572, sect .  9 .4 .  
’ORNL-3572, sect .  6 .2 .2 .  
‘ORNL-3572, sects .  4 .6  and 4.7.  

ORNL-3572 (May 1964) (hereafter referred to a s  ORNL-3572). 

. 
I 
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The  second type of containment is furnished by the  HFIR dynamic containment or “confinement” 

system. Ai r  is constantly exhausted from the spec ia l  building hot exhaus t  system (SBHE). l o  T h i s  

system, designed t o  remove a total  of -28,600 c f m  of a i r ,  d i rec ts  the  exhaus t  through appropriate fi l ters 

to  the 250-ft HFIR s t ack ,  with the s t ack  discharge orifice a t  elevation 1085 ft .  It provides cons tan t  in- 

leakage of air t o  the potentially contaminated a reas ,  thus  preventing the  out leakage of a i r -  or vapor-borne 

f i ss ion  products from the building a t  ground level.  The  effluent a i r ,  i n  pas s ing  through the SBHE fil ters,  

depos i t s  therein, with the exception of the  noble gases ,  virtually all the airborne ac t iv i ty .  Of the  28,600 

c f m  exhausted from the  building, approximately 5000 c f m  is exhausted through inlet  reg is te rs  located under 

the p las t ic  pool cover.  l 1  Thus ,  for those  cases where the  pool cover remains in  p lace  following a f i ss ion  

product re lease  from the  fuel,  a third l ine  of containment is operative. The  pool cover,  however, is pri- 

marily for the protection of personnel i n  the building, and i t s  p resence  will  prevent or greatly reduce the 

release of activity in to  the  reactor bay itself. 
.I 

The secondary, or building, containment is required t o  provide protection only i f  the primary contain- 

ment is inoperative. Th i s  may occur under the  following conditions: (1) when a f i ss ion  product release 

from the fuel occurs while the  reactor ves se l  is open, (2) a s  a resu l t  of an  acc ident  t o  the  fuel element 

or to the  target while they a re  being handled or s tored  outs ide  the  reactor vesse l ,  (3) because  of an ac -  

cident involving a n  experiment or other source  of radioactive material not contained in the primary loop, 

or (4) in the extremely unlikely event  of a primary coolant system rupture concurrent with a f i ss ion  product 

re lease  within the  c losed  reactor ves se l .  Nevertheless,  the secondary containment is a maximum reli- 

ability system which is capable  of handl ing any credible acc ident  and which will  a lways  b e  in operation 

whenever there is a possibil i ty of any significant release of radioactivity. Administrative safeguards  

require that the secondary containment b e  in operation whenever the  reactor is operating or when fuel is 

being handled. Normally, the  sys tem will  only b e  shut  down when th is  is required for maintenance or 

testing. During such  periods, spec ia l  procedural safeguards will  b e  effective in preventing reactor s ta r tup  

and fuel handling. 

. 

\ 

Another type of environmental contamination involves the  acc identa l  introduction of contaminated 

water into White Oak Creek as  a result  of sp i l l age  and runoff or because  of the  failure or malfunction of 

the HFIR aqueous was te  d isposa l  sys tem.  Such even t s  are e f fec t ive ly  prevented by the des ign  of the 

system l 3  and by operating procedures but in any event  would b e  relatively minor in t e r m s  of hazard to 
the population. The  activity leve l  of the  creek is constantly monitored, l 4  and i t s  rate of discharge to  the 

Clinch River through White Oak Lake  can  be  controlled. Moreover, t he  t i m e  l ag  between introduction of 

’ORNL-3572, chap. 4. 
“ORNL-3572, sec ts .  4.5 and 4.7. 

120RNL-3572, sect. 11.3. 
13The only significant potential source of contaminated runoff from the primary coolant system is a leak in  the 

‘ORNL-3572, sect. 5.5.1. 

pipe tunnel. T h i s  area is equipped with a curb of sufficient height to retain any leakage and direct i t  to the Pro- 
cess Waste Drainage (PWD), where i t  may be controlled. - 

14R. J. Morton (ed.), Status Report No. 1 ,  Clinch River Study, ORNL-3119 (July 1961). 
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contaminated water in to  the  watershed a t  t he  MFIR s i t e  and  the  appearance  of ac t iv i ty  a t  the  mouth of the  

creek is between 1 2  and 24 hr. 

warning downstream should  this become necessa ry .  

- ,  

T h i s  g ives  ample time to ins t i tu te  control measures  or to sp read  the 

2. METHOD O F  ANALYSIS 

T h e  method which h a s  been ‘selected to  pursue the  investigation of the  environmental consequences 

of a n  acc ident  c o n s i s t s  f i r s t  of a de ta i led  examination of the  resu l t s  of a “unit” r e l ease  of ac t iv i ty  and  

then the  application of t he  resu l t s  s o  obtained to  r e l e a s e s  of various magnitudes. T h e  only c red ib le  

c a u s e  for a massive r e l ease  of f i ss ion  products from the  fuel is overheating to  a n  ex ten t  suf f ic ien t  t o  

c a u s e  melting and  destruction of t he  integrity of t h e  fuel cladding. Th i s  c a n  b e  brought about  e i ther  by 

a n  increase  in power beyond the  capabili ty of the  hea t  removal mechanisms, a dec rease  in  h e a t  transfer, 

or a combination of both. 

The  consequences of such  a n  occurrence will  vary, depending upon whether or not the  primary cool ing  

sys tem,  which is also the  primary containment, remains in tac t  throughout the  incident.  The re  a r e  three 

types of potential  acc iden t s  in which the  primary containment is definitely not i n  operation. T h e s e  a r e  

as follows: 

1. a co re  meltdown c a u s e d  by a power excursion during low- or zero-power t e s t ing  with the  pressure  
v e s s e l  open, 

2. melting of some portion of a spen t  fuel e lement  in the reactor or s torage  pools d u e  t o  l o s s  of natural  
convection cool ing  shortly after removal from the reactor v e s s e l ,  

3. a crit icali ty acc ident  i n  the  pool as a result  of the  mishandling of new or s l igh t ly  s p e n t  fuel e lements .  

Because  of various considerations to  b e  d i scussed  subsequent ly  all t h e s e  potential  acc iden t s  a r e  

relatively minor in  terms of f i ss ion  products re leased  and  environmental consequences .  

There a r e  two types  of potential  acc idents  to the  fuel which could occur while t he  primary contain- 

ment is operative. T h e s e  are:  

4. a meltdown during power.operation due  to a power excursion, 

5. a meltdown during power operation-because of flow blockage or other type  of heat-transfer loss. 

Although the  magnitude of the r e l ease  from the  fuel i n  the  la t te r  two cases may b e  relatively large,  

few or none of the  f i ss ion  products would b e  re leased  to  the  environment, but they would b e  retained 

within the  primary containment.  

F ina l ly  i t  is necessary  to  consider t he  case where the  meltdown occurs  during power operation and 

is either of sufficient violence to  rupture the  primary containment or occurs  concurrent with a rupture of 

the  primary containment. It will  b e  s e e n  that t he  energy required to c a u s e  a violent rupture of t he  primary 

system is so  great that  s u c h  a n  occurrence may b e  considered incredible.  Moreover, only a relatively 

large rupture of the  primary sys t em can  c a u s e  depressur iza t ion  quickly enough to  s ign i f icant ly  damage ’ 

the core.  Nevertheless,  a s ix th  case will  b e  considered: 

~ _ _ _ _  ~ ~ _ _ _ _  ~ 

”W. H. McMaster, ORNL Health phys ic s  Division, private communication (March 1964). 
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6. a meltdown during power operation due  to  a power excursion or  heat-transfer loss concurrent with a 
rupture of the  primary coolan t  sys tem.  

In addition to t h e s e  s i x ,  all of which directly involve the  fuel e lements ,  there a r e  three other types 

of potential  acc iden t s  which, although they a re  in  general  much less severe ,  require consideration. 

These  are:  

7. a n  acc ident  t o  the  plutonium target16 caused  by mechanical damage or overheating, 

8. a n  acc ident  involving radioactive material other than tha t  contained in the  fuel or  target,  tha t  i s ,  
contaminated was te ,  ion exchange resin,  e t c . ,  

9. a n  acc ident  t o  a n  experiment other than the  target.  

Each of t h e s e  types  of acc iden t s  will  b e  d i scussed ,  and those  which may result  i n  s ign i f icant  en-  

vironmental contamination will  b e  considered in  de ta i l .  

3. CONSEQUENCES OF THE EMISSION OF FISSION PRODUCTS FROM THE HFIR STACK 
FOLLOWING AN ACCIDENTAL RELEASE 

c 

Calculation of the  downwind radiation d o s e s  to  b e  expec ted  a s  a resu l t  of t he  emiss ion  of f i ss ion  

products from the  HFIR s t a c k  have been made us ing  the  Gaussian plume formula. l 7  T h e  method, which 

t akes  in to  consideration decay, growth of daughter products, and  the  augmentation of the  s t a c k  height 

due to emiss ion  velocity,  is descr ibed  in  Appendix A. T h e  da ta  presented in th i s  appendix a r e  based  

upon r e l ease  from the  fuel of all  the  f i ss ion  products present  i n  0.001% of the  fuel (1 kw equivalent)  

immediately following 15 days ’  operation a t  100 Mw. As ide  from the  exceptions noted therein, the  re- 

su l t s  d o  not include any  allowance for the  e f fec t  of the  SBHE and HOG fil ters,  the  demineralizers,  or 

any other decontamination mechanism such  as scrubbing ac t ion  by the  primary coolant and pool water 

or deposit ion on  the building and duc t  wal l s .  

T h e  d o s e s  for t he  acc iden t  cases may b e  obtained by uti l izing t h e s e  resu l t s ,  i n  connection with 
< the  reactor power corresponding to  the  amount of fuel affected,  together with a n  appropriate reduction 

to represent t he  decontamination factors expected. 

Two cases have been considered: (1) the  “worst average” case in  which it is assumed tha t  t hose  

meteorological conditions which maximize the  d o s e  pe r s i s t  independently for each  point downwind 

throughout t he  incident,  and  (2) the  “most representative” case in  which the  most probable meteorol- 

ogical conditions prevail .  l 8  Because  it is extremely unlikely tha t  “worst average” conditions wil l  

ex i s t  for any  point during a n  acc ident  and impossible that they ex i s t  for more than one  point,  and  be- 

c a u s e  the  “most representative” conditions d o  not correspond to a lower bound, the  mean va lue  of 

these  two cases is considered to b e  a conservative b a s i s  upon which to  estimate the  radiation d o s e s  

and, therefore, h a s  been se l ec t ed  for t h i s  purpose. I t  is worth noting that the  r e s u l t s s o  obtained a r e  

considerably more pess imis t ic  than those  obtained under the  conditions most comm’bnly employed in  

,, 

~ ~ ~ ~ 

160RNL-3572, sect. 5.2.1. 

”F. A. Gifford, Jr., Nucf. Safety 1 ,  3 (March 1960); 2, 2 (December 1960); 2, 4 (June 1961). 
“See Appendix A, sect.  4, for a more precise definition. 

\ 
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previous safe ty  ana lyses ,  namely, moderately s t a b l e  atmospheric conditions and  a wind speed  of 

1 m/sec. 1 9 8 2 0  T h i s  is particularly the  case within 5 km of the  s t ack .  

In order t o  fac i l i t a te  the  application of the  decontamination fac tors  the  f i ss ion  products have  been 

divided into five groups accord ing  to  their r e l ease  charac te r i s t ics  and the  type of radiation d o s e s  which 

they deliver.  
i 

1. F i s s ion  products important with respec t  t o  internal d o s e  a r e  

a) iodines,  

b) bone seeke r s ,  

c) all others.  

2. F i s s ion  products important with respec t  to ex terna l  or  submersion d o s e  a r e  

a) noble gases ,  

b) all o thers .  

T h e  internal and ex terna l  d o s e s  to b e  expec ted  following a unit  r e l ease  of f i ss ion  products from 

the  fuel a r e  given as a function of d i s t ance  downwind i n  Figs. 1.3.1-1.3.6. No cred i t  for f i l tration or 

''E. N .  Cramer (ed.), A Critical Discuss ion of 23 US Power Reactor Hazard Reports,  to be  publlshed. 
20  J. J. DiNunno et  a l . ,  Calculations of Distance Factors for Power and T e s t  Reactor S i t e s .  TID-14844 

(March 1963). 
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other means of decontamination is included in these  curves ,  and it is assumed that all the f iss ion 

products in the affected fuel reach the,  s tack .  Decontamination effects will be included separately.  

With the exception of the noble gases ,  a l l  d o s e s  are based  on rapid emission from the  building and an  

infinite exposure t ime .  

gases ,  and 2% of the other f iss ion products will e s c a p e  from the  immediate vicinity of the  affected 

portion of the fuel. T h e s e  fractions are  in  agreement with current pract ice  and appear to  represent 

reasonably rea l i s t ic  es t imates ,  although the fraction chosen for the s o l i d s  is somewhat higher than that 

usually recommended. 

In the ac tua l  c a s e s ,  i t  is assumed that following a meltdown 50% of the iodines ,  100% of the noble 

21G. W. Parker, Trans. Am. Nucf .  SOC. 6(1), 120 (June 1963). 
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The design criteria specify that  the filter media in  both the SBHE and the  HOGzz  s y s t e m s  be ca-  

pable of retaining 99.95% of all particulate matter having a diameter greater than 3 p and 99.99% of the 

(reactive) iodine. Laboratory-scale invest igat ions with filter sys t ems  using t h e s e  media indicate  that  

overall  decontamination factors  up to  3000 for iodine can  b e  achieved.  2 3  A ful l -s ize  filter sys t em 

s imi l a r  to, but somewhat less elaborate  than, that  of the  HFIR h a s  been tes ted  in  the Oak Ridge Re- 

search Reactor,  and in t h e s e  t e s t s  a decontamination factor of approximately 600 (ref. 24) w a s  demon- 

s t ra ted.  Because  in  any such  accident  the iodine is released under water and must be conveyed f i rs t  

through the water and then through ei ther  the SBHE or CHOG ducts  before reaching the  f i l t e rs ,  i t  is 

"ORNL-3572, s ec t s .  4 .7 .1  and 4 .7 .2 .  
z3NucI. Safety Program Semiann. Progr. Rept. Dec.  31, 1963, ORNL-3547. 
z4Letter from R. E. Adams and T. M. Sims to F. T. Binford, June 16, 1964. 
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Fig.  1.3.4. External p Dose from Noble  Gases Fol lowing o F iss ion Produci 

Release from HFlR - Infinite Exposure. 

. 
estimated that the amount of iodine actually reaching the f i l ters  will be reduced by a factor of between 

3 and 10. Thus  i t  would appear conservat ive to a s sume  an  overal l  decontamination factor for iodine 

of 2000. This ,  as will be shown later, is higher by a factor of 100 than thaLnecessary to  sa t i s fy  the 

c 

l i m i t s  es tabl ished by 10 C F R  100, under MCA conditions.  

There appears  to  b e  no obvious decontamination mechanism which will readily remove the  noble 

gases  from the effluent s t ream. They are ,  however, re leased under water and d o  have finite solubility. 

Nevertheless i t  will be  assumed tha t  100% of the noble g a s e s  a r e  re leased from the affected portion 

of the fuel, and that t h e s e  p a s s  through the system and are discharged from the s t a c k .  

Experience h a s  shown that  the mobility of the nonvolati le f i ss ion  products is less than tha t  of the 

iodines ,  that the f i l ters  will b e  more effect ive in removing them, and that  they will b e  more effectively 

retained in  the  water and on the various sur faces .  It is conservat ive to  a s sume  that both filtration and 

retention in  the building will each  b e  a t  l e a s t  50% more effect ive in  the case of the nonvolati le f iss ion 

products than in  the c a s e  of the iodines .  Consequently an  overall  decontamination factor of 4500 is 

assumed for the nonvolati le f iss ion products.  

,- 

I 
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The assumptions made regarding decontamination are summarized in  Table  1.3.1. 

It will become obvious that  the controll ing d o s e s  will be the external ,  or submersion, d o s e  due to  

the noble g a s e s  and the thyroid d o s e  due  to  the inhalation of iodine. The  internal and submersion d o s e s  

due to  all other f iss ion products are severa l  orders of magnitude less than those  and wil l  not  b e  con- 

sidered further here .  
1 

T a b l e  1.3.1. HFlR Decontamination Factors 
/ 

Fraction Fraction Fraction Decontam- 
Released Escaping Escaping ination 
from Fuel  Deposition Fil ter Factor 

Io dines 
Noble gases. 
Nonvolatiles 

0.5 

1.0 
0.02 

0.333 

1.0 
0.222 

0.0015 
1.0 
0.001 

2000 

1 
4500 

4 0 - ~  
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Fol lowing a F i s s i o n  Product Release from HFlR - Infinite Exposure and Rapid 

Emission. I 

4. INTEGRITY OF THE CONTAINMENT SYSTEM 

. T h e  foregoing resu l t s  hold only provided tha t  the  containment sys t ems  function as  designed. A 

schematic  diagram-of these  sys t ems  is presented in F ig .  1.4.1, and reference t o  th i s  diagram will fa- 

c i l i t a te  t h e  subsequent  d i scuss ion .  In the c a s e  of acc idents  which occur within the primary coolant 

system and do  not involve breaching of that system, any  e scap ing  f i ss ion  products must p a s s  not only 

through the CHOG f i l te rs  but a l s o  through the SBHE fil ters as well. Moreover, because  the automatic 

block valves (see p. 15) will  c l o s e  when a high radiation l eve l  is de tec ted  in the  primary coolant s y s -  

tem,  very l i t t l e  activity will  ac tua l ly  reach these  fi l ters.  For all other types  of acc idents  where there 

is a possibil i ty of a significant f ission product release into the building itself, the activity must b e  

removed by the  SBHE sys tem.  Both the  SBHE and the off-gas sys t ems  a r e  designed for maximum reli- 

ability, and their failure concurrent with a f i ss ion  product release is not ,considered to  b e  credible.  

.- 
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Nevertheless,  four types  of failures could b e  postulated and  it is necessary  to examine them. They 

are: (1) failure of the  SBHE or CHOG fans ,  (2) failure of t he  SBHE or CHOG fil ters,  (3) failure of t he  

automatic block va lves ,  and (4) a n  acc ident  of suf f ic ien t  violence to  tear  a la rge  hole in  the  building. 

T h e s e  will  b e  d i scussed  below; however, it should  f i r s t  b e  pointed out that  the  secondary containment 

a lone  is a lways  adequate  to  contain any acc ident  provided tha t  t he  building remains in tac t  and the  SBHE 

sys tem is in  opera'tion. Moreover, i n  many cases - t hose  in which the  primary coolant sys t em remains 

c losed  - t he  primary containment a lone  is adequate.  

Fai lure of the SBHE or CHOG Fans.  - Fai lure  of-the SBHE fans  would have two resu l t s :  (1) the  

building forced draft would b e  cu t  off and  (2) the  e f fec t ive  s t a c k  height would b e  reduced to  76.2 m, 

the  ac tua l  s t a c k  height.  Neither of these  resu l t s  is of any  consequence provided it d o e s  not occur 

concurrently with a f i ss ion  product r e l ease  into the  building itself. T h i s  is because  any  f i ss ion  product 

re lease  from the  primary coolan t  sys t em is routed through the  CHOG fil ters and  blower to  the  SBHE 

fil ters.  Moreover, i f  the  r e l ease  i n  the  primary system is of major proportions, the  block va lves  will  

close automatically and thus  isolate the  f i ss ion  products in the  primary containment loop. Reduction 

of the  e f fec t ive  s t a c k  height t o  the  ac tua l  s t a c k  height would inc rease  the  maximum downwind doses ,  

which occur a t  a d i s t ance  of about 1 km from the  s t ack ,  by a factor of about 1.5, and would have l i t t l e  

effect  a t  greater d i s t ances .  
% 

T h e  SBHE fans* a r e  ins ta l led  i n  duplicate.  2 5  One fan is in  continuous operation while t he  other 

is on standby. The  standby fan will  come on the  l ine  upon a n  indication of s igni f icant  loss of a i r  flow. 

The fans  receive their  power, respectively,  from one  of t he  two normal-emergency power suppl ies .  2 6  

Normal power is suppl ied  from the  preferred TVA feeder.  Upon failure of the  preferred feeder, the  buses  

a r e  automatically swi tched  to the  a l te rna te  TVA feeder.  Should th i s  also fail ,  both emergency gener- 

ators s t a r t  automatically and power is fed to the  preferred fan. Should emergency power to  th i s  fan 

c 

fail,  the  second emergency generator will  s t a r t  the  standby fan. Fa i lure  of the  preferred fan or motor 

will c a u s e  a loss of a i r  flow which will  ac tua te  automatic s ta r tup  of the  standby fan.  27 I t  is believed 

that th i s  sys tem is sufficiently reliable to rule out the  credibil i ty of a n  SBHE fan failure concurrent 

with a f i ss ion  product r e l ease  from the fuel.  

Failure of the  CHOG fans  concurrent with a f i ss ion  product release into the  primary coolant sys tem 

would merely resu l t  in a dec rease  in  the  ra te  at  which gaseous  and vapor-borne activity would reach 

the SBHE fil ters.  Because  of the  automatic isolation by the  block va lves ,  only relatively smal l  or con- 

trolled amounts of activity will  reach t h e s e  fi l ters.  Fa i lure  of t he  CHOG fans  following a re lease  into 

the building would b e  of no consequence from a n  environmental point of view. The  CHOG fans  a re  in- 

s ta l led  in dupl ica te  and a r e  connected to their  power supp l i e s  in a manner qui te  similar t o  the  SBHE 

fans.  Their failure concurrent with a f i ss ion  product r e l ease  is not considered l ikely enough to  b e  

credible. 

*Answer 53 describes the addition of a third SBHE fan in  parallel with the original fans. 
250RNL-3572, sect. 4.7 .1 .  
260RNL-3572, sect. 10.1. 
*'ORNL-3572, sect. 4.9 .1 .  
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I 
Fai lure of the SBHE or CHOG Fi l ters.  - Because  the  SBHE and CHOG fil ters2’ cons t i tu te  the final 

barriers which prevent f i ss ion  products from entering t h e  atmosphere,  i t  is important tha t  their  efficiency 

b e  maintained. A s  h a s  been pointed out in Sec t .  3, it is expec ted  that e a c h  of t h e s e  banks of fi l ters 

will ach ieve  a decontamination factor of about 700 for iod ines  and over 1000 for so l id  f i s s ion  products.  

A s  will  b e  s e e n  in Sec t .  6, t h e s e  factors a r e  considerably greater than is ac tua l ly  required to  prevent 

intolerably high environmental contamination of the  atmosphere.  A s  a practical  matter, every effort will  

b e  made to achieve  the  h ighes t  decontamination fac tors  cons i s t en t  with sa fe ty  and economy. T h e  fi l ters 

will b e  t e s t ed  following ins ta l la t ion  and periodically thereafter.  

. 

A s  originally des igned ,  e a c h  bank of f i l t e rs  conta ins  in  s e r i e s  a Fiberg las  prefilter, a n  abso lu te  

filter, two charcoal absorbers ,  and a final absolu te  fi l ter .  In e a c h  system a standby filter bank is pro- 

vided. Once ins ta l led  and  tes ted ,  the  only obvious c a u s e  of gross  fi l ter  failure is fire. Mor3over, be- 

c a u s e  i n  each  bank two charcoa l  absorbers a r e  ins ta l led  in  se r i e s ,  failure of one  absorber  s ec t ion  a lone  

will not resu l t  i n  complete failure of the  sys tem.  

The  Fiberg las  is fireproof, and  the  absolu te  f i l t e rs  a r e  fire res i s tan t ;  however, t h e  charcoa l  is flam- 

mable. While it, is poss ib le  to pos tu la te  various ways  in  which the  charcoa l  could b e  ignited,  t h e  only 

credible mechanism for supplying large amounts of h e a t  to the  charcoa l  is the  absorption of energy 

from the  decay  of f i ss ion  products trapped thereon. A conserva t ive  es t imate  2 9  of the  ave rage  temper- 

ature r i s e  in  the  CHOG fil ters,  should the  iodine inventory ava i lab le  from the  HFIR MCA be  trapped 

within the  f i r s t  0.2 in.  of charcoal on the  f i r s t  filter, is about  50’F. A similar ca lcu la t ion  ind ica tes  

a 3’F average  temperature r i s e  in  the  SBHE f i l te rs .  It is des i red  to  prevent the temperature from in- 

c reas ing  above 300°F, which is well  below the  reported ignition temperature of 550’F. In view of the  

automatic isolation of the  primary coolant loop in  the  even t  of a major f i ss ion  product r e l ease  and  the  

small  average  temperature r i s e  in the  fi l ters which could resu l t  from deposit ion of the  iodine inventory, 

it appears  impossible to  ach ieve  the  ignition temperature of charcoal.  Never the less ,  precautions a r e  

being taken  to  guard aga ins t  s u c h  a n  “incredible” fire. 

T h e s e  precautions h a v e  taken the  form of a des ign  change  in  which the  exhaus t  from the  CHOG 

fil ters is routed through the  SRHE fil ters rather than directly to the  HFIR s t ack .  T h i s  imposes  a second 

set of f i l t e rs  between the  CHOG system and the  atmosphere and  reduces  the  number of para l le l  pa ths  

by which activity c a n  reach the  atmosphere.  

, 

In addition, si lver-plated copper mesh fi l ters will  b e  ins ta l led  between the  absolu te  f i l t e r  and  first  

charcoal absorber in both the  CHOG and SBHE filter p i t s .  T h e s e  wi l l  reduce the  temperature r i s e  in  

the charcoal by carrying some of the  iodine load and w i u  also s e r v e  as flame a r r e s t e r s  should  a fire 

occur a t  a point upstream of the  metal  f i l ters.  

With these  changes ,  i t  is believed that the  failure of the  fi l ter  sys t em concurrent with a reactor 

acc ident  c a n  b e  considered incredible.  

280RNL-3572, sect. 4.7. 
29F. T. Binford, January 1965 (unpublished). 
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Failure of the Automatic Block Valves.  - As a resul t  of the safe ty  a n a l y s i s ,  i t  became apparent  

that for many of the postulated acc idents  the resu l t s  could b e  minimized by taking advantage of the 

block valves3 '  in  t h e  pressure letdown l ines .  E a c h  of t h e s e  four l i n e s  conta ins  three valves  i n  s e r i e s .  

One of t h e s e  provides for normal pressure regulation and  the  other two a r e  block va lves ,  both of which 

a r e  equipped with pneumatic operators. The normal function of the  block valves  is to  close upon re- 

duction in  system pressure below normal and thus prevent the  flow of primary coolant  sys tem water to 

the primary coolant  c leanup system. 

) 

In addition to  th i s  normal function, the operation of the  block valves  h a s  been  modified s o  that  

upon the detect ion of high radiation i n  the primary coolant  system, a s i g n a l  is transmitted to  the  safe ty  

system which c a u s e s  automatic c los ing  of both block va lves  in  all the pressure letdown l ines .  T h e  

detectors  and assoc ia ted  e lec t ronics  have  s a f e t y  sys tem reliability (two out of three coincidence cir-  

cu i t s  which may b e  tes ted) .  T h e  same s igna l  which closes t h e s e  block valves  a l s o  in i t ia tes  a reactor 

scram. T h e  e x a c t  radiation leve l  a t  which th i s  act ion wil l  b e  ini t ia ted h a s  not ye t  been determined but 

will b e  s e t  at the  lowest  leve l  cons is ten t  with orderly operation. 

While failure of the block va lves  will not increase  the  consequences  of the  maximum credible  ac- 

cident, their proper operation will greatly reduce the consequences  of f iss ion product r e l e a s e s  within 

the primary coolant  sys tem.  Moreover, because  of the redundance incorporated in the  design,  their 

failure is considered extremely unlikely. 

Failure o f  the Reactor Building.* - T h e  HFIR containment building31 is constructed of reinforced 

concrete, and,  a s  wil l  b e  shown in  Sect .  4.2, it d o e s  not appear  that  any credible  acc ident  to  the re- 

actor could develop suff ic ient  violence t o  grossly rupture the  primary coolant sys tem,  much less the 

reactor building. Perhaps  the  only circumstances which could c a u s e  gross  damage to  the  building would 

b e  a violent earthquake, virtually unknown in the E a s t  T e n n e s s e e  region, 3 2  or armed a t tack .  On the  

other hand, the building is penetrated by a number of doors33  for both personnel and vehicles ,  and la rge  

g lass  windows are  located between the observation gallery ad jacent  t o  the  control room and the  con- 

tained portion of the building. Two of the personnel doors in the  reactor bay - one  leading to the per- 

sonnel  decontamination room and the  other to the  outs ide  - a r e  of the air-lock type, a s  is the  vehicle  

entrance. The two remaining personnel doors, both of which open into the corridor between the water 

wing and the reactor bay, a r e  of the  ordinary type. They a r e  equipped with automatic door c losers  but 

will b e  kept locked during operat ions which require containment. Doors a re  equipped with panic  bars  

so  tha t  in a n  emergency they may b e  opened from the reactor bay s ide .  It is conceivable  tha t  one  or 

more of the doors may remain open during a r e l e a s e  in to  the  building; however, with the poss ib le  ex- 

ception of the vehicle  a i r  lock in  the  reactor bay,  such  a n  occurrence would not materially affect the  

ability of the  SBHE sys tem to  provide containment. It is poss ib le  tha t  the windows in the observation 

; 300RNL-3572, sect .  8.6.4.  
*Further discussed in answer 59 and Appendix K. 
310RNL-3572, sect .  3.3. 
320RNL-3572, sect .  2.3.3. 
330RNL-3572, sect .  3.3.1. 
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gallery might be  broken a s  a result  of a n  acc ident  which a l s o  r e l eases  f i ss ion  products in to  the  building, 

but this is unlikely because  of their location. Moreover, the  observation gallery is maintained a t  a 

higher pressure than the reactor bay. Because  none of the  credible acc iden t s  involve a n  inc rease  in  

pressure in the  reactor bay, the  leakage  would be  inward. 

4.1 Integrity of the Primary Coolant System* 

A s  h a s  been  pointed out previously, the primary c.ontainment is ef fec t ive  whenever the  reactor is 

operating routinely. I t  cons i s t s  of the high-pressure portion of the  primary coolant loop, 34 which is 

designed to  operate at a maximum pressure of 1000 ps i .  Studies of the integrity of t h i s  sys tem during 

a n  accident involving the  rapid r e l ease  of large amounts of energy have  been  made by W. R. Wise, Jr.,  

and h i s  findings a re  presented in Appendix B. T h e s e  a re  a l s o  shown in F ig .  1.4.2. T h i s  curve gives 

the highest  defens ib le  energy excursion which would not resu l t  i n  gross failure of the reactor v e s s e l  

under the  conditions t o  b e  expected during the r e l ease .  The  magnitude of the al lowable energy r e l ease  

is plotted aga ins t  the duration of the re lease ,  which is here taken to b e  l inear.  T h e s e  da t a  hold pro- 
vided the pressure v e s s e l  and the  high-pressure piping sa t i s fy  the strength requirements spec i f ied .  s 

It can  b e  s e e n  tha t  for very fast excursions - to ta l  energy release t i m e s  of the  order of 3 msec - the 

system can  withstand 220 Mwsec of energy or the  equivalent of the detonation of 110 Ib of TNT.  For 

slower r e l eases  - t imes of the  order of 100 msec - the sys t em c a n  withstand 360 Mwsec, and  for still 

slower excursions the  value approaches 500 Mwsec. The  resu l t s  found by Wise are reinforced by in- 

dependent ca lcu la t ions  performed by !?. E. Shappel, 36 who found tha t  a t  l e a s t  270 Mwsec a r e  required 

t o  rupture the pressure ves se l .  
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F i g .  1.4.2. Upper Bound Containment Potentiol  of HFiR Under Normal Op- 

erating Conditions. 

*Further discussed in answer 56 and Appendix J. 

340RNL-3572, sect.  6 .2 .1 .  
35The vesse l  was designed, fabricated, and inspected to-meet the requirements of the ASME Boiler and Pres- 

sure Vesse l  Code, sect .  VIII, 1959 ed . ,  and Nuclear Code Case  1273N..  Additional tests were perfbnned to cor- 
roborate specific design assumptions and to assure material integrity and adequacy’under expected,operating con- 
ditions of radiation and pressure and temperature cycling. Further control over vesse l  integrity will  .be exerted 
by the use of surveillance specimens within the vesse l  at critical locations, which will be peiiodically-tested to 
determine the changes in material properties due to .radiation do-sage. 

’ 

36R. E. Shappel to J. R. McWherter, letter dated Oct. 30, 1963. 
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4.2 Sources and Magnitudes o f  Energy Releases 

, 

There a r e  only two potential  sou rces  which could conceivably supply suf f ic ien t  energy to  approach 

the bounds indicated i n  the previous sec t ion .  The  f i r s t  of t h e s e  is a power excursion caused  by the  

rapid introduction of e x c e s s  reactivity.  T h e  second is t h e  r e l ease  of a la rge  quantity of energy as the  

result  of ex tens ive  exothermic chemical reactions.  Such chemica l  reac t ions  a r e  init iated only a t  very 

high temperatures and can  occur only under abnormal conditions which permit the fuel temperature to  

reach the  melting point or higher. T h e  only obvious ways in  which s u c h  temperatures c a n  b e  developed 

a r e  as follows: (1) by a power excursion, (2) by a failure of both the  control and  sa fe ty  sys t ems  coupled 

with a n  operating error which permits t he  power leve l  to grossly exceed the  heat-removal capac i ty  of ' 

the system, (3) by a flow blockage due to  the  presence  of  foreign material i n  t he  cool ing  sys t em or due 

to mechanical failure of a fuel element,  or (4) loss of primary coolant sys tem pressure  resu l t ing  in s team 

formation in  the  core  and  blanketing of the  fuel p la tes .  Of these ,  t he  second - concurrent failure of . 

the  control and  safe ty  s y s t e m s  - is considered highly improbable because  of t he  s t rong  redundance 

incorporated in  both sys t ems  and because  of the la rge  number of independent failures required to  bring 

i t  about. 37 

,-- 

It h a s  been determined tha t  the  maximum damage from a n  uncontrolled reactivity addition is that 

which would occur should  a n  optimum void b e  swept  into t h e  target region while t he  reactor is a t  full 

power and  a t  a time near  t he  end  of the  fuel cyc le .  Under full-flow conditions,  the  void would represent 

a total  increase  of about 1.3% i n  reactivity and would b e  introduced over a period of about  30 msec. 

The consequences of th i s  and other types  of reactivity addi t ions  have been s tudied  by means of ana log  

techniques and  a r e  summarized in Appendix C. T h e  ca lcu la t ions  ind ica te  that introduction of t h i s  opti- 

mum void could result  i n  a maximum energy r e l ease  of about  52 Mwsec, a peak power l eve l  of -1250 Mw, 

and the  possibil i ty of some  loca l ized  melting at the  hot s p o t s .  

Subsequent ana lyses ,  also included in Appendix C, which involve extrapolation of S P E R T  da ta  and 

calculation of the  S P E R T  experimental cases employing the  s a m e  ana log  techniques  used  for t he  HFIR 

lead to the  conclusion tha t  all the  low-power computations (for which experimental da t a  a r e  ava i lab le  

for comparison) a r e  conservative; and  it appears  t ha t  t he  high-power resu l t s  a r e  also conservative.  Th i s ,  

together with the  conserva t ive  procedures employed in  t h e  hot-spot ana lys i s ,  38 makes i t  appear  likely 

that l i t t l e  or no  melting would ac tua l ly  occur. 

T h e  only other potentially large source  of energy is one  or both of the  two theoretically poss ib le  

exothermic chemical reactions,  both of which c a n  only b e  init iated by e x c e s s i v e  fuel temperatures.  T h e s e  

a r e  the reaction of U,O, with aluminum and the  well-known AI-H,O reaction.* T h e  former h a s  been 

370RNL-3572, sects .  8 .3  and'8.4. 
380RNL-3572, sect .  7.5.4. 
*Further discussed in answer 23 and Appendix I. ' 
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studied by Fleming and 

and Johnson, it is estimated tha t  t he  maximum energy r e l ease  due to  the U,O,-Al reaction would be  

-0.65 Mwsec per kilogram of U,O,-Al mixture reacted for the case of the  fuel in the  inner annulus  and 

-0.75 Mwsec per kilogram of mixture reacted for the  fuel in the outer annulus.  Since t h e s e  annuli  con- 

tain * 9.4 and 21.6 k g  of U ,O,-A1 mixture, respectively,  the  maximum energy potentially ava i lab le  from 

the reaction cannot  exceed‘22.4 Mwsec. On the  other hand, the  energy release from the Al-H,O reaction 

is -4.2 kcal per gram of aluminum reac ted4 ,  or 17 .6  Mwsec per kilogram of aluminum (or water) reacted.  

Consequently, s ince  the total  aluminum inventory in the  fuel p la tes  is -88 kg, the maximum potential  

energy from th is  source  is -1550 Mwsec. A s  will b e  seen ,  i t  is not credible to  suppose  tha t  e i ther  of 

these  reactions can  occur to any  appreciable ex ten t  in the  HFIR. 

and the  la t te r  by Eps te in .  4 1 , 4 2  Ba s e d  upon the  work of Fleming 

There  is considerable doubt as to whether U,O, mixtures containing the  high percentage of aluminum 

found in the  HFIR fuel will  reac t  violently; moreover, the primary concern is not the  energy r e l ease  

per se, but rather the  additional hea t  available from the  reaction, which on the  average  amounts to about  

109 Btu per pound of aluminum and might increase  the probability of the  AI-H,O reaction. 

The  U,O, reaction is thought to be poss ib le  only a t  temperatures in e x c e s s  of 1200°F, and  only a 

small amount will react rapidly a t  temperatures below 1400OF. The  Al-H,O reaction requires a n  init i-  

at ing temperature of at least 2140OF and, in addition, usually requires tha t  the aluminum b e  finely d is -  

persed in water. Moreover, 1 k g  of water is required to reac t  with each  kilogram of aluminum. 

Use  of the  foregoing information makes it poss ib le  to es t imate  the maximum energy r e l ease  in  the 

case of each  of the three credible acc idents  l i s ted  above. 

Reactor Power Excursion. - Reference to  Appendix C revea ls  that  under the worst  power excursion, 

which would r e l ease  52 Mwsec of nuclear energy, the average peak fuel e lement  temperature will  not 

exceed 800°F,  which is far below that required t o  in i t ia te  e i ther  reaction. Moreover, i t  would b e  nec- 

e s sa ry  to  hea t  a portion of the  core to  greater than 1600OF before the additional hea t  a s soc ia t ed  with 

a complete U ,OB-A1 reaction could,  even i f  absorbed adiabatically,  raise the  aluminum temperature . 
sufficiently high to in i t ia te  the  A1-H 2O reaction. Th i s  is 400°F above the  melting point of aluminum. 

On the other hand, the‘ peak hot-spot a rea  is shown by the ca lcu la t ions  t o  reach sufficiently high ~, 

temperature t o  in i t ia te  both reactions.  A s  h a s  been  pointed out, t hese  values are thought t o  be  extremely 

conservative and even here  there is doubt that  melting will  occur. Nevertheless,  it is necessary  t o  

concede that some chemical  energy may be  released a t  the  hot s p o t s  a s  a result  of the  maximum credible 

reactivity insertion. Based  on conservative assumptions,  the hot-spot regions have  been  found to  b e  

confined to not more than 5% of the  total  fuel-plate a rea .  Thus ,  the  maximum chemical  energy release 

,’J. D. Fleming and J. W. Johnson, Trans. Am. Nucl. s o c .  6(1), 158 (June 1963). 
40Final Report, Project No. B-153, Task I I ,  Reactions in At-35 Weight Percent U 0 Dispersion, Georgia 

4 1 L .  F. Epstein, Metal Water Reactions VU, Reactor Safety Aspects  of Metal Water Reactions, GEAP-3335 

42L.  F. Epstein, Nucl. Sc i .  Eng. 10, 247-53 (July 1961). 
43R. C. Limatainen et a t . ,  “Studies of Metal Water Reactions at High Temperatures 11,” TREAT Experiments 

Status Report on Results with Aluminum, Stainless Steel-304, Uranium, and Zircaloy-2, ANL-6250, p. 13, Table 1. 

Institute of Technology, Engineering Experiment Station. 

(January 1960). 
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could not exceed -88 Mwsec and  the  to ta l  energy r e l ease  would b e  -140 Mwsec, which is far below 

that necessary  to rupture the  primary coolan t  sys tem.  

There  h a s  been a great dea l  of specula t ion  regarding the  possibil i ty of au toca ta ly t ic  propagation 

of  the AI-H,O reaction and  eventua l  involvement of a la rge  portion of the  core. On the  b a s i s  of experi-  

ence ,  th i s  does  not appear  to occur,  probably because  water is required in order to permit t h e  reaction 

t o  proceed; and at the  temperatures required for the  reaction, very l i t t l e  water is present.  T h i s  is sup- 

ported by the  resu l t s  of the  SL-1 acc ident ,  in which a 130-Mwsec nuclear excursion re leased  -24 Mwsec 

of chemical energy, and  the  SPERT-1 destructive test, in  which a 31-Mwsec nuclear excursion re leased  

3 to 4 Mwsec of chemical energy. 4 4  It is in te res t ing  to note tha t  by l inear interpolation of t h e s e  two 

c a s e s ,  a 52-Mwsec HFIR excursion corresponds to a n  8-Mwsec chemical energy re lease .  

, 

F l o w  Blockage. - A second  method of overheating, which is probably more l ikely than a nuclear 

excursion, involves blockage of flow to  some portion of t h e  co re  during power operation. T h i s  could 

occur because of the  presence  of foreign material in t he  cool ing  system or  because of t he  mechanical 

failure of one or more fue l  p la tes .  In t h i s  c a s e ,  a significant fraction of t he  core  may b e  deprived of 

adequate cooling for a n  appreciable t i m e  during-which the  reactor continues to  operate at full power. 

Th i s  s i tua t ion  h a s  been ana lyzed  in  Appendix D. It is shown tha t  even under very pess imis t ic  assumptions 

a t  most 24% of the  fuel p l a t e s  will  suffer melting and tha t  t he  to ta l  energy r e l ease  will  not exceed  182  

Mwsec. Th i s  is less than the  minimum of 210 Mwsec required to rupture the  pressure  v e s s e l .  Moreover, 

because  the  energy r e l ease  from the chemical reaction would b e  expected to proceed a t  a much s lower  

rate than a T N T  explosion, the  containment potential  of the  v e s s e l  would b e  somewhat higher than the  

210 Mwsec minimum. * 
Loss  of Primary Coolant Pressure.** - Fina l ly ,  it is necessary  to cons ider  the case where pressure 

is suddenly l o s t  t o  t he  primary coolant sys tem.  It h a s  been shown4’ tha t  l e a k s  in the  primary coolant 

system equivalent t o  a n  open 3-in. valve or less c a n  b e  handled by the  sys tem without damage. If, how- 
* ever, a considerably larger leak  developed, the  system would depressur ize  rapidly and some overheating 

might occur in  the  core.  Reac tor  shutdown would b e  simultaneous with the  pressure  loss due to  both 

safety-system ac t ion  and because  of loss of moderator due  to s team formation. Because  only about 

50 gal of water is required to pressur ize  the  primary coolant sys tem,  and  because  of the  configuration 

of the  piping and  the  location of the  reactor v e s s e l  i n  a pool of water ,46  it does  not s e e m  poss ib le  that 
such  a n  incident would lower the  water t o  a n  ex ten t  sufficient t o  uncover the  core.  Consequently,  the  

amount of melting to  b e  expec ted  would b e  small compared with tha t  caused  by a flow blockage; and no 

subs tan t ia l  energy r e l ease  is anticipated.  

I 

.. 

44Argonne National Laboratory Chemical Engineering Division Summary Report April-June 1963, ANL-6725, 

*Further discussed in  Appendix J. 
**Further discussed in  answers 23 and 43. 
450RNL-3572, sect .  8 . 8 . 5 .  
460RNL-3 572, sect.  6 .2 .1 .  

p. 220. 
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As a consequence of the  foregoing d iscuss ion ,  i t  appears  safe to  cons ider  tha t  a mass ive  rupture 

of the primary coolant system is incredible. I t  is credible,  however, to pos tu la te  a n  acc iden t  re leas ing  

fission products from the  core ,  some of which e s c a p e  from the  reactor v e s s e l  through leaking  f langes ,  

broken beam tubes ,  e t c .  

5. A C C I D E N T S  I N V O L V I N G  T H E  R E A C T O R  F U E L  

As h a s  been pointed out in Sec t .  2, it is poss ib le  to identify s i x  types  of potential  acc iden t s  which 

may b e  accompanied by damage to  the  reactor fuel.  Of t h e s e  s i x ,  the  first  three occur when the  fuel is 

outside the primary containment. The  fourth and fifth, which would in general  have l e s s  s e v e r e  envi -  

ronmental consequences ,  c a n  occur only under conditions of double containment. T h e  s ix th  case, which 

includes a n  acc ident  of suf f ic ien t  violence to  severe ly  damage the  core and a l s o  to c a u s e  some leakage  

of fission g a s e s  or contaminated water from the  primary containment, is a combination of t h e  other two 

types.  It is a n  acc ident  of t h i s  type which is considered to  b e  the  maximum credible acc ident .  

' 

5.1 Accidents Involving Fuel Within the Primary Containment 

The  two types  of fuel meltdown acc idents  which c a n  occur when the  primary coolan t  sys t em is c losed  

up  differ only in in i t ia l  c a u s e  and ,  t o  some exten t ,  in magnitude. Both a r e  the  resu l t  of overheating 

brought about  i n  the  one  in s t ance  by a power excursion and  in the  other by a coolan t  flow blockage. 

Of these ,  probably the  most likely is a flow blockage caused  by foreign material  inadvertently introduced 

into the sys tem.  A reactor excursion of suf f ic ien t  magnitude to grossly damage the  fuel is effectively 

prevented by the  safe ty  sys tem,  4 7  and operation a t  a n  e x c e s s i v e  power leve l  would require simultaneous 

failure of both the  sa fe ty  and  control instrumentation and in  most i n s t ances  a n  operator error as well. 

Inspection procedures for the  fuel have been developed t o  ensure  correct loading of the  f i s s i l e  material  

and poison. Init ially,  100% examination of the  p l a t e s  by x-ray scanning  techniques i s  spec i f ied .  

Regard less  of the  in i t ia l  c a u s e  of overheating, t h e  resu l t s  will  b e  s imi la r  and  will  differ only in  

degree.  They may range from l i t t l e  or no damage to the  fuel to the  ac tua l  meltdown of a subs t an t i a l  

fraction of the co re  accompanied by s igni f icant  damage to  the  reactor in te rna ls  and t o  the  reactor v e s s e l  

i tself .  Nevertheless,  in view of the  ana lys i s  presented in Sec t .  4 and the  es t imated  strength of the  re- 

actor ves se l ,  it is c l ea r  tha t  the  primary containment will  remain e s sen t i a l ly  in tac t .  Thus ,  e v e n  in  the 

most extreme cases there will  b e  only a minor r e l ease  of f i ss ion  products from the  primary coolan t  s y s -  

tem. T h i s  is because  of t he  automatic c losure  of the block va lves  upon detection of high radiation in 

the  primary coolant sys tem.  Even should th i s  automatic feature fail, manual c losure  of t he  block va lves  

would trap over 90% of the  re leased  activity in  the  primary system should th i s  ac t ion  b e  taken  within 

5 min of the  re lease .  If the  block va lves  a r e  not c losed  a t  a l l ,  t he  activity would b e  d ischarged  to  the  

atmosphere through the  CHOG and SBHE fil ters.  The  consequences  of th i s  a r e  somewhat less than 

tha t  postulated for the  maximum credible acc ident  d i s c u s s e d  subsequent ly .  

I \  

470RNL-3572. sect. 8.4. 
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5.2 A c c i d e n t s  Involving Fuel  Outside the  Primary Containment 

A s  in t h e  case of t he  potential  azc iden t s  d i s c u s s e d  in  the  previous sec t ion ,  t hose  which may occur 

when the  reactor v e s s e l  is open or when the  fuel is outs ide  the  reactor, and which present  a n  environ- 

mental hazard ,  a r e  all the resu l t  of overheating the  fuel. T h e  main difference between t h e s e  acc idents  

and those  d i scussed  previously is that in these  cases the  f i ss ion  products a r e  not retained in  the  primary 

coolant loop but e s c a p e  in to  the  pool water and a r e  d isposed  of through the  SBHE sys t em.48  

When the  ves se l  is open the  reactor cannot b e  operated a t  any  subs tan t ia l  power leve l ,  although i t  

is poss ib le  to  have  some forced convection cooling under t h e s e  conditions.  Therefore, there is l i t t l e  

possibil i ty of a meltdown due  to loss of flow. T h e  possibil i ty of a power excursion ex i s t s ;  but, as 

pointed out i n  Appendix C, there is l i t t l e  likelihood tha t  any credible reactivity addition could c a u s e  

significant damage. 

One other sa fe ty  problem encountered in the  operation of the  HFIR is tha t  of protection aga ins t  

afterheat because  of the  high power density a s soc ia t ed  with the  f i ss ion  product decay  following shutdown. 

It h a s  been found49 tha t  ,1 sec after shutdown following 15 days '  operation a t  100 Mw, the  maximum 

fuel p la te  hea t  flux will  b e  *42,000 Btu f t -2  hr- '  [75,200*] . T h i s  falls to -6200 Btu f t -2  hr- '  

[11,000*] 1 hr  a f te r  shutdown, as shown in  F ig .  1.5.1. Immediately a f te r  shutdown, the  fuel element, 

which is still generating in  e x c e s s  of 7 Mw of hea t ,  is protected by continuing the  forced convection 

cooling e i ther  by the  u s e  of the  primary coolant pump motors or by the battery-driven pony motors, 

any one  of which is sufficient.  T h e  fuel will  b e  retained i n  the  reactor under forced convection cool ing  

for a period of about  1 hr ,  a f te r  which i t  may b e  removed from the  reactor ves se l .  At  t h i s  time, the  total  

power will  b e  -1.1 Mw [1.4*] . I t  h a s  been experimentally determineds1 that,  when i n  a n  upright po- 

si t ion and s i tua t ed  to provide a good free convection loop, the  natural  convection burnout h e a t  flux 

will b e  in  e x c e s s  of 47,000 Btu f tw2  h r - l .  Thus ,  t he  fue l  e lements  c a n  eas i ly  b e  cooled a f te r  removal 

from the  reactor following t h i s  delay.  

The  only problem which a r i s e s  in  th i s  connection re la tes  to the  temperature distribution to b e  ex -  

pected in the  fuel element should it b e  placed in a horizontal  posit ion,  thus  destroying the  efficiency 

of the natural convection cooling. Experiments and ana lys i s  by Gambill 

conditions a hea t  flux of 1250 Btu f t -2  hr-' might resu l t  in a ho t  spo t  sur face  temperature a s  high as 

1000OF. Consequently,  t he  handling too ls  and the  operating procedures a r e  spec i f ica l ly  des igned  to 

effectively prevent s p e n t  fuel from be ing  oriented at any  appreciable angle  from the  vertical .  

ind ica te  that under t h e s e  

Cr i t ica l  experiments u s ing  the  in i t ia l  version of the  HFIR core  ind ica te  tha t  two new fuel annuli  

assembled and immersed in  water will  b e  only s l igh t ly  subcr i t ica l .  A s e r i e s  of c r i t i ca l  t e s t s  u s ing  the 

480RNL-5572, sect .  4.5. 
49N. Hilvety, Gamma and Beta Heat  Generation in HFIR Cores, ORNL-CF-60-4-110 (April 1960). 
*Later calculations by T. G. Chapman, Revised HFIR Shutdown Heat Rates ,  ORNL-CF-65-9-7. 

"ORNL-3572, sects.  6 .5  and 10.1.4. 
' lLetter from W. R. Gambill and D. R. Bundy to C. E. Winters, Dec. 2, 1959. More details  of the general ex- 

perimental program can be found in ORNL-3026, Burnout Heat F luxes  for Low Pressure  Water in Natural Circu- 
lation (Dec. 20, 1960). 

"W. R. Gambill, HFIR Natural-Circulation Heat-Removal Limits, May 18, 1964 (unpublished). 
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Fig. 1.5.1. Maximum Fuel Plate Heat Flux of HFlR Fuel Following 15-Day 
Operation at 100 Mw. 

current core is expected to give additional information concerning crit icali ty problems which may arise 

in connection with fuel handl ing and storage.  While it is not expected that a pair  of assembled  new 

fuel e lements  in water will be  c r i t i ca l ,  they wiil be  treated a s  i f  th i s  is the  c a s e ,  and  fuel e lements  

will a lways  be  handled separa te ly .  

Spent fuel cores  will be  stored assembled on racks  arranged in a n  “always s a f e ”  array.  Each  rack 

contains a central  “poison 

below critical. Although the shutdown margin of a depleted core is far greater than tha t  of a new core ,  

the poison pos t  is adequate  to  handle  either.  Th i s  point h a s  been  verified by the  c r i t i ca l  experiment 

program now in progress. In the  unlikely event  tha t  a pair of fuel e lements  become s tuck  together in 

the reactor and must be  removed together, they will  b e  locally poisoned before s o  doing. 

containing suf f ic ien t  cadmium to ensure  that the  s tored  fuel is well - 

Among the other precautions required to  prevent inadvertent cri t icali ty is the usua l  one  of ensuring 

that the control p la tes  a r e  inserted when a new core is be ing  ins ta l led  in the  reactor and tha t  of pre- 

venting introduction of the  “optimum void” in the form of a hollow tool or other-device during s ta r tup  

530RNL-3572, sect. 11.6. 
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, 
in the  test modes. 5 4  T h e  former is provided for by the  operating procedures and  the  la t te r  by the  des ign  

of the tools and by requiring tha t  t he  ta rge t  or a su i t ab le  subs t i t u t e  b e  in  p lace  whenever the  reactor 

is brought cri t ical .  In addition, init ially a t  l ea s t ,  e a c h  new fuel core  will  b e  t e s t ed  in  t h e  ORNL crit-  

icali ty facil i ty before be ing  accepted  for u s e  in  the  reactor.  It is expec ted  that a more s imple  reactivity 

test will  eventually b e  devised ,  and  when this is done it will  replace the  presently planned crit icali ty 

t e s t s .  

I t  is worth noting tha t  i n  t h e  most l ikely cases a crit icali ty acc ident  could involve only new or 

sl ightly depleted fuel, s o  tha t  the  fission product inventory would b e  considerably lower than would b e  

the case for fuel which had been subjec ted  to a full power cyc le .  

6. THE MAXIMUM CREDIBLE ACCIDENT 

Despi te  the  arguments presented above  to show tha t  t h e  potential  acc iden t s  are e i ther  very unlikely . , 

or have been recognized and  precautions taken to  prevent them, there s t i l l  e x i s t s  the finite probability 

that a fission product r e l ease  may occur. Such a n  inc ident  may b e  the  result  of minor damage to  the  

fuel with insignificant r e su l t s  or may cons i s t  of a n  ex tens ive  meltdown of the  core  accompanied by the  

re lease  of a subs t an t i a l  fraction of the  volati le f i ss ion  products. Paradoxically,  t he  acc iden t s  which 

a r e  most l ikely to result  i n  ex tens ive  damage t o  the  reactor in te rna ls  and c a u s e  large fission product 

re lease  from the  fuel c a n  occur only under conditions of double containment, and  if t he  primary contain- 

ment remains intact ,  there will  b e  l i t t l e  or  no  r e l ease  of f i ss ion  products to the  atmosphere. On the  

other hand, f i s s ion  product r e l e a s e s  which occur when the  primary containment is inoperative will  b e  

of l e s s e r  magnitude, but wi l l  b e  discharged*through the  SBHE sys t em and c a u s e  some environmental 

contamination. 

The potentially worst  case would involve ex tens ive  meltdown of the  core concurrent with failure 

of the primary containment. T h i s  is considered highly improbable, because  of the  strength of the  pri- 

mary sys tem d i scussed  in Sec t .  4.1,  and because  a depressur iza t ion  acc ident  caused  by rupture of the 

primary coolant sys tem would not result  i n  ex tens ive  melting. Never the less ,  to cover any s u c h  poss i -  

bility, the  maximum credib le  acc ident  is postulated to b e  a n  ex tens ive  meltdown of the  reactor core 

concurrent with a failure of t h e  primary containment sufficiently seve re  to allow sonie of the  f i ss ion  

products to e s c a p e  directly in to  the  building, but not violent enough to grossly rupture t h e  reactor v e s s e l  

or the high-pressure piping. 

In order t o  obtain a rea l i s t ic  es t imate  of the  consequences of the  maximum credible acc ident ,  i t  is 
first  necessary  to e s t ab l i sh  the  amount of fuel which could sens ib ly  b e  considered to b e  involved. In 

the worst acc ident  heretofore, the SL-1 acc ident ,  -32% of the  core  w a s  melted with -50% of the  fuel 

reaching melting temperature. In t h e  SPERT-I des t ruc t ive  test about 35% of the  core w a s  melted. 5 5  

In the  calculation presented  in Appendix D, i t  is es t imated  tha t  a t  worst  24% of the HFIR core  could 

540RNL-3572, sec t .  8.3 .2 .  
55Argonne National Laboratory Chemical Engineering Division Summary Report April-June 1963, ANL-6725, 

p. 220. 
. 
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melt.  I t  seems reasonable,  therefore, to pos tu la te  tha t  the  maximum credible acc ident  in the  HFIR 

would involve the melting of not more than 50% of the reactor fuel. 

The  extent of the  r e l ease  of f i ss ion  products from the  melted fuel h a s  been  d i scussed  in  Sect.  3. 

It  will be  assumed that 100% of the noble gases ,  50% of the  iodines,  and 2% of the other f i ss ion  products 

eventually leave  the vicinity of the  fuel. 

While some of the  f i ss ion  products will e s c a p e  in to  the building quite rapidly b e c a u s e  of the pos- 

tulated leakage from the primary containment, the  remainder will  diffuse more slowly from the  water, 

either through the l eaks  or through the CHOG sys tem.  T o  account  for t h i s  i t  will b e  assumed tha t  25% 

of the released f i ss ion  products e s c a p e  from the primary containment and are rapidly removed from the  

region over the pool by the SBHE sys tem.  The  other 75% are  assumed to  be  removed more s lowly a t  

a rate comparable to  that achieved by the CHOG sys tem.  The  re leased  f i ss ion  products are assumed 

to  p a s s  through the SBHE or CHOG system and to  be  discharged from the  s t ack  following fi l tration. 

The  downwind d o s e s  from the maximum credible acc ident  have  been  ca lcu la ted  under the  foregoing 

assumptions us ing  the unit va lues  given in F i g s .  1.3.1-1.3.6 and the decontamination fac tors  l i s ted  in 

Table  1.3.1. The  resu l t s  a r e  presented in F ig .  f 6 . 1 .  Fo r  convenience these  resu l t s  have  been tabulated 

in Table  1.6.1 for a number of points of in te res t  including the  exclusion area boundary, boundary of 

the low-population zone, and population center  d i s t ance  a s  defined in 10  C F R  Par t  100. For  th i s  pur- 

pose  the exclusion area d i s t ance  is taken to b e  the  nea res t  d i s tance  to private land (non-government- 

controlled) from the HFIR - 2.82 km southeas t .  T h e  population center  d i s tance  is taken to  b e  the 

shor tes t  d i s t ance  to  residential  Oak Ridge - 7.62 km north, and the  low-population-zone boundary is' 

5.72 km from the  HFIR.  

It  is c l ea r  from Table  1.6.1 tha t  the controll ing factor is indeed the whole-body d o s e  from noble 

gases ,  and th i s  is acceptably low at the reference poin ts  specified in  10  C F R  100. T h e  iod ine  doses ,  

which are given in each  in s t ance  for infinite exposure  and rapid emission, are qui te  low. T h i s  is be- 

cause  of the overall decontamination factor of 2000 which h a s  been applied.  It can  b e  seen  tha t  an  

overall decontamination factor of only 19 for iodine would be  required to produce a 300-rem thyroid dose  

at the exclusion area boundary. Hence,  th i s  value would not b e  exceeded if the f i l t e rs  provide an  iodine 

decontamination factor of about 7 provided the  other assumpt ions  remain valid. 

The  internal doses  due to  f i ss ion  products other than iod ines  a re  qui te  low and have  not been in- 

cluded in the table.  A t  the  point where they a re  a maximum the d o s e  due  t o  bone s e e k e r s  would not 

exceed 20 mr and for t he  other f i ss ion  products it would b e  an  order of magnitude lower. The  submersion 

dose  due  to  f i ss ion  products other than noble g a s e s  is a l s o  of th i s  order. Th i s ,  of course ,  is under 

the assumption tha t  the total  decontamination factor for t h e s e  f i ss ion  products is 4500 a s  previously 

d iscussed .  
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Fig. 1.6.1. Doses to be Expected Downwind Fol lowing the HFlR MCA. 

6.1 Local  Consequences of the Maximum Credible Accident 

Aside  from the  cost incurred t o  repair any  damage resu l t ing  from a massive energy r e l ease  in  the  

reactor ves se l ,  the local e f fec t  of a major f i ss ion  product r e l ease  in the  primary coolant sys t em would 

be  confined t o  the  hazards  incurred during the  c leanup of the  sys tem.  T h e  primary coolant sys t em 

shielding h a s  been des igned  to  accommodate a meltdown. T h e  original sh ie ld  des ign  w a s  b a s e d  upon 

a dose  rate not to exceed 1 rem/hr 24 hr a f te r  a majors6 co re  meltdown. Extrapolation of t h e s e  resu l t s  

t o  the  maximum credible acc ident  d i scussed  above ind ica t e s  tha t  local radiation l eve l s  up to  150 rems/hr 

may occur init ially in  the  vicinity of the  primary coolant c leanup sys tem shielding. Since immediate 

access to these  regions is not required, t h i s  would not present  a se r ious  problem. 

56The word "major" i s  used here in the sense  defined in ORNL-3572, sect. 9.4. 
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Table 1.6.1. Downwind Doses Fol lowing the Maximum Credib le  Accident  a t  Various Locot ions 

Percentage 
Thyroid* Whole-Body Dose of Time Wind 

Facility Location Dose (rads) Blows in 
Specified (rems) 
Direction 

Gamma Beta 

MSRE 
NSPP 
ORNL 
HPRR 
TSF 

'Excl. Area 
EGCR 
MH Dam 
Low Pop. 
Pop. Center 

0.49 km NNW 
0.61 km WNW 
1.34-2.06 km NNW-WNW 
1.73 km ESE 
2.13 km S 
2.82 km SE** 
3.26 km NE 
3.65 km S 
5.72 km 
7.62 km N 

2.5 
3 .9  
3.5-4.8 
4.0 
3.4 
2.8 
2.5 

2.2 
1.5 
1.2 

2oa 
32a 
17-26 
21 
16 
13** 

15  
13 
7 .2  
4.8 

.15 
25 
15-23 
18 
14 
11 

13 
11 
6.2 
4.2 

0.86 
0.91 
3.1 
4.7 
2.0 
3.0 

12.1 
2.0 

3.4 

Note: Whole-body doses for locations including and within the exclusion boundary are ,given for 2-hr exposure. 

aThese are probably underestimated because of proximity to the stack. 
A l l  others are calculated for infinite exposure time. 

The  radiation d o s e  rate which might occur in  the  building as a resu l t  of a r e l ease  would depend 

upon what fraction of t he  f i ss ion  products ac tua l ly  reached  the  occupied a reas .  B e c a u s e  of t h e  ex i s -  

tence  of the  pool cover and  the  location of the  SBHE in take  reg is te rs  in t h e  pool wal l s ,  '' only a small 

fraction of the  ac t iv i ty  would b e  expec ted  to e s c a p e  in to  the  reactor bay i t se l f .  Moreover, the  local 

variations in concentrations,  together with the  posit ions of t h e  persons  who happen t o  b e  within the 

building, would have a n  important e f fec t  on the  radiation d o s e  sus ta ined .  

To get s o m e  idea  of t he  magnitude of the  radiation d o s e s  to b e  expec ted ,  they have been es t imated  

under the  assumption tha t  t he  iod ines  and noble g a s e s  a r e  distributed uniformly throughout t h e  reactor 

bay. T h e  ca lcu la t ions  a r e  presented in Appendix F. 

T h e  external gamma d o s e  rate a t  the  windows in the  visitors '  gallery would b e  in i t ia l ly  0.8 r , h r  

per kilowatt  and would fall t o  half that  value in about  25 min. In tlie cen ter  of the  reac tor  bay ,  the  

init ial  d o s e  rate would b e  -1.2 r/hr per kilowatt. T h u s  i f ,  as postulated in  the  maximum credib le  ac- 

cident,_25% of t h e  f i ss ion  g a s e s  e scaped  from the  primary coolan t  sys tem,  and if half  of t h i s  e s c a p e d  

from under the  pool cover and  entered the  reactor bay ,  the d o s e  rate a t  the  windows could  b e  as high 

as 85 r/min. It is likely,  however, that  t he  control-room personnel could e s c a p e  if they ac t ed  promptly. 

On the  other hand, persons  in t h e  reactor bay a t  t h e  t ime of s u c h  a n  incident a r e  a lmost  s u r e  t o  

become casua l t i e s  because  of the  extremely la rge  internal iodine d o s e  rate.  T h i s  is es t imated  t o  b e  

"ORNL-3572, sect. 4.5. 
*Revised in  answer 30 to include methyl iodide and subsequent charcoal filter optimization. 
**Calculated in answer 45 to be 29.6 rads in  fumigation conditions with a different wind direction. 
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- about 61 rems/min per kilowatt of fuel affected.  Thus,  under the conditions outlined above the  in i t ia l  

\ internal dose  rate could be  as high as 380,000 remsLmin. 58 
.. The direct  d o s e  immediately outs ide  the  building will, because  of the  S-in.-thick concrete wal l s ,  

be  lower than tha t  at the  observation gallery windows by at l e a s t  a factor of 10, or about 500 r/hr under 

the s t a t ed  conditions.  T h e  integrated dose  received by a person s tanding  j u s t  ou ts ide  the  building 

wall 'for 10 min immediately following the  acc ident  would b e  about  70 r .  Consequently, a dangerous 

exposure can b e  avoided by prompt evacuation of the  a rea  near the  reactor building. P l a n s  for emer -  

gency action in such  cases a re  included in the  Operating Procedure Manual. 

7. ACCIDENTSOTHER THAN TO THE FUEL 

Aside from the acc idents  d i scussed  above, all of which include damage due to  overheating of the 

reactor fuel, there a re  three other types of acc idents  which could conceivably occur, but which involve 

radioactive material other than tha t  in the fuel.  Of these ,  probably the  most important from a n  economic 

standpoint is damage to  the plutonium target. Assoc ia ted  with th i s  is the personnel hazard f rom the  

alpha-emitting components which could b e  incurred during cleanup and recovery operations following 
/ 

such an accident.  In addition to the  central  facil i ty designed to accommodate the target, the HFIR is 

provided with a number of experimental facil i t ies;  and it is poss ib le  tha t  malfunction of a n  experiment 

could result  in the  r e l ease  of radioactivity. F ina l ly  there is a lways  the possibil i ty tha t  contamination 

may occur because  of leakage  or other inadvertent r e l ease  of radioactive material during handl ing of 

waste  materials.  Perhaps  most concern in th i s  connection is with reference to the handl ing of was te  

materials, including spent  fuel, contaminated aqueous was te ,  contaminated fi l ters,  and spent  demin- 

eralizer resin.  

2 ,  

7.1 Accidents to the Target 

The HFIR target 59 c o n s i s t s  of thirty-one 3/8-in.-OD aluminum capsu le s  containing init ially 2 4  'Pu 

in the form of-PuO, and aluminum. The  PuO, charge  is spec i f ied  t o  b e  10 g per target capsule ,  or a 

total of 310 g of PuO,. 
Basically there a re  two types  of acc idents  which are poss ib le .  T h e s e  include: (1) a smal l  leak 

in one of the target capsu le s  as a result  of mishandling, improper fabrication, or mechanical damage; 

and (2) gross failure of one or more target capsu le s  as a resu l t  of seve re  overheating, waterlogging, or 

mechanical damage. Of t h e s e  two, the former could occur  either in the  reactor or during handl ing in 

the pools. Should it occur within the reactor, no se r ious  resu l t  would follow; and because  of the fission 

products present in the  target material, i t  would be  de tec ted  by the  primary coolant activity monitors. 6 o  

Once a leak is discovered i t  would become necessary  to  determine if the leak requires a n  immediate 

r 

58See footnote 4, Appendix A. 
"ORNL-3572, sect: 5.2.1. 
600RNL-3572, sect.  8 .7 .5 .  



shutdown or whether operation may continue until  the end of t he  cyc le .  Should the  leak  occur  or be  

detected when the reactor v e s s e l  is open or a f te r  the target h a s  been removed from the  reactor core ,  

there would very probably b e  a minor re lease  of f i ss ion  g a s e s  in to  the SBHE sys tem.  It h a s  been e s -  

t imated6'  that  t he  en t i re  iodine and noble-gas inventory of a s ing le  target capsule  would, a t  the time 

when these  g a s e s  are most abundant, b e  approximately equivalent to  a 20-kw release from the  reactor 

core. 

The  second type of acc ident  could occur e i ther  a s  a consequence of a major energy r e l ease  in the 

reactor such  a s  tha t  d i scussed  in Sec t .  4.2 or because  of gross  flow blockage of the target cool ing  

channels.  If caused  by an  energy re lease ,  t he  damage could occur e i ther  from overheating or as  a resu l t  

of mechanical forces and! if  by a flow blockage, from overheating. 

Although the  target material would almost  certainly remain within the  primary cool ing  sys tem,  its 

emission would not add anything significant to  the  resu l t s  of the maximum credible acc ident .  The  fis- 

s ion  products present a t  the  time of their g rea tes t  abundance could increase  the  consequences  of the  

MCA a t  most 1.25%. The  bone-seeking alpha emitters could increase  the internal d o s e  to  the  bone by 

an  order of magnitude, but s ince  th i s  is already quite low - 20 m r  - the  increase  is not particularly 

significant.  Hence,  no se r ious  off-area consequences  are anticipated as the  result  of a n  acc ident  t o  

the  target.  

The  primary concerns with respec t  to  damage to  the  target a r e  the monetary value of the  target and 

the product and the hazards  assoc ia ted  with cleanup and recovery. T h e  la t te r  arise because  of the 

extremely low permissible body burdens of the various a lpha  emitters present.  T h e s e  have  been com- 

puted for a l l  the heavy i so topes  of interest  and a re  reproduced in Tab le  I . E . l ,  Appendix E .  I t  can  be  

seen  from th is  tab le  that,  in many c a s e s ,  the permissible a i r  concentrations are nearly two orders of 

magnitude lower than tha t  for 'OSr. For  this reason, emergency procedures for dea l ing  with contamination 

by transplutonium elements  will  b e  es tab l i shed  in advance.  

Under normal operating conditions,  the  average hea t  flux a t  the  sur face  of the  ta rge t  c a p s u l e s  will  

be  -5 .8  x l o 5  Btu f t -2  hr - l ;  and the hot-spot hea t  flux is est imated to  be  -1.0 x lo6 Btu f t - 2  hr - l .  

Th i s  is at least a factor of 3 less than the  burnout hea t  

can  survive,  without damage, a considerably higher power leve l  than tha t  which would c a u s e  damage 

to  the  reactor fuel. T h e s e  high hea t  f luxes pers i s t  for only relatively short  periods of t ime .  6 4  

and therefore i t  appears  tha t  the  target , 

At th is  time, the target des ign  is being tes ted  in a hydraulic mockup to  verify i t s  adequacy from a 

mechanical and hydraulic standpoint.  Experiments, including the  operation of similar c a p s u l e s  in the 

Engineering Test Reactor, a r e  in progress to  obtain more information concerning the thermal conduc- 

tivity of the  target material, to determine the degree of g a s  re lease ,  and to  inves t iga te  the dimensional 

stabil i ty of the  target material. In addition, the  irradiation of 18 target capsu le s  is in progress a t  

Savannah River in flux conditions approaching thdse  encountered in HFIR.  

'0. 0. Wyrick, ORNL Chemical Technology Division, private communication (April 1964). 
62See Appendix F. 
63T. G. Chapman, HFIR Target Design Study, ORNL-TM-1084. 
640RNL-3572, sect.  5.2.1.  

. 
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7.2 Accidents to Experiments* 

While the  exac t  nature of the  investigations which will b e  performed in the HFIR experiment fa- 

cilities is y e t  to b e  determined, it is probable that init ially they will cons i s t  of beam-type experiments 

and s t a t i c  irradiations. There is, however, no  intention of restricting the  u s e  of the  reactor to  these  

kinds of experiments. i 

All experiments in ORNL reactors are required to meet two b a s i c  criteria: (1) they must not present 

a n  unacceptable  hazard to  personnel, and (2) they must not interfere with the orderly operation of the 

reactor. To ensure  tha t  t hese  cri teria a re  sa t i s f ied ,  all experiments  must undergo an  internal s a fe ty  

review65 before they a re  ins ta l led .  In many c a s e s ,  t h i s  review a l s o  ex tends  throughout the design 

period. Initially, the review is carried out by the Technica l  Ass i s t ance  Department of the  ORNL Op&- 

a t ions  Division. It is attempted at th i s  leve l  to  resolve any problems regarding safety and to produce 

a design which meets  the  necessary  requirements. Once agreement h a s  been reached, the  experiment 

may b e  approved for insertion in the  reactor by the  Technica l  Ass i s t ance  Department. If any significant 

hazard ex is ted ,  even though it h a s  been corrected by the des ign ,  the experiment is submitted with ap- 

propriate recommendations to  the  Experiment Review Committee for further review. When th i s  committee 

concurs tha t  the experiment is sa fe ,  it may be  inserted in the reactor.  The  committee a l s o  periodically 

reviews the operation of all experiments to  make su re  that its recommendations are be ing  carried out. 

In general, acc idents  t o  experiments cons i s t  of leak ing  capsu le s ,  broken off-gas l ines ,  etc. ,- and 

do  not contribute any  s igni f icant  environmental contamination. Great care is taken t o  ensure  tha t  no 

malfunction of a n  experiment c a n  in i t ia te  a ser ious  reactor accident.  

7.3 Miscellaneous Accidents 

Of the various other acc idents  involving radioactive material which may occur, the most interesting 

from an environmental point of view a re  those  which involve the  introduction into nearby Melton Branch 

of a significant amount of radioactive contamination. Th i s  could occur  a s . a  resu l t  of misoperation of 

the liquid was te  sys t em66  in such  a manner tha t  activity impounded in the retention ponds is discharged 

directly to Melton Branch o r  as a result  of a ground spil l  and subsequent  runoff to the  creek. The  lo- 

cation of the reactor with respec t  to  the  watershed is shown in F ig .  1.7.1. 

Under normal operating conditions,  neither of the  retention ponds will  contain a large quantity of 

activity.  The  only circumstances under which any subs tan t ia l  quantity of concentrated was te  solution 

might b e  present in these  ponds a re  those  which could occur  following a f i ss ion  product release con- 

current with a primary coolant sys tem rupture and failure of the  process  was te  drain sys tem.  " T h i s  

could put contaminated primary coolant into the  process  was te  drains in the  pipe tunnel or h e a t  exchanger 

I 

*Further discussed in answers 11,  32, and 44. 

650RNL-3572, sect .  12.7, 
660RNL-3572, sect.  11.3. 
670RNL-3572, sect .  11.3.1.  
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cells. The  en t i re  high-pressure portion of the  primary sys tem conta ins  only 13,800 gal,  and there ap- 

pears to  b e  no mechanism by which more  than a small fraction of th i s  could b e  discharged. 

Contaminated water  result ing from any other type of re lease  would be cleaned up by u s e  of the s y s -  

tem demineralizers s o  tha t  any activity present would be  rapidly collected thereon. The  contaminated 

effluent from demineralizer regeneration is collected in the  13,000-gal intermediate leve l  was te  storage 

tank6* before be ing  s e n t  to  the ORNL was te  d isposa l  sys tem6 '  for treatment and final disposit ion.  

The  fission products of most significance with respec t  to contamination of the watershed a r e  the  

44Ce.  These ,  together with their charac te r i s t ics ,  a re  long-lived i so topes  'OSr, l o6Ru ,  137Cs ,  and 

l i s ted  in Table  1.7.1. Clearly the  controlling factor here  is 'OSr; and as can  be  s e e n  from Appendix E, 

which l i s t s  the occupational MPC's for the transplutonium iso topes ,  the  nonoccupational va lues  - one- 

tenth of the occupational - are all higher than tha t  for 'OSr and, in most cases, higher by a factor of 

10, desp i te  the fact tha t  they a re  lower for air. 

In a study of the  ORNL was te  d isposa l  p i t s  undertaken in 1960, 70 i t  was  found that,  with the  ex- 

ception of lo6Ru,  virtually 100% of the long-lived activity is removed from solution by sorption as con- 

taminated water percola tes  through so i l  of the type found in the vicinity of the HFIR s i t e .  The  lo6Ru  

is removed t o  the extent of about 93%. Th i s ,  coupled with the  fac t  th6t (based upon the r e l ease  fractions 

postulated in Sect.  6) not more than 1% of the inventory l i s t ed  in Table  1.7.1 would e s c a p e  from the 

fuel, makes i t  appear  unlikely tha t  any s i zab le  re lease  to the watershed can  occur. 

Should the r e l ease  postulated in Sect.  6 occur, and should the entire quantity of long-lived i so topes  

released reach the river, the  computational procedures in the referenced report indicate tha t  the result  

could b e  equivalent to  the  d ischarge  of about 200 cur ies  of 90Sr into the  Clinch River. Under the a s -  

sumptions tha t  the average flow ra te  of the  river is 5000 cfs and that there is l i t t l e  or no  reduction in 

the concentration due to  dispersion or s e t t l i ng  but only by dilution, the integrated dose  received a t  

T a b l e  1.7.1. Character ist ics of the Long-Lived F iss ion  Products 

Isotope 
MPCa HFIR Inventoryb 

Half-Life ( ~ ~ c / c m ~ )  Critical Organ (curies) 

9osr_90y 2 8  years lX 1 0 - ~  Bone 5.1 x io3  
O 6 R ~ -  06Rh 1 year I X  1 0 - ~  Kidney 9 . o ~  i o 3  

137cs 26.6 years 2 x  Muscle 5.2 x i o 3  
1 44Ce- 1 44pr  290 days 1 x Bone 1 . 9 ~  io5  

aNonoccupational MPC for water. 

bAfter 15 days at 100 Mw. 

(See Report of Committee II  on Permissible Dose for Internal Radiation, 
Pergamon, New York, 1959.) 

680RNL-3572, sect. 11.3.2. 

69J. F. Manneschmidt and E. J. Witkowski, The Disposal  of Radioactive Liquid and Gaseous Waste a t  ORNL, 

70F. T. Binford, An Analysis of the Potential Hazards Associated with the Disposal of Radioactive Waste in 
ORNL-TM-282 (August 1962). 

Open P i t s  a t  ORNL, ORNL-CF-60-5-63 (May 1960). 
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the Oak Ridge Gaseous  Diffusion e l a n t  located -7 .4  m i l e s  downstream is equivalent to  tha t  received 

from 3 weeks  at cont inuous nonoccupational tolerance.  At locations farther downstream, the  integrated 

dose  would b e  considerably less because  of additional dilution and dispersion in the  Watts Bar  reservoir. 

- 

J 

8. ROUTINE RELEASE OF ACTIVITY 

The HFIR operation will,  l ike  all other operations of t h i s  nature, from time to  time inadvertently 

release small quant i t ies  of f i ss ion  products to  the environment. From the  standpoint of a tmospheric  

contamination, the most important of these  is 

MPC in a i r  for 1311 of 1 x 

pendix A, i t  is e a s y  to  deduce tha t  the continuous release of 0.75 m c  of ' 'I per minute from the  HFIR 

s tack  would not,  on the average, exceed the nonoccupational MPC at any point even  i f  the  wind direction 

were constant over a long period of time. Upon taking in to  consideration the  fact tha t  the  wind blows 

in  one direction a t  most 12.5% of the  time, this figure c a n  safe ly  b e  increased t o  6 mc/min or 8.6 cu r i e s  

per day. 

'I. Based  upon the recently e s t ab l i shed  168-hr-week 

pc/cm3 (ref. 71) and the concentrations given in F ig .  I .A.14 of Ap- 

Upon incorporating in to  th i s  calculation the overall  decontamination factor for iodine of 2000 de-  

veloped in Sect.  3, the d ischarge  of 6 mc/min of l 'I would represent the  continual r e l ease  within the  

containment system of the  iodine production at 100  Mw from about 8.3% of the core.  It seems c lear  tha t  

no difficulty should b e  encountered in meeting th i s  requirement. 

On the other hand, i t  h a s  recently been sugges ted  tha t  where dairy operations are involved, the 

MPC for 13'1 should b e  reduced by a factor of about 700 t o  1 . 4  x 

for reconcentration in milk. 

the prevailing winds is "3.6 km southwest  of t he  HFIR site. Thus  u s e  of F ig .  I.A.14 in Appendix A, 

and the  f ac t  that the  wind blows in this direction 12.5% of the t i m e ,  y ie lds  an  acceptab le  average  d i s -  

charge rate of 0.042 mc/min or 60 mc/day. On the s a m e  b a s i s  as  before, th i s  represents  t he  I3 l I  pro- 

duction from about 0.06% of the core or "5.5 g of 235U. T h i s  can  b e  compared to  the  a l lowable  uranium 

contamination of the new fuel p la tes  of 5 pg/ f t2  or a total  of about 0 .0022 g of uranium. There  should 

a l s o  b e  l i t t le  difficulty in  meeting th i s  requirement, although th i s  may well  depend upon the  ac tua l  de- 

contamination factors obtained by the  containment sys tem,  particularly during operation following a 

meltdown. Should th i s  occur,  spec ia l  equipment such  as additional iodine t raps  would b e  incorporated 

into the  sys tem i f  necessary .  The  foregoing estimates a re  presented, not for the  purpose of e s t ab l i sh ing  

criteria, but rather to give some idea  of the scope  of the problem and to  demonstrate  the ab i l i ty  of the  

containment sys tem to  handle  it. Further study is under way, particularly with respec t  to  the  second 

case d i scussed  above and its relationship t o  all ORNL fac i l i t i es .  

pc/cm3 in order to compensate  

The  neares t  area of ac tua l  o r  potential  dairy farming in the  direction of 

'Background Material for the Development of Radiation Protection Standards, Federal Radiation Council Staff 
Report No. 2 (September 1961). 

cember 1963). 
"H. M. Roth to J. A. Swartout, letter, Mar. 25, 1964, citing information contained in Health Phys.  9(12) (De- 
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Contaminated aqueous was te  will  b e  handled through the  normal ORNL was te  d i sposa l  system. 

I t  is combined with other >was tes  from the  Laboratory and  d isposed  of in  a manner which will  ensure  

that t he  concentration of radioactive material i n  t h e  Clinch River is kept well  below the  maximum per- 

missible.  ‘’ 

9 .  RELATIONSHIP OF HFIR TO OTHER FACILITIES 

T h e  HFIR is located within the  ORNL complex in  the  southwes t  corner of t he  AEC reservation a t  

Oak Ridge, Tennessee .  73 Among other Laboratory fac i l i t i es  loca ted  nearby a r e  the Oak Ridge Research 

Reactor (ORR), the  Low-Intensity T e s t  Reactor (LITR), the  Bulk Shielding Reac tor  (BSR), and the  Pool 

Crit ical  Facil i ty (PCF) ,  all of which a re  loca ted  a t  t he  main site of the  Laboratory and  a re  “1.7 km 

northwest of the  HFIR site. Other nearby fac i l i t i es  include the  Molten-Salt Reac tor  Experiment (MSRE), 

“0.49 km northwest, t he  Tower Shielding Fac i l i ty  (TSF), which is “2.13 km south, t he  Health P h y s i c s  

Research Reactor (HPRR), 

which is “3.26 km northeast .  In addition to these ,  t he  Transuranium Process ing  P l a n t  (TRU) is being 

constructed ad jacent  to and north of the  HFIR; and the  Nuclear Safety Pilot P lan t  (NSPP) is located 

“0.61 km west-northwest of the  HFIR site. The  loca t ions  of t h e s e  and other ORNL facilities a r e  shown 

in  Fig. 1.9.1 and l i s ted  in  Table  1.6.1, together with the  MCA d o s e s .  

1 . 7 3  km eas t - southeas t ,  and the  Experimental Gas-Cooled Reac tor  (EGCR),* 

It is c l ea r  from the  d i scuss ion  in  Sec t .  6 that i t  would b e  necessary  to evacua te  the  HFIR and de- 

sirable to evacuate  the  nearby facilities** in the  event  that  a major fission product r e l ease  should occur 

a t  t he  si te.  T h i s  would i n c l u d e  the  TRU facility, t he  MSRE, and the  NSPP. All t h e s e  fac i l i t i es  as 

well a s  the  HFIR c a n  b e  shu t  down and evacuated  on very short  notice without any  damage other than 

lo s t  t i m e  be ing  incurred. 

Evacuation of the  HPRR would probably b e  in order, bu t  would-not b e  necessary  un le s s  t he  wind 

were from the  general  direction of the  northwest, which occurs  only about  3% of the time. Evacuation 

of the T S F  would also only be  necessary  if the wind were blowing toward th i s  facil i ty from the  direction 

of the HFIR. A s  c a n  b e  s e e n  from Fig .  1.6.1, the  whole body gamma d o s e  a t  t he  EGCR due  to noble 

g a s e s  from the  HFIR MCA would not exceed  10 rads  for a 2-hr period and the  iodine d o s e  would not 

exceed 2.5 rems. Both of t h e s e  would b e  considerably decreased  i f  personnel a t  the EGCR site remained 

indoors during the  incident.  S ince  the  wind s p e e d s  required to produce d o s e s  of th i s  magnitude a r e  

quite smal l ,  the  plume would require a t  least an  hour to  reach the  EGCR s i t e  so that there is ample 

time for warning. 

Evacuation of the  HFIR site would normally b e  a long  the  access road to Melton Valley Drive (see 

Fig.  1.9.1) and then e a s t  or w e s t  a l o n g ~ t h i s  road depending upon the  wind direction. If a t  t he  time of 

the  acc ident  the  wind were blowing from a southerly direction, i t  would b e  necessary  to  evacua te  the  

site via an  a l te rna te  route to the  south.  

1 

730RNL-3572, chap. 2. 
*This project later abandoned for other reasons. 

**Further discussed in  answers 33 and 48. 
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Fig.  1.9.1. Locat ion of O R N L  F a c i l i t i e s  w i th  Respect  to HFIR. 

The  only dense ly  populated s i t e  which might require evacuat ion  is the  main ORNL complex, which 

is located 1.34 to 2.06 km northwest of the HFIR s i t e .  T h e  d o s e s  which could b e  delivered a t  t h i s  
location a r e  of sufficient magnitude to  make evacuation of the  Laboratory necessa ry  should  the  wind 

b e  from the  sou theas t  a t  the  time of a major f i ss ion  product r e l ease  at the  HFIR. T h e  t ime required 

’ for the  plume to arrive a t  the  nea res t  populated portion of ORNL will,  of course ,  depend upon the  wind 

speed .  Fortunately, t he  higher the  wind speed ,  t he  lower will  b e  the  d o s e  delivered. Fo r  the  case of 
worst average  conditions the  plume will  arrive a t  ORNL approximately 1 hr and  45  min a f t e r  the  r e l ease  

in  the  building, whereas for t he  case of most representative conditions the  time required is only about 

15 min; however, in t he  la t te r  c a s e ,  the  dose  is lower by a factor of nearly 3. 

Unannounced prac t ice  evacuat ions  have  demonstrated tha t  ORNL c a n  b e  evacuated  in abou t  10 min, 

and it is daily demonstrated tha t  the  ORNL parking lot c a n  b e  evacuated  in  about  15 min. Any abnormal 

re lease  of radioactive mater<ial from the  HFIR will  ac t iva t e  monitoring dev ices  which transmit a s igna l  
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to the ORNL Emergency Control Center,  7 4  and evacuation of t he  Laboratory would b e  ordered from th is  

point us ing  emergency procedures already in  ex i s t ence .  

9.1 Interrelationship with Other Faci l i t ies 

The  HFIR sha res  seve ra l  u t i l i t i es ,  namely 250-psi s team,  13.8-kv e lec t r ica l  power, and 70-psi  po- 

table water with other fac i l i t i es .  Loss of any  or all of t hese  u t i l i t i es  due  to c a u s e s  originating a t  other 

fac i l i t i es  will  not resu l t  i n  the  init iation of a n  acc ident  a t  the  HFIR. Loss of any  of t hese  would, if 

extended for any  length of t i m e ,  require that the reactor be  shu t  down; however, there is suf f ic ien t  time 

to  permit th i s  t o  b e  accomplished in an  orderly fashion. 

Loss of normal e lec t r ica l  power h a s  been anticipated and  provided for by means of the  normal-emer- 

gency power 

ration and would force a reactor shutdown if extended. 

Such a loss would c a u s e  a se tback  in reactor power to 10 Mw if of short  du- 

9 .2  Effect of Accidents in Other Facilit ies 

The  ef fec t  on HFIR operation of acc idents  involving atmospheric contamination from the  nearby 

facilities h a s  not ye t  been fully a s s e s s e d .  Of t h e s e  fac i l i t i es ,  t hose  in which acc idents  a r e  most l ikely 

to result  in contamination at the  HFIR site a r e  the  EGCR, the  MSRE, and the TRU fac i l i t i es .  While 

a ser ious  acc ident  at the  MSRE or t h e  TRU facil i ty could conceivably damage s team l ines  lead ing  to 

the  HFIR, they a r e  far enough from the  HFIR building so  tha t  no  other mechanical damage is likely.  

Under the  worst  conditions,  acc idents  i n  these  fac i l i t i es  could make a n  emergency shutdown and  evac- 

uation of the HFIR necessary .  Such action will b e  provided for i n  the  operation procedures and does  

not cons t i tu te  a likely means of init iating an  acc ident  in the  HFIR i t se l f ,  which can  b e  shu t  down by 

actuating a s ing le  swi tch ,  or which, i n  emergency, d o e s  not need to  be  attended at all. 

10. SUMMARY A N D  CONCLUSIONS 

T h e  foregoing ana lys i s  makes c l ea r  that  certain a s p e c t s  of t he  HFIR operation present  sa fe ty  prob- 

lems which, although they differ l i t t l e  in kind from those  encountered in other operations,  a r e  perhaps 

somewhat more severe .  T h e s e  problems a r i se  because of the  very high power dens i ty  required and 

because  of the  large quantity of fuel contained in  a s ingle  fuel element. 

T h e  problems have  been recognized~ by the  des igners  and  operators of t he  reactor, and every effort 

h a s  been made to  eliminate the  possibil i ty of a n  acc ident  by appropriate design and by the establishment 

of sound operating procedures. Because  the  reactor cannot sus t a in  large power excurs ions  or  s e r ious  

coolant failure without the  likelihood of some damage occurring, extreme measures  have  been taken i; 

the  design to prevent such  occurrences.  In fac t ,  t he  HFIR c a n  a lmost  b e  s a i d  to  have two three-channel 

\ 

740RNL-3572, sedt.  8.7 .1 .  ' 

"ORNL-3572, sect. 10.1.  

I 
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safe ty  sys tems,  because  the  automatic control system i t se l f  h a s  many of the  fea tures  normally found 

in a safe ty  system. 

The  quality control procedures uti l ized to  ensure  that the  reactor fuel s a t i s f i e s  t he  requirements 

of the spec i f ica t ions  and the  procedures which prescribe the  method of handling a r e  des igned  to  guar- 

an tee  aga ins t  inadvertent cri t icali ty or failure of the  fuel during operation. Fabr ica t ion  and  handling 

of the target a r e  also rigidly controlled; and, where necessary ,  pilot  experiments will  b e  performed in  

order to obtain information concerning various parameters related to  safe ty .  

Nevertheless,  t he  possibil i ty of a major acc ident  must be  admitted, and i t  h a s  been shown that such  

acc idents  can  b e  sa t i s fac tor i ly  contained by the  HFIR containment sys tem.  Because  of the  f ac t  tha t  

most of the  potential  c a u s e s  for acc iden t s  have been recognized and preventive measures  taken, i t  is 

not considered that an  acc iden t  t o  the  HFIR is more likely than is the  case a t  any of t h e  o ther  ORNL 

reactors.  T h e  HFIR h a s  been designed spec i f ica l ly  t o  contain a considerable core  failure without s e r ious  

disruption of operations.  

T h e  general conclusion which can  be  drawn is tha t ,  while there a r e  a number of potential  c a u s e s  

for acc idents  t o  the  HFIR,  t h e s e  have been recognized and  eliminated by des ign  and opera t ing  proce- 

dures; that  the  containment of the HFIR is superior t o  tha t  of other research reactors a t  ORNL; tha t  

even in the  event  of a major acc ident  t he  consequences a r e  not particularly se r ious  from an environ- 

mental point of view; and  tha t  the  reactor c a n  b e  operated in  a s a f e  and orderly fashion. 

APPENDIX A 

CONSEQUENCES OF THE RELEASE TO THE ATMOSPHERE OF FISSION 

PRODUCTS FROM THE HIGH FLUX ISOTOPE REACTOR 

1. Introduction 
. ,  

T h i s  a,nalysis is des igned  to furnish b a s i c  information concerning the  magnitude of t h e  downwind 

radiation d o s e s  t o  b e  expec ted  as  a consequence of t he  emiss ion  of radioactive effluent from the  250-ft 

HFIR s t ack  following a r e l ease  of f i ss ion  products within the  HFIR building. Although t h e  primary 

purpose is t o  obtain information concerning the  HFIR, the  ana lys i s  is developed in s u c h  a way that i t  

may b e  readily applied to other ORNL facilities. 
\~ 

Two general  cases a r e  considered: t he  “most representative conditions,” i n  which average  meteor- 

ological conditions a re  assumed to pers i s t  throughout t h e  incident,  and “worst average  conditions,” i n  

which very pess imis t ic  meteorological conditions obtain. A p rec i se  definition of t h e s e  terms is deferred 

until l a te r  and may b e  found on p. 46. 
While chiefly concerned with acc ident  s i tua t ions  in  which the  r e l ease  t a k e s  p lace  over a relatively 

short  time, t he  ana lys i s  h a s  been extended to cover the  case of uniform emiss ion  over extended per iods  

of time. 

i 
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All t h e  ca lcu la t ions  have b e e n  performed on  a unit bas i s ;  tha t  is, per f i s s ion  product equivalent of 

unit power after 15 d a y s  operation for t h e  accident s i tua t ions ,  or per cur ie  emitted per unit time for t he  

case of uniform emission. Un les s  otherwise s ta ted ,  no credit  is taken  for t h e  effect of f i l t e rs  or other 

modes of decontamination following r e l ease  in  t h e  building. The  e f f ec t s  of the  various decontamination 

mechanisms may, i n  most cases, b e  accounted for qu i te  apart  from the  methods herein described. To 

permit this,  t he  f i ss ion  products have been divided into groups, t h e  members of which behave in  a similar 

manner with respec t  t o  ‘decontamination. 

Every attempt h a s  been made to a s su re  conservative results.  Fo r  the  most part, t he  d o s e s  a re  com- 

puted under the  assumption tha t ’ the  receptor remains directly downwind of t he  point of emiss ion  for t he  

entire duration of the  incident rather than for t h e  2-hr period s u g g e s t e d j n  10 C F R  P a r t  100. A s  a practi-  

cal matter, there  is l i t t l e  difference between the  2-hr dose  and t h e  infinite d o s e  for t he  points of great- 

e s t  in te res t  un le s s  t h e  emiss ion  rate is quite low. In those  cases where there is a significant difference,  

both resu l t s  have  been obtained. 

T h e  computations have been programmed for machine calculation, and t h e  results,  presented i n  the  

form of graphs, may b e  used  in  conjunction with known decontamination fac tors  t o  es t imate  the  conse-  

quences of acc idents  as wel l  a s  t h e  resu l t s  of various operating conditions.  

2. Atmospheric Concentrations Downwind Due to.Accidental’ Releases 

T h e  downwind atmosphere concentrations result ing from emiss ion  from a s t a c k  a re  obtained through 

the  use  of t h e  “Gaussian plume formula” in  t h e  form proposed by Gifford,’ but with appropriate modifi- 

ca t ions  of t h e  source  term to account for the  e f fec ts  of dilution within t h e  building prior to  emission, 

and also for decay  both before and after emiss ion  from t h e  s tack .  T h e  b a s i c  equation for the  activity 

concentration x at a point x meters downwind, y meters crosswind, and at a n  e leva t ion  z meters with 

respec t  to a source  of cons tan t  strength Q curies/min is 
4 

where x (x, y ,  z, u) is expres sed  i n  curies/m3 if  u is the  average  wind speed  in  meters per minute and 

0 , 0, a re  t h e  horizontal and ver t ica l  d i spers ion  parameters, respectively,  expressed  in  meters. T h e s e  

dispersion parameters a re  func t ions  of x, t he  d i s t ance  downwind, and also depend upon t h e  prevailing 

atmospheric s tab i l i ty  conditions.  Thei r  va lues  for various s tab i l i ty  conditions a re  given in  graphic form 

in F igs .  I.A.l and I.A.2. 

Y 

T h e  source  term Q in  Eq. (1) is constant.  Consider,  however, t he  case where a quantity q (curies) 

of a radioisotope having decay  cons tan t  A (min-’) is re leased  in to  a building of volume V (m3). Let 

a (min-’) b e  t h e  (constant)  fraction of the  building volume which is passed  up t h e  s t a c k  e a c h  minute, 

with t h i s  loss of a i r  be ing  cons tan t ly  replaced by inleakage. Then, if mixing is assumed to‘be uniform 

l 

‘F. A. kifford, Jr., Nucl. Safe ty  1, 3 (March 1960); 2, 2 (December 1960); 2, 4 (June 1961). 
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Fig. I.A.1. Horizontal Dispersion Parameters. 

1 

and instantaneous,  the ini t ia l  concentration [ (0) (curies/m3) of the  radioisotope in  the  building a t  t i m e  

t = 0 (min) will be [ (0) = q / V ;  and the  rate of change of concentration is given by 

&t) = - 0 + a> m,. 
Whence, a t  t i m e  t ,  the  concentration in  the building is simply 

[ ( t )  = - Q e - ( X + a ) t .  

V 

Since a volume u V  of th i s  mixture is being emitted f rom t h e ' s t a c k  e a c h  minute, the  emission rate  f rom 

the s tack ,  denoted by ~ ( t ) ,  is' 

(2) ( h + U ) t  ~ ( t )  = a V  [ ( t )  = uqe- 

'Despite the physical situation used to derive the emission equation.-it also holds for other- situations, that is, 
if U is the fractional rate of outgassing from the primary coolant system. 
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Fig. 1. A. 2. Vert icol  Dispersion Parameters. 

If decay  during passage  downwind is neglected,  t h i s  becomes t h e  source  term for Eq. (1). To include 

t h e  e f fec ts  of decay  during the  time required for t he  activity to travel a d is tance  x at a speed  u, it is 

necessary  t o  multiply the  emis s ion  ra te  by the  factor e-Ax'u. Thus ,  t he  e f fec t ive  source  term as soc ia t ed  

with the  concentration a t  t h e  point (x, y ,  z )  becomes 

Q = Q(t, x) = aq exp [-(Ax/u) - (A + a)t] . 
It is convenient t o  s e t  t + x/u = r ,  so that 

~ ( 7 ,  x) = aq e x p  [ ( a x / u )  - (A + a)71 . (3) 

Then  Q ( 7 ,  x) is t h e  effective sou rce  term corresponding t o  the  point (x, y ,  z)  at a time 7 after t h e  in i t ia l  

f i s s ion  product re lease  in  t h e  building. Because  for va lues  of 7 less than x/u t h e  emitted activity h a s  

not ye t  arrived a d is tance  x downwind, i t  is clear that Q ( x ,  7) = 0 when 7 < x/u. Upon substi tuting Eq. 

(3) into Eq. (I), the  concentration a t  t he  point (x, y, z, 7) is found t o  b e  

- 

( A +  a)7 - - - - 7 > x/u . aq 
2?TuG- 0 

x ( x ,  y ,  2, 7, u> = -~ 
Y =  Y 

(4) 
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[uI = min-’ 

[SI = curies 

[d = min 

The  concentration x is expres sed  i n  cu r i e s  per cubic  meter, and it is worth noting tha t  t h e s e  uni t s  

a re  numerically equal  to t hose  of concentration expressed  in  microcuries per cub ic  centimeter.  Fo r  con- 

venience,  the dimensions of the  other parameters a re  l i s ted  i n  T a b l e  I.A.l. T h e s e  uni t s  will  b e  used  

throughout un le s s  otherwise indicated. 

[u1= mete r s /min  [xl,[yI,[zl = m e t e r s  

[ql.[o,l = m e t e r s  

[ ~ ( x ,  y, z, u, 7)1 = cur ies /m3 or pc/cm’ 

[AI = min-’ 

\ 

. 

L e t  h b e  the  s t a c k  height i n  meters. Then  a t  ground leve l  t h e  va lue  of z i n  Eq. (4) becomes z = -h .  

To account for reflection of t h e  plume a t  ground level,  t h e  factor 2 is dropped from the  denominator. 

Moreover, s ince  the highest  concentrations obviously occur directly downwind, the  c rosswind  d i s t ance  y 

is s e t  equal  t o  zero. T h e  concentration equat ion  therefore becomes 

and t h i s  ho lds  for 7 > x/u. T h e  factor 

represents the  effect  of atmospheric dilution following emiss ion  from t h e  s tack .  It will  hereafter b e  re- 

ferred t o  a s  t h e  “s tack  factor” and b e  designated by 

x x ,  u)  = . .  
T U 0  CT 

Y Z  

Now t h e  s t ack  height, h ,  is not fixed but is a function of the  ex i t  velocity, t h e  s t ack  orifice diameter,  

t he  wind speed ,  and t h e  rate a t  which hea t  is be ing  added to t h e  effluent. There  is little agreement among 

meteorologists concerning the  b e s t  method of estimating t h e  e f fec t ive  s t a c k  height; however, Holland3 

h a s  proposed a relation which appea r s  t o  agree with obser.vation in  t h e  Oak Ridge area: 

1 . 5 v d +  3 x 1 0 - 4 s  
h = h , +  I 

U 

where u, t h e  wind speed ,  and v, t he  ex i t  velocity, a r e  expressed  in  miles per hour; d, t he  orifice diameter,  

is i n  feet; s is the  hea t  input i n  ca lo r i e s  per second; and h, h ,  are,  respectively,  t h e  e f fec t ive  and ac tua l  

s t a c k  he ights  given in  feet .  Fo r  t h e  present purpose, the  hea t  input is neglected and  the  e f fec t ive  s t a c k  

height taken t o  b e  

1.5 vd 
h = h(u) = h, + - , 

tl 
(7) 

’Meterology and Atomic Energy, AECU-3066, p. 72, USAEC Publication (1955). 



with h and ho both e x p r e s s e d  i n  meters, provided tha t  d is given i n  meters  and v and u a r e  expressed  in  

t h e  same units. T h e  v a l u e s  of t h e s e  parameters for the HFIR s t a c k  a r e  

h, = 76.2 m; v = 465 m/kin; d = 1.524 m; , 

so that  

1063 
h(u) = 76.2 + - meters. 

U 

. 

. 

for t h e  HFIR. 

2.1 Concentration of Daughter Products 

Equat ions (4) and (5) have  been  derived under the  t a c i t  assumptionJhat  t h e  radioisotope under con- 

s iderat ion d e c a y s  t o  a product which is of no interest .  T h i s  is not a l w a y s  true. 

L e t  q: b e  t h e  number of c u r i e s  of a parent isotope ,originally re leased  i n  t h e  building. Then,  if X is 
P 

t h e , d e c a y  constant  of the  parent, t h e  to ta l  number of cur ies  of the parent which remain at time 7 is 

and t h e  to ta l  number of c u r i e s  q d ( 7 )  of t h e  daughter i so tope  which have  resul ted from decay  of t h e  parent 

will, a t  t i m e  T ,  b e  

where, here, A, is t h e  decay  cons tan t  of t h e  daughter. 

If t h e  emiss ion  p r o c e s s  is assumed to involve no physical  separa t ion  of t h e  two spec ies ,  then  t h e  ra t io  

qd(T)/q (7) will, for any given v a l u e  of 7, be  everywhere the same, i n  par t icular  a t  t h e  point (x, 0, -h) 

downwind. Consequently, t h e  ground-level concentrat ion of t h e  daughter  c a n  b e  written 
P 

Now in many cases, notably t h e  noble gases, t h e  parent is vola t i le  .while t h e  daughter is a sol id .  

Thus ,  if t h e  s t a c k  is equipped with some decontamination mechanism, s u c h  a s  a filter or a charcoal  ab- 

sorber, t h e  parent may b e  s t r ipped of t h e  daughter i so tope  which w a s  formed by d e c a y  following r e l e a s e  

into the  building but prior t o  emiss ion  from t h e  s tack.  If t h e  removal is complete, t h e  amount by which' 

the  concentration of t h e  daughter a t  a point  (x, 0, -h) is reduced is given by 

where t ,  it  will be, recal led,  is the  t i m e  between ini t ia l  r e l e a s e  and emission.  Upon ut i l iz ing t h e  relat ion 
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7 = t + x/u and subtract ing t h i s  increment from Eq. (8), t h e  corrected daughter  concentrat ion is found t o  

b e  

In some cases (the iodines)  t h e  parent  is effect ively removed by  t h e  f i l ter  sys tem;  but t h e  daughter  

is volat i le  and is, therefore, emit ted from the  filter a t  approximately the  same ra te  at which i t  is formed. 

T h e  downwind concent ra t ion  d u e  t o  such  a reemitted daughter is es t imated  under t h e  assumpt ions  ( 1 )  t h a t  

all of t h e  parent is trapped on  t h e  filter, and (2 )  that  t h e  daughter is emit ted as f a s t  as i t  is formed. 

T h e  rate  at which t h e  parent is being deposi ted i n  the  filter is numerically equal  to t h e  emiss ion  ra te  

given i n  Eq. (2),  and t h e  rate  at which i t  is being l o s t  is j u s t  i t s  d e c a y  rate. Hence  

so tha t  at a t ime t af ter  the  in i t ia l  re lease ,  the  filter conta ins  

-A t 
qp( t )  = q:e P (1  - e-at) c u r i e s  

of t h e  parent. T h u s  i t  is, under assumption (2),  emit t ing 2.22 x 1 0 l 2  qp( t )  atoms or qp(t)hd c u r i e s  of 

daughter i so tope  per minute. T h i s  d e c a y s  by a n  amount e during i t s  p a s s a g e  downwind. Hence, 

again le t t ing  7 = t + x/u, t h e  appropriate  source  term for the  G a u s s i a n  plume formula becomes  

-xdx /u  

- (h  +U)T 
Q ( X ,  7) = qo.A e - ( A d -  A p )  X / U  [e- hp T - e  eax/u 

p d  

so tha t  t h e  concentrat ion at t h e  point  (x, 0, -h) due  t o  the emiss ion  of t h e  daughter from t h e  filter becomes  

Of ,some in te res t  i n  connect ion with Eq. (10) is t h e  case i n  which a is very large; that  is t h e  case i n  

which t h e  parent  is ent i re ly  deposi ted on t h e  filter almost immediately af ter  t h e  release.  S ince  7 > x/u, 
Eq. (10) simplif ies  under t h i s  condi t ion to 

-ACrx/u - A  (7  - x / u )  x y ( x ,  u, 7) "= qoA S(X, u) e . e  P 
p d  

F o r  convenience,  t h e  four equat ions  for the  ground-level concentrat ion direct ly  downwind are  repea ted  

be  low : 

for t h e  case of t h e  parent, 



.43 

. for the c a s e  of the unseparated daughter, 

for the  case of a daughter which is removed prior t o  emission, and 

for the case of the  volatile daughter of a parent which is removed prior to  emission. In each  case, h(u) 

is given by Eq. (7). 

3. Ground-Level Doses 

T h e  ground-level dose  r a t e s  may b e  computed from the ground-level concentrations if it is assumed 

that  they are proportional t o  t h e s e  concentrations.  T h i s  is a valid assumption for the  case of the internal 

d o s e s  received as a resul t  of inhalat ion of contaminated air and is approximately true in the  region of 

interest  for external d o s e s  received a s  a result of submersion in  t h e  contaminated cloud. The  derivation 

of the appropriate cons tan ts  of proportionality will be considered in  th i s  sect ion.  

A s  a pract ical  matter, there  a re  three groups of f i ss ion  products which are  usually controlling in  de- 

termining the total dose  received and t h e s e  will be given most attention. They are  the iodines,  which 

a f fec t  primarily the thyroid gland; a group of mixed f iss ion products,  mainly bone seekers ,  which a l s o  

contribute to  the internal dose; and the  noble g a s e s ,  which are the  chief contributors t o  the external dose.  

3.1 Calculation of Internal Doses 

The  internal d o s e  rate  for a s ingle  f iss ion product may b e  computed directly from a knowledge of the  

ground-level concentration a t  the point under consideration, the rate  of inhalation of the contaminated 

air, and the  dose  delivered per unit of radioactive material inhaled. Thus,  if p is the  rate  of inhalation, 

or breathing rate, in  cubic  cent imeters  per minute, and K is the  d o s e  delivered in  r e m s  per inhaled micro- 

curie, then the rate  a t  which the internal dose  Dint (rems) is being received is4 
/ 

The dose  per inhaled microcurie 

dDint = PK x ( 7 )  rems/min, 
d r  , 

is usually related to  some cr i t ica l  organ; and, in general ,  there will 

b e  more than one radioisotope which affects  that organ. Therefore,  the  total  dose  rate t o  a given organ 

will b e  a sum of t e r m s  similar t o  the right-hand s i d e  of Eq. (15). For  example, if there are N f i ss ion  

products present for which the bone is the cr i t ical  organ, the total  dose  rate t o  the bone will be 
’ 

r 

4Note that K is not an instantaneous dose  per microcurie, but represents the total dose  which will be delivered 
by the inhaled activity during i t s  entire residence in the body. Hence dDint/d7 really represents the rate at which 
the “eventual” dose is being delivered. f --. 
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An N 

j= 1 u1 

The  appropriate form of each  of the x. 
ticular circumstances under consideration. 

may be  selected from Eqs. (11-14), depending upon the par- 
1 ' s  

The total internal dose delivered by the N isotopes at the point (x, 0, -h) in a t i m e  t following the  

initial release is obtained by integrating Eq. (16) with respect to  r between x/u and t > x/u. Thus  

N , 
q,,(O = P xj(7) dT r e m s  

Kj 
j=1 

is the expression for the internal dose. 

3.2 Calculation of External Doses 

The external doses  are estimated utilizing the assumption that for d i s tances  sufficiently far f rom the 

s tack  the energy release from the contaminated cloud is adiabatic; that is, exactly as much energy is ab- 

sorbed in each unit volume of the  cloud a s  is released there. Th i s  gives conservative (high) results at 

d i s tances  sufficiently far from the stack so  that the concentration gradient is s m a l l ,  but gives results 

which are lower than the actual value within a few hundred meters of the stack, because it neglects the 

direct radiation contribution from the high concentration on the ax is  of the plume near the stack. 

Le t  EY be the  gamma energy (Mev) emitted per disintegration from a given radioisotope. Then, if the 

concentration a t  the point (x, 0, -21) and at the t ime  r is x(x, 7) pc/cm3, the gamma energy emission den- 

si ty at that point will be 3.7 x l o4  EY x(x, 7) Mev cm-3 sec-'. Under the foregoing assumption, th i s  is 

also the rate at which energy is being absorbed a t  that point. If the density of air is taken to  be 1.25 x 

g/cm3, and it is recalled that 1 Mev is equivalent to  1.6021 x erg, the energy absorption rate 
1 

becomes 

3.7 x lo4 EY x(x, 7) x 1.6021 x 1OV6/1.25 x = 47.42 EY x(x, T )  , 

or, s ince  by definition the absorption of 100 ergs/g is equal t o  1 rad, and there are 60  sec/min, the ex- 

ternal gamma dose  rate becomes 

- =  dD'xt 28.4 EY ~ ( x ,  r) rads/min . 
dr 

A similar expression involving the average beta energy, E p ,  emitted per disintegration may be  written 

for the external beta dose  rate. 

As in the case of the internal doses,  it  is usually necessary to consider a sum of several  t e r m s  each  

representing the contribution of a single isotope. Consequently, the external dose rates become 

dDZXt N 

- = 28.4 E; xj(r) rads/min 
j=1 d7 

c 

and 
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. 

dD N ,  - = 28.4 1 E? ~ ~ ( 7 )  rads/mln , 
j =  1 d r  

with the appropriate forms for the x . ( 7 )  being chosen from Eqs. (11-14). 
I 

The  external doses  which have been delivered at a time t following the initial f ission product release, 

in the  building are, as before, obtained by integrating between x/u and t. Thus  

N n t  

j = 1  

and 

N 
Dtx; ( t )  = 28.4 1 Ef 

_-  j=l 

The  procedure outlined above is satisfactory provided the number of individual fission products is 

small. However, when N is large, in particular when N includes the entire fission product spectrum, the 

use of Eqs. (20) and (21) would require that the explicit equations for the growth’and decay of the fission 

products be written down. T h i s  can be avoided, and an upper bound t o  the external dose c a n  be obtained 

by using data published by Perkins and King’ which give the total energy release from the fission products 

of 235U a s  a function of both irradiation and decay time. 

The  Perkins and King data, which are given in terms of Mev per second per watt of reactor power, may 

be converted for u se  with the foregoing equations a s  follows. 

In general, the expression for the external dose  rate has  the form 

- ‘A j  + U ) 7  
N 

-=  dDext  28.4 S(x, u) aeaxlu 1 Ejbje I 

j =  1 d7  

where the b .  are constants having curies a s  their units and which depend upon the quantity of each  fis- 

sion product initially present per kilowatt of reactor power and upon their individual decay schemes. The  

total dose delivered cannot exceed that obtained by integrating between x/u and m. Hence 

I 

1 

I 

N a  - h j x / u  
Dext,=< 28.4 S(x, u) 1 - E.6.e h 1 1  

j=1 j + a 

The factor a/(X. + a )  is always less than 1 ;  and, s ince  a represents the fractional rate of emission of 

the released fission products from the building, a large value of a signifies that there has been l i t t le t i m e  

for decay in the building, so that the decay time is essentially x/u. Therefore 

I 

-A x/u 
j 

N 

Dext <28.4 S(x, u )  E Ejbje 
j =  1 

J. F. Perkins and R. W. King, Nucl. Sci.  Eng.  3, pp. 726-46 (1958). 5 
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N -A1x/u 
and the  to ta l  ra te  of energy r e l e a s e  is 3.7 x 10” 2 E j b j e  

power i n  Mev per watt-second following operation at  1 w and a t  a t ime x/u following shutdown. T h e  

v a l u e s  of p have  been  plotted by P e r k i n s  and King5 as a function of shutdown time for  var ious operat ing 

times. Then  clear ly  

Mev/kwsec. Let p(x/u) b e  t h e  f i s s i o n  
j=1 

whence 

N -Ajx/u 
3.7 x 10” 1 E j b j e  = 103 p(x/u) , 

j=1 

-A x/u N E Ejbje  j = 2.703 x lo-’ p(x/u) 
j=l  

and 
2 2 

--h (u)/2mz 
7.676 x lo-’ p(x/u) e 

?Tu0 D Dext  < 
Y Z  

T h e  v a l u e s  of p a r e  given for both gamma and b e t a  energ ies  i n  t h e  reference c i ted .  

4. Numerical Results for the Accident Cases 

A s  a prac t ica l  matter, there  a r e  only a relat ively few of t h e  f i s s i o n  products  which contr ibute  s ignif i -  

can t ly  t o  t h e  consequences  of a reactor  accident ;  and it will b e  convenient  t o  consider  t h e s e  f i s s i o n  

products  i n  groups according to their  charac te r i s t ics  with respec t  t o  t h e  likelihood of re lease ,  ease of 

decontamination, and type of d o s e  delivered. 

A l s o  of in te res t  a re  t h e  e f f e c t s  of t h e  magnitudes of cer ta in  parameters  which enter  in to  t h e  d o s e  

equat ions.  T h e s e  include t h e  exhaus t  ra te  a ,  t h e  wind s p e e d  u, t h e  a tmospheric  s tab i l i ty  condition, and 

t h e  t i m e  of exposure. An e x t e n s i v e  parameter s tudy  h a s  not been  at tempted;  however, t h e  effect  of varia- 

t ion of some of t h e  parameters  h a s  been  examined i n  t h o s e  cases where it is relevant to t h e  HFIR s i tua-  

tion. 

In order to obtain a fair  e s t i m a t e  of t h e  consequences  of a reactor  accident ,  two different s e t s  of as- 

sumptions have b,een employed regarding t h e  meteorological condi t ions  which prevai l  a t  t h e  t ime of t h e  

accident. In t h e  f i rs t  of t h e s e ,  i t  is assumed that  t h e  most frequently occurring s tab i l i ty  condition, namely 

a s l ight ly  unstable  or “C” condition, p e r s i s t s  throughout t h e  incident ,  and tha t  t h e  average  wind s p e e d  is 

100 m/min (”4 mph). T h e s e  a r e  c a l l e d  t h e  “most representat ive conditions.” 

T h e  second s e t  of assumpt ions  represents  extremely pess imis t ic  meteorological condi t ions.  It c a n  b e  

s e e n  from the  d o s e  equat ions  tha t  for any  given s tab i l i ty  condition, there  e x i s t s ,  for e a c h  v a l u e  of x, a 

va lue  of t h e  wind speed  u which maximizes t h e  d o s e  at tha t  point. T h e s e  maximum v a l u e s  of t h e  d o s e  

have been  computed and plotted as a funct ion of x for e a c h  of t h e  s tab i l i ty  conditions.6 T h e  envelope of 

t h e s e  curves  then represents  t h e  d o s e  received at e a c h  point  under t h e  assumption tha t  t h e s e  maximizing 

c . 

6Since the “A” (extremely unstable) condition is unknown i n  the Oak Ridge area, i t  has  been omitted 
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condi t ions e x i s t  at e a c h  point throughout t h e  incident. T h e s e  a r e  c a l l e d  t h e  "worst average conditions." 

It should be  noted tha t  t h e  c u r v e  obtained under t h e s e  condi t ions  d o e s  not represent  a s e r i e s  of simul- 

taneous  doses ;  for, if t h e  worst  average  condi t ions e x i s t  at x = 2 km, for .example, then  they obviously d o  

not e x i s t  s imultaneously a t  x = 4 km. 

4.1 Internal Doses 

T h e  internal d o s e s  have been  computed for f a s t  exhaus t  r a t e s  and infinite exposure. B e c a u s e  t h e  

i so topes  involved are  effect ively removed from the  effluent a i r  by t h e  f i l ters ,  t h e s e  resu l t s ,  when appl ied 

to t h e  ac tua l  acc ident  case, wil l  b e  suff ic ient ly  low so that  i t  is unnecessary  t o  es t imate  t h e  lower and 

more rea l i s t ic  v a l u e s  which would b e  found us ing  s lower exhaus t  r a t e s  and f ini te  exposure times. 

4.1.1 Internal Doses Due to lodines. - There  a r e  f ive  f i ss ion  product iodines  which a r e  s ignif icant  

contributors t o  t h e  internal  dose .  B e c a u s e ,  i n  e a c h  case, t h e  c r i t i ca l  organ is t h e  thyroid, t h e  express ion  

for t h e  to ta l  iodine d o s e  wil l  b e  t h e  sum of f ive  terms. None of t h e  daughters  of iodine a r e  s ignif icant  

'contr ibutors  to the  internal  d o s e ;  therefore, t h e  appropriate form of t h e  express ion  for concentrat ion is 

tha t  given i n  Eq. (11) and t h e  express ion  for t h e  to ta l  internal  iodine d o s e  del ivered i n  t i m e  t is from (16) 

-A x / u  .-Aj' . e-qa(t--x/u " 

Dint(? t> = ape  - QiKj [. - rems/kw . (24 1 I -2 ( u;/ 2 cr2 
2 5  

"""y"z j=1 Ai + a 

T h e  va lue  of p, t h e  breathing rate ,  is taken  t o  b e  that  of "standard man" during a working day  - 
2.08 x lo4 cm3/min (ref. 7). T h e  parameters  a s s o c i a t e d  with 1 kw equivalent  of f i ss ion  iodine a re  l i s ted  

in  T a b l e  I.A.2. 

It is worth noting that  as t + M and if a->> A , ,  then  Eq. (24) t a k e s  t h e  simpler form . 
I 

T a b l e  I.A.2. Parameters Used  for Iodine D o s e  Calculat ions 

~ 

Isotope Half-Life Aj (min-') j (rems/pc)e q .  (curies/kw) 
I .  

1 3 1 1  8.05 days 5.98 1.484 16.20 

1 3 Z I  2.4 hr  4.81 x 1 0 - ~  

1331 20.8 hr  5.55 1 0 - ~  

1 341 

1 3 S I  6.68 hr 1.73 

52.5 min 1.32 x lo-' 
i: 

0.054 

0.399 

0.025 

0.123 

37.11 

54.83 

64.11 

49.77 

aData from Burnett (ref. 8). 

'Report of Committee I I  on Permissible Dose for Internal Radiation, Pergamon, New York, 1959. r 
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I 

B e c a u s e  t h e  internal  d o s e  is not particularly s ignif icant  i n  t h e  case of a n  acc ident  t o  the  HFIR, t h e  

iodine d o s e  h a s  been  eva lua ted  i n  t h e  form of Eq. (25). T h e  r e s u l t s  a r e  given i n  Fig. I.A.3 for both t h e  

most representat ive and t h e  worst  average cases. Somewhat lower r e s u l t s  a r e  obtained if t h e  more ac- 

cura te  equat ion is used. 

4.1.2 Internal Doses Due to Other Fission Products. - Other than  t h e  iodines ,  there  a r e  26 f i s s i o n  

products and f i s s i o n  product p a i r s  which a r e  l i s t e d  by Burnett8 a s  be ing  controlling with respec t  to t h e  

inhalation dose.  Of these ,  s e v e n  a r e  e i ther  so  short  l ived or present  i n  s u c h  smal l  quant i t ies  that  they  

may be neglected with respec t  to the others. T h e  f i s s i o n  products  considered,  together  with the ap- 

propriate parameters, a r e  l i s ted  i n  T a b l e  I.A.3. 

T h e  contribution of t h e  daughters  of t h e s e  f i s s i o n  products h a s  been  taken  into considerat ion by ad- 

jus t ing  t h e  va lues  of K . .  Consequent ly ,  t h e  appropriate equat ions  for t h e  d o s e s  are, except  for t h e  number 
J 

H. J. Burnett, Nucl .  Sc i .  Eng. 2, p. 382 (May 1957)., 
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T a b l e  I.A.3. Parameters Used  to Compute Internal Dose Due to F iss ion  Products Other than Iodine 

Isotope Ai (min-l) K i (rems/pc) q .  (curies/kw) f 

Bone Seekerse 

"sr ' 

O sr-' OY 
'Y 

' 9 5 ~ r  

97Zr-97Nb 

95Nb 

1 4 0 ~ , -  4 0 ~ a  

l 4  'ce 

1 4 3 ~ r  

4 ~ e - 1  4 p r  

\ 147Nd 

10 3Ru, 10 3mm 

105m 

6Ru, 6Rh 

1 2 7mTe, 1 2  7Te 

1 2 9 mTe- 1 2 9 Te 

1 3 1 mTe- 13  1 Te 

13'Te 

l 3  7Cs-137Ba 

8.88 x 

4.71 x lo-' 

8.28 x 

7.62 x 

6.78 10'~ 

1.37 

3.76 x 1 0 - ~  

1.51 

3.51 x 10'~ 

1.66 x 

4.26 x lo-' 

1.18 

3.16 x 

1.32 x 

5.30 x 

1.46 10'~ 

3.85 x 1 0 - ~  

1.50 x 10-4 

4.96 x 10" 

0.416 

44.3 

0.337 

0.062 

0.004 

0.012 

0.090 

0.019 

0.023 

1.200 

0.189 

Othersb 

0.007 

0.0014 

0.065 

0.018 

0.046 

0.0077 

0.0015 

0.0086 

6.94 

0.05 

8.16 

8.21 

, 52.30 

13.87 

30.95 

14.04 

27.79 

1.78 

13.21 

5.49 

7.59 

0.09 

0.23 

2.27 

22.46 

35.65 

0.05 

a ~ .  values computed by H. Heacker. 

b ~ .  values computed by T. H. J. Bumett. 
I 

I 

of terms,  identical to  Eq. (24). Again, the simplified form - Eq. (25) - is used. The results are given in 

Figs. I.A.4 and I.A.5. 

4.2 External or Submersion Dose 

The external dose from an accident in the HFIR is due almost entirely to  the noble gases. T h i s  is 

because the HFIR ventilation system, which is designed to  remove the halogens and nonvolatile f ission 

products from the effluent air, is incapable of removing the noble gases.  Moreover, they are known to be 

released quite readily from leaking or molten fuel. For this\ reason they will be  considered in some detail.  

It is convenient to  divide the noble gas  doses  into three categories according to their origin. These  
I are: (1) the dose due t o  the direct emission of the noble gases  present a t  the time of the accident; (2) 

, 
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Fig. I.A.4. Internal Dose Due to Bone Seekers - Infinite Exposure and 

Rapid Emission. 

\ 

Y 

t h e  d o s e  due t o  t h e  daughters  of t h e  noble g a s e s  which a r e  formed following emiss ion  from t h e  s t a c k  

(those formed prior to emiss ion  from t h e  s t a c k  are ,  s i n c e  they  a r e  so l ids ,  assumed to remain on t h e  

filters); and (3) t h e  noble g a s e s  formed by t h e  d e c a y  of iodine which h a s  been  depos i ted  on  t h e  f i l ters .  

There  a r e  t e n  noble g a s  i s o t o p e s  which a re  of s ign i f icance  so far  as  direct  emiss ion  is concerned. 

Of t h e s e ,  th ree  - namely '*Kr, "Kr, and 13'Xe - d e c a y  into daughters  which also contr ibute  s ignif i -  

cant ly .  Of these ,  '*Rb and 13'Cs a r e  the  most important. T w o  of t h e  iodines ,  1331 and 13'1, decay  t o  

radioact ive xenons, t h e  most important of which is 13smXe.  T h e  equat ion  for t h e  d o s e  u t i l i zes  t h e  ex-  

press ions  for concentrat ion given i n  Eqs. (11), (13), and (14) and t h e  ex terna l  d o s e  equat ions  (20) and 

(21): 
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Fig. I.A.5. Internal Dose Due to F iss ion  Products Other than lodines and 

Bone Seekers’ - Infinite Exposure and Rapid Emission. 

.t 

L 

Here, the subscripts p and d refer to  the parent and daughter, respectively, and the EjIs are chosen ac- 

cording to  whether it is the gamma or beta dose which is sought. The  parameters for use with Eq. (26) 

are listed in Table I.A.4. 

have been computed not only for a high exhaust rate (a = 0.5) but a l so  for exhaust ra tes  corresponding to  

the maximum rate of removal through the HFIR primary coolant cleanup system (a = 0.015) and the rate 

of emission from the reactor bay assuming normal SBHE air flow and uniform dispersion (a = 0.028). The 

doses  have been computed for both infinite and 2-hr exposure and are given in Figs.  I.A.6-I.A.ll. 

Because the noble gas  doses  are quite sensit ive t o  the exhaust rate and the t i m e  of exposure, they 

4.2.1 External Doses from Fission Products Other than Noble Gases. - An upper l imit  t o  the external 

dose from a l l  the fission products may b e  estimated f rom Eq. (23). The  values of p(x, u) are taken from 
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T a b l e  1.A.4. Parameters Used to Computea External Dose from Noble Gases 

Direct  Emission 

E P  (Mev/dis) 
P .  

q (curies/kw) E’ (Mev/dis) 
P .  P .  

Isotope A (min-’) 

83mKr 6.06 x 1 0 - ~  4.05 0.415 0 

”Kr 8.88 22.77 0.56 1.01 

p i  

85mKr 2.646 x 12.65 0.181 0.233 

88Kr 4.17 x 1 0 - ~  31.21 2.07 0.331 

“Kr 2.178 x 10-1 38.80 0 1.3 

Xe 2.094 x 1.32 1 3 3 m  

1 3 3  

1 3 5 m  

Xe 9.120 x lo-’ 47.18 

Xe 4.44 x 10-2 15.18 

13’xe 1.266 x 1.60 

1 3 8 ~ e  4.074 x lo-’ 46.39 

0.2376 

0.081 

0.52ab 

0.268 

0 

0 

0.115 

0 

0.302 

1.0 

Daughters 

Isotope A p ,  (min-’) A, (min-’) q p ,  (curies/kw) E:, (Mev/dis) E’ (Mev/dis) 
I 1 1 J ,i 

“Rb 4.17 3.894 x 31.21 0.47- 1.61 

‘9Rb 

. .  138cs  . 

2.1i8 x IO-’ 4.50 x 10” 

4.074 x lo-’ . 2.172 x lo-’ 

38.80 

46.39 

Reemission 

0 

2.01 

1.5 , 

1.08 

P 
I i i i 

Isotope xP (min-’) A, (min-’) qp ,  (curies/kw) E: (Mev/dis) E ,  (Mev/dis) 

‘33Xe 5.55 9.120 x lo-’ 54.83 0.081 0.115 

13’xe 1.78 1 0 - ~  1.266 x 11.34 0.268 0.802 

Xe 1.78 x 4.44 x 4.86 0.528 0 
1 3 5 m  

aData from Blomeke and Todd, ORNL-2127. 
bIncludes daughters. 

-hz ( u ) /  2 a: 
the Perkins and King data’ for 1000-hr ~ p e r a t i o n . ~  The  s tack  factor S(x, u)  = e 

for both “most representative” and “worst average” conditions in Fig. I.A.12. The value of u used for 

the “most representative” c a s e  is 100 m/min; a n d t h e  values used t o  compute the “worst average” c a s e  

are those which maximize S(x, u), namely, 

/TUD,,D~ is given 

’Perkins and King give curves of Mev per watt-second for lo-, loo-, and 1000-hr operation. The nominal HFIR 
operating time is expected to be 360 hr; hence, use of 1000 hr is an overestimate. t 
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The noble gas  doses  are subtracted from the result, thus giving the external doses  to be expected from 

all the fission products other than noble gases .  These  data are obtained under the assumption of high ex- 

haust rate and infinite exposure and are given in Fig. I.A.13. 

5. Continuous Release of Activity 

Equation (1) can  be  utilized to  obtain an  estimate of the results of a continuous release of the volati le . 

fission products f r o m  the stack. Because  “worst average” conditions cannot be expected to  prevail over 

long periods of time, the “most representative” conditions (“C” stability, u = 100 m/min) have been 

utilized. Therefore, if decay during passage  downwind is neglected, the concentration in  microcuries per 

cubic centimeter a t  ground level a t  a point x meters downwind and y meters crosswind from the s tack  due 

t o  the  continuous emission of 1 curie/min is given by 
2 2 

-h ( u ) / 2 a Z  2 e - y  / 2 a 2  
X(X? Y )  = . e  Y pc cm-3 curie- ’ min , 

7 u 5  0 
Y Z  

where again the factor 2 in the denominator of Eq. (1) is dropped to account for reflection and z has  been 

set equal to 4, the effective s tack  height. . 
Because it is the consequences under average conditions which are sought, and because the wind di- 

rections are given in terms of the  sixteen 22.S0.sectors which represent the cardinal compass points, Eq. 

(27) is averaged with respect t o  y over the base  of an  isosceles triangle having altitude x and vertex 

angle 7 /8 .  Thus  
2 2 2 2 

- h  ( U ) / 2 C Z  
- e -h ( u ) / ~ O ~  1 x tan 7 7 / 1 6  - y  2 / 2 a 2  e . k e r f (  0 x t an  ~ / 1 6  ). 

e dy = 
~ u c  3 x t an  7 /16  fi u c , c ~ ~  x t an  ~ / 1 6  cy \/z x(x> = 

Y Z  

For the values’of interest, 

x t an  7/16 
0.9 < erf ( - ) < 1 ; 

cy d2 
hence 

2 2 
-h ( u ) / 2 a Z  

cr 6.301 cr 
F(x) 2 e 

n u 0  5 2 x tan 77/16 X 
Y Z  

The results for the “most representative” case are given in Fig. I.A.14. These  can  be  corrected for , 

simple decay by multiplying the  va lues  given in the  curve by the  quantity e-’” l X x l  where A is the decay 

constant in min-’ and x is the downwind distance in meters. 

Again, because  the results of average conditions are sought, the distribution of the  wind direction must 

be considered. The  average va lues  for the  ORNL area are given in Table  I.A.5. Hence, the values found 

from Fig. I.A.14 should be  reduced by the fraction corresponding to the direction under consideration. 
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DISTANCE DOWNWIND (krn) 

Fig. I.A.14. Average Downwind F iss ion  Product Concentrotion Due to 

2 Continuous Release of One Curie per Minute. 

Table  I.A.5. Frequency o f  Wind Direction a t  ORNL'  

Direction Toward Which Wind Blows Percent of Total Time 

N 3.389 
NNE 7.259 
NE 12.076 
ENE 8.160 
E 7.009 
ESE 4.742 
SE 3.023 
SSE 1.348 
S 1.978 
ssw 3.200 
sw 12.501 
wsw 8.985 
W 4.047 
WNW 0.914 
NW 1.327 
N N W  0.857 
Calm 19.185 

aW. M. Culkowski, U.S. Weather Bureau. private communi- 
cation, January 1964. 
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APPENDIX B 

HFIR EXCURSION CONTAINMENT POTENTIAL* 

Letter  Report of 15 March 1964 * 

Prepared for 
Reactor  Divis ion 

Oak Ridge National Laboratory 
BY 

Walter R. Wise, Jr.,  Ph.D.  
Excursion Containment Consul tant  

-1. Foreword 

T h e  Reactor  V e s s e l  Containment Program, currently near ing completion a t  t h e  U.S. Naval Ordnance 

Laboratory, White Oak, is addressed  t o  character iz ing t h e  excursion containment potent ia l  of nuclear  

fac i l i t i es ,  and particularly reactor  pressure v e s s e l s .  T h i s  program, sponsored b y  t h e  Atomic Energy 

Commission a t  a c o s t  of $1,400,000 over  a period of e ight  years ,  is t h e  Commission’s most fundamental 

and comprehensive research  effort directed t o  t h e  excursion containment potent ia l  of reactor  v e s s e l s  

per se. T h e  ex tens ive  experimental phase ,  including tests in model v e s s e l s  made of A212B s t e e l ,  h a s  

been completed; t h e  major portion of the  theoret ical  work is virtually complete; and f inal  summary re- 

ports** now in preparation a r e  scheduled  for publ icat ion in  t h e  f i rs t  half of 1964. T h e s e  reports  will 

cons t i tu te  t h e  most ex tens ive  and authori ta t ive reactor  v e s s e l  excursion containment information pub- 

l i shed  in  t h e  United S ta tes .  T h e  b a s i c  ra t ionale  and d a t a  of t h e s e  reports, through t h e  writer as  their  

principal author, were employed t o  charac te r ize  t h e  excursion containment potent ia l  of t h e  HFIR. 

2. Introduction 

In t h i s  report, upper bounds i n  terms of T N T  will b e  placed upon t h e  excursion containment potent ia l  

of t h e  HFIR. 

a c c i d e n t s  c a n  b e  readi ly  expressed:  Nuclear excursions cannot  b e  micro sca led ;  T N T  explos ions  can,  

a n d  furthermore, many of the i r  s c a l i n g  propert ies  a r e  well known. T h i s  makes ava i lab le  a very important 

tool that  is often t h e  s i n e  qua  non for .complex multiparameter problems: experiments  i n  small models. 

Although t h e  flux and character  of t h e  energy re leased  during a postulated MCA may not b e  ident ica l  to 

t h o s e  of t h e  T N T  explosion,  they a r e  often suff ic ient ly  a l i k e  t o  permit u s e  of t h e  T N T  model as  a reason-  

a b l e  and defensible  upper-bound simulant. 

T h e  rat ionale  for employing T N T  to s imula te  and provide useful  upp.er bounds o n  nuclear  

T h i s  is t rue  for t h e  HFIR. , 

*Updated in question 56 and Appendix K. 

‘HFIR design specifications employed in this report were supplied to the author by the Reactor Division, 
**NOLTR 63-140 (Aug. 16, 1965). 

Oak Ridge National Laboratory. 

{ 
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3. Tentatively Postulated MCA's' 

It i s  understood from information provided by the  Reactor  Divis ion,  Oak Ridge  Nat ional  Laboratory, 

that  the  following a c c i d e n t s  h a v e  b e e n  enter ta ined or ten ta t ive ly  postulated by  t h e  Divis ion as probable  

MCA's for t h e  HFIR: 

1. T h e  l inear  r e l e a s e  of 50 Mwsec in  3 msec. 

2. T h e  l inear  r e l e a s e  of 100 to 2 0 0  Mwsec i n  100 t o  1000 msec .  

Now, a nominal va lue  for t h e  heat  of detonat ion of T N T  is 1050 cal/g. At t h i s  energy dens i ty ,  200 Mwsec, 

for example, would b e  c l o s e l y  equivalent  to  t h e  energy re leased  by t h e  detonat ion of 100 l b  of TNT. 

4. Characteristics of Marginally Contained TNT Accident 

T h e  HFIR pressure  v e s s e l  is fabricated of A212B s t e e l  with t h e  propert ies :  (T = 38,000 p s i ;  oU = 

70,000 ps i ;  E (elongation) = 22%. It is interest ing,  i n  t h e  beginning a t  l e a s t ,  t o  cons ider  a n  idealized 

HFIR pressure  v e s s e l  fdr which t h e  material is homogeneous and i so t ropic  and t h e  end c l o s u r e s  and all 

n o z z l e s  remain sound during g r o s s  p l a s t i c  deformation of t h e  v e s s e l  wall. Additionally, a s s u m e  tha t  all 

water  is drained from t h e  reactor  pool. Under t h e s e  c i rcumstances ,  w e  enter ta in  t h e  detonat ion of a 

center-initiated, compact charge of  T N T  a t  t h e  core locat ion,  which would occupy a volume of t h e  same 

order a s  that  of t h e  uranium core;  i t s  temperature and pressure  would b e  77'F and atmospheric. Upon 

Y 

detonation, t h e  sol id  explos ive  would b e  transformed almost discont inuously in  t i m e  to  a g a s e o u s  f i rebal l  

a t  virtually t h e  same volume with temperatures  and p r e s s u r e s  of t h e  order of 5000°F a n d  2,500,000 p s i  

behind t h e  detonation front. A s  a consequence  of t h i s  immense energy flux, two des t ruc t ive  mechanisms 

would b e  produced: t h e  shock wave  and  t h e  internal-blast  p ressure ,  that  i s ,  t h e  quas i - s ta t ic  (or equi- 

librium) pressure  generated by t h e  g a s e s  re leased  from t h e  exp losive charge.  About half  t h e  energy is 

re leased  i n  t h e  shock wave  and t h e  remainder i n  t h e  internal-blast  pressure.  

, 

i 
T h e  shock  wave, a microsecond mechanism, would propagate  through t h e  media surrounding t h e  core  

I 
and s t r ike  t h e  wall of t h e  reactor v e s s e l .  In response  t o  t h e  impulse,  t h e  wall would b e  given a virtually 

ins tan taneous  velocity. Port ions of t h e  wall n e a r e s t  t h e  c o r e  would b e  g iven  t h e  grea tes t  ve loc i ty  and 

undergo t h e  grea tes t  deformation. T h e  iner t ia  and t e n s i l e  s t rength of t h e  v e s s e l  would r e s i s t  t h e  impul- 

s i v e  force during acce lera t ion  of t h e  wall. Subsequently, t h e  t e n s i l e  constraint  would a t tempt  to bring 

t h e  wal l  t o  res t .  

In general, shock-wave at tenuat ion in  elastic media is less than i n  ine las t ic ,  p l a s t i c ,  o r  re la t ively 

compressible  media. F o r  the case at hand, a t tenuat ion of t h e  shock  would b e  greater  i n  water  than in 

s t e e l ,  and i n  a i r  or s imilar  g a s e s  t h e  at tenuat ion would b e  considerably greater  than  i n  water  o r  s t e e l .  

Thus ,  i t  is s e e n  that  if water were l o s t  from t h e  reactor  v e s s e l  immediately prior to the acc ident ,  t h e  

shock-attenuation potent ia l  of t h e  sys tem would b e  increased ,  and t h e  shock  s t rength at t h e  composi te  

2Editors' note: The term MCA a s  used here by Dr. Wise differs in connotation from that used in the safety 
analysis i tself .  The energy releases suggested to Dr. W i s e  by ORNL were for the purpose of defining the scope 
of the problem. 

t 
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wall would b e  decreased  with a consequent  d e c r e a s e  i n  deformation. Clear ly  then, t h e  deformation vol- 

ume of t h e  reactor v e s s e l  is a function of water content :  the la rges t  deformation is a s s o c i a t e d  with t h e  

case of no loss of water from t h e  v e s s e l  and conversely for t h e  full loss of water. 

Fol lowing t h e  shock  wave would b e  t h e  explosion g a s e s ,  and assuming containment, t h e s e  gases 

would b e  confined in  t h e  reac tor  v e s s e l .  T h e  resul t ing quas i - s ta t ic  pressure ,  of mil l iseconds duration 

a s  opposed t o  microseconds for the  shock  pressure,  is a s ignif icant  funct ion of two var iables:  t h e  vol- 

ume into which t h e  explosion gases flow and t h e  capac i ty  (quality and quantity) b f  t h e  h e a t  s i n k s  avai l -  

a b l e  to t h e s e  gases. If a major portion of the water  is retained i n  t h e  v e s s e l ,  t h e  water  c o n s t i t u t e s  a 

s ignif icant  hea t  s ink.  If a major portion or all of t h e  water  is l o s t  from t h e  v e s s e l ,  t h e  complex metal 

s t ruc tures  surrounding t h e  c o r e  become a n  important hea t  s ink.  In any event ,  t h e s e  s i n k s  s ignif icant ly  

enhance  the containment potent ia l  of t h e  HFIR v e s s e l  for energy r e l e a s e s  occurring i n  hundreds of milli- 

seconds .  

T h e  internal-blast  p ressure  (of t h e  order of hundreds of psi)  is less than t h e  shock  pressure  (of t h e  

order of thousands of psi), but i t  t e n d s  to  p e r s i s t  for hundreds of mil l iseconds as  opposed t o  micro- 

s e c o n d s  for t h e  shock  pressure.  Distortion of t h e  v e s s e l  wall from the shock  pressure  p r e c e d e s  arrival 

of t h e  internal-blast pressure,  so that  t h e  expansion volume immediately ava i lab le  t o  t h e  explosion g a s e s  

would b e  t h e  ini t ia l  expansion volume p l u s  whatever deformation volume is produced by t h e  shock  pres-  

sure .  T h e  magnitude of t h e  internal-blast  p ressure  is not suff ic ient  to further d i s tor t  t h e  wall. / 
I 

5. Excursion Containment Bounds 

From the  most authori ta t ive information avai lable ,  bounds on  t h e  excursion containment potent ia l  of 

t h e  HFIR a r e  enter ta ined and  es t imated  a s  follows: 

1. T h e  marginal T N T  containment potent ia l  of t h e  idealized HFIR pressure  v e s s e l  for t h e  cas9 of no 

water  i n  t h e  reactor  pool and no loss of water  from t h e  v e s s e l  immediately prior to t h e  acc ident  is 

est imated to b e  180 l b  of T N T  (360 Mwsec). If any portion of t h e  v e s s e l  water were l o s t  immediately 

prior to t h e  accident ,  t h e  containment potential would b e  greater  than 180 l b  of TNT.  If al l  the v e s s e l  

water  were l o s t  immediately prior to the  accident ,  t h e  containment  potent ia l  would exceed 360 l b  of 

T N T  (720 Mwsec). T h e s e  e s t i m a t e s  a r e  predicated upon the  unreal is t ic  assumption tha t  parts of the  

v e s s e l  wall neares t  t h e  charge  would e longate  as much as  22% and t h a t  all c losures ,  nozz les ,  and 

weldments i n  t h e  v e s s e l  wall, particularly those  neares t  t h e  charge,  would remain sound. 

, 

2. S ince  t h e  HFIR reactor  v e s s e l  is f i t ted with numerous and complex c losures ,  n c z z l e s ,  and weldments, 

t h e  maximum permissible  e longat ion of t h e  v e s s e l  wall should b e  res t r ic ted  to  one-third of t h e  spec i -  

f ied 22% minimum, s a y  E = 7%. Imposing t h e  7% restr ic t ion,  w e  now consider  a n  acc ident  t h a t  t h e  

HFIR v e s s e l  could b e  rea l i s t ica l ly  expected to contain.  Again it is assumed tha t  t h e  reactor  v e s s e l  

is full of water, but there  is no water  i n  t h e  reactor  pool. Under t h e s e  condi t ions,  t h e  containment 

potent ia l  of t h e  HFIR is est imated t o  b e  55 l b  of T N T  (110 Mwsec). If any portion of t h e  v e s s e l  water  

were los t  immediately prior to t h e  accident ,  t h e  potent ia l  would b e  greater than 55 l b  of TNT.  If a l l  

t h e  v e s s e l  water  were lost, t h e  potent ia l  would exceed  110 l b  of T N T  (220 Mwsec). 

\ 
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3. If all reactor pool water were retained - and t h i s  is understood t o  b e  t h e  most l ikely condi t ion in  the  

remote event  of a n  accidental  excursion - t h e  iner t ia  of t h e  reactor  pool water  would i n c r e a s e  the 

containment potent ia l  of t h e  reactor  v e s s e l  t o  more than 110 l b  of T N T  (220 Mwsec), i r respec t ive  of 

whether t h e  v e s s e l  water  b e  l o s t  o r  re ta ined i n  any quant i ty .  If a loss of reactor pool water  were 

suffered, but a head  of a t  least 8 ft above the top of t h e  reactor v e s s e l  were retained,  t h e  contain-  

ment potent ia l  of t h e  v e s s e l  would remain in e x c e s s  of 110 l b  of T N T  (220 Mwsec) i r respec t ive  of 

t h e  loss or retainment of v e s s e l  water  i n  a n y  quant i ty .  

4. T h e  detonat ion of T N T  (in microseconds)  is a more eff ic ient  v io lence  mechanism than l inear  r e l e a s e s  

occurring in  mil l iseconds and s ignif icant ly  more eff ic ient  than t h o s e  occurr ing over  hundreds of milli- 

seconds .  It is est imated t h a t  e i ther  of t h e  following acc idents :  

a) t h e  l inear  r e l e a s e  of 110 Mwsec i n  3 msec ,  

b) t h e  l inear  r e l e a s e  of 330 Mwsec i n  100 to 1000 msec,  

would b e  contained within t h e  HFIR pressure  v e s s e l  and i t s  n o z z l e  complex, i r respec t ive  of whether 

t h e  wa’ter i n  t h e  v e s s e l  and/or reactor  pool b e  lost or re ta ined in  any  quant i ty .  

6. Containment Qualifications 

To avoid ambiguity in  defining t h e  excurs ions  considered above,  i t  is s p e c i f i e d  tha t ,  i r respec t ive  of 

t h e  compounding of nuclear  or  other  e v e n t s  that  may occur  i n  t h e  reactor, t h e  upper bound on  t h e  resul tant  

to ta l  accident  (the energy re leased)  i s  i n  e a c h  case re la t ive  t o  t h e  normal operat ing energy l e v e l  of t h e  

reactor  as  a base .  Furthermore, for a c c i d e n t s  with r e l e a s e  r a t e s  s lower  than t h a t  of T N T ,  an important 

requirement must b e  sa t i s f ied :  t h e  r e l e a s e  of g a s  products  per  uni t  energy for  t h e  s lower  reac tan t  must 

not exceed  tha t  for TNT. Upon some reflection, i t  is s e e n  tha t  t h e  l imitat ions on compounding and g a s  

products a r e  both prac t icable  and n e c e s s a r y  for t h e  determination of upper-bound containment poten t ia l s .  

T h i s  ra t ionale  a p p l i e s  not  only t o  t h e  HFIR, but to reactors  general ly .  

The spec i f ied  containment bounds wil l  b e  valid only if t h e  following requirements a r e  sa t i s f ied :  

1. T h e  v e s s e l  wall, weldments, c losures ,  and n o z z l e s  must p o s s e s s  everywhere t h e  chemical ,  mechan- 

‘ i c a l ,  and physical  propert ies  spec i f ied  in t h e  des ign  of t h e  reactor, and 

2. T h e s e  properties, as  they relate  t o  containment, must not b e  negated i n  t ime by inc lus ions ,  NDT con- 

s iderat ions,  radiation effects ,  s t r e s s  concentrat ions,  high temperatures, cycl ing,  e tc .  

All t h e  rea l i s t ic  a c c i d e n t s  enter ta ined might gross ly  deform such  reactor  in te rna ls  as t h e  c o r e  assem- 

bly, t h e  beam tubes,  and  t h e  control rods that  extend through t h e  lower portion of t h e  reactor  v e s s e l  in to  

t h e  s u b p i l e  room. In consequence,  minor breaching of  correlat ive n o z z l e s  and c l o s u r e s  could resul t ,  bu t  

rupture of the  reactor  v e s s e l  per se would not occur. Also,  t h e  acc idents  could produce a smal l  perma- 

nent s e t  in  some of t h e  s t u d s  o r  bo l t s  tha t  make t h e  var ious  f langed j o i n t s  of t h e  reactor v e s s e l .  T h i s  

could b e  particularly charac te r i s t ic  of t h e  s t u d s  that  make  t h e  top-head joint. In consequence ,  breaching 

could occur  in t h e  form of l e a k a g e  a t  t h e s e  joints ;  but aga in ,  t h e  gross  containment integri ty  of t h e  re- 

ac tor  v e s s e l  would not b e  violated,  and g r o s s  fa i lure  of t h e  v e s s e l  n o z z l e  and piping complex external  

to  t h e  v e s s e l  should not occur. 
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7. Summary Conclusions 

Basic rat ionale  o n  t h e  bounds and qual i f icat ions of reactor  containment w a s  d i s c u s s e d  i n  t h e  previous 

paragraphs. A detai led summary of upper bounds upon t h e  rea l i s t ic  excursion containment  potent ia l  of t h e  

HFIR ( E  = 7% max) is now given  for  var ious condi t ions and accidents .  T h e  l imitat ions,  qual i f icat ions,  

and restr ic t ions d i s c u s s e d  above  apply in  e a c h  case as appropriate. 

3 .  

- c 

L, 

4. 

5. 

Complete loss of reactor  pool water; T N T  energy flux. 

a) Retainment of all reactor v e s s e l  water: containment potent ia l  = 55 l b  of T N T  (110 Mwsec) 

b )  Partial loss of reactor  v e s s e l  water: containment potent ia l  > 55 l b  of T N T  (>110 Mwsec). 

c) Complete loss of reactor v e s s e l  water: containment potent ia l  > 110 l b  of T N T  (>220 Mwsec). 

Complete loss of reactor  pool water; energy r e l e a s e  ra tes  s lower  than TNT rate. 

a) F u l l  retainment or  par t ia l  loss of reactor  v e s s e l  water; 3 msec l inear  re lease:  containment poten- 

tial > 110 Mwsec. 

b)  Complete loss of reactor  v e s s e l  water; 3 msec l inear  re lease:  containment potent ia l  > 220 Mwsec. 

c) Retainment of at l e a s t  ?3 of reactor  v e s s e l  water; 100 to 1000 m s e c  l inear  re lease:  containment 

\ 
potent ia l  > 360 Mwsec. 

d> Complete loss of reactor  v e s s e l  water; 100 to 1000 msec l inear  re lease:  containment potent ia l  

> 330 Mwsec. 

Retainment of head  of pool water a t  l e a s t  8 ft above  top  of reactor  v e s s e l  for retainment or  loss of 

reactor  v e s s e l  water  i n  any quantity. 

a) T N T  energy flux: .containment potential'> 110 l b  of T N T  (>220 Mwsec). 

b) Linear  r e l e a s e  i n  3 msec: containment potent ia l  > 220 Mwsec. 

c) Linear  r e l e a s e  i n  100 to 1000 msec: containment potent ia l  would not b e  

iner t ia l  constraint  of pool water. 

appreciably affected by 

The'reaLtor pool and v e s s e l  a r e  full of water under normal operat ing condi t ions - t h e  condi t ions 

deemed most likely to  ex is t  i n  t h e  event  of an acc identa l  excursion.  Fortuitously, t h e s e  a r e  t h e  very 

condi t ions that yield t h e  grea tes t  containment potential of t h e  HFIR v e s s e l  (Fig.  I.B.l). S i n c e  Fig. 

I.B.l charac te r izes  t h e  containment case of grea tes t  general  in te res t ,  w e  s h a l l  be  spec i f ic  as to its 

meaning: t h e  energy f lux def ined therein cons t i tu tes  t h e  h ighes t  defens ib le  upper bound upon t h e  

excursion containment potent ia l  of t h e  HFIR v e s s e l  and i t s  nozz le  complex. Large  losses of v e s s e l  

and pool water  would adversely affect  t h e  containment potent ia l ;  but ,  if at  l e a s t  two-thirds of t h e  

v e s s e l  water  and 8 f t  of pool water above t h e  v e s s e l  were retained, t h e  containment potent ia l  given 

i n  F ig .  I.B.l would remain valid. 

In all the  a c c i d e n t s  d i s c u s s e d  t h u s  far, t h e  r e l e a s e  of g a s  products  per uni t  energy w a s  t h a t  correla-  

t ive  with t h e  detonation of TNT.  It should b e  noted that  for  e s s e n t i a l l y  thermal r e l e a s e s  (virtually 

no gas products) occurring i n  hundreds of mil l iseconds t h e  excursion containment potent ia l  of t h e  

HFIR and i t s  nozz le  complex would b e  great ly  enhanced.  
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Fig. I.B.l. Upper Bound Containment Potent ial  of HFIR Under Normal 

Operating Conditions. 

T h e  summary provided i n  t h e  paragraphs above  cons t i tu tes  reasonable  and highly d e f e n s i b l e  upper 

bounds upon t h e  excursion containment potent ia l  of t h e  H F I R , p r e s s u r e  v e s s e l  and n o z z l e  complex. T h e  

conclus ions ,  b a s e d  upon known theory and repl icable  experimental resu l t s ,  a r e  drawn from t h e  writer’s 

background and experience i n  producing t h e  most  ex tens ive  and authori ta t ive reactor  v e s s e l  excursion 

containment information known to b e  avai lable .  

Walter R .  Wise, Jr., Ph.D.  
. Excursion Containment Consul tant  

APPENDIX C . 
REACTIVITY CONSIDERATIONS* 

A s  is t h e  case with all reactors ,  there  a r e  numerous ways  of adding  varying amounts  of react ivi ty  t o  

t h e  nominal HFIR core. Some of t h e s e ,  of course,  a r e  a s s o c i a t e d  with normal operation of t h e  reactor, 

whi le  o thers  cons t i tu te  “acc idents .”  T h e  la t ter  react ivi ty  addi t ions  may or may not b e  credible ,  but a l l ,  

byldefinition, a r e  poss ib le .  From a pract ical  point  of view,  it  is des i rab le  to select for ana ly t ica l  con- 

s iderat ion only t h o s e  a c c i d e n t s  which a r e  physical ly  reasonable  from t h e  s tandpoint  of a v a i l a b l e  mech- 

a n i s m s  for producing t h e  accident .  If all t h e  se lec ted  a c c i d e n t s  c a n  b e  tolerated within t h e  var ious  de- 

grees  of acceptab le  c o r e  damage a s s o c i a t e d  with e a c h  acc ident ,  then  t h e  ques t ion  of credibi l i ty  c a n  be 

C 

.3The writer was  Director and Principal Investigator of the  NOL Reabtor Vesse l  Containment Program from i t s  
inception in January 1956 t o  August 1963. He has  continued to oversee the program in a consulting capac i ty  and 
wi l l  do  s o  until the  final reports (the writer is principal author) a re  published in mid-1964. 

*Further d i scussed  in answers  11, 12, 20, 22, 26, 38, 51, 54, and 55 and Appendices H and L. 
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avoided altogether. In t h i s  report, t h e  “reasonable” HFIR react ivi ty  a c c i d e n t s  and  a s s o c i a t e d  mecha- 

n isms  a r e  discuGsed; on t h e  b a s i s  of analog t ransient  a n a l y s e s ,  which included comparisons of t h e  HFIR 

and se lec ted  S P E R T  cores ,  it is concluded that no s e r i o u s  core  damage wil l  resul t  from any of t h e s e  

acc identa l  react ivi ty  addi t ions.  Some melting of loca l ized  hot-spot a r e a s  is predicted for a f e w  extreme 

cases; however, b e c a u s e  of t h e  small f ract ion of c o r e  volume involved and t h e  ant ic ipated low frequency 

of occurrence, such  acc idents  a r e  not considered to  cons t i tu te  s e r i o u s  monetary or hazards  problems. 

’ 

Close ly  assoc ia ted  with t h e  problem of react ivi ty  acc idents  is t h e  s teady-s ta te  react ivi ty  shutdown 

margin. Cri ter ia  pertaining to shutdown margins, a summary of shutdown margins, and a react ivi ty  ac- 

countabi l i ty  a r e  included as a part of t h i s  ana lys i s .  - 

1. Transient Behavior 

1.1 Method of Analysis 

Two methods of a n a l y s i s  h a v e  been  used  to examine t h e  behavior  of t h e  HFIR when subjec ted  t o  

var ious reactivity addi t ions.  T h e  method used  most extensively w a s  a mathematical a n a l y s i s ,  using a n  

analog model of t h e  HFIR;  t h e  other  method involved t h e  extrapolation of S P E R T  experimental data  t o  

HFIR condi t ions.  T h i s  l a t t e r ’ a n a l y s i s  is d i s c u s s e d  i n  greater  de ta i l  a t  t h e  end of t h i s  sect ion.  

T h e  reactor model se lec ted  for t h e  analog s t u d i e s  w a s  b a s e d  on t h e  usual  s e t  of h e a t  removal and 

reactor  k ine t ics  equat ions.  Wherever pract ical  t o  d o  so, t h e  c o n s t a n t s  and assumptions u s e d  were se- 

l e c t e d  on a conservat ive b a s i s .  In t h e  following paragraphs a n  effort i s  made to  explain i n  a qua l i ta t ive  

way t h e  extent of the  conservat ism.  A completely quant i ta t ive  a n a l y s i s  of t h e  degree  of conservat ism 

h a s  not been p o s s i b l e  b e c a u s e  of a lack  of appropriate experimental data .  

,Ji 

\ 

T h e  analog ca lcu la t ions  were performed i n  s u c h  a way t h a t  t h e  average  HFIR c o r e  and very local ized 

hot-channel, hot-streak, and hot-spot portions of t h e  average  c o r e  were  considered s imultaneously.  How- 

ever ,  i n  so doing i t  w a s  assumed t h a t  t h e  t ransient  behavior  of t h e  reactor  w a s  dependent  only on average  

condi t ions,  local net  deviat ions from t h e  average be ing  neglected insofar  as fFedback is concerned. T h i s  

means that  no advantage  w a s  taken  of negat ive  react ivi ty  feedback assoc ia ted  with strongly weighted 

moderator dens i ty  c h a n g e s  i n  t h e  high-power-density regions. 

Variat ions i n  react ivi ty  resul t ing from temperature c h a n g e s  throughout t h e  average core were  ac- 

counted for by dividing t h e  c o r e  into four regions: flux-trap target, water  annulus  between target  and 

fuel, fuel, and reflector-control. E a c h  of t h e s e  regions had individual react ivi ty  coef f ic ien ts  and hea t ing  

and hea t  removal ra tes .  Reac t iv i ty  var ia t ions resul t ing from p o s s i b l e  void formation in  t h e  fuel  region 

coolant  were not included b e c a u s e  of t h e  uncertainty a s s o c i a t e d  with t h e  worth and quant i ty  of t h e  voids. 

T h e  degree of conservat ism a s s o c i a t e d  with t h i s  s implif icat ion is greater  for low-power operation and for 

short-period react ivi ty  acc idents .  In severa l  of t h e  ca lcu la ted  cases t h e  nominal maximum p l a t e  sur face  

temperatures exceeded t h e  sa tura t ion  temperature before  t h e  peak power occurred. T h i s  means that  vo ids  

would occur  in  t h e  fuel region and would contr ibute  to t h e  nega t ive  react ivi ty  feedback in  t ime to reduce 

the peak power and temperature. 
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React ivi ty  temperature coeff ic ient  da ta  u s e d  i n  t h e  c a l c u l a t i o n s  were obtained i n  la rge  par t  from 

HFIR cr i t ica l  experiments. 

t h e  fue l  region were determined as a function of moderator temperature  up t o  t h e  normal full-power mod- 

erator temperature for  t h e  reactor. Coeff ic ients  for  t h e  other  l e s s  important regions were  obtained from 

normalized ca lcu la t ions .  S i n c e  it w a s  not p o s s i b l e  t o  obta in  experimental coef f ic ien ts  for t h e  end-of- 

core- l i fe  conditions, ca lcu la t ions  were also used  to predict  t h e  ratio of beginning-of-cycle to end-of-cycle 

coef f ic ien ts  for t h e  fuel  region, t h e  only region for which t h i s  ra t io  is signif icant .  T h e  end-of-cycle co- 

efficient for t h e  fuel  region w a s  ca lcu la ted  to b e  one-half tha t  a t  t h e  beginning of t h e  c y c l e .  

In t h e s e  experiments, the  temperature  coef f ic ien ts  for t h e  i s l a n d  and for 

T h e  fuel region temperature coeff ic ient  w a s  found to b e  somewhat  s e n s i t i v e  to t h e  moderator temper- 

ature. T h e  coeff ic ient  becomes  more negat ive as t h e  moderator temperature  i n c r e a s e s .  T h i s  e f fec t  w a s  

included i n  some of t h e  ca lcu la t ions ,  while  i n  o thers  a n  average  coeff ic ient  w a s  used .  From t h e  s tand-  

point  of es tab l i sh ing  t h e  peak power and temperatures  during a f a s t  t ransient  t h e  var ia t ion i n  temperature  

coeff ic ient  with temperature w a s  not  really important; for all cases of in te res t  t h e  i n c r e a s e  in  average  

bulk moderator temperature up to peak power w a s  iess than 30°F. 

A fuel  p l a t e  expansion coef f ic ien t  of react ivi ty  w a s  a l s o  included i n  t h e  ana log  ca lcu la t ion .  I t s  v a l u e  

When w a s  determined from t h e  fuel  region void coef f ic ien ts  measured in  t h e  HFIR cr i t ica l  experiments .  

t h e  coolant flow ra te  (and t h u s  t h e  water-film h e a t  t ransfer  coetf ic ient)  is low, t h e  fuel p l a t e  expans ion  

coefficient is equally a s  important as the  moderator temperature coeff ic ient  i n  terminating an excursion.  

React ivi ty  control by means  of control p l a t e s  w a s  charac te r ized  by  a power-level or rate-trip s igna l ,  

a delay between s igna l  and p l a t e  r e l e a s e ,  a l inear ly  decreas ing  s a f e t y  p l a t e  acce lera t ion  (to l g  at t h e  end  

of t h e  f i rs t  6 in .  of travel), and  a control p la te  different ia l  worth that  w a s  a function of p l a t e  posi t ion.  

. .  

T h e  heat-transfer mechanism simulated in  t h e  ana log  model w a s  that  a s s o c i a t e d  with a flat-fuel-plate, 

rectangular-coolant-channel geometry. Heat  t ransfer  from t h e  p l a t e s  t o  t h e  coolant  w a s  assumed to  t a k e  

p l a c e  b y  conduction and convect ion and by direct  deposi t ion of gamma and neutron energy i n  t h e  coolant .  

R e s i s t a n c e  t o  t h e  flow of h e a t  from t h e  p l a t e s  to t h e  water  w a s  provided by  t h e  aluminum fue l  plate ,  

a n  aluminum oxide  film between t h e  p l a t e  and water, and t h e  fluid film; t h e  l a t t e r  two r e s i s t a n c e s  were 

assumed t o  h a v e  negl igible  h e a t  capac i ty .  T h e  in le t  temperature  of t h e  coolant  water  w a s  assumed to 

b e  constant  during t h e  t rans ien t  b e c a u s e  of t h e  short  duration of t h e  t ransient  re la t ive  t o  t h e  primary 

coolant  c y c l e  t i m e .  

J 

F u e l  region af te rhea t  w a s  included i n  t h e  a n a l y s i s  and w a s  assumed t o  h a v e  a maximum v a l u e  of 7% 
of t h e  s teady-s ta te  power. 

T h e  kinet ic  equat ions u s e d  in  t h e  ana log  s t u d i e s  t o  d e s c r i b e  t h e  t ransient  behavior  of t h e  HFIR c o r e  

i n  a manner cons is ten t  with t h e  above  approximations and assumpt ions  a r e  as fol lows;  t h e  nomenclature  

is s e t  forth in  T a b l e  I .C . l .  

Nuclear equat ions:  

P +  2 xici dP 

dt 1* 

(1 - P)k - 1 - _  - 
i= 1 

'D. W. Magnuson, High Flux Isotope Reactor Critical Experiment N o .  2 ,  ORNL-CF-61-9-52 (Sept. 27, 1961). 

t 

L 

c 



71 

Table I .C . l .  N o m e n c l a t u r e  

e 

Ratio of power produced in fuel p la tes  to total  power 

Heat transfer surface area \ 

Ratio of power produced in coolant to total  power 

Tota l  hea t  capacity of metal, Btu /OF 

Tota l  hea t  capacity of coolant, Btu /OF 

Delayed neutron precursor for i th group'[units and normalization cons is ten t  with u s e  of power ins tead  
of neutron density in Eqs. (1) and (2)] 

Control p la te  and acc ident  reactivity variations with time, A k 
Acceleration due to  gravity, in. /sec2 

Heat  transfer coefficient, 'Btu hr-' ft-' (OF)-' 

Effective neutron multiplication factor 

Effective neutron multiplication factor at time zero 

Prompt neutron lifetime, sec 

Tota l  reactor power, Btu /sec  

Distance control plate moves after re lease ,  in. 

Time, sec 

Oxide-metal interface temperature 

Oxide-water interface temperature 

Average metal temperature over region 

Average bulk water temperature a t  core in le t  

Average bulk water timperature throughout j th region 

Average bulk water temperature throughout j th region during s teady  s t a t e ,  

Average bulk water temperature a t  region outlet 

Average bulk water temperature throughout region 

Temperature coefficient of reactivity for j th region of core,  b k / O F  

Delayed neutron fraction for ith group 

Decay rate of ith delayed neutron precursor 

Rate  a t  which hea t  is transferred out of metal, Btu sec-l (OF)-'  (determined from s teady-s ta te  
conditions) 

Ratio of hea t  transfer ra te  per unit temperature drop ac ross  oxide film to A,  (determined from steady- 
s t a t e  conditions) 

One-half residence time of coolant in region 
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n 

k = k, + F ( t )  + C a . [ F j  J - T,(O)I 
j=  1 

Heat  removal equat ions:  

d T F  - c -  + X l ( T F  - T1) = aP 
dt 

dTH20 cw - 

C W T - -  r ( T i  - T w )  - hA(T2 - 7,) - bP = 0 

Control p l a t e  movement equat ions:  

d 2 S  1 
-= 4g - - gS in .  - 
dt2 2 

< < .  (0 = S = 6 in.) 

d2S 
-= g dt2 

(S > 6 in.) 

(3) 

(4) 

(9) 

In E q s .  (6) and (7) t h e  quant i ty  h is t h e  h e a t  t ransfer  coeff ic ient  of t h e  coolan t  film. During a t ran-  

s ien t ,  i n  which t h e  flow rate  remained constant ,  t h e  h value  w a s  maintained cons tan t  for h e a t  f luxes  less 

than the  s teady-s ta te  burnout h e a t  flux. 

with that  locat ion w a s  s e t  equal  t o  zero  and w a s  presumed t o  remain a t  zero  unt i l  t h e  power l e v e l  w a s  

reduced t o  about  one-half of t h e  power leve l  t h a t  corresponded t o  t h e  s teady-s ta te  burnout h e a t  flux. T h e  

a b s o l u t e  value of t h e  average-core h e a t  t ransfer  coef f ic ien t  prior t o  t h e  film blanket ing condi t ion w a s  

taken  as t h e  minimum predicted b y  t h e  appl icable  s t e a d y - s t a t e  correlation. 

t h e  u s e  of a low h v a l u e  resu l ted  in  less negat ive  react ivi ty  feedback a s s o c i a t e d  with moderator expan-  

s ion.  At t h e  hot spot  a nominal h value,  corresponding t o  s teady-s ta te  hot-spot condi t ions ,4  w a s  used.  

When t h e  la t ter  h e a t  flux w a s  reached, t h e  h v a l u e  a s s o c i a t e d  

T h i s  w a s  conserva t ive  s i n c e  

' In  the analog ana lys i s ,  incipient boiling hea t  f luxes  were used  in l ieu of burnout hea t  f luxes  for modes 1 
and 2 because  adequate correlations for the latter were not available.  Th i s  approach is not considered unduly 
conservative, because  a t  high power a narrowing of the coolant channel  tends  to make the incipient boiling 
point and the burnout point nearly equal. For  very low power and with no forced flow (mode 3) there is a s ig-  
nificant separation of the incipient boiling point and burnout point; for th i s  mode adequate burnout data were 
available. 

Channels, ORNL-3079 (June 5, 1961). 
3W. R. Gambill and R. D. Bundy, HFIR Heat  Transfer StudieS of Turbulent. Water F low in Thin Rectangular 

4N. Hilvety and T. G. Chapman, Summary of HFIR Hot Spot  Studies,  ORNL-CF-62-1-52 (Jan. 30, 1962). 

L 

E 
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When t h e  h v a l u e  a t  t h e  hot  spot  i s  set equal  t o  zero, t h e  ratio of hot-spot temperature  to surrounding 

p l a t e  temperature i n c r e a s e s ,  a n d  t h u s  t h e  radial h e a t  t ransfer  away from t h e  hot spot  ("/,, in. diameter) 

should increase .  In t h e  analog a n a l y s i s  no i n c r e a s e  i n  radial t ransfer  w a s  permitted a f te r  t h e  h value  

w a s  s e t  equal  to zero. Therefore, i n  t h i s  respect  t h e  ca lcu la ted  hot-spot p l a t e  temperatures  a r e  higher 

than would ac tua l ly  b e  expected.  
I 

L- 

T h e  hot-spot condi t ions u s e d  i n  t h e  analog model were t h e  same as tFose u s e d  i n  t h e  s teady-s ta te  

a n a l y s i s  of t h e  core;  that  i s ,  all conce ivable  to le rances  and abnormali t ies  (blisters, fuel  segregat ion,  

e tc . )  within spec i f ica t ions  were considered t o  e x i s t  i n  a cons is ten t  manner at t h e  s a m e  t ime and place.  

Although much factual  statistical d a t a  on  t h e  distribution of abnormali t ies  in  the  fuel  p l a t e s  is s t i l l  not 

avai lable ,  i t  a p p e a r s  tha t  the  probability of e x i s t e n c e  of t h e  worst  combination of h e a t  removal condi t ions 

is very small. T h i s  n e e d s  to  be,kept  i n  mind when us ing  t h e  ca lcu la ted  resu l t s  to eva lua te  c o r e  damage 

and t h e  ability of t h e  HFIR t o  handle  react ivi ty  acc idents .  

An accura te  evaluat ion of t h e  calculat ional  r e s u l t s  i n  terms of c o r e  damage becomes q u i t e  quest ion-  

a b l e  when the  predicted p l a t e  temperatures  approach and  exceed  t h e  melting temperature of t h e  fuel p l a t e s .  

There  are ,  however, some S P E R T  da ta  which ind ica te  t h a t  for ca lcu la ted  temperatures  well in  e x c e s s  of 

t h e  melting point no actual  mel t ing or  even p l a t e  warpage will occur .  F o r  t h i s  reason,  i t  appeared con- 

serva t ive  to assume,  for purposes  of eva lua t ing  t h e  ca lcu la ted  resu l t s ,  tha t  no melt ing would occur  until 

i n  t h e  calculat ion t h e  melt ing temperature w a s  reached and enough addi t ional  h e a t  w a s  added (heat of 

fusion) to  actual ly  melt t h e  aluminum. In t h e  calculat ion t h e  hea t  of fusion w a s  represented by a n  in- 

c r e a s e  i n  p l a t e  temperature equal  to t h e  h e a t  of fusion divided by t h e  spec i f ic  heat .  Therefore, t h e  cal- 

culated melting point temperature w a s  equal  to 

167 Btu/ lb  

0.226 Btu l b -  O F -  

1950'F = 1210°F (melting temperature) + - = 1210°F + 740°F . 

Calculated temperatures  above  1210'F should b e  interpreted accordingly. 

From a n  operat ing point of view, t h e  occurrence  of a very small  f i s s ion  product leak  is probably not 

t h e  most  s e r i o u s  type  of core  damage resul t ing from a t ransient .  A permanent buckling of t h e  fuel  p l a t e s  

could s ignif icant ly  reduce t h e  coolant  veloci ty  ad jacent  t o  a p l a t e  containing hot spots .  Theoret ical ly ,  

t h i s  would reduce t h e  burnout power leve l  margin for normal full power operation. T h i s  might mean that 

t h e  par t icular  core, af ter  experiencing a s e v e r e  t ransient ,  would h a v e  t o  b e  operated a t  reduced power or  

discarded.  Calcu la t ions  i n d i c a t e  t h a t  for peak t rans ien t  hot-spot hea t  f luxes  l e s s  than t h e  s teady-s ta te  

burnout h e a t  flux, e x c e s s i v e  permanent buckling of t h e  fuel  p l a t e s  should not  occur .  Furthermore, t h e  

occurrence of acc idents  tha t  would produce hea t  f luxes  in  e x c e s s  of t h e  above  a r e  considered to b e  so 

infrequent t h a t  t h e  reject ion of a c o r e  upon such  an o c c a s i o n  would b e  of little concern. 

. 

- 

1.2 Modes of Operation 

Three  general modes of operat ion have  been provided for t h e  HFIR.  F o r  purposes  of t h e  safe ty  

a n a l y s i s  they c a n  b e  briefly out l ined as follows. Mode 1 (normal operat ing mode) is for pressurized op- 

'The High Flux Isotope Reactor,  a Functional Description, ORNL-3572, vol. 1 (May 1964). 
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erat ion (“600 p s i )  at ful l  coolant  flow and also at 10% full flow. At ful l  flow t h e  power c a n  range from 

zero t o  100 Mw (normal full power operation). T h e  power leve l  at 10% flow c a n  range from zero  to 10 Mw 

(power outage  condition). Mode 2 provides  for low-power operation a t  10% flow and low p r e s s u r e  ( v e s s e l  

head  open). T h e  maximum power leve l  under t h e s e  condi t ions is about  2 .5  Mw. Mode 3 permits  very low- 

power operation with no flow and low pressure ( v e s s e l  head open). F o r  th i s  case, maximum power leve l  

is about  100 kw. 

All th ree  modes of operation were considered i n  t h e  analog ana lys i s .  F o r  each mode t h e  appropriate  

sets of accidental  react ivi ty  addi t ions,  flow ra tes ,  in i t ia l  power l e v e l s ,  burnout h e a t  f luxes,  and  safe ty  

sys tem charac te r i s t ics  were used .  T h e  safe ty  sys tem leve l  and r a t e  t r ips  s e l e c t e d  for t h e  t h r e e  modes 

of operation a r e  shown in T a b l e  I.C.2. 

T a b l e  I.C.2. Safety System L e v e l  and R a t e  Tr ips  

Mode of Operation 

1 2 3 

L e v e l  tr ip (Mw) 13-130 3.25 0.130 

Rate  trip 
(Mw/sec) 

20 0.50 0.020 

Minimum change  5 0.125 0.005 

in power t o  
a c t u a t e  rate 

tr ip (Mw) 

F o r  mode 1 operation t h e  leve l  trip is proportional t o  t h e  coolant  flow rate, but all o ther  l e v e l  t r ips  

and  all ra te  t r ips  a r e  fixed. T h e  leve l  and rate  t r ips  se lec ted  for mode 1 are  a s  low as a p p e a r s  pract ical  

for  flexibility i n  operation and for freedom from f a l s e  scrams d u e  to instrument noise .  T h e  l e v e l  and r a t e  

t r ips  for mode 2 operation were s e t  so  as  t o  accommodate rather wide  var ia t ions i n  t h e  ratio of maximum 

t o  average power dens i ty  resul t ing from asymmetric operation of t h e  control rods. F o r  mode 3 operat ion 

t h e  trip points  were s e t  in  a manner cons is ten t  with that  used  for mode 1. 

. \  

In t h e  analog a n a l y s i s  it w a s  n e c e s s a r y  for  some cases to u s e  a leve l  trip t o  s imula te  a r a t e  trip as  

a resul t  of computer background noise .  T h i s  w a s  d o n e  by us ing  t h e  “minimum change i n  power t o  a c t u a t e  

r a t e  t r ip” or a multiple thereof a s  a leve l  trip. T h i s  subs t i tu t ion  w a s  considered equiva len t  and  adequate  

provided t h e  r a t e  of r i s e  in  power leve l  w a s  fast compared t o  t h e  r a t e  trip being evaluated.  F o r  cases 

where t h e  r a t e  of r i s e  w a s  not adequately f a s t  for t h e  s imulated r a t e  trip to  b e  accura te ,  a n  ac tua l  ra te  

trip or t h e  power leve l  trip appropriate  for t h e  mode under  invest igat ion w a s  used.  

It w a s  also necessary  t o  consider  t h e  changing charac te r i s t ics  of t h e  c o r e  as a funct ion of t i m e  i n  ‘ 

t h e  fuel  cyc le .  At t h e  beginning of t h e  fuel cyc le ,  when t h e  control p l a t e s  effect ively s e p a r a t e  most of 

t h e  Be-H,O reflector from t h e  fuel  region, t h e  neutron l i fe t ime is j u s t  one-half of t h e  neutron l i fe t ime at 

t h e  end of t h e  fuel  cycle .  However, t h e  advantages  of t h e  longer neutron l i fe t ime a t  t h e  end  of t h e  fuel  

I 

. 
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cycle  are negated t o  some extent by the  existence of a low thermal conductivity aluminum oxide f i l m  a t  

t h e  hot spot, greater fuel plate deflection, and, generally speaking, a lower safety-plate differential re- 

* .. activity worth. In many cases the  end-of-cycle conditions result  in higher hot-spot p la te  temperatures 

than beginning-of-cycle conditions. Therefore, both extreme conditions were considered for a l l  three 

modes of operation, although the  end-of-cycle conditions should only b e  applicable to mode 1. 

Additional pertinent characterist ics associated with the  HFIR analog model and the  three modes of 

operation a re  l isted in Table  I.C.3. 

1.3 Reactivity Addition Accidents 

. 

. 

1.3.1 Introduction. - Four general types  of reactivity accidents,  categorized according to their mech- 

anisms for occurrence, were considered. They are a s  follows: 

1. reactivity additions associated with the control elements, 

2. reactivity additions assoc ia ted  with “voids” in t h e  central target region, 

3. reactivity additions associated with cold water insertion, 

4. reactivity additions associated with experiments, primarily the  plutonium target in t h e  island. 

A summary of the  more pertinent analog calculations and results pertaining to accidental reactivity 

additions is presented i n  Tab le  I.C.4. It should be  emphasized that t he  results in th i s  table a r e  strictly 

calculational results that have not been normalized in accordance with experimental data. All  evidence 

available indicates tha t  t he  calculations are quite conservative; tha t  i s ,  they predict higher temperatures, 

power, and energy re leases  than would actually be  expected. T h e  entire “Reactivity Addition Accidents” 

section dea l s  only with calculations. A later section-reevaluates the  calculated results on the  bas i s  of 

experimental data. 

Typical calculated transient characterist ics of t he  HFIR when subjected to a ramp reactivity addition 

during high-power, mode 1 operation are shown in Fig. I .C.l .  These  curves i l lustrate how the fluid f i l m  

heat transfer coefficient is set equal to zero when the  hot-spot hea t  flux reaches the  steady-state burnout 

heat flux. As indicated by the  dashed curve, t he  coefficient is presumed to  return to i t s  original value 

after t he  power is substantially reduced. T h e  particular curves shown represent case 4, Table  I.C.4. 

Several of t he  c a s e s  l i s ted  in Table  I.C.4 are not d i scussed  in  detail herein. T h e s e  cases were cal- 

culated for the purpose of investigating the  sensit ivity of pertinent temperatures and energy re leases  to 

anticipated variations in parameters such a s  reactivity insertion rate, control element differential worth, 

init ial  power level, etc. No strong sens i t iv i t ies  were observed that might tend to  alter t he  conclusions 

arrived at after analyzing the  specific c a s e s  d iscussed  in  the  following paragraphs. 

1.3.2 Control Plate Accidents. - Two types of control plate removal accidents were considered. 

One is the  runaway c a s e  in  which the  five shim elements (inner shim-regulating cylinder and four sh im-  

safety plates) a r e  driven out of the  reactor with the  maximum speed of the shim drives, or the shim- 

regulating cylinder is driven out with the  faster regulating drive. It is a l so  possible to add the  velocity 

of t he  latter to that of the  former, for a maximum shim-regulating cylinder movement of about 1 in., t o  

obtain the worst condition. 
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Table I.C.3. Characteristics o f  the HF lR  Analog Model 

Mode I, Full-Power, Full-Flow, Steady-State Conditions 

F u e l  Region 

Targe t  Target Start of Cycle End of Cycle  Control 

Metal hea t  capacity,  C,, 1.49 0 35.7 35.7 41.4 35.7 35.7 41.4 13.1 
Btu/OF 

Metal hea t  generation, a P i ,  853 0 92,400 132,500 242,300 92,400 132,500'. 242,300 627 
Btu/sec  

- 
Mean metal temperature, T,, 365 125 230 349 428 238 469 . 627 152 

O F  

perature, T,, O F  

Metal-oxide interface tem- 199 125 222 337 407 230 457 606 150 

Oxide-water interface tem- 199 125 222 337 407 222 344 417 150 
perature, T 2 ,  O F  

Water inlet  temperature, Ti ' ,  i20 120- 120 121 121 120 121 121 120 ' 

O F  

T o ,  O F  

Water outlet  temperature, 136 130 189 257 2 57 189 255 255 128 

Water hea t  generation, b p i ,  144 264 2721 2775 2775 2721 2775 2775 283 
Btu/sec  

Water transit  time, 2 7, sec 0.0417 0.2514 0.0397 0.0403 0.0403 0.0397 0.0418 0.0418 0.0901 

A ,  = a P i / ( T , -  T , )  5.203 , m 11,555 11,326 11,377 11;555 11,326 11,377 241 

h2  = (Ff- T 1 ) / ( T i -  T 2 )  m -1 m m m 1.333 0.1034 0.1131 DO 

Temperature coefficient, a,, + 3 . 2  + 2 . 7  -9.7a --4.Sa + 1.1 
( h k / O F )  (x lo-') ' -1.0b -0.5' 

Reflector flow rate, gpm 840 

Reflector power level,  Mw 3 

Primary system flow rate, gpm 15,000 

Prompt neutron lifetime, I * ,  psec 
Beginning of cyc le  

End of cyc le  

Effective delayed neutron fraction, Peff 
Beginning of cyc le  ' 

End of cyc le  

35 
70 

0.0070 
0.007 1 

Steady-state burnout hea t  flux,' Btu hr-' f tW2 (OF)-' 

Fue l  region water film hea t  transfer coefficient, h,  Btu hr-' ft-:! (OF)-' 

2.47 x lo6  

Average core 12,000 
Hot spo t  15,000 



T a b l e  I.C.3 (continued) 

Mode 1, Low Power, Full F low 

i 

.. 
Temperatures and hea t  generation r a t e s  reduced to b e  cons is ten t  with init ial  s teady-s ta te  power 

Temperature coefficients different, depending on init ial  temperatures 

If init ial  bulk water temperature less than 120°F, burnout hea t  flux' will  be  > 2.47 X lo6; assumed = 2.47 X lo6 
Heat transfer coefficients assumed the same 

Mode 1, Low Power, 10% Flow 

. 

. 

Temperatures and hea t  generations appropriate 

Temperature coefficients appropriate 

Burnout hea t  flux' = 4.70 X IO5 

Fuel  region water film hea t  transfer coefficient, h, Btu hr-' ft-' (OF)-' 

Average core 1970 
Hot spot 2460 

Mode 2, L o w  Power, Low Pressure, 10% Flow 

Burnout hea t  flux'= 1.57 x IO5 

Heat transfer coefficients same a s  mode 1, 10% flow 

Mode 3, L o w  Power, Low Pressure, No Forced F low , '  

Burnout hea t  flux = 5400 

Heat transfer coefficient = 300 Btu hr-' ft-' (OF)-' 

Note: Mode 3 analog calculations dld not include hea t  transfer and  assoc ia ted  reactivity feedback. 
Only nuclear portion, including control p la tes ,  was  simulated. 

b 

/ 
Control System Characteristics (also see Tab le  I . C . l )  

Initial acceleration was  4g for a l l  calculations d i scussed  in this report 

Safety system delay time: 

Scr&n signal: Rate  and level; va lues  dependent on mode of operation 

10 msec  for modes 1 and 2; 15 msec for mode 3 

aWater. 
bFue l  plates.  
'Burnout hea t  f luxes tabulated for modes 1 and 2 a re  actually calculated s teady-s ta te  incipient-boiling hea t  

fluxes. Actual burnout hea t  f luxes a re  somewhat greater. 

T h e  shim drive s p e e d  is 5.75 in./min (0.096 in . / sec) ,  and t h e  regulating dr ive s p e e d  is 15 in./min 

(0.25 in./sec). With t h e  control  e lements  ini t ia l ly  a t  t h e  c l e a n  core,  symmetrical, c r i t i ca l  posi t ion,  t h e  

differential worth of t h e  shim-regulating cyl inder  and of t h e  set of four shim-safety p l a t e s  is about 0.01 

Ak/k  per  inch. F o r  t h i s  in i t ia l  control element posi t ion and for  t h e  maximum drive s p e e d  condition with 

a l l  f ive  control e lements  being withdrawn, t h e  react ivi ty  addition r a t e  would b e  0.0044 A k / k  per  second 

for t h e  first inch of t ravel  and 0.0019 Ak/k  per second for about  t h e  next 2 in . ,  after which i t  d e c r e a s e s .  
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Table I.C.4. Summary of Pertinent Analog Results far Reactivity Addition Accidents. Part 1 

Safety System , 
lnitial Initial Reactivity Plate. P la te  Bulk Water Time- P la te  Surface' 
Steady-. Differ- Scram* Accident Peak Heat Temperature Temperature Temperature Integratedb Temperature 

Power Peak Peak Peak Peak Power for Nominal Max 

Time Fuel 
Case Mode of i n  Coolant State 

(Mw) Hot Hot Spot Average Average Transient a t  Peak  Power Ramp 
entia1 Signal Reac- 
worth (rate or 

(Mw) ( A k / k  level)  ( A k / k )  

No. Operation Cycle Velocity Power 

(OF) (OF) (Mwsec) (OF) 
tivity (msec) (Bt" hr-' ft-') (oF)  (days) UPS) 

per in.) 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2 s  
26 
27 
28 

1 0 

1 0 
1 0 

1 0 

1 0 
1 0 
1 0 
1 -15 
1 -15 
1 -15 

1 "15 
1 -15 

1 -15 
1 -15 
1 -15 

1 0 
1 0 
1 0 
1 0 
1 0 
1 0 

1 and 2 0 
2 0 
2 0 

2 -15 
2 "15 
2 -15 

2 -15 

42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 

4.2 

4.2 
4.2 
4.2 
4.2 
4.2 
4:2 
4.2 
4.2 
4.2 
4.2 

100.0 0.00058 20 Mw/sec 
100.0 0.00058 20 Mw/sec 
100.0 0.00058 20 Mw/sec 
100.0 0.0035 20 Mw/sec 
100.0 0.0035 20 Mw/sec 
< 0.1 0.0035 20 Mw/sec 
< 0.1 No safety 
100.0 0.00059 20 Mw/sec 
100.0 0.00059 20 Mw/sec 
100.0 0.00059 20 Mw/sec 
100.0 0.0035 20 Mw/sec 
100.0 0.0035 20 Mw/sec 
100.0 0.0035 20 Mw/sec 
< 0.1 0.00059 20 Mw/sec 
< 0.1 0.0035 20 Mw/sec 
100.0 0.00058 20 Mw/sec 

5 x  lo-' No safety 
< 0.1 0.0035 20 Mw/sec 

< 0 . 1  No safety 
< 0.1 No safety 
< 0.1 0.0035 20 Mw/sec 

5 x lo-' 0.0035 20 Mw/sec 
< 0.1 0.0035 20 Mw/sec 
< 0.1 No safety I 

< 0.1 0.00059 20 Mw/sec 
< 0.1 0.00059 5 Mw/sec 
< O . l  0.00059 6 Mw 
< 0.1 0.0035 20 Mw/sec 

0.013 30.0 
0.013 60.0 
0.015 75.0 
0.013 30.0 
0.015 , 40.0 
0.013 0.0 
0.013 0.0 
0.013 30.0 
0.01 30.0 
0.008 30.0 
0.013 30.0 
0.011 30.0 
0.01 30.0 
0.013 0.0 
0.013 0.0 

0.05/sec 

O.O05/sec 

0.013 0.0 
0.013 0.0 
0.015 0.0 
0.015 0.0 

O.OOS/sec 

0.013 0.0 
0.013 0.0 
0.013 0.0 
0.013 0.0 
0.013 0.0 
0.013 0.0 

1175 
550 
500 

1075 
1040 
900 

1250 
1250 
77s 
475 

1075 
675 
525 

1030 
420 
125 
170 
900 

1250 
1500 
1400 

32 
900 

1250 
800 
720 
740 
3 00 

> 2 . 4 7 x  lo6 
> 2.47 x IO6 
>2.47 x IO6 
> 2.47 x lo6 
>2.47 x I O 6  
> 2.47 x lo6 
>2.47 X lo6 
>2.47 x IO6 
> 2 . 4 7 x  IO6 
>2.47 x IO6 
>2.47 x lo6 
>2.47 x lo6 
?2.47 x lo6 
>2.47 x lo6 
> 2.47 x IO6 

2.4 x 10' 

. 1 . 9 x  106 
>4 .7  x io5  
>4.7 lo5  
>4.7 x io5 
>4.7 io5  

z x  io5 
> 1.57 x io5 
> 1 . 5 7 ~  i o5  
> 1.57 lo5 
> 1.57 io5  

> 1.57 io5  

2100 
1800 
1900 
1850 
1875 
1150 
1600 
3200 
2600 
2000 
2600 
2000 
1750 
2250 
900 
450 

1250 
1900 
2050 
1700 

1300 
1900 
2050 
1900 
1800 
850 

590 
450 
440 
550 
560 
400 
530 
800 
590 
44s 
670 
510 
440 
640 
340 
250 

540 
790 
910 
770 

540 
790 
780 
740 
700 
370 

250 
220 
215 
235 
240 
160 
190 
300 
245 
210 
260 
220 
2 os 
250 
170 
160 

200 
280 
315 
265 

200 
280 
320 
310 
290 
195 

34 
30  
30 
28 
28 
21 
30  
52 
37 
27 
38 
28 
22 
3 8  
15 

"1 1 
< 10 

22 
3s 
40 
32 

22 
3 s  
32 
30  
29 
10  

598 

b 

693 

427 
623 
499 

629 

*The effect  of a level scram a t  130 Mw instead of a rate scram was discussed in answer 19. The 0.013 A k / k  30-msec ramp accident WBS reevaluated without control rod action 

'Plate temperatures above 1950'F indicate melting of the hot spot; actual temperature of molten metal 1s l e s s  by (1950 - 1210)= 7 4 6 F .  Indicated temperatures between 1210 

'Integrated power includes all energy generated during transient. In a typical initial 100-Mw case (case No. I), the duration of the transient i s  Y 5  msec. The energy generated 

'This i s  the maximum nominal oxide-water interface temperature a t  the core horizontal midplane a t  the time the power peaks (does not include hot spot effects). 

Mode 1 (600 psi): 486OF 
Modes 2 and 3 (10 psi): 24OoF 

in answer 54 and Appendix L. 

and 1950°F should be 1210°F. See discussion, p. 73. 

i n  this time a t  100 MW i s  75 x 

saturation temperatures are as follows: 

sec X 100 Mw = 7.5 M W S ~ C .  
Corresponding 

Table I.'C.4. Summary of Pertinent Analog Results for Reactivity Addition Accidents. Part 2 

Approximate Estimateda Safety System 
1"ltial 

Pla te  Case Mode Neutron lnitial Reactivity Peak Time- 

NO. 
Mu,tiplication Differential Level Delay Power lntegrated Temperature, 

Operation Factor Worth Trip Time ( A k / k  per sec) (Mw) 'Owe' Peak 

( k )  per in.)  (Mwsec)' (OF) 
( A k / k  (kw) (msec) Transient,  Hot Spot 

29 2 0.95 0.00058 250 10 0.01 12.6 0.6 160 

30 2 0.95 0.0035 250 10  0.01 2.0 0.1 120 

31 2 0.95 0.00058 500 10 0.01 28.0 1.0 240 

32 2 0.95 0.0035 500 10  0.01 5 .0  0.2 140 

33 3 0.95 0.00058 5 15  0.03 28.0 1.0 240 

34 3 0.95 0.0035 ' 5 15  0.03 0.63 0.03 120 

3s 3 0.95 0.00058 10 15 0.03 80.0 4.0 620 

36 3 0.95 0.0035 10 15 0.03 1.8 0.1 120 

. 
C 

was assumed that the coolant average temperature was 12OoF and that the control rods were asymmetrical to 
the extent that the ratio of maximum to average power density was twice the usual value. 
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Fig. IiC.1. Typ ica l  Transient  Curves for a Ramp React ivi ty  Accident. 

- 
If t h e  control e lements  a r e  i n  a n  extreme asymmetrical, c r i t i ca l  posi t ion (shim-safety p l a t e s  with- 

drawn), as they might b e  during mode 2 and 3 operation, t h e  initial differential worth of t h e  safe ty  p l a t e s  

would b e  reduced t o  about 0.0008 Ak/k  per inch,  and t h e  react ivi ty  addi t ion ra te  corresponding to t h e  

maximum withdrawal s p e e d  would b e  0.0032 A k / k  per  second.  

Near t h e  end of t h e  fue lwycle ,  t h e  maximum react ivi ty  addition r a t e  would b e  much smaller ,  and  t h e  

ini t ia l  differential worth of t h e  s a f e t y  p l a t e s  s t i l l  would b e  about 0.0008 Ak/k per  inch.  

T h e  other  case in which t h e  control e lements  c a n  add react ivi ty  accidental ly  is a s s o c i a t e d  with t h e  

s t ructural  integri ty  of t h e  shim-regulating cylinder dr ive mechanism. T h e  u s e  of a control e lement  tha t  

must b e  inser ted aga ins t  gravi ta t ional  and hydraulic forces  in t roduces  a p o s s i b l e  problem i n  connection 

with fai lure  of t h e  supporting o r  dr ive mechanisms; such  a fa i lure  would result i n  withdrawal of  t h e  con- 

trol element and thus  in  a p o s i t i v e  react ivi ty  addition. In t h e  event  of a mechanical  fa i lure  of t h e  dr ive 

mechanism, a hydraulic cyl inder  on  t h e  lower end of t h e  dr ive rod will act as  a shock absoiber  (normally 

u s e d  to ba lance  t h e  downward forces  of gravity and pressure  on the shim-regulating cyl inder  dr ive  mech- 

anism) and will limit t h e  shim-regulating cyl inder  maximum withdrawal s p e e d  to 39 in./min (0.65 in. /sec) ,  

even  i f  the  force-balancing fea ture  is depressurized.  T h e  corresponding maximum react ivi ty  addition r a t e  

would b e  about 0.0065 Ak/k per  second.  

T h e  resu l t s  from t h e  analog ca lcu la t ions  made i n  connection with t h e  control elem,ent react ivi ty  acci- 

d e n t s  ind ica te  t h a t  for beginning-of-cycle mode 1 operation at ful l  flow and full power and with t h e  safe ty  

p l a t e s  i n  the least s e n s i t i v e  posi t ion (normally should not b e  i n  t h i s  posi t ion)  0.050 Ak/k  per  second c a n  

b e  inser ted cont inuously without t h e  hot-spot h e a t  f lux exceeding t h e  burnout h e a t  flux [161. T h e  hot- 

6Bracketed numbers refer to corresponding c a s e s  in Table I.C.4. 
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s p o t  peak p la te  temperature ca lcu la ted  for t h i s  case w a s  only 450"F, and t h e  total energy r e l e a s e  during 

t h e  brief t ransient  w a s  about  11 Mwsec ( this  inc ludes  all energy generated during t h e  transient). 

Starting from low power (< lo0  kw) and ful l  flow (mode I) ,  t h e  self-shutdown mechanisms a l o n e  limited 

t h e  peak hea t  flux t o  less than t h e  burnout heat  flux, when react ivi ty  w a s  added a t  the r a t e  of 0.005 b k / k  
per  second [17]. T h e  peak power i n  th i s  case w a s  only 170 Mw, and t h e  total energy r e l e a s e  w a s  less 

than 10 Mwsec. 

. 

F o r  mode 2 operation t h e  t r a n s i e n t s  resulting from t h e  introduction of 0.010 Ak/k p e r  s e c o n d  s ta r t ing  

at source  leve l  were s tudied for t h e  two safe ty  p l a t e  in i t ia l  worths  and two s a f e t y  sys tem tr ip  condi t ions 

[29-321. C a s e  [31] is an extreme case wherein t h e  in i t ia l  s a f e t y  p l a t e  different ia l  worth of 0.00058 Ak/k  
p e r  inch w a s  u s e d  with a leve l  trip of 500 kw (corresponds to a r a t e  t r ip  of 2 Mw/sec, which is four t imes  

tha t  spec i f ied  for  t h e  mode 2 operation). T h i s  case resu l ted  i n  a n  i n c r e a s e  i n  hot-spot p l a t e  temperature  

of approximately 120°F; t h e  other  th ree  cases [29,30,32] resu l ted  in  even  lower hot-spot  temperature in- 

c r e a s e s .  

- 

For mode 3 operation, t h e  ca lcu la t ions  were performed with t h e  s a f e t y  system l e v e l  trip s e t  a t  5 kw 

and  10 kw (corresponds to r a t e  t r ips  of 20 kw/sec  and 40 kw/sec,  which a r e  respec t ive ly  equal  to t h a t  

spec i f ied  and twice  t h a t  specif ied for this mode); t h e  above  react ivi ty  inser t ions  resu l ted  i n  t r ivial  ex- 

curs ions  [33-361. 

I t  w a s  concluded from t h i s  a n a l y s i s  that  react ivi ty  addi t ions  resul t ing from runaway control  e lements  

would resul t  in  no s e r i o u s  core  damage  and particularly no melt ing of t h e  hot  s p o t s .  

1.3.3 Voids in the Central Target Region. - T h e  e x i s t e n c e  of a water-moderated flux t rap  i n  t h e  

HFIR introduces t h e  poss ib i l i ty  of react ivi ty  addi t ions resul t ing from displacement  of s o m e  of t h e  flux 

t rap water. J u s t  how much react ivi ty  can  b e  added by t h i s  means  depends  upon what  s ta t ionary  o b j e c t s  

happen to  b e  i n  t h e  flux trap at  t h e  time t h e  water  dens i ty  is changed,  With nothing but  water  in i t ia l ly  

i n  t h e  flux trap, the  maximum c h a n g e  i n  reactivity is about  0.032 Ak/k;  with a typical  300-g plutonium 

target i n  t h e  is land,  t h e  maximum change  i n  react ivi ty  is about 0.015 Ak/k. T h e  optimum void f rac t ions7  

assoc ia ted  with t h e s e  c h a n g e s  a r e  0.70 and 0.42 respect ively.  

There  a r e  severa l  w a y s  i n  which voids  might p o s s i b l y  b e  added  to  t h e  flux t rap  during normal opera- 

t ion with t h e  plutonium ta rge t  in  p lace .  T h e s e  inc lude  (1) t h e  formation,of a vortex, i n  which case the 

void could b e  maintained i n  t h e  i s l a n d  for  a s ignif icant  per iod of time; (2) t h e  sweeping  i n  of bubbles  

with t h e  coolant  flow, i n  which case t h e  void could b e  maintained only if enough bubbles  were avai lable;  

and (3) t h e  blockage of flow to t h e  target  and subsequent  s team formation i n  t h e  f lux  trap. Cases 1 and 

2 appear  to b e  t h e  most s e r i o u s  b e c a u s e  t h e  voids  c a n  en ter  more rapidly. Assuming t h a t  t h e  v o i d s  a r e  

swept  into t h e  high-coolant-velocity region of the ta rge t  first,  t h e  e f fec t ive  ramp at ful l  flow for  a 0.42 

void fraction is about 0.03 sec. T h e  a s s o c i a t e d  maximum change  i n  react ivi ty  is only 0.013 i n s t e a d  of . 

0.015 Ak/k, b e c a u s e  there  is not  enough s p a c e  for  t h e  optimum void fract ion i n  t h e  high-velocity region. 

T h e  coolant  veloci ty  i n  t h e  low-velocity region of t h e  target  is low enough tha t  v o i d s  a s s o c i a t e d  with i t  

c a n  b e  ignored when consider ing t h i s  par t icular  accident .  At 10% flow (modes 1 and 2), the corresponding 

7These fractions are defined a s  void volume divided by total flux trap volume. 
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ramp t ime is 0.3 sec. F o r  mode 3 (zero flow) t h e  effect ive ramp assoc ia ted  with t h e  free-bubble veloci ty  

is about 0.6 s e c ,  and s i n c e  t h i s  veloci ty  is e s s e n t i a l l y  t h e  same for both t h e  ‘‘low” and “high” velocity 

regions of t h e  target  t h e  a s s o c i a t e d  reactivity is 0.015 Ak/k. 

In t h e  analog a n a l y s i s  i t  w a s  assumed that  t h e  voids  entered on t h e  above  ramps and remained i n  t h e  , 
flux trap. T h e  resu l t s  indicate‘that for mode 1 ,  full-power operation, typical  sa fe ty  p l a t e  worth, and c l e a n  

c o r e  condition [4], t h e  temperature at t h e  hot spot  will exceed  t h e  melt ing temperature, but not enough 

h e a t  will b e  added to  resu l t  i n  incipient  melting of the  loca l ized  spot .  T h e  peak a v e r a g e  p l a t e  tempera- 

ture  w a s  about 550°F, a n d  t h e  total  energy r e l e a s e  w a s  28 Mwsec. For  the  end-of-cycle condi t ions  [8], 
t h e  ca lcu la t ions  indicated tha t  t h e  hot  s p o t  melted, achieving a temperature of about 1250’F in  e x c e s s  

of the  melting temperature of t h e  aluminum plates;  t h e  corresponding average  p l a t e  temperature and total  

energy r e l e a s e  were about 800°F and 52  Mwsec respect ively.  

Within about  two d a y s  from t h e  end of t h e  fuel  cyc le ,  t h e  safe ty  rod differential worth is signif icant ly  

greater  than at  t h e  end of t h e  cyc le .  Under t h e s e  condi t ions [1,1], t h e  hot spot  melted and t h e  ca lcu la ted  

temperature exceeded  t h e  melt ing temperature by 650’F. T h e  corresponding average  p l a t e  temperature 

w a s  670°F, and t h e  total  energy r e l e a s e  w a s  38 Mwsec. 

T h e  amount of react ivi ty  t h a t  c a n  b e  inser ted o n  a 30-msec ramp and jus t  produce melting a t  t h e  hot  

spot  for t h e  above operat ing condi t ions w a s  ca lcu la ted  to b e  0.011 Ak/k [12] for no less than two d a y s  

from t h e  end of t h e  c y c l e  and 0.008 Ak/k [lo] at t h e  end  of t h e  cyc le .  

F o r  low-power (<lo0 kw), full-flow mode 1 operation, a 0.013 Ak/k s t e p  inser t ion (used t o  approx- 

imate  a 30-msec ramp) for a c lean  c o r e  [6,71 resu l t s  in  no melt ing ei ther  with or  without s a f e t y  action, 

but  a t  t h e  end of t h e  fuel  c y c l e  [14] t h e  calculat ion i n d i c a t e s  melting of t h e  hot  spot ;  t h e  c a l c u l a t e d  

temperature e x c e e d s  t h e  melting temperature  by  300’F. For more than about  two d a y s  from t h e  end of 

t h e  c y c l e  [IS], no melt ing occurred. 

Reducing t h e  mode 1 flow r a t e  to  10% [18-221 did not c h a n g e  t h e  above  low-power r e s u l t s  signifi- 

c antly . 
Under mode 2 and mode 3 conditions, a 0 .013  Ak/k s t e p  a t  low power [26] resul ted in  no melting at 

ei ther  t h e  beginning or  end of t h e  c y c l e  with t h e  safe ty  sys tem ra te  trip a t  5 Mw/sec or  less. A s  shown 

,in Table  I.C.2, t h e  s e l e c t e d  rate  t r ip  for mode 2 is 0.5 Mwksec and for mode 3 it is 0 .02  Mw/sec. 

I t  is interest ing t o  note  tha t  i n  t h e  cases for which melting w a s  predicted, p l a t e  sur face  temperatures  

‘wel l  i n  e x c e s s  of t h e  saturat ion temperature were obtained prior to t h e  peak in  power. T h i s  m e a n s  tha t  

negat ive feedback from voids  would resul t  in  lower peak powers  and  temperatures  than indicated.  

Considering t h e  degree  of conservat ism incorporated i n  t h e  analog model and t h e  expected low fre- 

quency of occurrence of void a c c i d e n t s  involving more than 0.008Ak/k, i t  i s  n o t  expected that  t h i s  t y p e  

of accident  would cons t i tu te  a s e r i o u s  monetary loss or  a s ignif icant  hazard a s  a resu l t  of p o s s i b l e  fis- 

s ion  product re lease .  

Void acc idents  involving appreciably more than 0.013 Ak/k, such  as might b e  achieved without t h e  

target i n  t h e  f lux trap, h a v e  not  been analyzed i n  de ta i l  b e c a u s e  adequate  precaut ions a r e  being taken 

to  ensure  against  them; t h e  n e c e s s i t y  for t h i s  is obvious.  At t h e  present  t i m e  i t  is specif ied that  t h e  

reactor  will not b e  operated without t h e  target  or i t s  equivalent  i n  t h e  flux trap. T h u s  i t  is only neces-  
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s a r y  to provide the  necessary  shutdown margin t o  accommodate t h e  acc identa l  addition of 0.032 Ak/k  

during shutdown with a l l  s a f e t y  p l a t e s  in ,  and t h i s  h a s  been  done  as will b e  s e t  forth in  Sect .  2. 

1.3.4 Reactivities Associated with Experiments. - T h e  inser t ion  of a n  all-aluminum target i n  t h e  

flux t rap  a d d s  react ivi ty  b e c a u s e  of t h e  flux trap pos i t ive  void coeff ic ient  and t h e  low absorpt ion c r o s s  

sec t ion  of the  aluminum. However, when t h e  ta rge t  conta ins  about 300 g of 2 4 2 p u  and h a s  been  i r radiated 

for about  0.1 year, t h e  absorption c r o s s  s e c t i o n  is suff ic ient  t o  resul t  i n  e s s e n t i a l l y  no net  negat ive reac- 

t ivi ty  change. F o r  purposes  of t h e  safe ty  ana lys i s ,  an uncertainty of about 0.01 A k / k  w a s  considered.  

Therefore, i f  t h e  target were t o  fa l l  out of t h e  flux t rap ( such  an acc ident  c a n  real ly  b e  c l a s s i f i e d  as “un- 

reasonable”) ,  0.01 A k / k  would b e  added a t  a maximum ra te  that  is c o n s i s t e n t  with t h e  maximum flow r a t e  

through the  target. Comparing this case with t h e  void acc ident  cases shows t h a t  no c o r e  damage  would 

r esu  It. 

T h e  other  experimental facilities in t h e  HFIR a r e  located suff ic ient ly  far from t h e  c o r e  t o  prevent any  

s ignif icant  react ivi ty  changes .  Even  flooding of t h e  beam holes d id  not  produce a d e t e c t a b l e  change  in  

reactivity i n  t h e  HFIR cr i t ica l  experiments. 

1.3.5 Cold-Water Accidents. - T h e  worst cold-water acc ident  would, i n  principle, occur  when t h e  

coolant  in  t h e  c o r e  is hot ,  b e c a u s e  t h e  temperature coef f ic ien ts  a r e  grea tes t  and b e c a u s e  t h e r e  is a 

greater  temperature difference avai lable .  F o r  a given difference in  water  temperatures ,  t h e  grea tes t  in- 

c r e a s e  i n  reactivity would occur  if t h e  cold water en tered  only t h e  fuel  region. A c h a n g e  in  f u e l  region 

temperature from 155OF (average fuel  region coolan t  temperature  at 100 Mw) to 32OF would add something 

less than 0.013 Ak/k .  F o r  a more probable c a s e ,  i n  which t h e  co ld  water  e n t e r s  all para l le l  reg ions  of 

t h e  reactor, t h e  same change  in  temperature, making a l lowances  for  t h e  different coolan t  ve loc i t ies ,  would 

add approximately 0.008 A k / k .  

One way in  which t h e  above  temperature c h a n g e s  might possibly t a k e  p l a c e  is a s s o c i a t e d  with mode 3 

operation of t h e  reactor. With no flow through t h e  primary system, i t  is p o s s i b l e  tha t  t h e  water  i n  t h e  h e a t  

exchangers  could b e  a t  a rather low temperature and t h e  water in  t h e  reactor  v e s s e l  a t  a relat ively high 

temperature while  running low-power experiments. If suddenly o n e  or more of t h e  three  main c i rcu la t ing  

pumps were turned on ,8  cold water  would b e  injected into t h e  core. T h e  rate  a t  which t h e  temperature  

would change  i n  t h e  c o r e  is dependent  upon how quickly t h e  pumps at ta in  ful l  speed ,  how much mixing 

t a k e s  p l a c e  between t h e  pump and core, and on what type of temperature  grad ien ts  e x i s t e d  j u s t  prior to  

t h e  accident .  Assuming t h a t  all three pumps a r e  turned on s imultaneously (contrary to normal pump 

star tup procedure), t h e  shortest  e f fec t ive  ramp conce ivable  for t h e  above  react ivi ty  addi t ions  is about  

60 msec.  The minimum rate, assuming ins tan taneous  s ta r t ing  of the pumps and  no mixing, is about  30 

msec. Analog ca lcu la t ions  [261 ind ica te  that  0.013 Ak/k  c a n  b e  s tepped  i n  without hot-spot  melting. 

Therefore, there  appears  t o  b e  n o  s e r i o u s  problem with a cold-water accident  for mode 3 operat ion.  

‘As mentioned previously, it is not desirable in these  s tud ies  t o  d i scuss  the question of credibility. However, 
to avoid implying that there a r e  not operating procedures and instrumentation that normally guard aga ins t  inap- 
propriate operation of the cooling sys tem which might resu l t  i n  cold-water acc idents ,  the reader is referred to 
detailed d iscuss ions  on the subjec t  in ORNL-3572. 

. 
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During mode 1 and mode 2 operation, s imilar  t y p e s  of cold-water a c c i d e n t s  would b e  less s e r i o u s  

than t h e  one  descr ibed for  mode 3, b e c a u s e ’ t h e  water  would already b e  circulating, and therefore t h e  

chang/e i n  temperature would b e  less. T h e  biggest  temperature differences for modes 1 and 2 would oc- 

cur  with t h e  flow ra te  ini t ia l ly  at 10% full flow. Calcu la t ions  [18,26] ind ica te  t h a t  for s ignif icant ly  w o r s e  

condi t ions no fuel p l a t e  mel t ing would occur. 

1.4 Significance of SPERT Data 

In attempting to make u s e  of S P E R T  da ta  for par t ia l ly  ana lyz ing  t h e  t ransient  behavior of t h e  HFIR,  

two approaches were taken. T h e  f i r s t  w a s  to u s e  t h e  HFIR analog model, with appropriate  S P E R T  input 

da ta ,  to  ca lcu la te  spec i f ic  S P E R T  cases. T h e  purpose in  doing t h i s  w a s  to  determine whether or not t h e  

HFIR model w a s  conservat ive.  S ince  t h e  appl icable  S P E R T  t e s t s  had  relatively low coolant  flow rates ,  

were unpressurized,  had only self-shutdown mechanisms, and s ta r ted  a t  essent ia l ly  zero  power level ,  a 

direct  comparison with t h e  HFIR at power could not b e  made. 

T h e  resu l t s  of t h e  comparison with t h e  ava i lab le  S P E R T  d a t a  indicated that  t h e  HFIR model w a s  

qui te  conservat ive for t h e  low-power conditions. Furthermore, t h e r e  were ind ica t ions  tha t  t h e  a b s e n c e  

of voids  in  the  analog model w a s  responsible  for a s ignif icant  portion of t h e  conservat ism.  Judging from 

a comparison of ca lcu la ted  water  film temperatures for t h e  low- and high-power c a s e s ,  it w a s  concluded 

that  vo ids  would also b e  present  i n  s imilar  t rans ien ts  a t  high power; t h u s  it w a s  further concluded that  

t h e  model should b e  conserva t ive  for t h e  corresponding initial-high-power cases. S i n c e  t h e  degree  of 

conservat ism is not known, o n e  cannot  really t a k e  advantage of i t  i n  a quant i ta t ive s e n s e .  However, an 

indicat ion of conservat ism provides  additional confidence i n  an analyt ical  method tha t  would h a v e  been  

u s e d  unhesi tant ly  i n  t h e  a b s e n c e  of t h e  experimental data .  

\ 

T h e  S P E R T  core  and t e s t  ca lcu la ted  w a s  t h a t  identified a s  S P E R T  IV DU-12/25; ’ phys ica l  charac-  

t e r i s t i c s  of t h i s  core  and t h e  HFIR c o r e  a r e  compared i n ’ T a b l e  I.C.5. 

T h e  particular S P E R T  experiments  were conducted at a tmospheric  pressure,  us ing  e f fec t ive  s t e p  

c h a n g e s  i n  react ivi ty  of approximately 0.00973 and 0.0126 A k / k .  Calculat ions were made with t h e s e  

s a m e  s t e p  changes ,  but no void coef f ic ien ts  were included. In order to compare t h e  “experimental” re- 

s u l t s  with t h e  ca lcu la ted  resu l t s ,  t h e  S P E R T  data  were extrapolated to a pressure  of 2500 p s i  to obvia te  

t h e  n e c e s s i t y  for including voids  i n  t h e  calculat ion;  t h e  resul t  w a s  a 30% i n c r e a s e  i n  peak power, a 100% 

i n c r e a s e  in  energy release,  and about  a 60% i n c r e a s e  i n  p l a t e  temperatures. l o  T h e s e  d a t a  a r e  compared 

with t h e  ca lcu la t ions  i n  T a b l e  I.C.6. Also included i n  T a b l e  I.C.6 a r e  t h e  low-pressure experimental d a t a .  

A s  indicated by t h e  comparison of resu l t s  in  T a b l e  I.C.6, t h e  calculat ion is conservat ive by a con- 

s iderable  amount. In t h e  ac tua l  experiments, there  w a s  no ev idence  of c o r e  damage. T h e  ca lcu la t ions ,  

however, ind ica te  melting for both c a s e s ,  even though hot-spot fac tors  were not included. 
?- 

. ’  
’Quarterly Technical Report,  SPERT Project,  January, February, March, 1963, IDO-16893 (May 20, 1963). 
‘OF. Schroeder (ed .  ),- Quarterly Technical Report,  SPERT Project,  October, November, December, 1960, 

IDO-16687 (June 1, 1961). 
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T a b l e  1.C.5. Character ist ics of S P E R T  (DU-12/25) and H F I R  Cares 

SPERT,  DU-12/25 HFIR 

Core geometry 

Type of fuel element 

Square parallelepiped 

Aluminum-clad p la tes ,  
U-A1 alloy meat 

Fuel  loading,'kg 

Core dimensions, cm 

Outside diameter 
Inside diameter 

Length of s i d e  
Height (active) 

Effective core volume, l i t e rs  

Fue l  plate surface area,  cmz 

Surface-area-to-volume ratio, cm-l 

Fue l  plate thickness,  cm 

Coolant channel thickness,  cm 

Metal-to-water ratio (based on fuel p la tes  only) 

' Overall metal-to-water ratio 

Fuel plate hea t  capacity,  Btu /OF 

Prompt neutron lifetime, psec 

Moderator temperature coefficient in fuel region, A k/OF 

Fuel  p la te  temperature coefficient, 6 k/OF 

Void coefficient, fuel region average, A k/%,p 

Effective delayed neutron fraction . 

Power density ratio, nominal maximum-to-average 

3.8 

38.0 
61.0 

62.2 

2.05 x lo5  
3.3 

0.152 

0.455 

0.335 

. 0.66 

23.2 

57.0 

-8.33 X lo-' 

-0.33 1 0 - ~  

0.0024 

0.007 

2.4 

Cylindrical  flux trap 

Aluminum -c 1a.d plates,  
U30s-A1 dispersion 
meat 

9 .4  

44.0 
14.0 

50.8 

50.8 

3.99 x i o 5  
7.85 

0.127 

0.127 

1.0 

1.0 

35.7 

' 35.0a 
b 

- 5 . 8 ~  lo-' 
- 8 . 7 ~  lo-'' 
-1.ox 10- 
-1.6 X 

0.0029 

0.0071 

1.45 

S b  

aClean core condition. 

*Clean core, 68OF moderator temperature. 
'Clean core, 155'F moderator temperature. 

Table  I .C.6.  Comparison of Experimental and Calculated S P E R T  (DU-12/25) Results 

9 

. 
Reactivity Experimental Peak Power (Mw) . Total Energy Release Maximum Plate Temperatures (OF)" 

Step Stable During Transient (Mwsec) At Peak Power Maximum 

Experimental Experimental Experimental 

10 psi 2500 psi  10 psi 2500 psi  10 psi 2500 psi 

Insertion Period Experimental 

( A k / k )  (msec) Calculated Calculated Calculated Calculated 
10 psi 2500 psi  

0.00973 , 20.7 169 220 440 9.6 19.1 38 300 435 1340 307 450 1960 

0.0126 10.1 505 657 1625 12.2 24.4 66 364 540 3000 378 560 4440 

aDoes not include hot-spot conditions. Calculated values do not consider heat of fusion; temperatures above 1210°F should be corrected for this 
fact; s e e  p. 73. 
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P a r t o f  t h i s  conservat ism probably resu l t s  from t h e  u s e  of a water  f i l m  h e a t  t ransfer  coeff ic ient  (h) 
c 

that  i s  too small and/or a percentage  hea t  generation r a t e  i n  t h e  coolant (b) that  is too small. Increasing 

t h e  v a l u e s  of t h e s e  two parameters  would reduce t h e  p l a t e  temperatures, peak Rower, and to ta l  energy re- 

l e a s e ,  because  of l e s s  heat  generation i n  t h e  plate ,  a smaller  r e s i s t a n c e  to h e a t  t ransfer  out  of t h e  plate ,  

and b e c a u s e  there  would be  grea te r  negat ive feedback.  

- 

C 

Evidence  of low h and b v a l u e s  is obtained by  comparing p l a t e  temperatures  at t h e  peak power and 

a t  t h e  peak temperature. T h e  experimental d a t a  show a small  percentage  difference between t h e s e  two 

temperatures, while  t h e  ca lcu la ted  percentage difference is relat ively large. 

T h e  h and b v a l u e s  u s e d  i n  all t h e  HFIR ca lcu la t ions  have  purposely been low so as to resul t  in  

conserva t ive  p la te  temperatures. However, in  previous HFIR ana log  s t u d i e s  l 1  and also during t h e  

SPERT-HFIR s tudies ,  t h e  effect  of varying h w a s  invest igated.  T h e  resu l t s  indicated tha t  a 40% in- 

c r e a s e  i n  h reduces t h e  peak power by only 3% and t h e  maximum p l a t e  sur face  temperature by only 14%. 

Furthermore, increas ing  b from 2.5% t o  a reasonable  upper  l i m i t  of about  6% d o e s  not mak,e a very s ig-  

nif icant  difference in  t h e  lack  of agreement between experiment and calculat ion.  Thus,  at l e a s t  for t h e  

high-pressure c a s e s ,  i t  appears  that  t h e r e  is an addi t ional  feedback mechanism tha t  is not  b e i n g  ac- 

counted for in  the calculat ion.  It is in te res t ing  to note, however, tha t  for t h e  high-pressure comparison 

t h e  “experimental” temperatures  were not above  t h e  saturat ion temperature. Therefore, if o n e  d iscounts  

t h e  poss ib i l i ty  of s ign i f icant  void formation in  hot-spot regions tha t  were  not instrumented, and  i f  t h e  

method used  for extrapolat ing from low pressure  to 2500 p s i  w a s  reasonably correct, h e  must  conclude 

tha t  a t  l e a s t  a t  high pressure  t h e r e  w a s  a shutdown mechanism not  a s s o c i a t e d  with void formation in t h e  

usua l  s e n s e .  Whether o r  not t h e  same o r  another unaccounted for feedback mechanism e x i s t s  a t  higher 

power (-100 Mw) c a n  only b e  specula ted  upon. If t h e  mechanism is a s s o c i a t e d  with voids ,  i t  probably 

e x i s t s  a t  higher power l e v e l s  also. 

T h e  other  approach u s e d  i n  trying t o  make u s e  of S P E R T  d a t a  involved a direct  analyt ical  comparison 

of t h e  S P E R T  and HFIR t rans ien ts  resulting from t h e  same react ivi ty  additions. A comparison of t h e  

phys ica l  charac te r i s t ics  of the two c o r e s  indicated that  t h e  HFIR, with no safe ty  sys tem other  than  t h e  

self-shutdown mechanisms, should  experience a less s e v e r e  t rans ien t  than  t h e  par t icular  S P E R T  core  of 

interest ,  when both c o r e s  a r e  subjec ted  to t h e  same reactivity addition. T h e  reason for th i s  is that  t h e  

HFIR, while  having about  t h e  s a m e  void and temperature coeff ic ients ,  h a s  almost 2.5 t imes t h e  surface-  

area-to-volume ratio and j u s t  a l i t t l e  over one-halfsthe water-to-core volume ratio as  t h e  S P E R T  core. 

T h i s  means tha t  for a given i n c r e a s e  i n  fuel  p l a t e  temperature t h e  i n c r e a s e  in  moderator temperature and 

t h u s  t h e  negat ive react ivi ty  feedback are  considerably greater  for t h e  HFIR. T h i s  a s s u m e s  of course  

that  the  greater  flow r e s i s t a n c e  a s s o c i a t e d  with t h e  narrower HFIR coolant  channels  will not impede t h e  
dens i ty  change  t o  t h e  ex ten t  t h a t  t h e  potent ia l  improvement will b e  negated. 

Another feedback mechanism which favors  t h e  HFIR is t h e  fuel  p l a t e  expansion reactivity coefficient. 

T h i s  coeff ic ient  for t h e  HFIR is about th ree  t i m e s  tha t  for t h e  par t icular  S P E R T  core. S ince  t h e  p l a t e  

“N. Hilvety, R. D. Cheverton, and 0. W. Burke, Preliminary Analys i s  of  HFIR Transients Resulting from 
Ramp React iv i ty  Additions,  ORNL-CF-63-5-45 (May 9, 1963). 
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coefficient is really a moderator expulsion coefficient, t he  above comment relating to the  increased flow 

res i s tance  of t he  narrower HFIR channel applies here, too. 

The  particular SPERT core being compared with the  HFIR h a s  one  clear advantage: i t  has  a longer 

prompt neutron lifetime when compared to the  HFIR c lean  core condition (57 compared to 35 pec). For  

the end-of-cycle condition, t he  neutron lifetime for the  HFIR is about 70 psec. 

Resul t s  from the  SPERT-HFIR comparison calculations a re  shown in Table  I.C.7. When evaluating 

t h e  comparison, several  things need to  be  kept in mind. The  calculations did not include any hot-spot 

factors but did include the nominal maximum-to-average power density ratios (2.4 for S P E R T  and 1.45 

for the  HFIR). (P la te  temperatures for t hese  “maximum” power density spots  and for the  average core 

a re  tabulated.) Neglecting the  possible effect of power distribution on reactivity feedback, a comparison 

of the average plate temperatures is probably more indicative of t he  differences to be expected from the  

different SPERT and HFIR core characteristics. 

In the  above calculations all  reactivity feedback was  based on average core conditions. T h e  inclu- 

sion of feedback from properly weighted “hot” a reas  of the  cores, where the reactivity importance might 

b e  greater, should decrease the extent of the transient. However, because the  SPERT core  h a s  a greater 

maximum-to-average nominal power density ratio than that for the HFIR, it is possible tha t  inclusion of 

such a factor would show that on a relative basis,  SPERT transient temperatures and power dens i t ies  

would not be  so much higher than those  for the  HFIR. 

Two other simplifications used  in these  HFIR-SPERT calculations involved the u s e  of a constant h , 
value, and the  heat of fusion of t h e  fuel p la tes  was  not accounted for. Had h been reduced to essent ia l ly  

zero when the  burnout heat flux was  reached, the  corresponding calculated temperatures would have  been 

relatively higher for SPERT. To account for t he  heat of fusion, all p la te  temperatures between 1210 and 

1950’F should be 1210°F, and all temperatures above 1950°F should b e  reduced by 740’F. 

The  application of the above “normalizing” conditions and second-order corrections does  not alter 

the  conclusion that p la te  temperatures and heat f luxes for the  HFIR would actually b e  significantly lower 

than in the  particular SPERT core, when subjected to t h e  same reactivity addition. Since the SPERT 

core suffered no apparent damage when subjected to a 0.0126 h k / k  s tep  change, it is further concluded 

that the HFIR would not be  damaged by the  s a m e  reactivity addition, which is about a s  large as  would 

b e  considered “reasonable. ” This  latter conclusion is, of course, applicable to  the  initial-low-power, 

low-flow-rate condition only. However, there is no appa’rent reason why the conclusion would not a l so  

be  applicable for higher powers and flow rates. Even so, s ince  there is insufficient high-power SPERT 

data to compare with, one  can at best  conclude tha t  t he  method for analyzing t h e  high-power cases is 

conservative. 

In view of the  physical differences in  the  SPERT and HFIR cores, a further evaluation of t h e  calcu- 

lated results is of interest. It is observed in  Table  I.C.7 that t he  peak average power density calculated 

for the HFIR was  about 1.7 times that calculated for SPERT, indicating that the negative feedback per 

unit  power density was  less for t he  HFIR in sp i t e  of i t s  lower water volume and greater hea t  transfer 

surface area per unit core volume. The  reasons for t h i s  are that the  HFIR h a s  about 2.0 t i m e s  as much 

aluminum (fuel plate) per unit core volume to  store heat i n  during a transient, and t h e  HFIR power rise 
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Table I.C.7. Comparison of SPERT arid H FIR Calculoted Transient Characteristics 
z 

Peak Energy Release Total Energy Peak Peak Peak 

Power Power Volume a t  Time , Per  Unit Plate Plate Heat 
[Btu hr-' ft-' (OF)-'] (Mw) Density of Peak Power Core Volume Temperatureb Temperatureb Flux' 

Reactivity 
Step Coolant Peak Average Per Unit Core Release Maximuma Average Maximuma 

h 
Inserhon 
( A k / k )  (fps) 

(Mw/liter) (Mwsechiter) (Mwsec/liter) (OF) (OF) (Btu hr-' ft-*) 

SPE R T  

6.4 x l o6  0.00973 12 3 . 5 ~  io3 440% 7.1 0.29 0.61 1960 890 

0.0126 12 3 . 5 x  lo3  1625 26.1 0.56 1.06 4440 1980 1 5 . 0 ~  l o 6  
0.0126 12 4.93x io3  1575 25.3 0.53 0.98 3800 1700 17.7 x lo6  

H FIR 

0.00973 5 2 .1  x io3 420 8.3 0.20 0.39 950 450 1.6 x IO6 

0.00973 12 4 .4x  io3  410 8.1 0.20 0.35 760 380 2.6 x I O 6  

0.00973 20 6 . 4 ~  lo3  410 8.1 0.20 0.37 660 340 3.3 x 106 

0.00973 42 1 0 . 5 ~  i o 3  420 8.3 0.20 0.39 560 310 4 . 5 x  106 

0.00973 42 2 .1  x i o 3  480 9.4 0.22 0.47 1100 510 2 . 0 x  106 

3 . 8 ~  lo6  0.0126 5 2.1 io3 1600 31.5 0.39 0.73 2000 890 

0.0126 12 - 4.4x  i o 3  1550 30.5 0.35 0.67 1650 760 6 . 2 ~  lo6  
0.0126 20 6 . 4 x  lo3  1540 30.3 0.33 0.65 1450 , 690 8 . 0 ~  lo6 
0.0126 42 1 0 . 5 ~  i o 3  1510 29.7 0.33 0.63 1225 610 1 0 . 8 ~  I O 6  

aIncludes only nominal maximum-to-average power density ratio; does not include hot-spot effects. 
bCalculated values do not consider heat of fusion, and temperatures above 1210°F should be corrected for this fact. 
'Assumes constant h value. 
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\ 
is quicker b e c a u s e  of t h e  shorter  neutron lifetime. T h e  effect  of {he la t te r  can  b e  factored out  to some 

extent  by comparing to ta l  energy r e l e a s e  per  uni t  volume at t h e  time the  t ransient  is turned around. As 

ind ica ted  i n  T a b l e  I.C.7, t h e  total  energy re lease  for  t h e  HFIR is about 30% less than for  S P E R T .  Of 

c o u r s e  the  peak power densi ty  and t h e  total  energy densi ty ,  per se, a r e  of little consequence ,  s i n c e  p l a t e  

temperatures  a r e  more ind ica t ive  of core  damage. 

2. Shutdown Margin 

2.1 Introduction 

T h e  d iscuss ion  of shutdown margin i n  t h e  HFIR requires  tha t  t h e  following fac tors  b e  recognized a s  

significant: 

1. 

2. 

3. 

4. 

T h e  fixed geometry of t h e  c o r e  prec ludes  t h e  removal or rearrangement of t h e  fuel  a s  a m e a n s  of ad-  

just ing reactivity. 

T h e  same economic considerat ions which dictated t h e  fixed geometry c a n  impose  a n  economic penal ty  

on a n  e x c e s s i v e  shutdown margin. 

Variat ions i n  core  worth wil l  occur  as  a resul t  of unplanned var ia t ions  i n  manufacture  and  as  may b e  

planned for increased  ut i l izat ion.  Variat ions will also occur  as  a resul t  of c h a n g e s  i n  t h e  reflector 

and target: 

Control p l a t e  worth will diminish with t i m e  until ultimately replacement will b e  required i n  order t h a t  

an adequate  shutdown margin may b e  maintained. 

... 

2.2 Shutdown Margin Criteria 

It s h a l l  b e  p o s s i b l e  to  shut  down t h e  reactor and maintain a shutdown condition at all t imes,  e v e n  

when any two of t h e  following independent  events  occur  s imultaneously.  
\ 2.2.1 Occurrence of an Optimum Void in the Trap Region. - T h i s  can resul t  i n  a Ak/k  i n c r e a s e  of 

about 0.015 if  t h e  target  is ins ta l led  and about  0.032 if t h e  ta rge t  is not i n  place.  

2.2.2 Removal of the Target. - Except  for t h e  shor t  t ime required t o  effect  t h e  change ,  t h e  ta rge t  or  

its equivalent  will remain i n  p l a c e  at  all t i m e s .  T h e  shutdown margin must  b e  suff ic ient  to  k e e p  t h e  re- 

actor  subcri t ical  in ' the  event  a void occurs  s imultaneously with t h e  removal of t h e  target .  T h e  removal 

of t h e  target will c a u s e  a change  in  react ivi ty  which v a n e s  from a maximum of +0.006 A k / k  to a minimum 

of - 0.008 Ak/k  depending on t h e  irradiation his tory.  

will increase  k by about  0.032. 

Introduction of t h e  optimum void without a ta rge t  

Control p l a t e  withdrawal without t h e  target o r  its equivalent  i n  p l a c e  is to b e  prokibited. Operat ing 

procedures  will require all control e lements  to b e  fully inser ted  and mechanical ly  locked during fuel load-  

ing  operations. T h e  occurrence of a void with the  target removed and with t h e  control e lements  withdrawn 

therefore requires  t h e  s imultaneous occurrence of t h r e e  independent  e v e n t s  o r  fa i lures  and  is not  t o  b e  in- 

c luded i n  t h e  requirements for shutdown margin. As i n  all reactors ,  manual manipulation of t h e  fuel  and 

control e lements  must  be  controlled administratively, and a s u c c e s s i o n  of errors c a n  l e a d  to unwanted 

cr i t ical i ty .  In t h i s  respect ,  manipulation of t h e  ta rge t  is no different. 

\ .  

. 

. 

B 
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2.2.3 Complete Withdrawal of Any One Control Element. - T h i s  s i tuat ion will occur  during t e s t i n g  

periods. Should an optimum void occur  s imultaneously with complete  withdrawal of o n e  control element, 

t h e  reactor must b e  maintained subcr i t ica l  by t h e  four remaining elements .  The optimum void c a n  i n c r e a s e  

reactivity by 0.015 Ak/k ,  and withdrawal of t h e  shim-regulating cylinder, which is worth more than any 

o n e  of t h e  others ,  can  i n c r e a s e  react ivi ty  by approximately 0.014. T h e  to ta l  i n c r e a s e  i n  react ivi ty  result- 

i n g  from a void and complete  withdrawal of a control p l a t e  is about  0.029. 

2.2.4 One Control P l a t e  F a i l s  to Scram. - Inasmuch as t h e  shim-regulating cyl inder  d o e s  not scram 

i n  t h e  s e n s e  of providing a rapid inser t ion,  t h e  shutdown, if required a s  a resul t  of t h e  occurrence of an 

optimum void, must b e  accomplished, with t h e  two e lements  immobilized, by t h e  remaining t h r e e  s a f e t y  

plates .  Introduction of a void c a n  i n c r e a s e  reactivity by 0.015 Ak/k ,  and movement of t h e  shim-regulating 

cylinder and o n e  of t h e  shim-safety p l a t e s  from t h e  inser ted  posi t ion to t h e  posi t ion where t h e  reactor 

would normally b e  c r i t i ca l  with a l l  rods symmetrical i n c r e a s e s  react ivi ty  by about 0.01. T h e  total  in- 

c r e a s e  in  react ivi ty  for t h i s  case would b e  about 0.025. 

2.2.5 Occurrence of a Startup Accident. - A ca tas t rophic  fa i lure  of t h e  control sys tem i n  which all 

control e lements  a r e  be ing  withdrawn a t  maximum s p e e d  requires  s a f e t y  r e l e a s e  in  order  t o  s t o p  t h e  with- 

drawal  of t h e  four shim-safety p l a t e s  and t o  immobilize t h e  shim-regulating cylinder. 

If one  safe ty  p la te  fails to scram and cont inues  to move to t h e  fully withdrawn position, we would 

have  a case similar  t o  t h e  condition d i s c u s s e d  under event  2.2.4 above,  except  that one  p la te  would b e  

fully withdrawn with t h e  shim-regulating cylinder at t h e  c r i t i ca l  posi t ion.  T h i s  condition would i n c r e a s e  

t h e  react ivi ty  above tha t  of the  shutdown reactor  by about '0.04 Ak/k .  

T h e  s imultaneous occurrence of a s tar tup accident  and an optimum void would require a shutdown 

margin no greater  than the  o n e  d i s c u s s e d  above ( s e e  d iscuss ion  under ,  event  2.2.4). 

Combination of t h e  above e v e n t s  c a n  b e  summarized into four s ignif icant  c a s e s ,  in  e a c h  of which it 

is required tha t  t h e  reactor b e  subcri t ical .  T h i s  is shown in T a b l e  I.C.8.* 

Certain mechanical  fa i lures  c a n  b e  ant ic ipated,  s u c h  a s  t h e  jamming of a control p l a t e  during t e s t i n g  
L 

prior to s tar tup (see event  2.2.3 above), which might require undue reduction of the  shutdown margin in  

order t o  remove t h e  target  and  fuel  e lements .  B e c a u s e  of the f ixed geometry of t h e  core ,  t h e  u s u a l  re- 

s e a r c h  and t e s t  reactor procedures  of removal of individual fuel  e lements  would not b e  poss ib le .  If  s u c h  

a s i tuat ion occurs ,  it may b e  n e c e s s a r y  t o  employ temporary poisons** to e n s u r e  a n  adequate  rnargih 

during t h e  removal of the  target  and t h e  fuel. If necessary ,  t h i s  c a n  b e  accompliqhed by t h e  inser t ion of 

poison s t r ips  i n  the  fuel e lements  o r  by  t h e  addition of poison to the reactor water. T h e  inser t ion of poi- 

son  s t r i p s  appears  most d e s i r a b l e  a s  i t  d o e s  not require c leaning up t h e  coolant  af ter  use ;  techniques 

n e c e s s a r y  for inser t ion of t h e  s t r i p s  a r e  being developed and wil l  be  demonstrated during t h e  preneutron 

t e s t s  on t h e  assembly.  

*Further discussed in answer 20. 
**Further discussed in answer 22A. 
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. .  Table  I.C.8. Cases for Which Core Must Be Subcritical 

C a s e  Events  Control P l a t e  Posit ion F lux  Trap  Condition 

I 2.2.1 and 2.2.2 All  p la tes  fully inser ted  Optimum void, no target 

II 2.2.1 and 2.2.3 Four p l a t e s  inserted,  any Optimum void, with target 
one p la te  fully withdrawn 

III 

IV 

2.2.1 and 2.2.4 Three  out  of four scram 
from cr i t ica l  

2.2.5 Three out of four scram 
from crit ical ,  one shim 
safety fully withdrawn 

Optimum void, with target 

No void, with target 

2.3 Measurement of Shutdown Margin 

In order for the  cr i ter ia  for shutdown margin t o  have  s igni f icance  in  terms of reactor  operat ion,  it is 

n e c e s s a r y  t o  have  a high degree of conf idence  that  t h e  cr i ter ia  a r e  being met. T h e  d e t a i l s  of t h e  t e s t s  

which will b e  appl ied t o  e n s u r e  that  t h e  cr i ter ia  a r e  be ing  met h a v e  not been worked out  a t  t h e  present  

time; howe,ver, it  will be required that 'the t e s t s  be  conducted i n  s u c h  a way as  t o  not unduly d e c r e a s e  

t h e  safe ty  of t h e  reactor  during the  t e s t s .  

2.4 Cri t ical  Experiment Results 

.? 

Experimental da ta  a s s o c i a t e d  with HFIR control p la te  worth and shutdown margin were  obtained from 

a s e r i e s  of c r i t i ca l  experiments  (HFIRCE-2 and -3). T h e  most recent  experiments  (HFIRCE-3) were con- 

ducted on a c o r e  that  is ident ica l  to the  f i rs t  production cores  with t h e  except ion of t h e  burnable  poison 

loading and a diametral  dimension. T h e  difference in  t h e  la t ter  is insignif icant ,  but t h e  'OB loading in  

t h e  f i rs t  several production cores is greater  than i n  t h e  HFIRCE-3 core. T h e  control plates u s e d  most 

recent ly  i n  t h e  cr i t ical  experiment a r e  ident ical  to  those  that  will b e  u s e d  i n  t h e  HFIR.  T h e y  contain an 

Eu,O, black region, a tantalum gray region, and an aluminum follower. T h e  worth of t h e s e  rods is ex-  

pec ted  to  b e  s l ight ly  different in  t h e  HFIR than i n  t h e  HFIRCE-3 experiments  b e c a u s e  of a s l ight ly  dif- 

ferent water  content  i n  t h e  control region. 

T h e  target u s e d  i n  t h e  HFIRCE-3 is a mockup of t h e  present  des ign  of t h e  reactor  target  and sim- 

u l a t e s  i t s  most reac t ive  condition. T h e  feed  mater ia l  for t h e  reactor  t a r g e t c o n s i s t s  of 310 g of  P u O ,  

with 1% 239Pu,  1% 241Pu,  and  t h e  rest  242Pu. In t h e  cr i t ical  experiment target  t h e s e  mater ia l s  and 

appropriate daughter products  were s imulated with Ag, 235U, and ',*U. In both ta rge ts ,  t h e  ratio of 

metal (aluminum) to water  is 0.75. 
T a b l e  I .C.9 summarizes  t h e  cr i t ical i ty  measurements  made with t h e  Eu,O,-Ta-A1 p l a t e s  and t h e  

es t imated  maximum cri t ical i ty  condi t ions for t h e  HFIRCE-3 c o r e  and t h e  f i rs t  and second production 

c o r e s  i n  t h e  HFIR. T h e s e  measurements  and e s t i m a t e s  were made  with t h e  control p l a t e  and void con- 

di t ions-noted i n  Table  I.C.8, and therefore  t h e  v a l u e s  s e t  forth a s  t h e  amount of Ak/k subcr i t ica l  may 

b e  regarded as  t h e  e x c e s s  shutdown margin. 

% 

. 
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. Table I.C.9. Excess Shutdown Margin a+.2O0C for Cases I Through I V  of Toble I .C.8 . -  

E x c e s s  Shutdown Margin, k/k 

First Second 

Core ‘ Cored 
C a s e  HFIRCE-38 HFIRCE-3 ‘ Production Production 

I 0.0513 0.0513 0.0538 0.0408 

I1 0 .0363 0.0226 0.0251 0.0121 

I11 0.0235 0.0167 0.0192 0.0062 

-0.0 0.0124 IV 0.0167 0.0099 
~ 

BHFIRCE-3 fuel elements in HFIRCE-3 facility. 
‘HFIRCE-3 fuel elements in HFIR facil ity.  
‘Fuel elements being fabricated by ORNL, installed in HFIR facility. 
dFuel elements being fabricated by vendor, installed i n  HFIR facil ity.  

I 

The  f i r s t  several production cores will contain the same amount of fuel (9.40 kg of 235U) but more 

burnable poison (‘OB) than the  HFIRCE-3 core. The  ‘OB loading of the  inner element of the  first  pro- 

duction core was increased from the  specified 2.12 g for HFIRCE-3 to  3.6 g. The  ‘OB loading for the 

second and subsequent production cores h a s  been set a t  2.80 g. T h e s e  changes were made to accom- 

modate a change in the control region water content and to accommodate possible differences i n  fuel 

and burnable poison loadings. T h e  poison loading for the  f i r s t  production core was based  on the  worth 

of a set of Ag-Ni-A1 control elements, while the loading for t he  second and subsequent cores was  based  

on the  worth of the  Eu,03-Ta-A1 elements, which were not available for the early t e s t s .  In arriving a t  

the amount of boron to  add to the  production cores, i t  was  assumed that t he  HFIRCE-3 cor; had the  l e a s t  

reactive combination of fuel and poison loadings permitted within specifications and that the production 

cores  would have the most reactive combination permitted within specifications. For  this very unlikely 

combination of circumstances, t he  minimum shutdown margin at  room temperature is calculated by ex- 

~ tfapolation of HFIRCE-3 results t o  b e  essentially zero (column headed “Second Production Cored” in 

2 

Tab le  I.C.9). 

2.5 Reactivity Accountability 

A summary of reactivity accountability for a core loading built t o  t he  second production core specifi- 

cations i s  given in Table  I.C.10. The  target referred to in Tab le  I.C.10 is the  target that  was  used in 

t h e  HFIR critical experiments. It contains 8.35 g of 235U, 127.9 g of 238U, and 107.6 g of Ag; the metal- 

to-water ratio (by volume) is 0.75 over the active length of the  target. Considering the  most recent set of 

heavy-element c ros s  sections,  this target corresponds to an init ial  2 4 2 P u  loading of 300 to 480 g, the 

larger value being the  most probable, and the  smaller value being the most conservative insofar a s  posi- 

t i ve  reactivity and heat removal are concerned. At approximately 0.4 year of irradiation the  Pu  target 

will haye i t s  maximum concentration of 245Cm and thus i t s  maximum positive reactivity effect on the core. 
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Toble I.C.10. Summary of Reactivity Accountobility for the Second Production Core 

I 

. ~~ 

Parameter 

Reactivity (A k) 
Time in Cycle (days) 

0 2 14 

Fuel worth with following core conditions: 
no boron burnable poison; no. target; no 
Be poisoning; zero power a t  7OoF 

Boron burnable poison 

Temperature .deficit (evaluated with the 
HFIRCE-3 target,b zero power a t  70°F to 
100 Mw) 

Simulated plutonium target, based on 
HFIRCE-3 targetb 

Maximum (time zero and again at  0.4 year) 
Minimum (0.1 year) 

. 

1 3 5 ~ e  + l4’sm (at power) 

All fission products 

Be poison (6Li + 3He) 

Time zero 
0.2 year 
5 years 

Beam tube flooding 

Fuel loading tolerance (51%) 

Boron loading tolerance (*lo%) 

Fuel distribution tolerance (*lo%) 

, .  

0. 135a 

-0. 050a 

-0.004 

+ O.OOaa 
-0.001 

0 

0 

Oa 
-0.013 
-0.016 

- 0  

~0.0015 

f0.0038 

k0.0054 

-0.037 

-0.049 

-0.053 

-0.009 
- 

-0.053 

-0.086 

Boron distribution tolerance ( 535%) 

Minimum keff-l  (clean core, 100 Mw) 

Typical nominal keff-l  (clean core, 70°F) 

Maximum keff-l  (clean core, 7OoF) 

50.0023 

0.054 

0.093 

0.106 

aThese reactivities used for “typical nominal” case.  
bSee text for description of target. 

If the  ini t ia l  target  loading contains  3 g of 239Pu and 3 g of 241Pu in  addition to  the 242Pu, t he  reactiv- 

i t y  effect of the clean target will b e  the  same a s  the  above 0.4-year target. 

T h e  use  of a burnable poison in  the  HFIR introduces the  possibility of achieving a higher neutron 

multiplication factor  i n  a partially burned core than in a clean core because  of burnable poison burnup. 

Such a c a s e  might ex is t ,  depending on how much reactivity is ini t ia l ly  controlled by  the  burnable poison, 

i f  the  partially burned core is set a s i d e  for decay of the  xenon. Fo r  the  present HFIR des ign  the  burn- 

a b l e  poison loading is small enough so that  for a l l  conditions the  maximum neutron multiplication factor 

ex i s t s  a t  the  beginning of t he  fuel cycle. 
, 

. 
? 

c 

P 

I .  
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Another time-dependent var iab le  tha t  a f fec ts  t h e  react ivi ty  of the  c o r e  is t h e  poison (6Li, 3He) con- 

centration i n  t h e  beryllium reflector. A s  indicated by T a b l e  I.C.10, most  of t h e  poison buildup t a k e s  

p l a c e  in the  f i r s t  t w o  or  th ree  months. If t h e  innermost portion of t h e  beryllium reflector (removable re- 

flector) is used  without replacement for more than about th ree  months, t h e  poison wil l  resu l t  i n  a very 

s ignif icant  d e c r e a s e  i n  c o r e  lifetime compared to t h a t  ach ievable  with “c lean”  beryllium. The  reason 

for  t h i s  is that the  beryllium poison d o e s  not-contribute s ignif icant ly  t o  t h e  shutdown margin s i n c e  i t  is 

loca ted  outs ide  of t h e  already “black” control region. At the  end of t h e  fuel  c y c l e  t h e  beryllium poison 

will,  of course ,  cap ture  neutrons t h a t  o therwise  would b e  ref lected to  t h e  core. Thus ,  i t  is not p o s s i b l e  

t o  ta i lor  either t h e  fuel  or burnable poison loadings separa te ly  to  compensa te  s ignif icant ly  for the  beryl- 

lium poison buildup; t h i s  must b e  done  by replacing t h e  removable beryllium reflector periodically or  by 

adding  both fuel and burnable  poison. 

T h e  amount of react ivi ty  permitted i n  a particular core  assembly will depend upon t h e  worth of t h e  

Eu,O,-Ta-Al control p la tes ,  and t h e  minimum permissible  p l a t e  worth will depend upon t h e  economics  

a s s o c i a t e d  with t h e  decreas ing  c o r e  life as  t h e  control p l a t e  worth d e c r e a s e s .  It is es t imated  t h a t  at 

least 50 Mwyr of operation will b e  required to s ignif icant ly  reduce . the  integral  worth. After t h a t  time 

t h e  change from s u c c e s s i v e  c o r e  loadings will b e  very smal l  and readi ly  checked with the  s tandard  con- 

trol p l a t e s  and core’’ or by o ther  means.  

APPENDIX D 

MAXIMUM ENERGY RELEASE FROM CORE FLOW BLOCKAGE IN THE HFIR* 

1. Introduction 

T h e  flow blockage acc ident  for t h e  HFIR c o r e  h a s  been analyzed for  t h e  maximum energy r e l e a s e  . which could reasonably resul t .  T h i s  accident  is defined, for t h e  purposes  of a n a l y s i s ,  as t h e  ins tan-  

t a n e o u s  c e s s a t i o n  of flow and t h e  corresponding convect ion cool ing  of some or  all of t h e  fuel element 

plates in  the HFIR core.  F o r  a conserva t ive  resul t ,  all instrumented shutdown and power se tback  mech- 

an isms  such  as  a decreased  flow s igna l  o r  high f i ss ion  product ac t iv i ty  a r e  assumed not to  operate;  and 

shutdown react ivi ty  must therefore  or iginate  from a self-shutdown mechanism. T h e  la t te r  assumption is 

made not b e c a u s e  t h e  operat ion of such  power-limiting mechanisms is doubtful, but i n  order t o  circumvent 

t h e  ques t ions  of whether or not such  mechanisms h a v e  “safe ty  sys tem” rel iabi l i ty  and t h e  t i m e  response  

of s u c h  mechanisms af ter  a flow blockage.  

. 

The p o s s i b l e  consequences  of a n y  flow blockage i n  t h e  HFIR core include meltdown and dis tor t ion 

of fuel  p l a t e s  within about  a s e c o n d  b e c a u s e  of t h e  high power dens i ty  at full 100 Mw (thermal) power 

‘’The core and EuzO,-Ta-Al control p la tes  used in  the HFIRCE-3 experiments, and which will be  used to 
attain init lal  criticality in the HFIR, will not be operated at  a high power and will be  preserved a s  “standards” 
for u s e  in future t e s t s  to he lp  determine the sources  of changes in reactivity observed in the reactor. . 

*Appendix I and question 55 further consider energy r e l eases  from the aluminum-water reaction. 
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l eve l .  T h e  main concern is for a flow blockage of a small  portion of t h e  core  s u c h  that  t h e  nega t ive  re- 

act ivi ty  e f f e c t s  may not  prevent suff ic ient  energy accumulation t h a t  t h e  A1-H 2O react ion could occur  t o  

a s ignif icant  extent .  T h e  e x a c t  s e q u e n c e  of events  leading up to a mechanism terminat ing th,e full power 

generation for s u c h  a -situation cannot  b e  s ta ted  with cer ta inty.  However, S P E R T  t rans ien t  t e s t s  with 

aluminum-clad, plate- type fuel  e lement  c o r e s  provide information on  t h e  dominant self-shutdown mecha- 

n isms  for such  cores .  Also, t h e  S P E R T  I des t ruc t ive  t e s t  s e r i e s  g i v e s  va luable  ins ight  to the character  

of t h e  energy re lease  and consequent  core  damage a s  t h e  rate  and amount of energy generation a r e  in- 

c reased .  

R e s u l t s  of in-pile and out-of-pile research  on metal-water react ion propagation provides  a b a s i s  for 

es t imat ing t h e  maximum credib le  energy re lease  from aluminum-water react ion following a f low blockage.  

Us ing  conserva t ive  e s t i m a t e s  of t h e  self-shutdown mechanisms of t h e  HFIR c o r e  coupled with unreal is-  

t i ca l ly  high energy r e l e a s e  v a l u e s  per fuel  plate ,  t h e  maximum credib le  energy accumulat ion which could 

dynamically load t h e  HFIR p r e s s u r e  v e s s e l  is determined. 

, 

2. Energy Sources 

Potent ia l  s o u r c e s  of energy c a u s i n g  hea t ing  in  blocked regions of t h e  core  a r e  f i s s i o n  hea t  and chem- 

ical energy both from the reaction between aluminum and U 3 0 8  i n s i d e  t h e  fuel e lement ,  and between t h e  

aluminum cladding and H ,o coolant .  Minimum temperatures  a t  which a s ignif icant  chemical  reaction is 

bel ieved t o  occur  a r e  1500°F2 and 2138OF (1170°C)3 for t h e  A1-U308 and Al-H,O reac t ions  respect ively.  

T h e  Al-H,O reaction also usua l ly  requires molten aluminum t o  b e  d ispersed  as small  d rople t s  or vapor- 

ized  metal into steam or water  for t h e  reaction to proceed t o  a s ignif icant  extent .  

175OoC (3128O) is required for essent ia l ly  complete  react ion.  

A temperature  of 

Potent ia l  energy r e l e a s e  v a l u e s  ca lcu la ted  for  a n  average  power fue l  e lement  p l a t e  a r e  shown in 

T a b l e  I .D. l .  T h e  “ f i ss ion”  source  w a s  based  on t h e  hea t  c a p a c i t y  of a p la te  between 230°F (110OC) 

and 2138OF (117OOC) o r  3128OF (175OOC) assuming t h e  p l a t e s  were all aluminum. T h e  230°F tempera- 

ture  is a mean fuel  temperature  for  a n  average  power locat ion.  

fore  the  energy accumulat ions required i n  an average  fuel e lement  p l a t e  before any  o r  complete  Al-H,O 

reaction c a n  occur .  

T h e  “f iss ion” energ ies  l i s ted  a r e  there-  

T h e  A1-U308 reaction energy w a s  obtained from t h e  maximum credible  energy r e l e a s e  v s  weight  per- 

cen t  aluminum i n  ref. 2, us ing  t h e  fuel element “meat” composi t ions of 65 and 60 weight  percent  alumi- 

num for t h e  inner and outer f u e l  e lements .  Using j u s t  t h e  aluminum i n  t h e  “meat” is the  most rea l i s t ic  
, 

‘Hydrogen genera ted  by any  A1-H20 reac t ion  is a l s o  a poten t ia l  energy s o u r c e  if i t  would r e a c t  with oxygen.  
However, no mechanism e x i s t s  whereby any  hydrogen t h u s  formed could  c o n t a c t  oxygen; therefore  no  energy 
from hydrogen reac t ion  w a s  cons idered  i n  the fol lowing a n a l y s i s  of the pressure  v e s s e l  integri ty .  

*J. D. F leming a n d  J.‘ W. Johnson,  Exothermic  R e a c t i o n s  i n  AI-U 0 

3L. J. E p s t e i n ,  VII: R e a c t o r  S a f e t y  A s p e c t s  of Metal-Water R e a c t i o n s ,  GEAP-3335.  
4 

Composi tes ,  Georgia  Ins t i tu te  of 3 8  Technology.  

R. 0. Ivins ,  I. J.  T e s t a ,  and P. Krause ,  “Studies  of t h e  Aluminum-Water R e a c t i o n  i n  T R E A T , ”  Chemica l  
Engineer ing  Div is ion  Summary Report ,  October ,  November, December,  1962, ANL-6648, p. 201  (1963). 

R a m p  R e a c t i v i t y  Addit ions,  CF-63-5-45 (May 9,  1963). 
5N. Hilvety,  R. D. Cheverton,  and  0. W. Burke, Prel iminary A n a l y s i s  of HFIR T r a n s i e n t s  R e s u l t i n g  from 

i 
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Table I .D . l .  Potential Energy Releases Following H F l R  F low Blockage Accident for One Fuel Element Plate 

‘Source 
Energy (Mwsec) 

Inner Fue l  Outer F u e l  
I Comments 

Element Element 

F i s s ion  hea t  to allow any Al-H,O reaction 0.268 . 0.244 Based  on total  enthalpy change from 230 to 
2138’F of 659 Btu per pound of Al; p la te  
assumed to b e  a l l  aluminum 

Fiss ion  hea t  to allow complete Al-H,O 0.384 0.350 Based  on enthalpy change from 230 to 3182% 
of 944 Btu per pound of Al; plate assumed 
to be  a l l  aluminum 

reaction a t  1750’C (3182’F) 

A1-U308 reaction 0.0358 0.0438 Based  on A1-U308 composition in the “meat” 

Al-H,O reaction 

/ 

1.116 1.016 Based  on 4.2 kca l  per gram of AI hea t  of 
reaction, and  reaction limited by amount of 

’H,O available in  one coolant channel 

case and also g i v e s  t h e  h ighes t  energy r e l e a s e  s i n c e  the  energy r e l e a s e  d e c r e a s e s  with\ increas ing  alu-  

minum weight percent in  t h e  region of interest . ’  T h e  energy v a l u e s  i n  T a b l e  I.D.l show that  t h e  potential 

energy re lease  from t h e  A1-U308 reaction is small  compared with t h e  f i ss ion  h e a t  required. 

T h e  Al-H,O reaction h a s  a hea t  of reaction of 4.2 kca l  per gram of aluminum and proceeds according 

t o  

2 A 1 + 3 H 2 0 / A 1 , 0 , + 3 H , .  

T h i s  highly exothermic react ion h a s  rapid energy r e l e a s e  capabi l i t i es  (in t h e  multimillisecond range) 

when a s ignif icant  fraction (>30%) of t h e  avai lable  aluminum reac ts .  4 r 6  Invest igat ion of t h e  amounts  of 

water  in  a coolant channel  and aluminum as  cladding showed tha t  -75% of t h e  cladding could b e  reac ted  

by  water  in  an ad jacent  coolant  channel .  S ince  some of the water  would b e  removed by vaporization i f  

c ladding temperature e x c e e d s  117OoC, a conservat ive (high) estimate of t h e  potent ia l  energy r e l e a s e  per  

p l a t e  w a s  based  on t h e  amount of water  ava i lab le  i n  a coolant  channel .  F rom T a b l e  I.D.l, the  Al-H,O 

reaction potent ia l  energy r e l e a s e  of about  1.1 Mwsec per  p l a t e  is the dominant energy source.  

3. Determination of the Maximum Credible Energy Release 

In th i s  sect ion,  the  rat ionale  for and determination of t h e  maximum credible  energy re lease ,  that  i s ,  

a r e l e a s e  obviously conserqa t ive  on a rea l i s t ic  b a s i s ,  a r e  presented.  T h e  maximum credib le  energy re- 

lease is determined by t h e  maximum credible  fraction of t h e  core  that  could contribute maximum credib le  

energy release.  In determining t h e  maximum credib le  energy r e l e a s e  per  plate ,  t h e  main quest ion is the  

extent  of Al-H,O reaction to b e  included. In order t o  apprec ia te  t h e  development of a maximum credib le  

6R. 0. Ivins, I. J. Tes ta ,  and P. Krause, ‘‘Studies of the Aluminum-Water Reaction in TREAT,9y Chemical 
Engineering Division Summary Report,  January, February, March, 1963, ANL-6687, p. 179. 
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energy re lease ,  i t  is important to understand t h e  difference between a flow b lockage  of a very small  f rac-  

tion of the  core  (several p la tes )  and a blockage of a la rge  fract ion of t h e  core. 

I 
3.1 Small Flow Blockage 

A small enough blockage wil l  not ini t ia l ly  develop suff ic ient  shutdown react ivi ty  to reduce t h e  re- 

actor  power. T h e  fuel  p la te  temperature  wil l  then cont inue to i n c r e a s e  beyond t h e  melt ing point  and wil l  

reach temperatures (> 1170°C) where A1-H ,O reaction could occur .  Appreciable  A1-H ,O react ion requires  

small molten drople t s  or vaporized metal  t o  b e  d ispersed  in to  water  or s team, as shown by  T R E A T  ex.- 

periments with S P E R T  I 4  and SL-16 fuel  p la tes .  

- 
A nonexplosive t y p e  of reaction involving a small fraction of t h e  molten aluminum would resul t  if t h e  W 

molten aluminum were not d i spersed  in to  small  (<200-mil-diam) par t ic les ,  or no react ion as i n  t h e  case of 

t h e  WTR fuel meltdown incident .  T h e  upper limit on a p la te ' s  energy r e l e a s e  from the  A1-H ,O react ion 

for t h i s  s i tuat ion would b e  about 1.1 Mwsec per p l a t e  (see T a b l e  I.D. 1) s i n c e  some of t h e  water  i n  adja-  

c e n t  coolant  channels  will cer ta inly have  vaporized i f  the cladding temperature approaches  117OOC. 

T h e  termination of a smal l  flow blockage incident  would probably b e  through operator ac t ion  b a s e d  on 

increased  f i ss ion  product ac t iv i ty  in  the  primary coolant  water, t h e  unusual  react ivi ty  c h a n g e s  occurring, 

or  changes  in  other  var iab les  ref lect ing the  c o r e  operat ing condition. In any  event ,  s u c h  a n  incident  

would probably c a u s e  flow b lockage  i n  at l e a s t  t h e  severa l  ad jacent  coolant  channels  d u e  to p l a t e  d i s -  

tortion and melt ing and p r e s s u r e  from steam formation. Spreading of flow blockage could genera te  suff i -  

c ien t  negat ive react ivi ty  to overr ide t h e  ,maximum reactivity addition ava i lab le  to t h e  servo-control (i.e., 

o n e  dollar) and terminate full-power operation. An es t imate  of t h e  fract ion of t h e  c o r e  involved in  over- 

hea t ing  is b a s e d  on overriding a o n e d o l l a r  react ivi ty  addi t ion and is shown i n  T a b l e  I.D.2. T h e  nega-  

t i v e  react ivi ty  change  is es t imated  by  assuming a fuel temperature  i n c r e a s e  from 230 to 2138OF and w a t e r  

temperature i n c r e a s e  from 180 to 470°F (for 525  p s i a  pressure); no s team void formation is assumed.  

T h e  resulting 9.6% of t h e  core, equivalent  t o  about 5 2  fuel  p la tes ,  i s  therefore a reasonable  e s t i m a t e  of 

t h e  h ighes t  fraction of t h e  core  which could genera te  s ign i f icant  Al-H,O react ion energy. T h e  maximum 

energy r e l e a s e  per p l a t e  for t h i s  case is obtained from t h e  f i ss ion  h e a t  to reach 3182OF (175OOC) and t h e  

Al-H,O and Al-U,O, reaction energy r e l e a s e  i n  T a b l e  I.D.l for a total  of approximately 1.5 Mwsec per 

plate. T h e  maximum energy re lease ,  therefore, for t h e  small flow blockage case is 52 p l a t e s  x 1.5 
Mwsec per plate ,  o r  78 Mwsec. 

0 

/ 

3.2 Large Flow Blockage 

T h e  previous sec t ion  dea l t  with flow blockage which did not resul t  i n  self-shutdown from full-power 

operation before some Al-H,O react ion could h a v e  occurred. A large flow blockage,  on t h e  o ther  hand, 

s h a l l  b e  considered t o  ini t ia l ly  involve a suff ic ient  fraction of t h e  c o r e  that  no AI-H 2O reac t ion  occurs ,  

tha t  is, p la te  temperatures  a r e  limited to a maximum of 117OOC. T h e  in i t ia l  flow b lockage  wil l  probably 

spread,  a s  i n  t h e  smal l  blockage c a s e ,  t o  a t  least t h e  ad jacent  coolant  channels .  , 

7"Westkghouse Testing Reactor Incident," Nucf. S a f e t y  2(2), 70-73 (December. 1960). 

e 
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Table I.D.2. Computation of Fraction of Core Required to Override One-Dollar Reactivity Addition 

from Servo-Control Action Following Small F low Blockage 

Fraction of core involved to produce 8 k  = -0.7% is 0.7%/7.3% = 0.096 of core 
Number of fuel plates involved = 540 plates x 0.096 = 52 plates 

n, 

n, 

Condition Fuel  Plate  Coolant 

~ 

Comments 

Temperature change 230 to 2138OF 180 to 470°F See text 

Reactivity coefficient - l O - ' / O F  -10-4/0F a t  170°F Coolant coefficient increases  with 
temperature a s ~ a  function of water 
density change with temperaturea 

Change in  criticality (yo 6k) 2.0 5.3 
~~ ~ 

"J. G. Crocker e t  at., Nuclear Startup of the SPERT IV Reactor, IDO-16905, p. 32 (July 24, 1963). 

The  estimation of the  maximum credible fraction of the  core releasing t h e  maximum credible energy 

per fuel plate is shown i n  Table  I .D.3.  This  fraction has  been made ultraconservative, and hence a max- 

imum credible value, by using only negative reactivity from the  coolant and ignoring the  negative reac- 

tivity contribution from the fuel. Coolant temperature rise is assumed to 525 ps i a  saturation temperature 

(470°F), and a conservative value for the  reactivity coefficient of the water is a lso  used. No steam void 

effects a re  assumed. Local pressure in the HFIR core will always be above 525 ps ia  during 100-Mw op- 

eration; so the  coolant temperature rise before boiling begins will b e  higher than 470°F. Also the as- 

sumption that no boiling will occur adjacent t o  fuel p la tes  a t  temperatures up to 117OoC is obviously 

conservative with respect t o  the  negative reactivity generated. About 24% of the core involving 130 fuel 

p la tes  results a s  the maximum credible fraction of the core blocked with self-shutdown preventing any 

Al-H,O reaction. 

Table I.D.3. Computation of Fraction of Core 

Required to Override One-Dol lor Reactivity Addition 

from Servo-Control Action'Follawing 

Large F low Blockage 

Fraction of core involved to produce - 8 k  = -0.7% is 0.7/2.9 = 0.24 of core 

Number of fuel plates involved = 540 
plates x 0.24 = 130 plates 

Condition Coolant Comments 

3 

. 

Temperature 180 to 47OoF Negative , 

change reactivity 
Reactivity - ~ o - ~ / O F  contribution 

coefficient 

Change i n  2.9 
criticality, % 8 k  , 

from 
fuel 
ignored 
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The  final s t ep  in determining the  maximum credible energy re lease  for a flow blockage is t o  determine 

the maximum credible energy re lease  per plate when combined with the  130 pla tes  from Tab le  I.D.3. The  ’ 

energy release per plate of about 1 .4  Mwsec from Table I .D.l  for a temperature limited to  2138’F is obvi- 

ously conservative s ince  i t  includes all the A1-H 2O reaction energy for a situation where th i s  reaction 

could not contribute to the  energy release. Therefore the  combination of 130 plates,  each  releasing 1 .4  

Mwsec, yields a maximum credible energy release of 182 Mwsec. 

3.3 Energy Release Time Scale 

The t i m e  scale of the  energy re lease  would be in  the  millisecond range for the A1-H20 reaction or a 

steam explosion. Microsecond re lease  times s imi l a r  t o  TNT explosions are not possible; however, much 

slower release times are very likely for limited A1-H20 reaction. T h e  heat release from afterheat of 

melted fuel plates would not contribute to  the energy in a millisecond pressure wave because  of t he  large 

heat removal available in the  core coolant flow once the power is reduced. Therefore the  shortest  release 

time, which results in the  most damaging pressure wave, from a core flow blockage would b e  in the mi l l i -  

second t i m e  range. 

4. Summary 

T h e  preceding ana lys i s  h a s  been presented to  establish a maximum credible energy release following 

a flow blockage of the HFIR core. As  d iscussed  earlier in  th i s  report, the “maximum credible” terminol- 

ogy does  not connote a realist ic or credible value or circumstance. T h e  maximum credible energy re lease  

determined in th i s  report is therefore incredibly high s i n c e  i t  is based-on an incredibly high fraction of 

t he  core releasing all  the  available A1-H20 energy. The  fraction of t h e  core involved in the  maximum 

credible energy release of 182 Mwsec is 24%. 

APPENDIX E 

MAXIMUM PERMISSIBLE CONCENTRATIONS OF THE TRANSURANIC ISOTOPES 

The data presented in Table  I.E. 1 have been taken from the Transuranium Quarterly Progress  Report 

for Period Ending February 28, 1962, ORNL-3290, and a re  occupational tolerances l i s ted  for a 40-hr week. 

. 
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Table  I .E. l .  Maximum Permissible Concentrations 

. 

Specific 
Nuclide Critical MPCw Critical MPC, Critical Value Activity 

Water Air Body Burden 

Organ (pc/cm3) Organ (pc/cm3) Organ ( p )  (curies/g) 

238% 

a 239Pu 
240Pu 
Z 4 1 P U  

242Pu 
243Pu 

24 5Pu 

244% 

'"Am 
242mAm 

24  'Am 
3Am 

244mAm 

244Am 
245Am 

2 4 2 ~ m  
2 4 3 ~ m  

2 4 4 ~ m  
2 4 5 ~ m  
2 4 6 ~ m  

2 4 7 ~ m  
24SCm . 

2 4 9 ~ m  

'"Bk 
"OBk 

249cf 
250cf 

2s2Cf 
3Cf 

2s4cf 

Cf 2 5  1 

253Es 
254mEs 

254Es 
255Es 

4 F m  
"Fm 

2 s 6 F m  

Bone 
Bone 
Bone 
Bone 
Bone 
GI tract 
Bone 
GI tract 

Bone 
Bone 
GI tract 
Bone 
GI tract 
GI tract 
GI tract 

GI tract 
Bone 
Bone 
Bone 
Bone 
Bone 
Bone 
GI tract 

GI tract 
GI tract 

Bone 
Bone 
Bone 
GI tract 
GI tract 
GI tract 

GI tract 
GI tract 
GI tract 
GI tract 

GI tract 
GI tract 
di tract 

1.53 1 0 - ~  
1.35 
1.35 1 0 - ~  
7.14,~ 
1.42 1 0 - ~  
1.21 x 10-2 
1.27 
1.35 x 1 0 - ~  

1.27 
1.27 1 0 - ~  
2.73 
1.26 1 0 - ~  

9.10 

7.05 
1.57 1 0 - ~  
2.14 1 0 - ~  
1.02 1 0 - ~  
1 . 0 2 ~  1 0 - ~  
1.07 1 0 - ~  
1.32 x 1 0 - ~  

\ 

5.08 x lo-' 

1.67 x lo-' 

8 . 2 5 ~  lo-' 

0.140 
9.62 x 1 0 - ~  

1 . 2 4 ~  1 0 - ~  
3.53 1 0 - ~  
1.17 x 1 0 - ~  
2.53 1 0 - ~  
4.14 
1.22 

6 . 3 5 ~  1 0 - ~  
5.40 
6 . 7 0 ~  1 0 - ~  
6.91 x 1 0 - ~  

1.70 x 1 0 - ~  
7.72 1 0 - ~  
1.25 x 1 0 - ~  

Bone 
Bone 
Bone 
Bone 
Bone 
GI tract  
Bone 
GI tract 

Bone 
Bone 
Liver 
Bone 
Bone 
Bone 
GI tract  

Liver 
Bone 
Bone 
Bone 
Bone 
Bone 
Bone 
Liver ' 

Bone 
Bone 

Bone 
Bone 
Bone 
Bone 
Bone 
Bone 

Bone 
Bone 
Bone 
Bone 

Bone 
Bone 
GI tract  

2.02 x 10-12 
1.79 x lo-'' 
1.79 x lo-'' 
9.42 x lo-" 
1.88 x 10-l' 
2.14 x 
1.68 x lo-'' 
2 . 3 9 ~  1 0 - ~  

5.57 x 10-12 
5.57 x 10-12 
3.93 x 10-8 

3.99 x 10-6 
1.73 1 0 - ~  

1.19x 10-10 

5.56 x lo-" 

2.96 x 

6.88 x lo-'' 
9.40 x lo-'' 
4 . 5 0 ~  lo-'' 

4.71 x lo-'' 
4.49 x 10-12 

5.81 1 0 - l ~  
7.51 x 

7.76 x lo-'' 
1.37 1 0 - ~  

1 . 6 4 ~  10-l' 
4 . 6 6 ~  lo-'' 
1.55 x lo-'' 
6.83 x lo-'' 
8 . 2 4 ~  10-l'~ 
5.42 x 10-l' 

7.44 x 10-10 
4.87 x 
1.84 x 
6 . 0 7 ~  lo-'' 

6.03 x lo-* 
1.63 x lo-' 
2.21 1 0 - ~  

Bone 
Bone 
Bone 
Bone 
Bone 
Bone 
Bone 
Bone 

Bone 
Bone 
Liver 
Bone 
Bone 
Bone 
Liver 

Liver 
Bone 
Bone 
Bone 
Bone 
Bone 
Bone 
Liver 

Bone 
Bone 

Bone 
Bone 
Bone 
Bone 
Bone 
Bone 

Bone 
Bone 
Bone 
Bone 

Bone 
Bone 
Bone 

0.046 
0.045 
0.045 
0.990 
0.048 
7.23 
0.043 
3.04 

0.054 
0.067 
0.064 
0.044 
0.179 
0.180 
11.6 

0.047 
0.092 
0.104 
0.043 
0.043 
0.044 
0.005 
0.827 

0.600 
0.045 

0.041 
0.041 
0.039 
0.015 
0.036 
0.00075 

0.0368 
, 0.0196 
0.02 17 
0.036 1 

0.0202 
0.0362 
0.00076 

, 17.4 
0.061 
0.227 

112 
3 . 9 0 ~  1 0 - ~  
2 . 5 9 ~  lo6 
1.93 x lo-' 
1.21 x 106 

3.24 
9.73 

8.10 x lo5 

2.97 lo7 
0.192 

1 . 2 7 ~  lo6 
6 . 4 0 ~  lo6 

3.32x io3 
52.6 
83.3 
0.157 
0.265 

3 . 6 2 ~  1 0 - ~  
3.07 1 0 - ~  
1.18x io7 

1 . 6 7 ~  lo3 
3.89 x lo6 

3.59 
1.31 x 10' 

1.78 
5.57 x lo2 
2.87 io4 
9 . 1 9 ~  lo3 

2.58 io4 
3.17 io5 
1.07 lo3 
2.14 x io4 

5 . 7 2 ~  io5 
4.59 x lo6 

3.81 x lo6 

. 
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APPENDIX F 

MISCELLANEOUS CALCULATIONS ' 

1. Calculation of the Initial Iodine Dose Rate Within the Building 

T h e  ini t ia l  thyroid d o s e  ra te  per ki lowatt  equivalent  of c o r e  melted is est imated under t h e  assumption 

tha t  t h e  i o d i n e - i s  uniformly dis t r ibuted within t h e  reactor bay,  which h a s  a to ta l  volume of 446,000 f t3  or 

12,630 m '. 
L e t  q.  b e  t h e  number of c u r i e s  of t h e  jth iodine i s o t o p e  re leased  per ki lowatt ;  l e t  K .  b e  t h e  d o s e  de- I I 

l ivered i n  rems per inhaled microcurie, p b e  the  breathing rate ,  and V b e  t h e  bui lding volume i n  c u b i c  

meters .  Then t h e  d o s e  r a t e '  from t h e  r e l e a s e  of 1 kw'equivalent  of t h e  five iodine i s o t o p e s  will b e  

dD - =- P $  K i l  4. . 
dt  V 

j =  1 

F o r  t h i s  calculat ion p is taken  to b e  3 x I O 4  cm3/min, which is somewhat higher  t h a n  tha t  for s tand-  

ard man, but h a s  been s e l e c t e d  to compensate  for  the  p o s s i b l e  e f fec ts  of exci tement  and heightened a c -  

t ivi ty  during the  incident. T h e  va lues  of K .  and qj are  those  given i n  T a b l e  I.A.2 of Appendix A. T h u s  

t h e  iodine d o s e  rate  becomes 
I 

dD - 
dt 

= 132.4 rems kw- min- ' . 

B e c a u s e  only 50% of t h e  iodine is re leased  from t h e  melted fuel, t h i s  may b e  reduced t o  61.2 rems kw- ' 
min". 

2. Calculation of the External Dose Rate Within the Building 

F o r  t h i s  purpose t h e  reactor bay is considered to b e  a cyl inder  having t h e  s a m e  length (33.5 m) as 

t h e  reactor bay, but t w i c e  t h e  volume. T h e  volume source  term i s  obtained by  dividing t h e  ac tua l  bui lding 

volume into t h e  total  number of c u r i e s  of iodine and noble  gas re leased  per kilowatt and multiplying t h e  

' r e s u l t  by  3.7 x 10" d i s  cur ie- '  sec-'. 
\ 

T h e  d o s e  ra tes  a r e  then  found on t h e  a x i s  of t h i s  cylinder and reduced by a fac tor  of 2 in  order to ap- 

proximate t h e  d o s e  r a t e s  expected near  t h e  floor or near  the  roof of t h e  building. 

Let q .  b e  t h e  number of c u r i e s  of t h e  j th  i so tope  re leased  ini t ia l ly  into t h e  building; l e t  V b e  t h e  ac- 
I 

tual  building volume i n  c u b i c  cent imeters ,  L b e  t h e  length of t h e  building i n  cent imeters ,  and R b e  the  

rad ius  (cm) corresponding to twice t h e  actual  building volume. T h e  radiat ion f lux a t  ground l e v e l  at o n e  

end  of t h e  building is given approximately by 

. " 

. 

'See ref. 4, Appendix A. 

e 

. 
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R 

2r dr dx = 0 . 3 6 6 z q j [ L l n ( ,  ' R 2  L 2  + L 2  

I 
I r ' t  tr ,  - x)' 

and a t  t h e  center  of t h e  bui lding by 

2R " 1 -  2r dr dx e0.732 c q j [ : l n (  R 2  L2,4 + L2/4  ) + 2 R t a n - ' -  

4 v  r 2  + ( L  - x)' *c  = 

i 

In t h e s e  computations L'= 3350 c m  and R = 1550 cm. Consequent ly  the  radiation f luxes become 

+ = 1 . 8 ~  1 0 3 c q j ,  E 
i 

T h e  value of qj is obtained by taking one-half t h e  sum of t h e  iod ines  and, the  sum of all t h e  
i 

gamma-emitting noble g a s e s ,  b e c a u s e  only 50% of t h e  iod ines  a r e  considered to l e a v e  the  affected 

part of the  fuel .  Thus ,  us ing  t h e  d a t a  i n  Appendix A the  value of 1 q, becomes  247 cur ies ,  s o  tha t  
I 

$E = 4.45 x l o 5  photons c m - '  sec-', $rc = 6.50 x l o 5  photons cm- '  sec-' 

In order t o  obtain t h e  d o s e  rate ,  i t  i s ' n e c e s s a r y  to es t imate  t h e  average  gamma energy. T h i s  is 

done by dividing E q j  i n t o  

average energy is about 0.95 M e V .  Now a flux of 1 photon cm-' sec-' having  t h i s  energy corresponds 

to a d o s e  rate  of approximately 1.85 x l o d 6  r /hr .  Hence  the d o s e  ra te  at t h e  end  of the  bui lding is 

ini t ia l ly  about  0.8 r kw-' hr- ' ,  and a t  the  center  of the  building it is about  1 .2  r kw-' hr- ' .  

q j E j ,  where E ,  is t h e  total  energy of the  j th  isotope.2. T h e  resul t ing 

1 
3. Est imate of the Bone Dose from the Target  , 

T h e  d o s e  delivered by the contents  of t h e  HFIR target  under acc ident  condi t ions c a n  b e  est imated 

by  comparing i t  to t h e  quant i ty  of bone-seeking f i ss ion  products  i n  t h e  core. 

f i s s ion  products l i s t e d  i n  T a b l e  I.A.3, Appendix A, c a n  be  expressed  in  t e r n s  of equivalent cur ies  of 
90Sr by d i v i d i n g z ~  q by 44.3, the  va lue  of K ,  for 'OSr. It is found i n  t h i s  way that  the  bone s e e k e r s  

present  in  t h e  HFIR following 15 days '  operation at  100 Mw a r e  equivalent  to 38,750 c u r i e s  of "Sr. 

Now a t  i t s  worst, t h e  potent ia l  bone d o s e  from the  target  is due  almost  ent i re ly  t o  t h e  presence  

T h e  11 bone-seeking 

i i  

of 244Cm,  which reaches  a maximum af te r  about  5 months' irradiation and  thereaf ter  rapidly dec l ines .  

At t h i s  t ime3 a target containing originally 300 g of 242Pu will  contain approximately 11,700 cur ies  
r 

of 244Cm. Since  the  MPC for 244Cm is 31.9 t imes less than tha t  for 90Sr, t h i s  is equivalent  t o  373,000 

cur ies  of 90Sr. Thus  t h e  potent ia l  bone-seeking d o s e  from t h e  target  is about  a n  order of magnitude 

greater  than that  from t h e  f i ss ion  products contained i n  t h e  reactor fue l .  

/ 

. 
\ 

'It is realized that this procedure is quite crude, but i t  suffices for the purpose at hand. 
3H. C. Claiborne and M. P. Lietzke, Californium Production in the High Flux Isotope .Reactor, 0RN.L-CF- 

59-8-125 (August 1959). 
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Part Ha. Safety Review Questions and  Answers 1-41 

ABSTRACT 

Review by the USAEC of the HFIR Safety Analysis,  ORNL-3572 and draft ORNL- 
3573, resulted in two s e t s  of questions.  The  first  s e t  was  developed by the Division 
of Reactor Licens ing  and was  forwarded informally in early June 1965. These  ques- 
tions were answered verbally by the HFIR staff  during meetings with DRL and a sub- 
committee of the Advisory committee on Reactor Safeguards in June 1965. Following 
a July meeting with the ACRS, a request for additional information was  made to  ORNL 
by the USAEC. Forty-one questions were l isted,  with questions 1 through 20  being 
duplicates of,the set d i scussed  with DRL and the ACRS. The  table of contents com- 
prises a l i s t  of the questions,  with answers  given in the body of the report. 

Originally published’as ORNL-CF-65-11-29 (Nov. 12, 1965). 
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1A. It appears  t h a t  t h e  meteorological models appl ied to evaluat ion of the  consequences  of the  
MCA a s s u m e  f la t  terrain. Descr ibe  t h e  appl icabi l i ty  of t h e s e  models  t o  t h e  topographic 
condi t ions i n  the  a r e a  of t h e  s i t e  including t h e  “channel ing e f fec t”  of t h e  val ley with 
rest r ic t ion i n  l a t e r a l  effluent spread,  effect  of impingement of t h e  eff luent  plumes on t h e  
neighboring h i l l s ides ,  and t h e  consequences  of a n  MCA during fumigation condi t ions.  ................. 

B. Evaluate  t h e  consequences  of t h e  MCA a s s o c i a t e d  with leakage  from the  reactor building 
during high-wind s p e e d  conditions. ................................................................................ 

What is the  est imated d o s e  t o  t h e  operators  from t h e  MCA? 

with t h e  various s tabi l i ty  types  (A, B, C,  D, E, F, and G). ...... 

routine operat ions and for acc ident  s i tua t ions  ut i l iz ing t h e  joint frequency da ta?  

... 

C. 

2A. Provide, if avai lable ,  t h e  joint  frequency da ta  for wind s p e e d  and direct ion a s s o c i a t e d  

B. What a r e  the atmospheric  dilution fac tors  used  for es t imat ing  s t a c k  r e l e a s e  r a t e s  for 

C. State  the  wind s p e e d s  and a s s o c i a t e d  e f fec t ive  s t a c k  heights  tha t  were u s e d  t o  
ca lcu la te  t h e  “worst average” dilution factors .  

.................................................. 

.............................. 

. 
..... 

.......................................................................... 

3A. Recent  s t u d i e s  a t  Oak Ridge have  shown that  a relatively large portion of t h e  iodine 
evolving from a fue l  meltdown is i n  a n  organic  form and  is poorly removed by washout ,  by 
silvered-copper mesh,  or by charcoa l  filters. I s  the removal factor  of 2000 claimed in  
t h e  acc ident  a n a l y s i s  cons is ten t  with t h e s e  s t u d i e s ?  ................................................................ .... 

................................ B. 

4A. What experience is ava i lab le  on t h e  manufacture of involute p la tes ,  particularly with 
regard to  maintaining to le rances ,  proper curvature, and  channel  spac ing?  ................ 

B. What t e s t s  wi l l  b e  run t o  de tec t  unbonding b l i s te rs  and fuel  inhomogeneities i n  t h e  

How and with what frequency wil l  t h e s e  f i l ters  b e  tes ted?  .............. 

.......................... fuel  p la tes?  ............ ..................................................................... 

What is the  ca lcu la ted  coolant  veloci ty  to  c a u s e  c o l l a p s e  of t h e  involute fue l  plate? .................. 

combination of tolerances,  flow maldistribution; etc.? ............ 

SA. 

B. What is the  maximum ant ic ipated velocity in  a fuel  channel  under t h e  most adverse  
.................................... 

6A. D i s c u s s  t h e  integrity of t h e  fu s with respec t  t o  f i s s i o n  g a s  buildup and 
........................... burnup of the  burnable poison. ...................................................... 

B. 

C. Could t h i s  c a u s e  binding of t h e  outer fuel  e lement  and t h e  control cyl inder? ................................ 

Provide design de ta i l s  of t h e  at tachment  between the  drive tubes and t h e  shim-safety 
elements .  What a r e  t h e  des ign  and expected s t r e s s e s  a t  th i s  point? ............................................. 

Could p la te  growth due  t o  fuel  burnup cause exceFs ive  def lect ions and s t r e s s e s ?  ........................ 

7. 

8. Provide d e t a i l s  on t h e  des ign  of t h e  hydraulic cyl inder  which l imits  t h e  maximum 
react ivi ty  ra te  a s s o c i a t e d  with any  shim-plate f a i l u i e t o  0.0065 per second ................................. 

Describe t h e  test-program for t h e  inner and outer  control’elements  and their  d r ives  
t o  ensure  proper operat ion,and t o  verify tha t  n o  interference or binding c a n  occur 
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QUESTIONS AND INFORMATION REQUESTS ON THE HFIR 
J 

I 

1A. I t  appears that  the meteorological models applied to evaluation of the consequences 
of the MCA assume flat terrain. Describe the applicability of these models to the 
topographic conditions in the area of the s i t e  including the “channeling effect” of 
the valley with restriction in lateral  effluent spread, effect  of impingement of the 
effluent plumes on the neighboring hil lsides,  and the consequences of an  MCA dur- 
ing fumigation conditions. 

T h e  meteorological model u s e d  t o  eva lua te  t h e  consequences  of t h e  HFIR MCA d o e s  taci t ly  include 

the  assumption of f la t  terrain. T h e  val idi ty  of t h e  model h a s  been d i s c u s s e d  with personnel  of the  U.S. 

Weather Bureau, and they concur  i n  t h e  conclusion that, b e c a u s e  of t h e  low h i l l  profiles and the  broad 

va l leys  (-90 m from val ley floor to hi l l tops - val ley width -1500 m), t h e  only s igni f icant  e f fec t  is the  

marked channel ing of winds u p  and down t h e  va l leys ,  which run in  t h e  northeast-southwest(directi0n. 

T h i s  effect ,  which can  be  observed  by referring to  T a b l e  I.A.5 i n  Appendix A, is actually beneficial  

b e c a u s e  the d is tances  from t h e  HFIR s i t e  to populated a r e a s  a r e  grea tes t  in  t h e s e  prevailing wind 

directions. 

T h e  d o s e s  on the  hi l l tops are ,  in  general, lower than the  ground-level center-line d o s e s  e x c e p t  in  

cases where the wind is blowing a c r o s s  t h e  hi l ls .  T h i s  la t ter  s i tua t ion  occurs  infrequently and is gen- 

erally t h e  resu l t  of s o m e  externa l  meteorological dis turbance which also resu l t s  in  bet ter  d i spers ion  con- 

di t ions and higher  winds than t h o s e  ut i l ized i n  computing t h e  consequences  of t h e  MCA. In any case, t h e  

hi l l tops s o  affected a r e  unoccupied and a r e  within t h e  AEC-controlled a rea .  Consequently, n o  addi t ional  

hazard is involved. 

T h e  so-cal led “fumigation” condition frequently occurs  for shor t  per iods of time (15 to 30 min) in  t h e  

morning a t  t h e  HFIR site. T h i s  condition is brought about  by t h e  breakup of a n  early-morning inversion 

and is accompanied by f reshening  winds and  good dispers ion.  Observat ions taken a t  ORNL during the  

pas t  year  ind ica te  that  during t h e s e  periods there  i s ,  on t h e  average,  a n  i n c r e a s e  in  wind s p e e d  by a 

factor  of 6.5.  

T h e  d o s e s  under fumigation condi t ions have  been computed a s  follows. I t  is assumed tha t  a ground- 

based  inversion of height  j u s t  s l igh t ly  greater than t h e  s t a c k  height  (76.2 m) e x i s t s ,  and that  th i s  condi- 

tion is accompanied by F-type s tab i l i ty  (moderately stable). T h e  d o s e  at e a c h  point a t  ground leve l  

downwind is then computed u s i n g  P a s q u i l l ’ s  method with the  s o u r c e  term modified as  descr ibed 

i n  Appendix A, but, in  t h i s  case, s u b j e c t  to t h e  constraints  tha t  t h e  e f fec t ive  s t a c k  height, h ,  remains 

cons tan t  at  76.2 m and that  the  va lue  of cz becomes cons tan t  when o, = h / 2  = 38.1 m. The  d o s e  equat ion 
,, 

h a s  t h e  usua l  form: 

‘F. A. Gifford, Jr., U.S. Weather Bureau, personal communication to F. T. Binford, Oak Ridge National 
Laboratory. 
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Here the summation represents the  source  term, and the other factor represents the  dilution due to atmo- 

spheric dispersion. The  subscript  i refers to  the inversion condition, that  is, low wind speed  and F 

stability . 
A s  the inversion breaks up the wind speed  increases  and the dispersion conditions improve - type C 

stability (slightly unstable) h a s  been chosen a s  representative. It h a s  been shown’ that under fumigation 

conditions the dilution factor can  be  appropriately expressed in the form 

1 
(2 7 r )  1 ”Dypp ’ 

where the subscript f is used to designate fumigation conditions, that  is, moderate wind speeds  and C- 

type.stability. The  source term, however, depends upon the previous history of the plume and remains 

essentially unchanged. Consequently, the ground-level dose  under fumigation conditions becomes 

- - X j X / U i  
A . e  

D,= 
( 2 ~ )  *”D u h ’ Yf f 

The dose  under fumigation conditions can be  conveniently expressed in terms of the previously cal- 

culated dose  under inversion conditions, and the changes which take  place in the  dispersion parameters 

and the wind speed: 

U i D  iUzi e + h ’ / 2 ~ ? ~  

U D  f Y f  h 

-b A perusal of Fig. I .A. l  ind ica tes  that  uyi/uyf = 0.33. T h e  wind-speed ratio u i / u f  h a s  previously 

been found to be 1/6.5, and h = 76.2. Therefore 

D J D i  = 8.35 x 1 0 - 4 ~ z i  exp [+2903.22/e i1  . 

Values of D f  following unit release have been plotted for the noble gas  gamma dose  and the  internal 

iodine dose, respectively, in Figs.  11.1.1 and 11.1.2. For comparison, the “worst average,” “most rep- 

resentative,” and “mean” values previously computed and set forth in Pa r t  I have a l so  been included. 

In all cases ,  the computations were performed for infinite exposure and rapid emission. 

It is clear from these  curves that the fumigation case produces essentially the same results as the  

mean value a t  d i s tances  greater than the exclusion area boundary, but that  the fumigation doses  are 

somewhat higher near the  stack. Because  of the  high decontamination efficiency of t he  filters, th i s  is 

of l i t t le or no  concern with respect t o  the  internal iodine dose; however, in the  highly unlikely event of 

a south or southwest wind, the noble gas doses  a t  the main portion of ORNL might be increased by a 

factor of as much as 1.2. Whole-body doses  near the s t ack  base  would, of course, be much higher.. How- 

ever, it is worth noting that, based upon the frequency of inversions in the ORNL area and the  duration 

of the fumigation conditions, the probability per unit t i m e  of a fission gas  release occurring during a 

period of fumigation is about two orders of magnitude less than the probability of such  a re lease  under 

some other s e t  of conditions. 

‘F. A. Gifford, Jr., Nucl:  Safety 2(4), 47-51 (1961). 

. 
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B. Evaluate the consequences of the MCA associated with leakage from the reactor build- 
ing during high wind speed conditions. 

Experience with the ORR containment system leads  t o  the  conclusion that the  HFIR containment is 

adequate to prevent leakage from the  HFIR building even during periods of high wind. 

The  ORR is a mill-type structure and has  a volume of approximately 800,000 ft3. The exhaust rate 

from this building is approximately 6000 c fm under containment conditions, and all of th i s  flow is due 

to leakage at the negative pressure of about 0.3 in. of H,O. In over a year of constant monitoring of 

the differential pressure a t  various points on the building walls,  no  wind-induced decrease of external 

pressure below the internal pressure h a s  ever been observed except when the containment system was  

not in operation. 

The  HFIR is a concrete structure much tighter than the ORR. The  reactor bay contains approxi- 

mately 450,000 ft3, and the exhaust rate is approximately 12,500 c f m .  Most of th i s  flow enters the 

reactor bay through the filtered fresh-air intake units, which regulate the  flow s o  a s  to  maintain a 

nominal -0.3 in. H,O in the reactor bay. It may be inferred, therefore, that the probability of any 

significant leakage concurrent with a massive fission product release is nil. 

C. What is the estimated dose to the operators from the MCA? 

The dose to the operators following the HFIR MCA will, of course,  depend upon their location and 

actions during and immediately following the accident. The  dose  rates t o  be expected a t  the observa- 

tion gallery windows, at the center of the reactor bay, and ju s t  outside the reactor building, have been 

estimated and may be found on pp. 26 and 27. 

Prompt evacuation of the control room in the event of a major re lease  of fission products to the re- 

actor bay should require no  more than 15 sec. The dose  rate a t  the control-room windows is estimated 

to be about 85 r/min for the maximum credible accident. This  would lead t o  a dose  of about 25 r i f  t he  

operator were exposed for 15 sec. The dose rate should be at least a factor of 10 below this once the  

operator leaves the control room, and i t  should not take him more than 15 sec more t o  leave the build- 

ing by either of two routes. / 

2A. Provide, if available, the joint frequency data for wind speed and direction as -  
sociated with the various stability types (A, B, C, D, E ,  F, and G). 

Joint frequency data for the  wind speeds  and directions assoc ia ted  with the various stabil i ty con- 

ditions are not available. 

B. What are the atmospheric dilution factors used for estimating stack release rates 
for routine operations and .for accident situations utilizing the joint frequency data? 

. 

.’ 
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Fig. 11.1.1. Noble Gas Gamma Dose. Inf ini te exposure, rapid emission 
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Fig. 11.1.2. Internal Iodine Dose. Inf ini te  exposure, rapid emission (a = 0.5). 
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. A s  s t a t e d  in  A,  t h e  joint  frequency d a t a  a r e  not  ava i lab le .  However, the  “worst  average”  condi t ions 

include the  assumption that  the  most unfavorable wind s p e e d s  a s s o c i a t e d  with e a c h  s tab i l i ty  condition 

occur a t  e a c h  point and  tha t  the  wind direct ion ’is toward t h e  receptor for t h e  en t i re  duration of t h e  inci-  

dent. Incorporation of weight ing factors  based  on t h e  jo in t  f requencies  would resu l t  in  more rea l i s t ic  

but less conserva t ive  v a l u e s  of the d o s e s  than t h o s e  presented.  

, 
C. State the wind speeds and associated effective stack heights that were used to 

calculate the “worst average” dilution factors. 

A s  clear ly  set forth in  Appendix A, p. 46, t h e  “worst average  condi t ions” a r e  computed a t  e a c h  

point downwind, for each  s tab i l i ty  condi t ion,  and for e a c h  group of i s o t o p e s  us ing  that  unique va lue  

of t h e  wind speed  which maximizes  t h e  d o s e  for that  point, t h a t  s tab i l i ty  condition, and that  group 

of i s o t o p e s  under consideration. T h u s ,  i n  general, for each  point x and each,group of i so topes ,  

f ive  different wind s p e e d s  were u s e d  - o n e  for e a c h  s tabi l i ty  condition. Moreover, t h e  wind s p e e d s  

u s e d  for t h e  computation of t h e  2-hr exposures  were different from t h o s e  u s e d  to  compute the  inf ini te  

exposures .  T h e  numerical va lue  of t h e s e  wind s p e e d s  is obtained by s e t t i n g  t h e  partial der ivat ive 

with respec t  to u of t h e  d o s e  equat ion 
-h ( u )  /2  u: 

e -xix/u 
I >  D =  C A j e  

7 T U U y O z  j 

equal  to z e r o  and so lv ing  for u. T h e  va lues  of u s o  obtained were then used  t o  compute D. In t h e  a c t u a l  

computations, over 500 different wind s p e e d s  were u s e d  for e a c h  s tab i l i ty  condition. To give some idea  

of the wind s p e e d s  used ,  t h e  values  of u which maximize t h e  noble  gas gamma d o s e  for inf ini te  exposure 

and rapid emission a r e  plotted in  F ig .  11.2.1. 
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T h e  effect ive s t a c k  height  corresponding t o  e a c h  wind s p e e d  is obta ined .as  s e t  forth in  Appendix A, 

p. 40. I t  is 

NU) = 76.2 + 1 0 6 3 / ~ ,  

where u is t h e  wind s p e e d  obtained a s  descr ibed above.  

3A. Recent s tud ies  a t  Oak Ridge have shown that a relatively large portion of the  iodine 
evolving from a fuel meltdown is in a n  organic form and is poorly removed by wash- 
out, by silvered-copper mesh, or by charcoa l  filters. Is the removal factor of 2000 
claimed in the accident ana lys i s  cons is ten t  with these  s tud ie s?*  

' 

I 

There  have  been no s t u d i e s  a t  Oak Ridge, recent  or otherwise,  which show t h a t  a relat ively la rge  
< 

portion of the  iodine evolving from t h e  meltdown of HFIR fue l  is i n  organic  form. What h a s  been ob- 

served is that  in  some cases smal l  f ract ions of t h e  iodine re leased  from t h e  meltdown of some t y p e s  

of fuel have been found in  a n  organic form tentat ively ident i f ied as methyl iodide. I t  is thought that  

the organic iodide may form during or immediately a f te r  its r e l e a s e  d u e  t o  react ion with contaminants  

i n  or near  the  fuel or may form as a resul t  of contac t  with organic  contaminants  whi le  it is adsorbed  

on the  wal l s  of the  containment building. In t h e  la t te r  case, there  appears  to b e  a d i rec t  relation be- 

tween the time permitted for reaction and  t h e  amount of organic  iodide formed. 

T h e  decontamination factor  c la imed for i o d i n e  is composed of two factors: (1) a decontamination 

factor  of 3 for washout as  t h e  iod ine  e s c a p e s  through the  pool  and reactor  water, and (2) a decon- 

tamination factor of 666 due to t h e  removal of iodine by the  charcoa l  f i l ters .  I t  is bel ieved that  

t h e  formation of methyl iodide during t h e  ac tua l  re lease  will b e  qui te  s m a l l  and that  i t s  p resence  

will not affect  t h e  very conserva t ive  factor  of 3. T h e  subsequent  formation of methyl iodide i n  t h e  

building would l ikewise have  n o  e f fec t  on  t h i s  factor. T h e s e  conclus ions  a r e  r'einforced by t h e  

resu l t s  of t e s t s  made following t h e  ORR fuel  meltdown of July 1, 1963. In t h i s  incident ,  f i s s ion  g a s e s  

were released in to  the ORR pool water. T h e  t e s t s  revealed t h e  presence  of t h e  daughters  of noble  

g a s e s  on various building sur faces ,  but in  n o  case w a s  any iodine de tec ted .  T h i s  ind ica tes  t h a t  vir- 

tually all of the  iodine indeed remained i n  t h e  water. 

B e c a u s e  of t h e  f a c t  that  both the  SBHE and CHOG s y s t e m s  a r e  designed t o  rapidly remove a n y  

iodine re leased  from the  primary containment, there  is l i t t l e  t i m e  for  methyl iodide t o  form i n  t h e  

building. It h a s  been est imated that ,  a t  most, 5% of t h e  iodine reaching t h e  f i l t e rs  would be  i n  t h e  

form of methyl iodide. Thus,  if t h e  decontamination factor  for CH31 were only lo** and t h e  decon- 

tamination factor  for molecular iodine were only 100, t h e  to ta l  filter factor  y o u l d  be 

(=+:)-'=69, 

so  that  t h e  overal l  decontamination fac tor  would b e  69 x 3 = 207. Despi te  t h e  f a c t  t h a t  t h i s  is lower 

\ 

*Further information is in answers  30 and 46. 

**This result  was  derived prior to  the investigation of CH31 described i n  ORNL-TM-1291. Later,  more rea l i s t ic  
results a re  given in the answer to  Question 30. 

\ 
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than that normally expected by a factor of 10, i t  is s t i l l  higher by a factor of 10 than that required to 

satisfy the guidelines of 10 CFR 100. 

B. How and with what frequency will  these filters be tested’ 

The filters will be tested following each installation and semiannually thereafter unless some unfor- 

seen  circumstances make more frequent or spec ia l  testing desirable. The present technique is to add 

iodine traced with radioactive iodine t o  the duct upstream of the filters and by sampling before and after 

6 

. 

the filters to measure the efficiency for removal of the iodine. Methods for measuring the decontamination 

factor for organic iodides are being investigated, and when such a tkchnique becomes available it will 

be used. 

The ORR has  a s i m i l a r  filter system which has  been in operation for about two years,  and therefore a 

considerable lead time is available in terms of information on filter performance a s  a function of t ime.  

4A. What experience is available on the manufacture of involute plates, particularly 
with regard to maintaining tolerances, proper curvature, and channel spacing? 

\ 

N o  experience is yet available from the actual fuel element fabricator as to what tolerances will be 

achieved. He has just  started h i s  plate production and is in the final phase of the assembly and weld- 

ing qualification. The elements are being fabricated under a cost-plus-type contract using procedures 

developed by ORNL. 

Considerable data are available, however, from the elements fabricated a t  ORNL during the develop- 

ment period. Data on channel spacing from four elements are given in Table 11.4.1. The variation in 

channel spacing is a function of variations in both plate forming and assembly. These  data show that 

i t  was possible to achieve channel spac ing  control well within the specified tolerances. 

In addition, plates a l so  were fabricated and formed for u s e  in the cri t ical  experiment. These  plates 

showed comparable control in plate forming to  the other two but were not welded into assemblies, s o ,  

plate spacing data are not available. 

It is expected that once a smooth, uniform production operation is established, improved uniformity 

should be realized. 

B. What tes ts  wi l l  be run to detect unbonding blisters and fuel inhomogeneities in the 
fuel plates? 

The presence of any nonbonds or blisters in fuel plates will be revealed by two inspection tech- 

niques. The first will be the technique normally used by industry for determining nonbonds in aluminum 

plates, which ih an anneal of the finished plates a t  5OOOC and a complete visual examination. In our 

procedures, the plates are annealed and inspected twice: once before cold working and again after the 

long anneal to put them in the “0” condition. 

As a second and more sophisticated check, every plate will be completely examined using an ultra- 

sonic technique which has  a demonstrated sensitivity for determining ,-in.-diam nonbonds. 

. 
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Table 11.4.1. Summary of Plate Spacing Measurements on HFIR Fuel Assemblies 

Development F u e l  F i r s t  Reac tor  F u e l  D e s i g n  
Require- Assembly Assembly 

Inner Outer Inner Outer ments  

Number of measure- 5643 12177 5643 12177 
ments obtained 

Maximum measure- 

ments,  m i l s  

57 55 56 ' 52 

Minimum measure- 46 44 44 44 

i ments, mi l s  

Average channel 51.0 48.8 49.9 48.4 
th ickness ,  mi l sa  

Maximum average  53 52 52 51 
channel  c r o s s  
section, mi l s  

Minimum average  
channel  c r o s s  
sec t ion ,  mils 

48 47 47 ' 46 

so+ 10 

50- 10 

50 

50+ 6 

50- 6 

*The average  t h i c k n e s s  'of the  c h a n n e l s  was  ca lcu la ted  a t  e a c h  of t h e  11 a x i a l  measur ing  pos i t ions  for every  
channel. 

A special  instrument which measures changes in x-ray attenuation of a very small  (5/64-in.. diam) area 

h a s  been developed by the HFIR Project for demonstrating that the uranium homogeneity of every plate 

meets the specified tolerances. Every fuel plate will be  scanned  in its entirety, using one of these  in- 

struments. - T h e  effectiveness of these  instruments has  been confirmed by removing small analytical  

samples. 

5A. What is the  ca lcu la ted  coolant velocity t o  c a u s e  c o l l a p s e  of t h e  involute fue l  p la te?  

The  calculated velocity is greater than 200 fps. 

B. What is the  maximum ant ic ipa ted  velocity i n  a f u e l  c h a n n e l  under the  most a d v e r s e  
combination of to le rances ,  flow maldistribution, e t c  .? 

The maximum anticipated velocity is approximately 100 fps. This  high velocity could occur only in 

a localized region. 

6A. D i s c u s s  the integrity of the  fue l  p l a t e s  with r e s p e c t  t o  f i s s i o n  g a s  buildup a n d  

burnup of the  burnable poison. 

In a .joint HFIR-ATR irradiation program, miniature U,O,-AI dispersion fuel-plate samples with and 

without boron burnable poison were irradiated in a spec ia l  loop in the  ETR. The  range of variables 

. 
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covered included tests in which the maximum burnup and temperature values were in excess  of those  

expected in the HFIR. No blistering or other indication of failure was  encountered with any of these  

samples, although earlier t e s t s  indicated difficulty in  terms of blistering. The  temperatures in  the  

earli‘er tests were not well known, and i t  is believed that they were operated a t  inordinately high 

temperatures. The tes t s  in which satisfactory results were obtained were carefully monitored for 

temperature. \ / , 

B. Could plate growth due to fuel burnup cause excessive deflections and stresses? 

2 

Measurements on the fuel-plate sample indicated no significant change in length or width; however, 

an increase in thickness of as much as 3% was measured. On the b a s i s  of th i s  information, no signifi- 

cant problem from th is  source is expected in terms of excess ive  deflections and stresses. As s t a t ed  in 

’ 

the answer t o  question 34D, there is, of course, no way to  completely ensure that a new element design 

is satisfactory without operating the element at‘design conditions. 

C. Could this cause binding of -the outer fuel element and the control cylinder? 

The answer to question B indicated that n o  significant plate growth is anticipated; however, should 

it occur, it is very unlikely that i t  could cause  binding of the outer fuel element and t h e  control cylinder. 

The  outer fuel plates a re  contained between two cylinders, one of which is free t o  rotate. Growth of the 

fuel-plate width would simply cause  a small rotation and a slight departure from the  involute shape. 

Growth in the length would increase the plate buckling but would not significantly affect the dimensions 

of the outer cylindrical “s ide  plate” of the  element. 

7. Provide design details of the attachment between the drive tubes and the shim- 
safety elements. What are the design and expected stresses at this point? 

The general arrangement of one of the shim-safety elements is shown in Fig.  11.7.1; The attachment 

member is located at the lower end of the control element. Each shim-safety element is coupled to i t s  

drive tube through an  adapter fabricated of 6061 aluminum. The adapter is bolted to the  control element 

and is in contact with the control element over i t s  full  width to a depth of 3 2  in. Two rows of V4-in.- 

diam machine screws serve as fasteners.  These  screws  are  s taked  in place to  prevent loosening. A 

* 
I .  

- 

~ 

4-in.-diam ring is welded to  the  adapter and se rves  a s  the  connecting link to  the  drive tube. As can  be 

seen  in the figure, two gusset plates are incorporated to  provide additional strength. 
‘\ , \ 

The design of this attachment must be such  that the attachment is sufficiently s t rong  to  withstand 

repeated scramming of the rod in addition to the loads  normally applied during steady-state operation. 

The normal load is made up of the weight of the  control element, approximately 35 lb, plus the hydraulic 

load, which is approximately the same. The  maximum acceleratfon a t  the  beginning of the scram stroke 

is less than 6.5g, and the maximum deceleration observed during tests was  7g; th i s  value was reached 

only for scrams of very short travel wherein the  shock absorber had only limited stroke. / 
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Fig. 11.7.1. HFlR Shim-Safety Element. . 
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. 

The  highest shear s t r e s s  occurs in the welds connecting the  ring to  the  adapter. The highest 

bending s t r e s s  is in the cantilevered portion of the ring. The  maximum shear  stress during steady- 

s t a t e  operation is approximately 80 psi. The maximum bending s t r e s s  during normal operation is-700 

psi. During a s c r a m  the s t r e s s e s  undergo a reversal as the control element is first  accelerated and 

then decelerated. The maximum shear  s t r e s s  under these  conditions is about 400 psi .  The maximum 

bending stress under these  same conditions is calculated to  be about 7000 psi ,  even i f  it is assumed 

that all of the load is applied to the outer end of the  cantilevered portion of t he  ring. This  is con- 

servative,  a s  any bending of the ring would relieve the bending stress and the  joint  would revert to 

the load being carried in shear. 

The  attachment is a weldment that received a stabil izing hea t  treatment following welding. This  

heat treatment should produce a minimum tens i le  strength in the  weldment of 18,000 psi .  

8. Provide details on the design o f  the hydraulic cyiinder which limits the maximum 
reactivity rate assoc iated with any shim-plate failure to 0.0065 per second. 

A s  described in ORNL-3572,3 Sect. 8.2.3, and Appendix C, Sect. 1.3.2, the hydraulic cylinder 

is provided only on the shim-regulating cylinder drive. Th i s  velocity-limiting feature is provided 

for several  reasons as s e t  forth in the referenced material; however, the  most significant feature 

from a safety standpoint is the protection i t  offers against  failure of the regulating and/or shim 

drive gearing. Inasmuch as the shim-regulating cylinder moves downward to increase reactivity, 

the forces of gravity, water flow, and the reactor pressure acting on the  area of the drive rod as 

it p a s s e s  through the sea l  i n  the lower head  of the reactor vesse l ,  all combine to apply force 

in such a direction as  to  increase reactivity should the gearing fail in such  a manner as to allow the 

drive rod to move downward. For th i s  reason, plus the severa l  others mentioned in the  referenced ma- 

terial, i t  seemed advisable t o  provide force-balancing and velocity-limiting features. 

The  drive rod which extends through the bottom head of the reactor is coupled t o  the  Acme lead 

screw of the  shim drive. This  lead screw extends through the  rotating nut of the  shim drive and is 

coupled to the upper end of the piston rod of the hydraulic cyliFder. Due to  this method of attachment, 

the piston rod and piston of the  hydraulic cylindei move on a one-to-one basis with the  shim-regulating 

cylinder, with no  backlash or  l o s s  of motion between the two units. The  hydraulic cylinder is filled 

with oil and is sea led  at the bottom end. The  piston rod passes  through a seal at the  top end to  pre- 

vent leakage of oil  from t h e  cylinder. An oil  supply l ine is a l s o  connected to  the  top end of the  

cylinder. The  piston does  not have piston or seal rings but is designed t o  provide a diametral clearance 

of about 0.004 in. with the  cylinder wall. In'addition t o  this clearance,  the  piston has  a n  orifice con- 

necting its upper and lower faces. The  orifice is 0.084 in. in diameter and 0.042 in. long. Because  of 

these  interconnections between the  top and bottom of the  piston, there is no pressure differential across  

the piston when the shim-regulating drive is not moving. 

The  oil  supply l ine to the  top of the  cylinder is supplied from bladder-type hydraulic accumulators 

which ac t  a s  buffers between the  reactor primary coolant system and the  oil-hydraulic cylinder system. 

This  type of interconnection pressurizes the hydraulic sys tem t o  reactor pressure. In order to provide 

3F. T. Binford and E. N. Cramer, The High Flux Isotope Reactot: A FunctionaI Description, Volume I,  
ORNL-3572 (May 1964; Rev. Mar. 1, 1965). 
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complete buffering between t h e  hydraulic a n d  reactor  water  s y s t e m s ,  two accumulators  a r e  u s e d  with a 

buffer water  z o n e  between t h e  accumulators .  An accumulator  leak  wi l l  therefore not contaminate  t h e  re- 

ac tor  sys tem with oil or t h e  hydraulic s y s t e m  with reactor  water .  Means a r e  provided for  routinely sam-  

pling the buffer region for de tec t ion  of contamination from reactor  water  or  from hydraul ic  oil. 

T h e  fact  that  the  hydraulic cyl inder  h a s  a n  internal  pressure  e q u a l  t o  that  in  t h e  reactor  s y s t e m  pro- 

vides  for the  force-balance feature  due  to the  ac t ion  of t h e  pressure on  t h e  pis ton rod. A s  mentioned pre- 

viously, the  a rea  of t h e  pis ton rod w a s  s e l e c t e d  t o  b e  s l igh t ly  smaller  than that  of t h e  drive rod enter ing 

the  vessel .  T h i s  w a s  done i n  order to a s s u r e  a smal l  n e t  downward force which wil l  load t h e  gears  and 

tend t o  remove backlash ,  thus  resul t ing in  bet ter  s e r v o  performance. 

T h e  force-balancing feature  also reduces t h e  load on t h e  gear ing a n d  thus  reduces  t h e  probability of 

fai lure  and a s s u r e s  longer l i fe .  I t  should b e  noted tha t  t h e  gear ing is all  designed for cont inuous  duty on 

the  b a s i s  tha t  t h e  force-balance feature  is not present .  

If the  gearing should  fail s o  a s  t o  r e l e a s e  t h e  rod for downward motion, the  ne t  force  is very l i t t l e  in  

e x c e s s  of friction, a n d  t h e  resul t ing veloci ty  would only b e  about  1 2  in./min, tha t  i s ,  less than  regulat ing 

rod speed .  If, in  addition, i t  were assumed tha t  t h e  force-balance feature  were also los t ,  s u c h  as by fai lure  

of the  oil supply l ine,  t h e  pressure  in  t h e  cyl inder  would b e  atmospheric  and  t h e  ne t  downward force would 

be  about  10 t imes tha t  ava i lab le  with force balance.  T h e  resu l t ing  veloci ty  would b e  limited t o  something 

l e s s  than 39 in./min. T h i s  maximum velocity is equivalent  t o  about  0.0065 A k / k  per second.  

Design Data - Pressure Balance Cylinder 

Manufacturer's 
designation 

Hannifin hydraulic cylinder, model F2H18 

Rating . 3000 lb/in. operating pressure 

Size 4-in.-ID cylinder x 32-in. stroke 

Modifications Pis ton rings removed and an  0.084-in.diam X 0.042- 
in.-thick orifice installed in  piston. 

9. Describe the tes t  program for the inner and outer control elements and their drives to  
ensure proper operation and to verify that no interference or binding can occur between 
the inner control cylinder and the outer shim-safety plates. . 

T h e  control rod and  control  rod dr ive  t e s t  f a c i l i t i e s  inc lude  a ful l -scale  high-pressure t e s t  s tand .  

T h e  tes t  s tand  is of suf f ic ien t  size t o  a c c e p t  a mockup of one  complete  quadrant  of t h e  reactor  control 

region and is capable  of 0 to 1000 p s i  pressure,  0 t o  200'F temperature, and 0 t o  500 gpm flow. 

Although t h e  t e s t  s t a n d  w a s  originally fabr icated primarily for control  rod dr ive t e s t s ,  i t  w a s  modi- 

fied t o  include s i x  s t ra in-gage br idges on the  bear ing mounting bracke ts  at e a c h  c o m e r  of the  outer  

control rod and on t h e  two preload bear ing mounting brackets ,  th ree  differential transformers t o  measure 

vibration and def lect ion on t h e  outer  control rod, and a to ta l  of 23 pressure  t a p s  to measure different ia l  

pressure between t h e  var ious gaps, etc. 

Data  were taken with 0, 10, 100, and  130% full flow at numerous combinations of posi t ions of t h e  

inner and outer rods,  a t  var ious pressures ,  and  at  60, 150, and 200'F temperature. T h e  cont ro l  rods 

. 

. 

. 
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. 
performed satisfactorily during these  t e s t s ,  as well as for approximately 1500 or more routine cyc les  

and s c r a m s  during the control rod drive development and certification t e s t s .  

A number of preliminary t e s t s  of pressure drops a long  the rods, thermal deflection tests, load de- 

flection t e s t s ,  rivet and bolted joint t e s t s ,  etc. ,  were a l s o  made on the control rods but will  not be 

discussed in detail.  

In order t o  ensure tha t  the proper gaps will be achieved between the inner and outer control rods 
I and between the control rods and the fuel element and reflector, these  gaps have been measured in the 

reactor for a number of combinations of the cri t ical  components. A total of approximately 1500 gap 

measurements have been taken and reported us ing  two removable reflector assemblies,  two s e t s  of 

outer control rod track and bearing assemblies,  and three complete s e t s  of control rods. These  gaps 

are within the anticipated tolerance for all combinations. 

. 

A prototype outer control rod drive assembly was  thoroughly developed and tested in the high-pressure 

tes t  stand under all conditions of flow, pressure, and temperature. In addition, separate t e s t  facil i t ies 

. 

were used to  provide preliminary information and life tests on the magnet actuator and engagement mech- 

anism assemblies,  bearings, s e a l s ,  and gear boxes. 

After completion of fabrication of the reactor-grade assemblies and a number of preliminary t e s t s  t o  

check performance, a complete s e t  of certification t e s t s  were performed on each  assembly in the high- 

pressure test stand. These  t e s t s  included 112 scrams from various elevations, with and without flow, 

and a t  0, 600, and 900 ps i  pressure. Measurements of re lease  time, response time, time of flight, con-, 

trol rod displacement, velocity and acceleration as a function of time, magnet armature displacement 

as a function of time, and drop current were taken during these  tes t s .  

’ 

The  complete inner control rod drive assembly was  tes ted  in a high-pressure autoclave. Both the 

shim and regulating drives were run more than 200 cyc les  over their complete stroke. The  pressure- 

balance system was  developed and thoroughly tested in th i s  facility. 

After the reactor assembly and during the initial hydraulic tests on the components, differential pres- 

sure taps were again used to measure flow and pressure drop through the control region. In addition, a 

differential transformer was installed to  measure the deflection and vibration on each  outer control rod. 

The inlet orifice to  the control region was modified during these  tests due to a flow streaming problem 

from the orifice. After  th i s  modification the test data on pressure drop, flow, vibration, and deflection 

were very similar t o  test-stand data and well within acceptable limits. 

The  control rods and control rod drives performed satisfactorily during a l l  hydraulic tests. Over 200 

scrams have been logged for each  outer control rod drive assembly, with three s e t s  of control rods having 

been installed and under various conditions of flow and pressure. Each control rod drive assembly has  

been completely disassembled and inspected twice during th i s  period. No abnormal characterist ics or 

wear have been discovered. 

Over 50 complete cyc les  of the inner control rod shim drive have been logged in testing both the 

drive and the pressure-balance cylinder in the reactor. The inner control rod regulating drive h a s  been 

run in the reactor under simulated servo control by means of a computer for severa l  hours under various 

simulated reactor conditions and simulated safety s igna ls .  Satisfactory results were obtained. 
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The  control plates and drives have been in use  during the startup program, which h a s  been in progress 

s ince  Aug. 25, 1965, and over 75 startups have been logged to  date.  Each  startup has  been preceded by 

routine tes t s  on the safety system and control element drives. The operation has  been satisfactory at 

a l l  times during normal use  with the exception of the necess i ty  to provide vents between the f a s t  in- 

sertion a i r  motors and the  gear boxes and one loose electrical  connection on a terminal s t r ip  supplying 

power to  the air-motor control solenoids.  

- 

10. Quantitatively, how are  the reactivity coefficients for the  core expected t o  vary 

during the operating cyc le?  

The  fuel region moderator density coefficients are affected by control '  rod position because  the con- 

trol rods, to a large extent, control the return leakage of neutrons from the  reflector. When the  rods a re  

inserted, neutron leakage to the reflector has  l i t t le chance of returning. With the rods out, the return 

leakage is greater. Therefore, the moderator density coefficients become less negative as the  rods a re  

withdrawn. Calculations indicate that the coefficients decrease by a factor of 2 from the  c lean  core 

symmetrical rod position to the fully withdrawn rod position. 

11. What a re  the limits for reactivity which can  b e  added by experiments in the  target 

hole? 

The  l imi t s  for reactivity which can  be added by experiments in the target hole are presently estab- 

lished at those corresponding t o  the present design of target. The major concern and limitation are 

based on the amount and rate of addition of reactivity that could be added by introducing the optimum 

void into the target region with the target installed. T h e  amount and rate of addition are d i scussed  

in Sect. 1.3.3 of Appendix C. T h e  worst case is the  addition of 0.013 bk/k  on a 0.03-sec ramp p lus  

about 0.002 Ak/k on a 0.3-sec ramp. 
\. 

Changes in target composition also affect reactivity as d iscussed  i n  Sect. 7.3.5 of ORNL-3572 and 

in Sect. 2.5 of Appendix C. Th i s  variation is primarily of concern in regard to shutdown margin; 

however, the criteria set forth in Table  I.C.8, Sect. 2.2.5, of Appendix C, apply regardless of whether 

the target adds or subt rac ts  reactivity. , 

12.  Discuss  the  possibil i ty and consequences of a large reactivity overshoot with the  
control p la tes  being withdrawn pas t  their c r i t i ca l  ppsition during xenon burnout i n  a 

scram recovery. 

The minimum rate a t  which theganged safety rods or the regulating rod can  change  reactivity while 

the rod drive motors a re  running is 2 x 

rate of less than 1 x 

transients. 

Ak/sec. At full power, xenon burns up at a n  equivalent 

Ak/sec. Therefore, the control system h a s  no  trouble keeping up with xenon 

' / \ .  . The question of xenon burnout during a transient is treated in the answer t o  question 38D.* 

. 

. 

. 

* 

*See a l s o  answer 42A. 
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13A. What is the  maximum to ta l  delay time (including detector de lay  time) between the 
onse t  of a n  unsafe condition and the initiation of rod drop during s ta r tup  and full- 

power operation? 

T h e  maximum to ta l  delay time is t h e  sum of t h e  individual component d e l a y s  i n  t h e  safe ty  channel .  

Assuming that  s a f e t y  ac t ion  is required from a n  i n c r e a s e  in  flux, t h e  components in  t h e  channel  and their 

respect ive to ta l  delay times a r e  tabulated below: 

Component Delay T i m e  

Ion chamber 300 psec 

Flux amplifier (mode 1)  100 psec 

Trip comparator 150 psec 

OR gate  10 psec 

Magnet control amplifier 100 psec 

Magnet 

(a) Two-out-of-three 4600 psec 

(b) Three-out-of-three 3200 psec 

Tota l  (two-out-of-three) 5.56 msec  

Tota l  (three-out-of-three) 3.86 msec  

I 
A mechanical  actuator time, which represents  t h e  relaxation time of t h e  push  rod,must b e  added 

to t h e  above r e l e a s e  times. T h e  value of t h i s  delay time is approximately 3.5 m s e c  for three-out-of- 

three, and approximately 5 msec for two-out-of-three. 

. 

Should the  safe ty  ac t ion  b e  required from reduction in  flow, t h e  same t o t a l  de lay  t imes as  t h o s e  tabu- 

lated above would apply with t h e  following except ions:  (1) T h e  ion chamber and flux amplifier response  

times would be  subt rac ted ,  and  (2) a response time of approximately 250 msec should  be  added for t h e  

flow s e n s i n g  and t ransmit t ing sys tem.  /, 

I t  is extremely diff icul t  to measure all of t h e  d e l a y s  in  a s i n g l e  tes t ,  or some of them a t  all. F o r  

example, the diffusion time of the  neutrons f rom t h e  core t o  t h e  chamber location and t h e  chamber col- 

lect ion time can  only be  measured under laboratory condi t ions.  However, periodic c h e c k s  of t h e  time 

response of cer ta in  groups of t h e  equipment wi l l  be  made. T h e  grouping wil l  be  made on the b a s i s  of 

pract ical  considerat ions.  T h e  t e s t s  wil l  overlap on t h e  channel  t o  a s s u r e  complete coverage.  
> 

B. Has  the to ta l  sys tem been tes ted  or wi l l  i t  be  tes ted  to  measure th i s  time with a l l  

three and with only two of the coincident circuits tripping? 

T h e  following tests have  been run. A s imulated s t e p  i n  ion-chamber current  w a s  injected at the  

chamber s i g n a l  terminals. T h e  time required for t h e  t e s t  s i g n a l  to reduce t h e  magnet current to 10% 
of its original va lue  w a s  recorded. F o r  mode 1 t h e  t i m e  w a s  approximately 300 $ec.. 

Routine tests involving more than one channel  and  including some of the  components t e s t e d  above 

a r e  performed a s  follows. A scram t e s t  s i g n a l  is appl ied to e i ther  two- or three-channel OR ga tes .  
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( '  
Application of the  tes t  s i g n a l  s t a r t s  three t imers  which record: (1) t h e  t ime t h e  la tch  push rod h a s  

moved 0.015 in. ,  which is somewhat  more d i s t a n c e  than  is required to s t a r t  shim-rod motion, (2) push- 

rod time of flight, and  (3) shim-rod t i m e  of flight. Typica l  numbers for t h e s e  t ime increments  a re :  13, 

29, and 328 msec respect ively for two-out-of-three; and  9.6, 25.2, and 324 msec for three-out-of-three. 

It should be  noted that  measurements obtained i n  the  la t ter  t e s t  a r e  not intended t o  give p r e c i s e  

absolu te  t i m e s ,  s i n c e  t h e  time increment is composed of e lec t ronic ,  magnetic, a n d  mechanical  de lays .  

Therefore, part of the timing s e q u e n c e  is obtained from mechanical  motion by a s w i t c h  which h a s  in- 

herent de lays .  However, the a c t u a l  t imes c a n  b e  deduced from t h e  timer da ta .  More importantly, 

changes in  t h e  behavior of t h e  re lease  s y s t e m  c a n  b e  quickly detected.  
z 

14. How was the time response of the neutron flux amplifier determined? What was  the 

magnitude of the input s t eps?  

T h e  time response of the  flux amplifier w a s  measured by applying a s t e p  function i n  current  t o  its 

input terminals  and observing t h e  output on  a n  osc i l loscope .  T h e  magnitude of t h e  input  s t e p  w a s  ap- 

proximately 20% above  t h e  trip level .  T h e  recorded t i m e  is t h e  t ime required for t h e  output t o  reach  t h e  

trip leve l  rather than t h e  63% value. 

j. 15. What is the accuracy of the heat-power calculator and what are  the error contributions 
of the temperature and flow inputs? 

There a r e  s i x  heat-power ca lcu la tors  as  descr ibed  in  ORNL-3572, Sec ts .  8.6.2 and  8.6.3. Three  of 

t h e s e  a r e  a s s o c i a t e d  with the  safe ty  sys tem and  a r e  e lectronic .  T h e  other  th ree  a r e  a s s o c i a t e d  with the 

servo  control sys tem and  a r e  pneumatic. 
' 

is 150 Mw). Cal ibrat ions of the  equipment have  shown tha t  t h e  accuracy  is somewhat  bet ter  than 2'/,%. 
T h e  overall accuracy of both flow and differential temperature channels  is approximately fl%. 

s c a l e  for flow is 17,000 gpm, and t h e  full scale for AT is 72'F. 

T h e  accuracy of t h e  heat-power calculators  h a s  been guaranteed t o  b e  f2'4% a t  ful l  scale (full scale 

The full 

. 

. 

. 

16. What control problems are  anticipated from the photoneutrons from the beryllium 
reflector? How will  they affect startup immediately after scram? What magnitude . 

flux is expected a t  the detector positions from the photoneutrons after shutdown? 

Photoneutrons from t h e  beryllium reflector wil l  c r e a t e  n o  control  problems i n  t h e  HFIR. During a 

s ta r tup  immediately af ter  sc ram,  the  beryllium photoneutrons wi l l  act as a very large s o u r c e  of neutrons 

t o  the core  and very few direct ly  to the  f iss ion chamber, a des i rab le  s i tua t ion .  Of more concern a r e  the  

D,O photoneutrons. F o r  example,  1 min af ter  sc ram from 100 Mw t h e  f i ss ion  power wi l l  be a b o u t  three 

decades  down, or approximately 100 kw. When the  f i ss ion  counter  is withdrawn from t h e  core  by 95 cm, 

which is the  approximate posi t ion i t  would be  in  for t h i s  condi t ion,  t h e  combination of neutrons leak ing  

from the core and those produced by DzO photoneutrons a t  t h e  f i ss ion  counter  locat ion wi l l  produce a 

flux of 5 x lo5  neutrons om-, sec-', which is the  flux necessary  t o  provide t h e  des i red  l o4  counts / sec .  

At th i s  time the  rat io  of DzO neutrons to core neutrons is 0.30: tha t  is; o'nly 30% of t h e  counts  a r e  from 

. I  
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t h e  D,O. This  s i tua t ion  wil l  improve with time s i n c e  the  chamber wil l  be  moved 

obtain lo4  counts .  Ten  minutes la ter  the  DzO contribution wi l l  b e  down to 15%. 
T h e  neutron current in  the  ion chamber locat ions due  t o  beryllium photoneutrons is es t imated  t o  be  

apprdximately 3% of the  to ta l  current  a t  100 Mw (a negl igible  0.1% is due  to D,O photoneutrons). One 

minute af ter  scram from 100 Mw, assuming equilibrium gamma in t h e  core ,  the  current produced by be- 

ryllium photoneutrons wil l  b e  approximately 5 x 

mately 150 kw power level .  Ten minutes af ter  scram, t h e  current d u e  to beryllium photoneutrons wi l l  be  

equivalent  to a power of approximately 30 kw. T h e s e  photoneutron currents  tend to b i a s  the safe ty  s y s -  

tem in the  direction of producing a scram before it would otherwise occur, but only a negl igible  amount. 

of the  100-Mw value  or the  equivalent  of approxi- 

17A. What consideration has been given to the use of scram or setback actions initiated 
by a loss of power to the facility or to the pumps? 

Setback and/or scram ac t ion  is taken  on a c t u a l  flow reduction a s  indicated by the  flow s e n s o r s  

rather than loss of power, s i n c e  flow reduct ions may occur  from other  c a u s e s  than loss of power. A s  

descr ibed i n  ORNL-3572, the  control  sys tem is designed s o  as  to at tempt  to avoid t h e  necess i ty  for a 

scram during a power outage i n  order t o  minimize the  probability of los ing  a core  due to xenon buildup. 

Most power outages in  th i s  a r e a  a r e  only of a few seconds  duration, and,  therefore, i f  a scram c a n  be  

avoided,  the reactor c a n  be  taken back  up  t o  power almost  immediately without the necess i ty  for re- 

covery from the scram with i t s  a t tendant  control and operat ional  problems. 

B. Provide curves showing primary coolant flow v s  time following loss of pumping 
power and reactor power level vs  time due to the associated cutback. 

Figure  11.17.1 s h o w s  the  variation in  flow as a function of t i m e  af ter  loss of power to all pumps 

(curve a). Curve b shows a typical‘servo-controlled power reduction a s  a resul t  of the  flow reduction. 

Curve c shows the  s a f e t y  t r ip  s e t t i n g  as a resul t  of t h e  flow reduction; th i s  includes t h e  time d e l a y s  

of the  flow-measuring sys tem.  

A s  descr ibed in ORNL-3572, Sect. 8.3.2~1,  t h e  regulat ing s e r v o  requires h e l p  from t h e  sh im rods in  

taking t h e  reactor  power leve l  down s o  a s  t o  avoid a scram. T h e  var ia t ions from a smooth curve which 

c a n  be  observed in  curve b, s ta r t ing  a little below 50 Mw, a r e  t h e  resul t  of t h e  intermittent ac t ion  of 

t h e s e  motors. \ 

T h e  al lowable power leve l  based  on ca lcu la t ions  d o e s  not d e c r e a s e  l inear ly  with flow although the  

safety-system tr ip  s e t t i n g  is reduced on t h i s  b a s i s .  T h i s  s i tua t ion  l e a d s  t o  a larger  margin at lower 

f lows.  T h e  ca lcu la ted  power leve l  for t h e  o n s e t  of nuc lea te  boi l ing is greater  than 20 Mw a t  10% flow, 

as c a n  b e  s e e n  in  Fig.  8 .1 .1  of ORNL-3572. 

18. What is the relieving capacity of the high-pressure relief valves, and what was the 
basis ,  or criterion, which determined this capacity? _ ,  

T h e  criterion for s i z i n g  of t h e  primary s y s t e m  relief valves .  is tha t  t h e  “Code” be  s a t i s f i e d  in  

of overpressure with the  sole s o u r c e  of ovecpressure being t h e  capac i ty  of t h e  pressur izer  pumps. 

terms 

. 
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Fig. 11.17.1. HFlR F low Coastdown Studies. 

Article 9 of Sect. I11 of the ASME Boiler and Pressure  Vesse l  Code requires that the  relieving de- 

vices installed to  protect the 'system be of sufficient capacity to  prevent a pressure r i s e  in the system 

of greater than 10% above the design pressure. In addition, at least one valve must relieve at  a pressure 

not greater than design pressure', while a l l  others must relieve a t  pressures not greater than 105% of de- 

sign pressure. For the  primary system the limits are: 

Maximum pressure 1100 ps ig  
.Maximum s e t  pressure (one valve) 1000 ps ig  
Maximum s e t  pressure (remaining va lves)  1050 ps ig  

Other high-pressure relief valves are located a t  the . discharge of the emergency pressurizer pump and 

must relieve the full capacity of that pump, and on the hot water injection sys tem to relieve the  primary 

s ide  in the event of heating steam caus ing  expansion of the water when the  sys tem is isolated by valving 

from the primary system. 

T h e  arrangement of,primary sys tem relief valves is as follows: 

Set Approximate 

Va lve  No. Pressure Locat ion Ori f ice Capacity a t  10% 
(psig) Overpressure (gpm) 

- 
PSV 150 1025) {:;;;tor ves se l  in le t  

PSV 154 97 5 

H 

G 

> 400 

> 200 

PSV 155 900 . Discharge of PU-11 G > 200 

PSV 1125 1150 . Hot water injection sys tem G > 200 

Primary system t e s t s  have indicated that with the G orifice valve set a t  975 ps ig  and the H orifice 

valye s e t  a t  1025 psig, the pressure as measured a t  P T  127 did not exceed 1060 ps ig  with circulating 

pumps PU-lA,  -1B, and - lC  and both main pressurizer pumps, PU-4A and -4B, in operation. It should 

. 

'A 
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' \  
be noted that under these  conditions 1100 ps ig  is not exceeded anywhere in the  primary system dow 

stream of V-1198, which is the discharge check valve in the pressurizer pump line. It can  be shown 

that the same is true for other combinations of primary pumps in operation. The  piping, flanges, 

valves, etc., between V-1198 and the pressurizer pump will a l s o  be adequately protected s ince  the  

shutoff head of the pressurizer pump is insufficient t o  cause  a rise in pressureexceeding  110% of the 

maximum allowable pressure for this section. 

7- 

A power outage t e s t  with the radiation letdown block valves closed indicated that PSV-155 set a t  

900 psig was adequate t o  carry thecapac i ty  of PU-11 and would limit system pressure to  belpw the s e t  

point of PSV-154 when the primary circulating pumps were not in operation. This  provided both adequate 

safety and adequate containment in the event of a simultaneous power failure and fuel-element cladding 

failure. 
\ 

A question was asked  a t  one of the HFIR review meetings regarding the  effect  on pressure in the 

primary system of temperature changes in the primary system such as might be caused  by lo s s  of sec- 

ondary coolant t o  the heat exchangers, changes in reactor power level, e tc .  This  si tuation was  in- 

vestigated early in the project, and it was found that the most conservative approach is to assume 

a s t ep  change in reactor power level, a s  th i s  could be more nearly realized than any other change 

affecting the temperature. A s t e p  increase in power level of 100 Mw is equivalent t o  adding 200 

gpm of water. The measured amount of water which must be added to  the  system to increase the  pres- 

sure by 900 ps i  is approximately 50 gal. The  addition of 200 gpm or the equivalent s t e p  change in 

power of 100 Mw would therefore change pressure at the rate of 3600 psi/min. If i t  is assumed that 

the pressure control system did not work, the pressure would rise until the pressure relief valve, 

PSV-154, opened. This  v a l t e  alone can handle a flow greater than 200 gpm. Should th i s  valve fail  

t o  open, PSV-150 would open a t  a sl ightly higher pressure and is capable of handling more than 

400 gpm. 
, 

19. What peak power and plate temperatures would result  i f  scram action is initiated by 
the 130-Mw overpower scram instead of the rate scram for an  addition of 0.013 h k / k  

(Table I.C.4)? 

As demonstrated in the transient ana lys i s  of the  HFIR, the rate s c r a m  will terminate a fas t  transient 

sooner than the level scram will,  and that is one of the  reasons  for incorporating a rate s c r a m .  Since the 

rate s c r a m  instrumentation h a s  safety-system reliability, there is, in principle, no need to be concerned 

about the results that would be obtained i f  the rate scram were to fail. The  question is even more of 

academic interest i f  considered in light of the discussion regarding the comparison between the  SPERT 

core and the  HFIR core, in which i t  is concluded that the HFIR core could quite probably s tand  a rapid 

insertion of 0.013 h k / k  without damage even with the  safety sys tem being required only for shutdown of 

the reactor following the  transient. 

1 

- 

We do not have da ta  to  show the  peak power and plate temperature calculated by the  ana log  model 

for th i s  set of conditions. However, i t  is possible to make severa l  statements regarding the performance 

which would be  observed under th i s  condition. T e s t  case No. 4 of Table  I.C.4 is a typical full- 

power case in which 0.013 h k / k  was ramped in  on a 0.03-sec ramp. Th i s  case was  run with 
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a n  in i t ia l  s a f e t y  rod worth of 0.0035 A k / k  per  inch of t ravel ,  which corresponds to about  1’6 d a y s  before 

the  end of a fuel cyc le .  F igure  I.C.l s h o w s  t h e  power and  temperaturebehavior  for t h i s  case. 

Measurements made on t h e  a n a l o g  model ind ica te  t h a t  t h e  rate-trip actuat ion occurred at a power leve l  

of about  110 Mw. From t h e  power curve  of Fig. I .C. l ,  i t  c a n  b e  s e e n  t h a t  th i s  corresponds to a t i m e  of 

about  6.3 msec af ter  s t a r t  of the  react ivi ty  ramp. T h e  power leve l  would reach t h e  130-Mw power trip a t  

about  11 msec  a f te r  s t a r t  of t h e  ramp. T h i s  t i m e  difference c a n  b e  cons idered  a s  a n  equiva len t  de lay  in  

s t a r t  of control rod motion of 4.7 msec. Figure 8.8.2 of ORNL-3572 presents  the  r e s u l t s  of a n a l y s e s  run 

to inves t iga te  t h e  relat ionship between ini t ia l  control klement acce lera t ion ,  safety-system d e l a y  time, 

and t h e  amount of A k / k  which could be  inser ted without e x c e e d i n g  a given criterion for fuel-plate  hot- 

s p o t  damage: T h e  curves  of in te res t  a r e  t h o s e  labe led  “damage cr i ter ia .”  “Damage cr i ter ion” is some- 

what of a misnomer; however, i t  is def ined as t h e  point a t  which t h e  hot  s p o t  reaches  t h e  melt ing tem- 

perature and a l s o  conta ins  suf f ic ien t  h e a t  t o  overcome the  h e a t  of fusion.  I f .we look a t  the c u r v e  labeled 

6 g (typical of t h e  measured HFIR response)  and cons ider  t h e  A k / k  inser ted for safety-system d e l a y  t imes 

of 10 and 14 .7  m s e c  (10 + 4.7), w e  find a n  al lowable inser t ion of 0.0147 A k / k  on a 0.03-sec ramp for t h e  

f i rs t  case and a n  al lowable inser t ion of 0.0137 A k / k  for t h e  second case. T h e  va lues  taken from the  4 g 

curve a r e  0.0136 A k / k  a n d  0.0128 A k / k  for t h e  ra te  and  leve l  trip respect ively.  T h e  differences a r e  in- 

d ica t ive  of t h e  difference in  performance t o  b e  expected between t h e  r a t e  trip and t h e  leve l  trip with a 

0.03-sec ramp in react ivi ty  s ta r t ing  a t  ful l  power. If one  cons iders  the  probable accuracy  of s u c h  a cal- 

culation on a n  absolu te  b a s i s ,  it could b e  sa id  that  there  is n o  s igni f icant  difference. T h e  re la t ive  dif- 

ferences a r e  probably real. 

20. In Table  I.C.8 in Appendix C, why was only the “no void” condition . 

I considered in C a s e  IV? 

,- 
T h e  d i s c u s s i o n  of shutdown margin c r i te r ia  (Sect. 2, Appendix C) is not  suff ic ient ly  clear. I t  

is not considered dredible that  two “acc idenfs”  wil l  occur  s imultaneously,  and i n  t h i s  s e n s e  t h e  

fai lure  of o n e  of t h e  four sa fe ty  rods t o  scram is n o t  considered to b e  an accident .  F o r  all cases i n  

which a scram t a k e s  p lace ,  i t  is assumed t h a t  only three  of t h e  s a f e t y  rods scram. T h u s ,  for case I t h e  

acc ident  is t h e  optimum void in  t h e  flux trap without the  target .  F o r  cases I1 and I11 t h e  a c c i d e n t  is the  

optimum void i n  the  flux trap with t h e  target; and for case IV t h e  acc ident  is runaway control  e lements ,  

that  is, t h e  “star tup” accident .  

21. Would any fuel melting occur if an irradiated core were t o  fa l l  to the bottom of the 

pool? 

T h e  fuel  e lements  a r e  des igned  s o  tha t  if one  or both (assembled)  e lements  a r e  i n  a n  upright position 

in  the  pool a sa t i s fac tory  return flow p a s s a g e  wi l l  b e  provided and  n o  melt,ing wi l l  occur. If t h e  e lement  

should fa l l  on  i t s  s i d e ,  natural  c i rculat ion in  t h e  channel  would b e  impaired. A conserva t ive  ca lcu la t ion  

ind ica tes  that  at l e a s t  one day of cool ing  would b e  required a f t e r  shutdown before t h e  e lements  could’be  

positioned horizontally without  melting. Par t ia l ly  for t h i s  reason, t h e  e lements  wi l l  be  s t o r e d  i n  t h e  re- 

ac tor  pool for a t  l e a s t  one day  before  b e i n g  moved to t h e  c l e a n  pool. Furthermore, t h e  fuel  e lement  han- 

. 
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dling tools have of course been designed s o  a s  to minimize the  possibility of dropping a fuel element or 

positioning the element horizontally with the  tool attached. 

c 

h 

22A. Discuss  the reasons that a backup system for reactivity control has  not been in- 
corporated into the design of the HFIR.* 

Several si tuations have been considered in which a backup system for reactivity control would be de- 

sirable. One of these  si tuations is s e t  forth on page 22; another si tuation is described 

on page 89. The  first situation mentioned, that  of t he  two fuel elements st icking together, is as- 

sociated with fuel handling and requires a method of reducing the  reactivity of the  fuel elements 

while removing them from the  reactor to the  storage racks. The  second situation is that in which 

one or more of the  control elements becomes stuck or jammed, and a method of reducing reactivity 

of the  system is required i n  order not to violate the  shutdown margin criteria while unloading the 

reactor. A s  noted on page 89, two auxiliary methods of reducing the reactivity were considered. 

The  first method was that of inserting poison s t r ips  into the fuel element, t he  second was  that of 

adding a poison to the reactor coolant water. T h e  f i r s t  method was  chosen as i t  m e t  the  require- 

ments for fuel handling as well as the  situation involving stuck control elements. Th i s  technique 

was investigated during t e s t s  a t  the Crit ical  Experiment Facility and i n  a mechanical mockup of 

the system. In addition, the  program for investigation of the HFIR characterist ics during the startup 

period includes demonstration of this technique, not only for the  purpose of providing additional re- 

activity control, but also a s  a method of poisoning the core in order t o  measure control rod differential 

worth when desirable in the  future. 

The second method, that  of poisoning the water, was  decided against  on the  bas i s  of the f ac t  that  
/ 

experiments run in our Crit ical  Experiment Facil i ty and in the  HFIR showed a considerable retention . of the poison (boron solution) in  the  core region. These  particular experiments were s o  designed that 

the poison solution was confined to  the HFIR Critical Experiment No. 3 (HFIRCE-3) fuel element, and 

provisions were made for flushing of the  element with acid and/or caus t ic ‘ to  remove the retained poison. 

In the HFIR i t  would be necessary to poison the  entire primary coolant system, and therefore i t  would 

appear that the target, control, and reflector regions would a l s o  retain some of the poison. Flushing of 

the entire coolant system with ac ids  and caus t ic  of adequate strength to  remove the poison would be a 

highly undesirable technique due to  the  corrosion problem brought on by the action of the chemicals on 

the many dissimilar metal contact points. Inasmuch as a reduction of flux in the  experiment facil i t ies 

could seriously impair the ability of the facility t o  meet its objectives, i t  was  decided that u s e  of a 

“soluble” poison would not be acceptable.  This  si tuation is somewhat different from that in a power 

reactor, where the poison may be maintained or burned out while the  reactor is producing power. 

. 

\ 

In addition to  the poison-strip method provided for reducing reactivity, i t  should be recognized that I 

insertion of either the shim-regulating cylinder or all four shim-safety plates is adequate to keep  the 

i 
*Further discussed in answers 42 and 60. 
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reactor shut  down. The shim-safety plates are provided with three different methods of insertion: 

scram insertion by gravity and spring force, electric motor insertion, and air motor insertion. The  

shim-regulating cylinder has  only the  electric motor for normal operation; however, provision h a s  been 

made for slow insertion (approximately 30 min for full travel) by us ing  a manually held unidirectional 

air motor, should difficulty be encountered with-the electric motor drive. 

It is believed that the above provisions, when considered together with the  criteria for shutdown 

margin set forth in Table  I.C.8, page 90, consti tute an adequate system for ensuring that the  re- 1 

activity can be  reduced when necessary.  
e 

B. What are the consequences of two or three quadrants of the control system sticking 
in the full-out position under various accident or abnormal conditions? 

Normally there are only three conditions during the  lifetime of each  fuel. loading when a shim-safety 

quadrant is permitted to be fully withdrawn: 

1. During checkout of the  control and safety system,' prior t o  s ta r tup  with a new fuel loading, one 

control element at a time will be withdrawn to  check  for free motion and to  measure the safe ty  release 

t i m e  and the t i m e  of flight of the shim-safety elements. Operating procedures require that a target or 

its equivalent be in position during these  tests in order to limit the increase in reactivity which would 

result from an  optimum void insertion. If the control element being tested were t!o become s tuck  s o  that 

i t  could not be inserted, spec ia l  operating procedures would be used t o  ensure safe removal of the target 

and fuel. 

2. At the  end of core life, all  control elements would b e  fully withdrawn. T h e  reactivity 

excursion ana lys i s  described in  Appendix C included th i s  case. T h e  ana lys i s  for t h i s  case 

was based on a minimum init ial  safety rod worth of 0.00059 Ak/k  per inch, which corresponds to the end 

of controlelement lifetime and assumes that only three of the four sa fe ty  elements respond t o  the scram 

signal. The consequence of more than one of the safety elements failing to respond to the  s c r a m  s igna l  

would be an  increase in the calculated fuel-plate temperatures. Based on the  comparison between the  

SPERT case and the HFIR case set forth in the above reference, it appears that  the HFIR would not 

suffer serious damage from such  an  incident. At th i s  time in core life, insertion of any one of the  con- 

trol elements would provide adequate reduction in reactivity to  maintain the reactor shutdown. It does  

not appear reasonable to  u s  to assume the  coincidence of such  a reactivity excursion concurrent with 

multiple failures of the safety system. 

3. It is conceivable that all control elements might be almost fully withdrawn due  t o  the buildup of 

xenon poisoning during recovery from a scheduled or unscheduled scram a t  some time other than at the 

end of core lifetime. The  situation here would be s i m i l a r  to.that described in the  preceding paragraph 

B2. 
I 

C. 'Could a pressure surge in the core damage a l l  control elements sufficiently to  prevent 
their motion? If so, what are  the possible sources of such pulses? What kind of re- 
activity transients could lead to this event? 



. 

. 

T h e  only mechanism which appears  t o  have  t h e  capabi l i ty  of producing a pressure  surge  suff ic ient ly  

' large t o  give concern is tha t  which w a s  observed i n  t h e  S P E R T  I des t ruc t ive  tests on t h e  D-12/25 core  

for a rapid react ivi ty  inser t ion of 0.024 A k / k .  No damage w a s  observed i n  ear l ie r  t e s t s  a t  somewhat  

smaller  reactivity addi t ions.  It appears  from t h e  information a t  hand that  n o  pressure s u r g e  of suff ic ient  

magnitude to c a u s e  s igni f icant  damage would occur  in  t h e  HFIR for t h e  react ivi ty  acc idents  considered.  

Based  on the comparison between t h e  S P E R T  case and  t h e  HFIR,  i t  would appear  that  a rapid react ivi ty  

t ransient  larger than 0.024 A k / k  would be  required to in i t ia te  s u c h  a pressure surge .  

D. Under what circumstances would a slower-acting backup control system b e  of real 

value ? 

I A s  s e t  forth in the  answer  to ques t ion  22A, there  a r e  s e v e r a l  s i tua t ions  i n  which a backup control  

sys tem is of some benefit. I t  should  aga in  b e  noted tha t  inser t ion of e i t h e r  t h e  shim-regulating cyl inder  

or t h e  four shim-safety quadrants  is adequate  t o  maintain t h e  reactor  in  a shutdown condition. 

23. Provide information regarding the following a s p e c t s  of the adequacy of the core cool ing 
system: 

A.  A discuss ion of the reason that a core spray s y s t e m  or other emergency cool ing system 

is undesirable or unnecessary. 

' 

In order to prevent par t ia l  melting of nearly expired HFIR fuel  e lements  immediately after shutdown 

from 100-Mw operation, it is necessary  that  t h e  coolan t  flow rate  b e  about  7% of normal full flow. T h e  

HFIR is equipped with a dc-powered emer2ency cool ing  sys tem tha t  wi l l  provide a t  least th i s  much flow, 

provided t h a t  any  one  of the  main circulation pumps is f ree  from mechanical  damage which would prevent 

i t s  rotation by t h e  in tegra l  d c  motor. I t  is bel ieved tha t  t h i s  cons t i tu tes  a n  adequate  emergency cool ing 
sys tem.  A descr ipt ion of t h i s  s y s t e m  is given i n  ORNL-3572. 

A s  set forth above,  it is not only necessary  tha t  t h e  core  b e  flooded b u t  tha t  c i rculat ion b e  maintained 

for about  a n  hour following shutdown, and  a core  spray sys tem would not in  i t se l f  be adequate  t o  prevent 

melting. In order to ensure  that  makeup water  is ava i lab le  to k e e p  t h e  primary s y s t e m  full e v e n  in  the  

event  of fa i lure  of the  d i e s e l  generators  following a power outage,  two interconnect ions are provided be- 

tween the  pool and the  reactor sys tem.  One of t h e  connect ions is through a check  v a l v e  which auto- 

matically ensures  that  makeup water  wil l  b e  added i f  t h e  reactor in le t  p ressure  drops below pool pres- 

sure ,  and the  other connection is through a manual valve.  i 

B-C. An analys is  of the thermal e f fects  on the core result ing from a rapid depressurization 
of the primary system or a complete loss of coolant  flow. An analys is  of the extent  and 

consequences  of metal-water* reactions which might occur a s  a result  of a l o s s  of flow, 

a l o s s  of coolant, a rapid primary system depressurization, or other credible accidents .  

I 

*Appendix I further considers energy r e l e a s e s  from aluminum-water reactions.  
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A brief d i scuss ion  of t h e  depressurizat ion acc ident  w a s  p r e s e n t e d  i n  Sect. 4.2, and i n  ORNL-3572, 

Sect. 8.8.5. However, i n  tha t  a n a l y s i s  i t  was  assumed tha t  t h e  p r e s s u r e  l o s s  w a s  due  to a leak  

equivalent to an open 3-in. valve. Under those  condi t ions,  t h e  reactor  would cont inue to  o p e r a t e  

at ful l  power for approximately sec while  t h e  pressure  fell to 300 ps i ,  a t  which point the  mactor  would 

b e s h u t d o w n b y a p r e s s u r e  scram. It w a s  concluded t h a t  t h e  temperature at t h e  hot s p o t s  might e x c e e d  the 

burnout point for a shor t  period of t ime (approximately $ sec) s t a r t i n g  about  2 sec af te r  the ini t ia t ion of 

t h e  pressure loss. T h e  present  sc ram pressure  s e t t i n g  is 375 p s i ,  which would provide a s m a l l  addi t iona l  

margin. 

A quant i ta t ive a n a l y s i s  of a sudden  or s t e p  d e c r e a s e  i n  pressure  is diff icul t  b e c a u s e  of t h e  vir tual  

impossibility of predict ing the e x a c t  sequence  of e v e n t s  in  t h e  c o r e  fol lowing s u c h  a n  event .  T h e  number 

and  magnitude of local hot s p o t s  and  t h e  phys ica l  behavior  of t h e  f u e l  i n  t h e s e  regions could h a v e  a sig- 

nif icant  e f fec t  on t h e  heat-removal charac te r i s t ics  of t h e  r e s t  of the  core .  F o r  example,  if t h e  f u e l  melted 

and  dripped out of the  fuel  p la tes ,  i t  might rearrange i t se l f  in to  a configuration be t te r  s u i t e d  for removing 

heat .  On the  other hand, if s e v e r a l  p l a t e s  melted or buckled and  c a m e  in  close contac t  with one another ,  

t h e  heat-transfer mechanism could b e  inhibited to some extent .  

Nevertheless ,  i t  is poss ib le  to t a k e  a semiquant i ta t ive look at t h e  overal l  s i tua t ion  from a n  integral  

point of view and to draw s o m e  conclus ions  b a s e d  upon th is  examination. 

T h e  model* ut i l ized for t h i s  is a s  follows. It wi l l  b e  assumed tha t  with t h e  reactor operat ing at 100 

Mw (9.48 x lo4 Btu/sec), a s t e p  d e c r e a s e  i n  pressure occurs  i n  which t h e  pressure  is ins tan t ly  decreased  

from 40 atm to 1 atm. It is further assumed that ,  following t h i s  pressure  reduction, t h e  average  rate  of 

h e a t  removal wil l  be proportional to the  difference between t h e  fue l  temperature and t h e  temperature  of 

t h e  surroundings. The lat ter  is assumed to remain unchanged dur ing  t h e  pressure  loss. In deve loping  

t h i s  model, the  following nomenclature is used:  

Total  heat-generation rate (Btu/sec) 

Fuel  temperature minus temperature of surroundings (OF) 
Initial value of T ( t )  (OF) 
Temperature of surroundings C F )  
Fuel temperature (OF) 
Specific heat of fuel (Btu lb-' OF-') 
Total  fuel weight (lb) 
Heat-transfer area (ft') 
Time (sec) 
Heat-removal constant (Btu O F - '  sec- ')  
Heat-transfer coefficient (Btu ft-' hr-' OF-') 
Conductivity of steam (Btu ft- '  hr-' OF-') 

. 

T h e  change i n  t h e  va lue  of T ( t )  with time may then b e  e x p r e s s e d  as 

MC f(t) = G(t) - K T( t ) ,  T(0) = T o ,  

*Answer 43 gives time sequence of events in c a s e  the assumed heat transfer did not take place. 
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whence . 

so  that 

T m  ( t )  = T~ + e-p' T ,  + t eP'G(r) d r ]  I [ MC 

where here 
p K,/MC . 

The total heat-generation function G(t) is obtained from analog studies of the system response fol- 

lowing a loss of pressure. For convenience i t  is represented a s  a stairstep function having the form: 

G(t) = 9.48 x l o4  Btu/sec , 
G(t) = 6.21 x lo4  Btu/sec , 
G(t) = 2.51 x l o 4  Btu/sec , 
G(t) = 1.42 x l o4  Btu/sec , 
G(t) = 9.48 x lo3  Btu/sec , 

0 < t < 0.05 sec , 
0.05 < t < 0.15 sec , 
0.15 < t < 0.25 sec , 

0.25 < t < 0.35 sec , 
t > 0.35 sec . 

[Actually G(t) decreases proportional to t -o.2 after a few seconds but this is neglected here.] 

Also, M = 150 lb, S = 430 ft2,  C = 0.25 Btu lb-' O F - '  . Now K is an overall heat-removal constant 

such that K = hS/3600. The appropriate value of h is obtained by assiming that a film of steam 1.5 

mils thick blankets the fuel. The conductivity, K ,  of steam4 increases almost linearly with tempera- 

ture from 0.014 Btu ft-' hr-' O F - '  a t  200°F to 0.051 Btu ft-' hr-' O F - '  a t  1600OF. W e  have h = 

12~/0.0015 s o  that K = 955.5K Btu O F - '  sec- ' ,  p = 2 5 . 5 ~  sec-'. In the temperature equation both 

K and p are taken to be constants; however, they are adjusted to appropriate average values for each 

of the temperature regimes. 

, 

Values of the average core temperature were found by using the average water temperature Tw = 

150'F and the initial fuel temperature T,(O) = 202OF. These are plotted in Fig. 11.23.1. The equi- 

librium temperature- of 648OF is wel l  below the melting point. 

. 
The hot-spot fuel temperature was also estimated using a water temperature of 461°F and an  initial 

metal temperature of 480OF. The power density may be a s  high a s  2.5 times the average, and the values 

of G(t) were adjusted accordingly. Under these assumptions, the hot spots would, a s  shown in Fig. 

11.23.1, reach a temperature of 1210°F, which is very close to the melting point. An additional 167 

Btu/lb would be necessary to supply the required heat of fusion. Thus a complete reaction of the U,O, 

fuel with aluminum, which could supply adiabatically a maximum of 109 Btu per pound of aluminum, 

would not be sufficient to cause melting. Hence there seems to be little possibility of a metal-water 

reaction, which requires an ignition temperature of 2140OF. 
I 

4A. W .  Lemmon, Jr., e t  a t . ,  Empirical Evaluation of the Properties of Steam at Elevated  Temperatures and 
Pressures,  BMI-858 (Aug. 25, 1963). 

. 
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Fig. 11.23.1. Variat ion of Reactor Power and Core Temperature with T ime 

Fol lowing a Step L o s s  i n  Pressure. 

I t  must be recognized that the validity of the heat-removal assumptions used above are open to  

question and that various physical occurrences in the  core  may alter them either for t he  better or for the 

worse. It is believed, however, that the temperatures deduced from th i s  model a r e  fairly realistic. 

This is reinforced by the fact that implicit in the hot-spot model is the assumption tha t  only about 

. 

25% of the nuclear heat is removed during the  transient immediately following the  pressure lo s s ,  and 

that only 15% is removed in the average case .  It seems reasonable t o  believe that at the  temperatures 

involved, there is sufficient thermal driving force t o  accomplish th i s .  

An analys is  of the loss-of-coolant-flow accident is not quite so  difficult as the  sudden-depres- 

surization accident,  and it may be approached in severa l  different ways.  The  results show that the core 

will s t a r t  t o  me l t  at some time between 10 and 100 sec following the  s t a r t  of flow coastdown. The rate of 

temperature rise of the core, considered on the average, will fall between 75 and 40°F/sec at th i s  t ime.  

Prediction of the sequence of events following melting is virtually impossible. The  significant point is 

that the rate of temperature rise is not very rapid, and, therefore, i f  d i spersa l  of the material occurs by 

dripping or running out of the core, it is probable that cooling will take p lace  and little, if any, metal- 

water reaction would be expected. On the  other hand, the  material may s t ay  together until the tempera- 

ture is considerably in excess  of the H,O-Al reaction temperature and then  be  suddenly dispersed by a 

steam explosion, in which case there would almost certainly be some reaction. 

The  foregoing may not appear t o  be complete answers to the questions; however, it is our opinion 

that insufficient data ex i s t  for u s  to  quantitatively answer these  questions.  It would serve  little pur- 

pose for u s  t o  supply a sophisticated ana lys i s  for si tuations in which the bas ic  assumptions would be 

guesses  a t  best .  If such  information ex is ted ,  it would certainly not be necessary to run t e s t s  such  as 

the LOFT being undertaken at the  NRTS. 

L 
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. I t  is our posi t ion that  the  d e s i g n  of t h e  faci l i ty  is adequate  to reduce the probability of s u c h  fai lures  

to  s u c h  a low leve l  that they a r e  not  expec ted  to occur  during t h e  l i fe  of t h e  faci l i ty .  If s u c h  a n  event  

should occur, d e s p i t e  our precaut ions,  the  containment features  would be-expec ted  to b e  adequate  to 

limit t h e  exposure to a tolerable  level .  

$ 

24A. Discuss  the adequacy of the beam-tube design.* 

T h e  HFIR horizontal beam t u b e s  and  experimental  faci l i ty  t u b e s  which penetrate  t h e  reactor  v e s s e l  

have  been designed for 1000 p s i g  ex terna l  pressure  at 150'F with s t r e s s  va lues  not exceeding  t h o s e  

permissible  under Sect. VIII, Unfired P r e s s u r e  V e s s e l s ,  of t h e  .ASME Boiler  and  P r e s s u r e  V e s s e l  Code. 

T h e  mater ia ls  u s e d  i n  construct ion h a v e  a qual i ty  control  in  accordance  with HFIR Procurement Notes  

SST-2 and AL-2 t o  e n s u r e  that  t h e  mater ia ls  a r e  of t h e  h ighes t  qual i ty  commercially ava i lab le  and  higher 

than spec i f ied  i n  t h e  ASME Code. Dimensional  to le rances  a n d  weld ing  have  been maintained a t  a s tan-  

dard cons is ten t  with t h e  high s tandards  of t h e  materials. 

T h e  des ign  is based  on a nominal lifetime of t e n  years .  T h e  a c t u a l  life of t h e  tubes  wil l  be  de- 

termined by t h e  corrosion ra te  and  any  detr imental  e f fec ts  of radiation damage as evidenced by sur -  

vei l lance specimens.  T h e  corrosion a l lowance  is '/* in. and is considered t o  b e  more than adequate  

for the ten-year lifetime, based  on e x i s t i n g  out-of-pile data. 

* 

All  p ieces  of equipment exposed  t o  reactor  pressure have  been hydrostat ical ly  t e s t e d  to 1$ times 

the  design pressure.  In addi t ion,  typical  high-pressure bellows and beam-tube flanged jo in ts  have  been 

tes ted  t o  a hydrostat ic  pressure  in  e x c e s s  of 4000 p s i g  without failure. An invest igat ion of t h e  c o l l a p s e  

res i s tance  of t h e  horizontal beam tubes  w a s  made by t h e  S t r e s s  Analys is  Laboratory of OFNL. T h e  co l -  

l a p s e  predictions for t h e  cyl indrical  portions of the  tubes  were obtained from t h e  classical instabi l i ty  

formula for cyl indrical  s h e l l s  subjec ted  to ex terna l  pressure.  F o r  t h e  ins tan taneous  co l lapse  predic- 

t ions,  the  tangent  modulus method w a s  used  i n  conjunction with t h e  short-time s t ress-s t ra in  curve for 

the  tube material. T h e  c r e e p  c o l l a p s e  pressures  were obtained by u s i n g  t h e  tangent modulus method in  

conjunction with the  ten-year isochronous s t ress -s t ra in  curve for t h e  tube material. T h e  ins tan taneous  

co l lapse  predictions obtained by t h e  tangent  modulus method a g r e e  wel l  with experimental resu l t s .  

T h e  c reep  co l lapse  predict ions a r e ,  however, only approximations tha t  are probably conservat ive.  T h e  

factors  of sa fe ty  a g a i n s t  c o l l a p s e  a t  1000 p s i g  ex terna l  pressure were calculated to be  6 and 3 for t h e  

ins tan taneous  and ten-year c r e e p  condi t ions respect ively.  - 

B a s e d  on t h e  above  information and  on t h e  ava i lab le  information on t h e  e f f e c t s  of radiation, which 

wil l  be  covered in  a la te r  s e c t i o n  of th i s  answer,  w e  bel ieve tha t  t h e  des ign  of t h e  horizontal beam and 

-experimental facility tubes  is adequate  for t h e  proposed serv ice .  

T h e  horizontal  beam tube ex tens ions ,  which a r e  welded to t h e  beam tubes  outs ide  of the reactor  pres- 

s 

s u r e  v e s s e l  and which extend through t h e  concre te  shielding,  a r e  designed to withstand a n  internal  vacuum 

plus  t h e  head of water  equal  to the  depth of t h e  pool. They a r e  also des igned  to withstand a n  internal  

pressure  adequate  t o  handle  any normal pressure due  to coolant  which might b e  used  ei ther  in  t h e  tube or 

*Further discussed in answer 44. 
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in the shielding plugs. This is nominally 150 psig. As a practical matter, mechanical and fabrication 

considerations were overriding, and therefore the  design is such that the  weak point in the cylindrical 

extension tubes is the large-diameter (-7-in.-ID) outer end of the tube, which will meet Code require- 

ments for a working pressure of about 500 psig. The outer ends  of the  horizontal beam tube extensions 

are provided with 0-ring-sealed caps  which a re  held in place by shear  rings. The  present design of the 

bolting for the end caps  is adequaie for a Code working pressure of 273 psig. 

The  outer end of each  of the beam tubes is a l s o  provided with a rupture disk that discharges into the 

pool t o  relieve any overpressure which might result  from small leaks  from the  reactor vesse l ,  the plug 

coolant system, or from misoperation of the sys tem provided for fi l l ing the  b e a m  tubes with dry air or 

helium. 

The  experimental facility tubes are designed to  withstand 1000 ps ig  internal pressure over their full 

length and a re  provided with a bolted flange outer closure which meets Code requirements for 1000-psig 

service.  

B. In particular, discuss  the desirability and feasibility of incorporating'an additional 
closure or s e a l  a t  the outer ends of the beam tubes to  limit l o s s  of coolant from the 
main coolant system should the beam tubes fai l  a t  a point within the reactor pressure 
vessel .  

The present beam-tube design. includes closures a t  the outer ends  of the tubes. The  two types of 

tubes, E F  and HB, have different types of closures,  however, due to  differences in the intended use. 

The E F  tubes have been provided on the bas i s  that  they may be useful for irradiation-type experi- 

ments a t  some future t ime .  In view of the fact that  it is not intended to bring a beam out of these  tubes, 

they a re  provided with a conventional flanged closure designed for 1000-psig serv ice ,  and no  further 

discussion of these  tubes will be presented, as a failure inside the  reactor ves se l  would not lead to  

any significant l o s s  of water from the system. 

The  horizontal beam tube design incorporates an 0-ring-sealed cap a t  the outer end. The  bolting 

for the end cap is adequate to m e e t  a Code working pressure of 273 ps ig  for the  present design. Th i s  

pressure is well  in excess  of any anticipated pressure in the beam tubes.  As  s ta ted  previously, the 

outer ends of the beam tubes a re  connected into the  pool via l ines containing rupture d isks  s e t  to re- 

lieve i f  the pressure exceeds that allowable. 

In the event of a catastrophic failure of a horizontal beam tube ins ide  the  reactor vesse l ,  the  maxi- 

mum pressure'in the  tube could rise to  the  maximum inlet  pressure of the  reactor. Although the  nominal 

inlet pressure is presently 600 psi ,  the  design will be  d iscussed  in terms of the  1000-psi design which 

applies t o  the primary coolant system. An evaluation of the present design was made in order to deter- 

mine the limitations in regard to  internal pressure. As set forth above, i t  was  determined that the limiting 

factor is the bolting a t  one point on the outer cap. It was  further determined that if t hese  bolts were 

changed to  high-strength bolts, the limitation would be shifted to  the  cylindrical outer section of the 

beam tube extension. As previously s ta ted ,  th i s  section h a s  a Code allowable working pressure of about 

500 psig. This  allowable pressure is based on a Code allowable s t r e s s  for t he  6061 material of 5900 

psi. This  allowable stress is related to a minimum tensile stress s e t  forth in the  Code of 24,000 psi. 

. 

c 
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. T e s t s  made on welded joints of the actual beam tube material showed a tensile strength greater than 

29,000 psi  with failure occurring in the heat-affected zone. The  maximum s t r e s s  in the  aluminum ma- 

terial at 1000 ps ig  internal pressure in the  beam tube would be about 12,000 psi. Although th is  is in 

excess  of the Code allowable s t r e s s ,  i t  appears that the design is adequate to  contain the reactor inlet 

pressure under th i s  abnormal, once-in-a-lifetime, load application. 

Several additional points may be considered relevant. The -7-in.-ID section is surrounded by a 

close-fitting s ta in less  steel shield, which would prevent rupture of th i s  section even i f  it should yield. 

The next weakest link is the inner portion of the extension tube, which is adequate for a Code rating of 

about 600 psig. In view of the fact  that the nominal inlet pressure is only 600 ps ig  with a maximum of 

1000 psig, i t  is believed that the design is adequate to prevent any significant loss  of water from the 

system should the inner end of the tube rupture. 

As a result  of the review, i t  has  been decided to  change the present bolting to a higher-strength ma- 
l terial which will give assurance  that the beam tubes can  contain the  maximum design pressure sf 1000 

ps ig  should the inner end fail  catastrophically. 

C .  Discuss the course of accidents involving various modes of beam tube failure. 

I t  appears that there a re  only three modes of failure which a re  of interest: (1) a small leak ins ide  

the reactor vessel;  (2) a gross rupture inside the reactor vesse l ;  and (3) failure of the flanged joint which 

connects the beam tube to  the reactor vesse l .  Case  1 would result  in a slow rise in pressure in the  beam 

tube until the relief pressure of the rupture disk is reached. After operation of t he  rupture disk, the  leak- 

a g e  water would leak into the pool. The installed rupture d isk  system can  handle approximately 15 gpm 

with a pressure a t  the beam tube seal c a p  of 500 psig, which is the Code allowable pressure for the beam 

tube extension. The increase in radioactivity in the  pool water would bring this si tuation to  the operator’s 

attention even if the experiment were not in operation. Case  2 was  d iscussed  in part B of this answer. 

Case  3 assumes complete failure of the flanged coupling between the  beam tube and the reactor vesse l .  

. 

e This coupling normally restrains the beam tube from outward movement in addition to  preventing water 

from leaking from the reactor ves se l  t o  the surrounding pool. Failure of t he  flanged joint’would result 

in a maximum outward movement of the beam tube of about 2% in. if the  experimenter’s barrel shutter 

were not in place. If the barrel shutter were in place, the movement would be limited to  approximately 

in. The leakage from the reactor ves se l  through the failed flange coupling is calculated to not exceed 

1930 gpm a t  1000 ps ig  for either case; leakage would be into the reactor pool. A l eakof  this magnitude 

would result in a shutdown of the reactor; however, th i s  would be done in a n  orderly fashion by the low- 

pressure scram, with no damage resulting other than the mechanical damage already done to the beam 

tube and associated parts. This  type of failure is not considered sufficiently probable as to consti tute 

a significant hazard even i f  the consequences were significant. 

D. Could modifications of the provisions for emergency cooling help minimize the 
consequences of any of these? 
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Inasmuch as the consequences of the accidents d i scussed  in 24C are  only such  as to  require repair 

of the mechanical'damage, i t  is not s e e n  how modifications to the provisions for emergency cooling would 

have any effect on such accidents.  

E. Discuss the extent of knowledgexof long-term irradiation effects on the  beam tubes, 

the adequacy of the surveillance program, and the probability of beam tube failure 

with the proposed procedures. 

There is very l i t t le quantitative information on long-term irradiation e f fec ts  on th i s  type of material. 

Some information was obtained from the  ETR s i t e  in August 1963. One of their control rod guide tubes, 

which was fabricated from type 6061-T6 aluminum, had been exposed t o  a n  integrated fast-neutron (> 1 
M e V )  dose  of 2.6 x lo2' neutrons/cm'. Th i s  occurred during -15,000 hr a t  a calculated temperature of 

153OF. Twelve hardness measurements were made after irradiation. The  measurements ranged from 

R B  69.5 to R B  75.5 with an  average hardness of R B  72. This  indicates tha t  there was  probably no sig- 

nificant change in the strength of the  material. The  fast-neutron (>0.8 M e V )  dose  in the  HFIR beam tubes 

will be about 2.4 x 10" in a ten-year exposure. Surveillance specimens in the HFIR will  be  exposed in 

a higher flux than the beam tubes, and these  specimens will be evaluated periodically to determine i f  

there is any significant change in mechanical properties. 

. 

. 

. 
, 

In regard to the mechanical properties, we plan to u s e  tensile specimens to  demonstrate t h e  absence  

of any adverse effects of irradiation. The  u s e  of tens i le  specimens was  questioned by Mr. N .  J .  Palladino 

during a meeting of the HFIR staff and the ACRS Subcommittee on HFIR. A letter on th i s  subjec t  was  pre- 

pared and forwarded to him; i t  is included in th i s  report a s  Appendix G as a matter of record. 

On the b a s i s  of the foregoing information, it is concluded that the  probability of beam tube failure is 

sufficiently small. 

\ 
25. State the evacuation alarm s e t  point and indicate what action is to  be taken i f  it is 

reached. A l s o  indicate the approximate radiation levels which will  require evacuation 

of the facil i ty by the reactor operators, and discuss  the need for radiation shielding a t  

the reactor control room. 

/ 

The  radiation alarm s e t  point for the general operating area is 23 mr/hr as monitored by se lec ted  

monitrons. However, two of the selected monitrons must indicate simultaneously a radiation level 2 2 3  

mr/hr to automatically sound the evacuation alarm. A similar system is provided for monitoring particu- 

l a t e  or gaseous activity in the general operating a reas  of the building. As is the case with the  monitrons, 

two of the selected constant air  monitors must indicate a leve l  significantly above tolerance in order to 

automatically sound the evacuation alarm. 

The  control, room is located outside the containment area, and a separa te  ventilation system is pro- 

vided to  minimize the probability of exposing the  operator t o  particulate or gaseous activity; however, a 

monitron and constant air monitor are located in the control-room area  for operator information. In addi- 

tion, a wide-range, gamma-sensitive detector is located jus t  outside the control room, in  the high-bay 

reactor operating level. This  instrument covers the  range 0.1 to  l o5  r/hr on a logarithmic scale and 

provides a readout and alarm in the control room and in the HFIR Office and Maintenance Building, 

. 
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which also h a s  te lephone,  intercom, and public address  sys tem communication with t h e  overal l  HFIR 

area.  T h e  reactor operators a r e  required to e v a c u a t e  t h e  control  room i f  t h e  radiat ion leve l  is i n  e x c e s s  

of 5 r/hr. 

The HFIR control room is partially sh ie lded  by t h e  %in.-thick concre te  reactor building; however, 

t h i s  wal l  is penetrated by the observat ion gallery windows, which c a n  b e  s e e n  i n  Figs. 3.2.5 and 3.2.6 

of ORNL-3572. There appears  to b e  n o  s ignif icant  advantage  to having the  operator remain i n  t h e  con- 

trol room following a ser ious  acc ident ,  and it is not intended that  h e  d o  so. F o r  t h i s  reason i t  appears  

further sh ie ld  t h e  control room. unnecessary t o  

26. Provide an  analysis  of the reactivity effects result ing from possible fuel movement 
(e.g., effects of fuel melting and transport during an  accident or relative movement of 
the two elements). Analyze appropriate accidents  which could involve significant re- 
activity insertions or insertion rates from this  source. 

T h e  HFIR core is undermoderated within t h e  conf ines  of t h e  s i d e  p l a t e s  but  h a s  posi t ive void co- 

eff ic ients  i n  t h e  i s land  and control region and near ly  a z e r o  coeff ic ient  between t h e  two elements .  As 

a resul t  of t h e  undermoderation within t h e  fuel  e lements ,  removal of fuel  p l a t e s  (plus the  a s s o c i a t e d  fuel  

and  burnable poison) i n c r e a s e s  reactivity. Calcu la t ions  ind ica te  tha t  uniform removal of fue l  p l a t e s  from 

t h e  core  r e s u l t s  i n  a maximum react ivi ty  i n c r e a s e  of 0.025 Ak; t h e  corresponding fract ion of. fuel  p la te  

removal is about  30% (one experimental point a t  about  3% fuel  p la te  removal c h e c k s  the  calculat ions s a t -  

isfactorily). If a complete  loss of'flow and/or sudden  loss of pressure  a c c i d e n t  were t o  occur  in  which 

fuel  p la te  melting resulted, i t  is perhaps p o s s i b l e  t h a t  there  would be  some i n c r e a s e  in  react ivi ty  due t o  

molten fuel p la te  material dripping out the  bottom of the core.  However, t h e  s a f e t y  rods, which would 

have  scrammed as a resul t  of t h e  initiatory acc ident ,  would b e  c a p a b l e  of maintaining the  reactor  sub-  

c r i t i ca l  even if t h e  ful l  0.025 Ak addition were achieved,  which, of course,  is very unlikely. 

\ 

( 

T h e  amount of reactivity a s s o c i a t e d  with longitudinal displacement  of one f u e l  e lement  re la t ive to 

t h e  other  h a s  not as yet  been determined experimentally. However, s i n c e  t h e  water  regions ad jacent  to 

t h e  fuel  e lements  a l ready a r e  overmoderated, o r  near ly  so i n  t h e  case of t h e  water  g a p  between t h e  ele- 

ments ,  i t  is not likely that  longitudinal movement of one  element  re la t ive to t h e  other  would i n c r e a s e  re- 

act ivi ty .  Experiments  of t h i s  type wi l l  be  conducted i n  t h e  near  future. 

Rela t ive  movement of t h e  two e lements  is normally prevented by t h e  f a c t  t h a t  the  outer e lement  is 

held i n  position by t h e  inner shroud and t h e  inner  e lement  is held i n  posi t ion by  t h e  target  tower (see 

ORNL-3572, F i g s .  5.1.2 and 5.1.4). 

27. Discuss  the possible effects of a fire in the control room. . 

\ -  

T h e  ef fec ts  of a f i re  in  t h e  control room would depend upon many fac tors ,  s u c h  a s  t h e  point of origin 

of the fire a n d  i t s  severi ty .  T h e  control  room is not provided with a spr inkler  sys tem d u e  to concern over 

a poss ib le  malfunction caus ing  instrument damage; however, h e a t  s e n s o r s  are'provided which sound local 

alarms as wel l  a s  a la rms  at  t h e  fire department headquarters .  Por tab le  extinguishers a r e  provided for u s e  

of the  operat ing personnel .  

. 
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T h e  control room may not  b e  lef t  unat tended while  t h e  reactor is in operat ion.  T h i s  is a n  administra- 

t ive rule which is s t r ic t ly  enforced. T h e  operator h a s  s e v e r a l  means of shut t ing  down t h e  reactor  from 

t h e  control d e s k .  Operation of a s i n g l e  swi tch  is adequate  t o  in i t ia te  a shutdown,  and  t h e  s y s t e m  is so  

designed t h a t  the  reac tor  requires  n o  further a t tent ion once  a shutdown is ini t ia ted.  

In order t o  pursue t h i s  ques t ion  further, it could b e  assumed that  t h e  fire or iginated with a n  explo- 

s ion  which d isab led  t h e  operator. In t h i s  e v e n t  the operator could not  s h u t  down t h e  reactor ,  a n d  t h e  

regulating sys tem would cont inue t o  control  t h e  reactor  un t i l  shimming of t h e  control  p l a t e s  is required. 

At th i s  time t h e  regulating rod would b e  fully withdrawn, and  t h e  reactor power would s t a r t  to d e c r e a s e  

d u e  to lack  of abi l i ty  t o  withdraw t h e  control e lements .  Shutdown would follow a lmost  immediately due  t o  

buildup of f i ss ion  product poison. T h e  safe ty  s y s t e m  may b e  presumed t o  b e  operat ive during t h i s  se- 

quence  of events .  T h e  t i m e  required t o  reach t h e  end of t h e  regulat ing rod s t r o k e  wi l l  vary depending 

on the  position at t h e  t i m e  of the  acc ident ,  but it would generally b e  a number of hours. Inasmuch as 

other personnel i n  the a rea ,  the  fire department, and t h e  emergency s q u a d  would a r r ive  i n  a matter  of 

minutes, the above d iscuss ion  is somewhat  academic.  

If it is assumed that the operator is driven from the  control  room without shut t ing  down t h e  reactor ,  

or if access cannot  be  gained t o  t h e  control room, there  a r e  s t i l l  many w a y s  of shut t ing  t h e  reactor down. 

One of the  e a s i e s t  would be  to open t h e  manual breakers  i n  t h e  instrument battery room, which is located 

on the floor below, ad jacent  to t h e  amplifier and  relay room. T h i s  would remove t h e  s o u r c e  of power for 

t h e  instruments  and safe ty  p la te  magnets and would resu l t  in  a scram. Removal of t h e  power would re- 

s u l t  in  a scram no matter whether the  instruments  weredamaged or not. If access to t h e  amplifier and  

relay room w a s  also blocked, the  shutdown could e a s i l y  b e  ini t ia ted from the subpi le  room by unplugging 

t h e  safety magnets. T h i s  ac t ion  would also b e  independent  of instrument condition. A s  noted i n  t h e  

answer t o  quest ion 22, the  shim-regulating cyl inder  could  also be inser ted  from t h i s  locat ion.  

Even  under condi t ions where the operator t a k e s  n o  ac t ion ,  s e l e c t i v e  failure would b e  required t o  

bring about  a dangerous condition. It would b e  n e c e s s a r y  tha t  t h e  s a f e t y  s y s t e m  b e  d isab led  f i rs t  and  

that  i t  fail in s u c h  a manner that  i t  did not and could not s h u t  t h e  reactor  down. Fol lowing fai lure  of 

the  safe ty  system, it would be  necessary  to further pos tu la te  that  t h e  regulating s y s t e m  fails i n  s u c h  

a manner that  the  regulating rod is withdrawn. Even  i n  th i s  case i t  would be  n e c e s s a r y  tha t  t h e  control  

sys tem inter locks fai l  t o  produce a control e lement  inser t ion (reverse). Note t h a t  i n  assuming fai lure  

of the safe ty  sys tem and the  regulating system, two channels  of e a c h  must  fa i l .  

28A. Furnish further information regarding the reliability and fail-safe characteristics 
of the reactor control and instrumentation system. 

T h e  safe ty  sys tem is maintained physical ly  and functionally independent  of t h e  s y s t e m  of controls ,  

inter locks,  annunciators ,  s ta r tup  instrumentation, and  t h e  l ike.  In order t o  fac i l i t a te  this separa t ion  be- 

tween safety-related and non-safety-related equipment, t h e  two s y s t e m s  have  been  referred to a s  safe ty  

and  nonsafety sys tems.  

T h e  following s t e p s  have  been taken t o  achieve  t h e  required reliability of t h e  s a f e t y  s y s t e m :  

1. Three  independent  s a f e t y  channels  a r e  provided and  arranged s o  that  proper operat ion of a n y  two wi 
in i t ia te  a scram when required. . 

1 
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2. 

3. 

4. 

Built-in t e s t i n g  capabi l i t i es  h a v e  been included s o  that  e a c h  s a f e t y  channel  c a n  b e  tes ted per iodical ly  
on  a schedule  that makes the probability of the  e x i s t e n c e  of two undetected random fai lures  vanish- 
ingly small .  

Where there e x i s t  credible  mechanisms for nonrandom fai lures  to d i s a b l e  more than one s a f e t y  channel ,  
fail-safe techniques have  been used.  The principal example of t h i s  is the cont inui ty  c i rcui t  which 
t r ips  a channel  when a vi ta l  module is removed from its drawer. 

T h e  safe ty  channels  have  been clear ly  identified as to  their  s a f e t y  funct ions,  and s t rong  administra- 
t ive controls  a r e  exercised t o  prevent unauthorized modifications. T h e  u s e  of t h e s e  channels  for 
purposes  other than protection is prohibited. 

B. Indicate how the system has functioned in testing to date. 

One channel  of t h e  safe ty  sys tem and  one  wide-range count ing channel  h a v e  been under cont inuous 

test i n  the  ORR for approximately one  year .  During tha t  t ime t h e  s y s t e m s  have  been subjec ted  t o  extreme 

temperature cycl ing and h i& and low supply vol tagevar ia t ions  as wel l  a s  long-term routine operation. 

Two isolated electronic  component fa i lures  occurred during this p h a s e  of t h e  testing. 

T h e  sys tems in  the  HFIR h a v e  been largely operable  for from three t o  s i x  months. During t h e  in i t ia l  

checkout  phase,  severa l  fa i lures  occurred which were directly a t t r ibutable  to  e x c e s s i v e  handling. S i n c e  

completion of ini t ia l  checkout  and cal ibrat ion of t h e  instrumentation, one  t ransis tor  failure h a s  occurred. 

T h e  c a u s e  of this  failure could not  be establ ished.  

T h e  performance of the instrumentation h a s  been wel l  within t h e  design spec i f ica t ions  a n d  h a s  been 

essent ia l ly  noise  and interference free. T h o s e  par ts  of t h e  on-line t e s t i n g  s y s t e m  which a r e  operable  a t  

low power all perform sa t i s fac tor i ly .  T h e  sens i t iv i ty  and operability of t h e  s a f e t y  sys tem h a v e  been 

checked by ra i s ing  the  reactor  power leve l  unt i l  s a f e t y  ac t ion  w a s  ini t ia ted.  All  s y s t e m s  responded 

normally. ’ 

C. What are the most crucial segments of the instrumentation system? 

T h e  most crucial  segment  of t h e  instrumentation sys tem is t h a t  par t  which w e  refer t o  as  t h e  safe ty  

sys tem.  A s  descr ibed i n  ORNL-3572 a n d  i n  par t  A of t h i s  quest ion,  t h e  s a f e t y  sys tem is made u p  of 

three independent channeIs .  E a c h  of t h e s e  channels  rece ives  information regarding various important 

parameters which reflect t h e  s t a t u s  of the sys tem.  T h e  function of t h i s  s y s t e m  is to prevent overheat- 

i n g  of the  reactor fuel due  t o  a n y  of t h e s e  parameters  get t ing outs ide  the i r  normal range. T h e  arrange- 

ment of t h i s  sys tem is descr ibed in  ORNL-3572 i n  considerable  de ta i l .  Any component in  a channel  

which c a n  prevent that  channel  from providing protection a g a i n s t  improper va lues  of any parameter is 

considered c ruc ia l  for that  channel .  A built-in t e s t i n g  sys tem is provided to d e t e c t  such  fai lures  in  

any  par t  of any of the  three channels .  Fa i lure  of any s ingle  channel  d o e s  not  prevent t h e  safety s y s -  

tem from providing protection. A s  is the  case with all co inc idence  s y s t e m s ,  common e lements  exis t .  

In the case of t h e  HFIR s a f e t y  sys tem t h e s e  elements  a r e  the four safe ty  r e l e a s e  magnets ,  i n  which 

t h e  magnetic c i rcui t  provides t h e  meet ing ground for t h e  three s a f e t y  channels .  No attempt h a s  been 

made t o  identify each  component of a given safe ty  channel  which could prevent tha t  channel  from per- 

forming its function. A s  in  any sys tem,  there  a r e  many s u c h  components  which a r e  equally important. 
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D. What a r e  p o s s i b l e  modes of fa i lure  a n d  the i r  c o n s e q u e n c e s ?  

A s  s e t  forth i n  par t  C of t h i s  ques t ion ,  there  a r e  many components i n  e a c h  safe ty  channel  which c a n  

fail in  such  a manner that  t h e  channel  cannot  perform its function. An undetected fai lure  in  one  channel ,  

i f  it be  s u c h  as  to block t h e  en t i re  channel  rather than a s i n g l e  parameter i n  one channel ,  would require 

coincidence of t h e  other  two channels  to ini t ia te  correct ive act ion.  If t h e  fai lure  is de tec ted  e i ther  a t  t h e  

time of the  test or  by observat ion of t h e  instruments  during operation, t h e  operat ing procedures  require that  

t h e  defective channel  be manually tripped s o  tha t  e i ther  of t h e  other  two c h a n n e l s  may take  ac t ion  should 

a n  unsafe  condition a r i se .  

If faul ts  a r e  de tec ted  in  two of the  safe ty  channels ,  t h e  reactor  must b e  s h u t  down. Undetected faul ts  

i n  two of the safety channels  which a r e  s u c h  as t o  block t h e  en t i re  c h a n n e l  would render t h e  safe ty  s y s t e m  

inoperative. The  test interval  h a s  been chosen  s u c h  tha t  the  probability of occurrence of t h e  l a t t e r  case 

is acceptably small .  The present  maximum tes t ing  interval  of 25  hr  between. t e s t s  is based  on a conser-  

vat ive est imate  of four fa i lures  per year  per channel .  I t  is judged tha t  t h e  resu l t ing  s y s t e m  fai lure  ra te  

potent ia l  of per hour or 1 hr/year unprotected is acceptab le ;  however, a shorter  interval  between 

t e s t s  is judged d e s i r a b l e  unt i l  addi t ional  experience is gained regarding component fa i lure  ra tes .  T h e  

t e s t  interval present ly  being used  is 8 hr. 

E. What could  r e s u l t  from fai lure  t o  d e t e c t  fue l  e lement  fa i lure  promptly? 
, 

T h e  most se r ious  resul t  of fa i lure  t o  d e t e c t  fuel  e lement  failure promptly is t h e  probability t h a t  t h e  

fai lure  might become progressively worse. If th i s  should happen,  a relat ively small inc ident  might 

propagate into a larger  one, and i t  is for th i s  reason that  t h e  reactor  is s h u t  down v ia  t h e  s a f e t y  s y s -  

tem i f  a failure bad enough to s e t  off the  fai led fuel  e lement  de tec tor  occurs .  

In addition to shutdown of t h e  reactor, t h e  failed fuel  e lement  de tec tors  also call for c l o s u r e  of t h e  

cleanup-system block va lves .  T h e  intent  is to confine any  act ivi ty  r e l e a s e  to t h e  primary coolan t  s y s t e m  

unt i l  such  time as  a n  orderly c leanup procedure can b e  ini t ia ted.  Any gaseous  act ivi ty  which e s c a p e s  

into the  c leanup sys tem would b e  carr ied off by t h e  hot  off-gas s y s t e m ,  f i l tered,  and d ischarged  from the 

s tack .  T h e  c leanup sys tem h a s  a flow which is only about  1 .5% of t h e  primary coolant  flow, s o  e v e n  if 

the  block va lves  fa i l  t o  close the rate of exhaus t  of act ivi ty  is relat ively small .  

Several  other  monitors for coolant-water act ivi ty  and exhaust-gas  ac t iv i ty  a r e  provided as descr ibed 

i n  ORNL-3572, and information from t h e s e  s o u r c e s  would be presented  to the operator  s ta r t ing  about  20 

~ sec af ter  the accident .  

F. D i s c u s s  a c c i d e n t s  in which  the instrumentat ion r e a c t s  improperly, or fails t o  funct ion 
as intended,  inc luding  tha t  t ime when reac t iv i ty  is be ing  i n s e r t e d  a t  i t s  maximum de-  
s i g n  rate .  

There  a r e  a multitude of s i tua t ions  which could b e  d i s c u s s e d  under  t h i s  topic; however, it a p p e a r s  

tha t  t h e s e  c a n  b e  summarized by considerat ion of s i n g l e  or multiple fa i lure  of three  elements:  (1) t h e  

safe ty  sys tem,  (2) t h e  i k t r u m e n t  and  control sys tem exc lus ive  of t h e  s a f e t y  sys tem,  and  (3) the op- 
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erator. A s  descr ibed i n  other  par t s  of t h i s  answer,  t h e  s a f e t y  s y s t e m  is des igned  to  protect t h e  reactor  

. 

agains t  fa i lures  which occur  i n  other  par t s  of the sys tem,  and ,  therefore ,  t h e  only combinations of in- 

te res t  a r e  those i n  which t h e  safe ty  s y s t e m  i t se l f  h a s  fa i led.  In support  of t h i s  and as a n  example  of 

t h e  consequences  of failure involving t h e  addition of react ivi ty  at i t s  maximum ra te ,  let u s  cons ider  a 

s ta r tup  accident .  

T h e  HFIR safe ty  and control  s y s t e m  des ign  is c o n s i s t e n t  with a pr inciple  originally es tab l i shed  by 

Newsons for t h e  MTR and which h a s  been appl ied to all ORNL reactors .  T h i s  principle a s s u m e s  a 

s ta r tup  accident ,  originating at s o u r c e  leve l ,  brought about  by t h e  ca tas t rophic  fa i lure  of the  s ta r tup  

instrumentation, t h e  control  s y s t e m  including inter locks,  and manual operation. T h i s  failure l e a v e s  

the  reactor supercr i t ical  with t h e  shim-safety p la tes  withdrawing s imultaneously a t  their maximum rate. 

T h e  reactor sa fe ty  sys tem remains t h e  only means of s topping  t h e  react ivi ty  addition and  of turning t h e  

excursion by re leas ing  t h e  shim-safety p la tes .  One criterion for minimum required performance of t h e  

safe ty  sys tem is therefore t h e  protection of t h e  reactor core  from ca tas t rophic  fa i lure  of t h e  s ta r tup  

instrumentation and control  sys tem.  

A s  indicated above, t h e  safe ty  sys tem response  determines t h e  maximum al lowable react ivi ty  in- 

ser t ion rate  by t h e  shim p la tes .  In t h e  H F l R  t h e  maximum a l lowable  r a t e  is greater than a factor  of 

2 t i m e s  t h e  rate  ac tua l ly  used.  T h e  choice  of t h e  s lower  rate  w a s  made on t h e  b a s i s  of operat ing re- 
, 

quirements, s i n c e  this c h o i c e  w a s  wel l  within safe limits. 

T h e  poss ib le  modes of fai lure  include random as wel l  a s  s y s t e m a t i c  fa i lures  of various compo- 
s 

nents .  T h e  ORNL approach h a s  been to des ign  a sys tem which is tolerant  of random fai lures  and  t o  

reduce the probability of s y s t e m a t i c  failure t o  t h e  lowes t  prac t ica l  limit. I t  is our opinion that  t h e  

probability of sa fe ty  s y s t e m  failure, as a resul t  of multiple component or sys temat ic  fa i lures ,  is ac- 

ceptable .  However, t h e  possibi l i ty  of complete fa i lure  of t h e  s a f e t y  sys tem is conceded.  If th i s  

fa i lure  occurred a t  a time concurrent  with fai lure  of all t h e  r e s t  of the  instrumentation and  control 

sys tem and if t h e  operator took n o  correct ive act ion,  t h e  s i tua t ion  is s u c h  tha t  damage t o  t h e  reactor 

would almost cer ta inly resul t .  In t h i s  c a s e ,  t h e  containment s y s t e m  would become t h e  remaining bar- 

rier aga ins t  re lease of radioactivity. Recognizing t h i s  dependence on  t h e  containment sys tem i n  the 

event  of to ta l  control failure, w e  h a v e  designed t h e  containment s y s t e m  as a n  independent  sys tem.  

G. D i s c u s s  this c h o i c e  of maximum reactivity insertion rate. 

P a r t  F of th i s  quest ion d i s c u s s e d  one limitation on t h e  maximum react ivi ty  inser t ion rate ,  tha t  is, 

that  t h e  safe ty  sys tem response  be  adequate  to handle  a n  acc ident  i n  which all control e lements  a r e  

increas ing  reactivity at their  maximum speed .  A s  w a s  pointed out ,  t h i s  limitation did not offer a problem 

i n  t h e  HFIR,  as  other  operat ional  considerat ions d ic ta ted  a l e s s e r  ra te .  A s  a matter of interest ,  t h e  re- 

s u l t s  of t h e  ana log  s t u d i e s  a r e  summarized i n  ORNL-3572, Sect. 8.8.3, and presented  i n  somewhat 

greater de ta i l  in  Appendix C. 

'H. W. Newson,  The Control Problem in P i l e s  Capable of Very Short Periods,  MonP-271 (Apr. 21 ,  1947). 
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The actual rate se lec ted  was a,compromise of severa l  factors. For normal operation of the reactor, 

both during startup and steady-state operation, there is no particular need for rapid changes in  reactivity, 

and in fact a rather slow rate is desirable from the standpoint of observing instrument behavior during 

startup and from the standpoint of ease of adjustment of the rods to desired positions. Th i s  latter point 

is particularly of interest during the initial startup and approach-to-power tests, where many measure- 

ments are made in which the ability to  accurately and easily position the  control elements is of con- 

siderable interest. On the other hand, i t  is necessary that the rate of motion be sufficiently f a s t  that 

recovery from unscheduled scrams or shutdowns can  be made in the  short  period of t i m e  ava i lab le  be- 

fore the reactor is poisoned out by xenon. It is also necessary that the rate be sufficiently f a s t  that  

changes in xenon poisoning after recovery from the s c r a m  be a t  a rate small compared with the  ra te  

produced by rod motion, so  that there is no question as to los s  of control during this phase of opera- 

tions. 

Superimposed on the above considerations a re  certain points of design philosophy and practical  ex- 

perience which we have applied to  ORNL reactors and which we believe a re  important. The f i r s t  point 

assumes  that regardless of any programming of rod motion all rods can  increase reactivity a t  their maxi- 

mum rate and that the rate must be such  that the safety sys tem can handle the  ensuing  transient.  Th i s  

consideration rules out dual- or variable-speed motors un less  the maximum ra te  is cons is ten t  with the 

above. As a practical consideration, we prefer t o  u s e  single-speed motors, which lead t o  the  simplest  

and most trouble-free system. This  imposes a penalty in recovery from a single rod scram inasmuch as 

the  maximum rod speed is the same as i f  all rods were moving; however, we  believe that th i s  sys tem is 

inherently safer  than one which allows a rod speed  based on individual rod movement. 

Without belaboring th i s  point any further, we chose  a maximum rate of increase  of k which would 

give u s  the desirable fine degree of control based on experience with the  MTR and ORR, and which 

would a l so  allow u s  to regain criticality after an  unscheduled s c r a m  in  a l i t t le over 5 min, providing 

that the scram was  clearly false. Under these conditions we should be  ab le  to recover from a scram 

in a l l  but the las t  three days of operation. This is not too good considering that the fuel life is only 

10 to 15 days and that a core lost due to  xenon in the last two or three days  cannot be restarted due  

to  the growth of samarium while the xenon is decaying. The  se lec ted  rate is less than desired from 

this standpoint but is about as  fast  a s  we wanted to go from the  standpoint of providing the desired 

fineness of control. 

During routine startup, when there is no need for f a s t  action, the  withdrawal rate is reduced by 

about a factor of 5 through action of a timer which applies power to  the  drive motors intermittently. 

29A. D i s c u s s  alternate ways* of limiting any irradiation of the public or of personnel 
a t  the Oak Ridge National Laboratory in  the unlikely event of a serious accident,  
such a s  by isolation of the building and recirculation of building air through filters 
rather than by releasing of radioactivity through the facility stack. 

*Further d iscussed in answer 46. 
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Before d iscuss ing  various alternatives, i t  is necessary to emphasize that only in the extremely un- 

likely event that the primary containment system is breached would any significant activity be  released 

from the primary coolant system. The main purpose of the SBHE sys tem is to provide secondary con- 

tainment should fission gases  escape  from the primary system. As is explained in detail  in ORNL-3572, 

Chap. 4, and i n  Sects. 4 and 6 of th i s  report, th i s  is accomplished by removing the contaminated air 

from the  building a t  a rate sufficient to guarantee inleakage a t  ground level. T h e  contaminated air  is 

then passed  through filters, which effectively remove the  halogens, and discharged from the  250-ft 

HFIR stack. AS shown in Pa r t  I, the  radiation doses  which result from disposal of the MCA release 

in th i s  way fall within the  guidelines of 10 CFR 100. 

The  simplest alternative to  the system described above is to  merely shut  off the  SBHE fans,  i so la te  

the building, and consider the consequences of the fission gases  leaking out at ground level. Because 

of the type of secondary containment selected and originally reviewed by the  ACRS, the building was 

not designed to be leak-tight. It is therefore difficult t o  estimate what leak rate would be expected 

under no-flow and various atmospheric conditions and to assess how much improvement could b e  ex- 

pected by reasonable modifications to  the building. T o  get some feel for the problem, the downwind . 
doses  following the MCA have been calculated under the assumption that the  leak rate from the build- 

ing  is approximately 4.17% per hour or 330 c f m  from the reactor bay. It is believed that a leakage rate 

of th i s  order could be achieved with appropriate changes to the doors and with the addition of auto- 

matic closures on the various penetrations. The  results for iodine and for t he  whole-body gamma dose  

due  to noble gases  and iodines were computed for the 2-hr exposure case us ing  “most representative” 

meteorological conditions. Estimates were a l so  made for the infinite exposure case. They are  shown 

for 2-hr and infinite exposure, respectively, in Figs.  11.29.1 and 11.29.2. For comparison, the  MCA 

doses  as for the  case of a s tack  release are plotted on the  same graphs. 

. 

Fig. 11.29.1. Comparison of Ground Release (330 ft3/min) Doses to Present 

MCA 2-hr Doses. 
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DISTANCE DOWNWIND (km) 

Fig. 11.29.2. Comparison of Ground Release (330 ft3/min) Doses to Present 

MCA Infinite Exposure Doses. 

It is obvious from these  results that, while the ground-level external dose  values a re  smaller than 

the  s tack  release values at some distance downwind from the s i t e ,  they are considerably worse near 

the  reactor building. The  internal dose  values are greater than for the  s t ack  release case for both the  

2-hr exposure case and infinite exposure c a s e  for all d i s tances  of interest .  Th i s  is not unexpected, 

as the  iodine is presumed t o  leak from the building without filtration. Some improvement could b e  ob- 

tained in the 2-hr doses  by relatively small decreases  in the leak rate;  however, to substantially re- 

duce the infinite doses  would require a very large reduction in the  leak rate. It therefore appears tha t  

any decision to use  this procedure would require a complete change in the  containment philosophy and 

make it necessary to convert the HFIR building into a conventional containment ves se l  with very low 

leakage. 

A second bas ic  alternative is to continue to  uti l ize the s tack  for the purpose of disposing of the  

fission gases,  but t o  reduce thera te  of discharge of contaminated air. Th i s  would have two beneficial 

effects: (1) It would increase the t ime  for decay in the building and thus reduce the total amount of 

activity available for release.  (2) It would decrease the rate a t  which activity reaches the environment 

and thus provide more time before a given dose is delivered a t  a given place. 

Th i s  plan, however, h a s  certain shortcomings. In the first  place, the  rate at which air  is being 

exhausted from the s t ack>has ,  in general, a relatively minor effect on the rate a t  which fission products 

from the MCA reach the  stack. 

was based in part upon uniform mixing of the  fission products in the building, t he  fact is 

that, in all likelihood, any fission gases  released into the pool from the  reactor will be conveyed di- 

rectly to the fil ters through the  registers located along the pool perimeter. This  is particularly true 

i f  the pool cover remains in place. In fact, the system was  designed with th i s  purpose it1 mind; and 

Despite the fact  that  the  ana lys i s  presented in Appendix A 
~ 

. 

\ 
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i t  was  for th i s  reason that theexhaus t  rates used  in computing the consequences of the MCA were 

chosen as they were: 25% at a very high rate ( a  = 0.5 min-') and 75% a t  a rate judged to represent 

a somewhat slower rate of re lease  from the fuel ( a  = 0.015 min-') as  it cooled down. 
The  purpose of the high exhaust rate through the fi l ters is twofold: (1) to  guarantee inleakage; and 

(2) to handle the normal a i r  exhaust from the building so that the  sys tem requires no  change in mode of 

operation between normal conditions and emergency conditions. Thus, reduction of this exhaust rate 

alone, during an accident, would serve  :o decrease the  protection aga ins t  outleakage while increasing 

the  probability of malfunction during the change in mode of operation. I t  would have little, i f  any, 

beneficial effect on the rate of fission product release.  In addition, reduction of the  air flow would . 

. .  

reduce the effective stack height and thus everywhere slightly inc iease  the doses  delivered for a 

given release. c' 
One method of accomplishing a reduction of the rate of transport of f ission products to the  s t ack  

would be to cut off the pool-side inlet  registers and remove t h e  pool cover, thus  allowing the fission 

gases  to be released into the building, where mixing and dispersion would occur. Then a reduction in 

the  rate of exhaust through the SBHE fil ters would indeed reduce the  rate of fission product re lease  i f  

i t  were to be released in the pool. However, un less  the building were modified into a conventional 

containment structure, it is sa fe  to assume that some significant rate of exhaust will be required in 

order t o  guarantee inleakage. T o  get some idea of the reduction in the downwind doses  which could 

be  attained by this procedure, the peak 2-hr MCA doses  which occur a t  800 to  1000 m downwind and 

the  infinite MCA doses  at the low population boundary for both the  internal iodine and the whole-body 

gamma dose have been computed under the foregoing conditions and under the assumption that the flow 

is reduced by a factor of 5 to  about 2500 c f m .  These  a re  l i s ted  in Table 11.29.1 together with the  cor- 

responding MCA doses  originally presented. 

Thus  i t  can be seen  that under these  conditions it is possible to  achieve a reduction in the  peak 

downwind doses  by a factor somewhat greater than 2, although there is little effect on the dose  at the 

low population boundary. This  reduction, however, is obtained under the  assumption of a re lease  to 

the  reactor bay, which therefore increases  greatly the hazard to  personnel in  the reactor building. 

Although modification of the system as suggested above would reduce the environmental consequences 

of an extremely unlikely major fission product release,  any minor fission product release,  a much more 

probably occurrence, would result in  a potentially dangerous spread of contamination throughout the 

reactor building. Not only is the reactor building occupied during many operations which could result  

Table 11.29.1. Internal Iodine Doses and Whole-Body Gamma Doses Following the HFlR MCA 

Peak Low Population Boundary 

2 -hr Iodine 2-hr Noble Gas Infinite Iodine Infinite Noble Gas 

(rems) Gamma (rads) (rems) Gamma (rads) 

' Original MCA d o s e  5 .2  38 1 .5  7 . 2  

Reduced-flow MCA d o s e  2 .5  17 1.3 5.05 

, 
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in such minor releases,  but the necessity for cleanup and decontamination following these  re leases  

could represent a considerable loss  of time and money, as well  as an  additional hazard to  personnel 

engaged in this activity. The  present system is specifically designed t o  channel any radioactive 

effluent originating in the reactor pool directly to  the  SBHE system and t o  minimize the spread  of 

contamination in the reactor building i tself .  

It is clear from the foregoing that a ground-level release under the postulated conditions reduces 

the whole-body dose due to noble gases  a t  d i s tances  from the s t ack  greater than about 500 m. How- 

ever, because there is no filtration under these conditions, t he  2-hr iodine dose  is increased by a 

factor of 30 at the ORNL s i t e ,  and by a factor of 15 a t  the exclusion a rea  radius. It follows tha t  

some improvement could be gained by releasing the  noble gases at ground level,  but a t  the same 

t ime  filtering the iodine. Conceivably th i s  could be done by uti l izing a combination of the f i r s t  and 

- second alternatives d iscussed  above. T h i s  combination requires tha t  t he  air-handling system remain 

in operation and that the building a i r  be recirculated through the  fi l ters with no  ne t  exhaust rate 

through the stack. Incorporation of the features required to  accomplish th i s  would require all of the 

changes necessary to isolate the building a s  in the first al ternative and would also require redesign 

and rebuilding of the building ventilation system. The  external doses  would remain essent ia l ly  the 

same as for the simple isolation case ;  however, the internal dose  would be  reduced by virtue of the  

filter factor for iodineremoval, provided that no iodine escapes  directly into the  building. If a fi l ter  

factor of 666 is assumed, in order t o  make the results comparable with the  s t ack  release MCA, and 

applied to  the curves in F igs .  11.29.1 and 11.29.2, i t  can be seen  that t h e  internal dose  is less than 

that for the MCA c a s e  for d i s tances  greater than about 0.45 km for the  2-hr case and about 0 .8  km 

for the infinite case .  This  change appears to reduce the 2-hr internal and external doses  at ORNL 

by factors of approximately 10. The  infinite external dose  is reduced by about a factor of 7 and the 

infinite internal dose is reduced by about a factor of 3 a t  ORNL. 

There are several  points which should be noted regarding th i s  isolation and recirculation system. 

In order to obtain the above results,  it was assumed that no iodine escaped  in to  the building without 

first  passing through the filter system. It is not clear that the assumption can  b e  justified, and ,  there- 

fore, let us  examine the consequences should the accident be such  a s  to allow the  iodine to  p a s s  into 

the  building before filtration. It is clear that the internal dose  resulting will fall somewhere between 

that obtained with no filtration and that obtained with filtration. The  effective half-life of any iodine, 

released in the reactor bay, due t o  removal by the air-handling system, assuming perfect filtration, is 

about 30 min. The amount of iodine which would leak from the  building i n  2 hr is therefore approxi- 

mately one-third of that which would e scape  without recirculation. Inspection of the curves shows 

that this would result in a 2-hr internal dose  at ORNL about 10 t i m e s  that  from t h e  s t ack  release MCA. 

The  infinite re lease  case would not be greatly different inasmuch a s  most of t he  iodine which would 

e scape  would already have done so  by the end of 2 hr; therefore, the infinite internal dose  at ORNL 

would a l so  be about 10 times that given for the  s tack  release MCA. 

, 

I t  appears from the foregoing that the  major problem area for th i s  and the  first  al ternative is that of 

building leakage. This  is not a t  all surprising, inasmuch a s  these  alternatives may really be  considered 

. 

. 

J 
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a s  evaluations of the HFIR building as a conventional containment structure and  i t  is not designed for 

th i s  purpose. Provided that the leakage is not greater than assumed (i.e., no breach of the containment 

occurs), the doses  from this last alternative would be within acceptable limits at ORNL; the internal 

doses  would be greater than those resulting from the s tack  release, and the  external doses  would be 

smaller .  The doses  for d i s tances  clpser to the HFIR building than ORNL would be  much higher than 

those  resulting from the s t ack  release,  and the  building i tself  would b e  thorou&ly contaminated, even 

in the case of a release which was  of minor proportions compared with the  MCA. The increase in hazard 

to the operating personnel and the necessity for cleanup and decontamination could present a consider- 

ab le  loss  a s  well as a hazard. In summary, i t  appears that  not only would the advantages of the  HFIR 

containment system be lost ,  but there would be an increase in internal dose.  The  only advantage would 

be a reduction in external dose  for distances greater than about 0.5 km. A s  the  external dose is cal- 

culated to be adequately low for the present HFIR system, such a change does  not appear desirable. 

> 

It is concluded, therefore, that  all things considered, the  present system of containment is superior 

t o  any that could be  devised by other than a major change in containment philosophy and very sub- 

s tan t ia l  modifications to  the building. 
\ 

.B. A l s o  discuss the need for additional radiation monitoring instrumentation for the 
s tack exhaust in order to provide information regarding the rate and quantity of ra- 

dioactivity released during potential accidents. . 

T h e  radiation monitoring instrumentation presently installed is designed to provide information on 

the  amount and kind of activity released during normal operation and during situations in which the 

amounts released are only a small  factor above that for normal operation. An in-stack monitor is pro- 

vided as described in ORNL-3572, Sect. 8.7.3, which can be used to  assess particulate and iodine 

re leases  over a wide range; however, th i s  device must be removed and analyzed after an  accident and 

therefore does not provide information during the  course of a n  accident.  It seems clear that information 

in addition to that provided by the presently installed equipment would b e  needed to  evaluate the mag- 

nitude of an accident in order to make intelligent decisions regarding'evacuation of the  Laboratory or 

other nearby installations. ORNL h a s  a n  area monitoring system cons is t ing  of many airborne activity 

particulate and fallout monitors, and this system would provide information on the  magnitude and di- 

rection of movement of the activity from a significant release. The  Radiation-Monitoring and -Warning 

System a t  ORNL is briefly described by L. F. Lieber in Nuclear Safety.6 

In view of the fact that the gaseous was te  monitoring and the emergency control center are opera- 

tions conducted on a laboratory-wide bas is ,  th i s  question on monitoring the  HFIR s tack  under potential 

accident conditions was referred to ORNL management in order t o  have a study made which would in- 

clude these factors. This  study resulted in a recommendation that a sys tem b e  provided for monitoring 

the  s tack  effluent under potentia1 accident conditions. The system is t o  monitor the.noble gas activity 

and the iodine activity. The detector and instrumentation requirements a r e  currently under study, and 

the  system will be installed as soon as the design and procurement a re  completed. 

6L. F. Lieber, Nucf. Safety 6(4), 414-21 (1965). ' 

i 

. 
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30. Provide the  l a t e s t  information a v a i l a b l e  re la t ive  to  t h e  e f f e c t i v e n e s s  of the in- 

s t a l l e d  f i l t e rs  t o  remove rad ioac t ive  iodine from t h e  e x h a u s t  i n  t h e  e v e n t  of a 
f i s s i o n  product r e l e a s e  acc ident .  

A s  a resul t  of the quest ion ra i sed  concerning the  eff ic iency of t h e  f i l t e rs  with r e s p e c t  to t h e  removal 

of methyl iodide from the eff luent  a i r  s t ream, an invest igat ion w a s  ini t ia ted for t h e  purpose of co l lec t ing  

and  clar i fying ava i lab le  information concerning t h e  behavior of methyl iodide.  T h e  r e s u l t s  of t h i s  in- 

vest igat ion a r e  summarized i n  ORNL-TM-1291. ’ 
An a n a l y s i s  of the  HFIR MCA ut i l iz ing t h e  data  obtained i n  th i s  invest igat ion l e a d s  t o  t h e  conclu- 

s ion  that the SBHE sys tem as  present ly  ins ta l led  provides  iodine decontamination fac tors  more than 

adequate  to s a t i s f y  the  guidel ines  of 10 C F R  100, but that  by incorporating minor modifications i t  c a n  

b e  made to  handle  iodine containing the  maximum amount of CH31 with a decontaminat ion fac tor  sub-  

s tan t ia l ly  the s a m e  a s  tha t  originally claimed. 

T h e s e  modifications, which a r e  now being s tudied ,  inc lude  (1) a n  i n c r e a s e  i n  t h e  t h i c k n e s s  of each  

of the two charcoal  beds from v2 in. to  1 in., and (2) replacement of t h e  charcoa l  with s p e c i a l l y  t reated 

MSA charcoal  ident i f ied as MSA 85851 charcoal .  B a s e d  upon information obtained by G. W. Parker  and 

contained i n  ORNL-TM-1291, it h a s  been determined that  2 in .  of t h i s  charcoa l  wil l  re ta in  about  99.5% 

of the methyl iodide for as long a s  5 d a y s  during which a i r  flow a t  the  normal SBHE ra te  is maintained, 

and  tha t  over shorter  periods of time (2 to 3 hr), the  eff ic iency is greater  than 99.7%.* 

A conservat ive es t imate  of t h e  maximum amount of iodine which could  b e  present  i n  t h e  form of 

CH31 following t h e  H F I R  MCA is 5%. Consequent ly ,  based  on  t h e  above informatior, if the  95% of 

t h e  iodine which remains as molecular iodine behaves  as  previously descr ibed,  t h e  2-hr iod ine  

d o s e s  within t h e  exc lus ion  a r e a  following the HFIR MCA would, b e c a u s e  of the  p r e s e n c e  of 

CH I ,  b e  increased  by about 1.7%, and the  inf in i te  d o s e s  by about  11.7%,{above t h o s e  given i n  

T a b l e  1.6.1 on page  26. 
3 

It is assumed,  of course,  tha t  the  a i r  flow to the  f i l t e rs  would b e  s h u t  off within a few d a y s  a f te r  

t h e  acc ident  and that  the f i l ters  would be  bagged, removed, d i sposed  of, and  replaced by new filters. 

T h i s  procedure is faci l i ta ted by the  charac te r i s t ics  of t h e  containment sys tem,  which is designed to 

d i s p o s e  of the  noble  gases by dilution and atmospheric  dispers ion,  t rap t h e  iod ine  on t h e  sh ie lded  

f i l ters ,  and then quickly reduce the radiation f ie ld  i n  and  near  t h e  bui lding t o  to le rab le  leve ls ;  

I t  appears ,  therefore, tha t  t h e  HFIR f i l ters  with t h e  sugges ted  modifications wi l l  indeed provide 

t h e  protection a g a i n s t  iodine originally claimed. 

31A. S t a t e  the  NDT of the  pressure-vesse l  mater ia l  a n d  i n d i c a t e  how t h i s  is e x p e c t e d  t o  

vary during the  reac tor  lifetime. 

During procurement of t h e  reactor  v e s s e l ,  s a m p l e s  of t h e  a c t u a l  heat-treated mater ia l s  u s e d  i n  t h e  

fabrication of t h e  carbon-steel components of t h e  pressure  v e s s e l  were  subjec ted  by t h e  vendor t o  

Charpy V-notch impact  t e s t s .  T h e  resu l t s  a r e  shown i n  T a b l e  11.31.1. 

7R. E. Adams e t  al., T h e  Release a n d  Adsorpt ion of Methyl  Iodide i n  the  HFIR Maximum Credib le  Accident ,  
ORNL-TM-1291 (Oct. 1, 1965). 

*Answer 46 gives  l a t e s t  information a n d  e f f e c t s  of moisture  on  iodine a n d  on  f i l ters .  
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T a b l e  11.31.1. Results o f  Charpy V-Notch Impact Tests  on Actual  Carbon Steel Pressure Vesse l  Specimens 

Integrated 20-year Nil Ductility Average Charpy 
Impact Value T e s t  Component Material Fast-Neutron Dose Temperature 

(ft-lb) (neutrons /cm2) Shift (oF)  Temperature (OF) 

Shell cylinder A212 GrB < 10'8 0 +10 17 

Hemispherical A212 GrB < 10'8 

Top head  A105 GrII < 10'8 

Top flange A105 GrII < 1018 

head 
0 

0 

0 

+lo 17 

+10 

+ l o  
23 

94 

Nozzle forgings: 
RH A105 GrII < 10'8 0 +10 28 
EF A105 GrII < 10'8 0 +10 40 
IC A105 GrII < 10'8 0 +10 42 

Coolant water A105 GrII < 10'8 0 +10 48 
. 

inlet  

.) Vesse l  lower A105 GrII < 1018 
extension 
transition 

0 +10 

H B  1 A105 GrII 1.1 x 1018 37  -20 

3 9  

51 

HB 2 A350 GrLF3 2 . 9 ~  1 0 l 8  80  -80 49  

HB 3 A350 GrLF3 2 . 3 ~  10" 67  4 5  38 

HB 4 A105 GrII 1.1 x 10'8 37  -20 51 

1 
As part of the  ORNL v e s s e l  survei l lance program, Charpy V n i l  ductility temperature curves  were 

determined on ac tua l  heat-treated v e s s e l  materials. From these curves,  the  following ni l  ductility 

temperatures for the  various s ignif icant  v e s s e l  par ts  were found: 

lmpoct Energy Nil Duct i l i ty  
Sample Moterial. 

(ft-lb) Temperature ( O F )  

H B 1 & 4  A105 GrII 15 
HB 2 A350 GrLF3 30 
HB 3 A350 GrLF3 30 
Shell A212 GrB 15  

-G 5 
-115 
-85 

0 
- 

/ 

, 

Welding procedure qualification tests included impact tes t s  of the welds  and heat-affected zones  . 
of the b a s e  metal. In no  case were the impact va lues  indicat ive of an NDT of more than 10°F. 

I t  is predicted tha t  there  will be no shif t  i n  the NDT of v e s s e l  materials other than the  HB nozzle  

materials, which are expec ted  to  experience power operat ion s h i f t s  over  2000-Mw years  as follows: 

I 
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H B 1 & 4  

HB 2 

H B  3 
Shell 

All other parts 

N D T  After 20 Years of 
(OF) 100-Mw Operation ( O F )  

20-Year Shift In i t ia l  N D T  

-65 37  -28 

-115 80  -3 5 
-8 5 67 -18 

0 None 0 
S O  None $0 

B. How wel l  is the flux known’ 1 

T h e  estimated’ integrated 20-year fast-neutron d o s e  was  based on combined experimental”  and  

ana ly t ica l  resu l t s  which were corrected for difference in  the  neutron spectrum. It is believed that  the  

d o s e  rates  u s e d  in  the a n a l y s i s  a r e  a maximum. To supplement  t h e  a n a l y s i s ,  surve i l lance  spec imens  

wil l  be  used  to control operation of c r i t i ca l  a r e a s  (such a s  t h e  HB n o z z l e s  and t h e  s h e l l  girth a t  t h e  

reactor horizontal midplane) t o  maintain an NDT c o n s i s t e n t  with safe operation of t h e  sys tem.  

, 

C. Are there other important reactor structural  members subjec t  t o  considerable 
neutron irradiation’ If so,  what a r e  the consequences  of their  failure?** 

All  other  important reactor  s t ructural  members a r e  suff ic ient ly  removed from t h e  reactor  t h a t  there  

i s  no concern over radiation damage. T h e  reactor c o r e  region support  members m i g h t  fall i n t o  t h e  

c lass i f ica t ion  of important s t ructural  meiilbers, and they a r e  l i s ted  in  t h e  event  you w i s h  t o  cons ider  

them in’ th is  category.  None of these members a r e  ca l led  on t o  contain high pressure ,  and  t h e  loads  

a r e  predominaiitly compressive.  

1. 

2. 

3. 

F u e l  and reflector support and s l e e v e  assembly.  T h i s  item forms t h e  connec t ing  link between the  
core  s t ructure  and the reactor tank. T h e  assembly  i s  fabr icated from 304L s t a i n l e s s  s t e e l  and  is 
suff ic ient ly  removed from the core that there is n o  concern from radiation damage. 

Reflector  container  and pedes ta l  assembly.  T h i s  cyl indrical  member is fabricated from 6061-T6 
aluminum and is t h e  support ing member for t h e  beryllium reflector. I t  is bol ted t o  t h e  top f lange  
of item 1 above.  Although i t  supports  t h e  beryllium, t h e  fast-neutron f lux is q u i t e  low, as t h e  
diameter  of the support  is equal  to  or greater than t h e  beryllium reflector. No concern  over  ra- 
diat ion damage is warranted; however, surve i l lance  spec imens  for beam-tube monitoring wi l l  pro- 
vide a n  indicat ion of poss ib le  futuredamage,  a s  they a r e  exposed to a f lux many t imes  grea te r  
than that  to which th i s  assembly  is exposed.  

Fuel-grid support  pedes ta l .  T h i s  member provides  t h e  support  for the  fue l  grid and  fuel  e lements .  
I t  is in turn supported by item 1 above. T h e  mater ia l  is 304L s t a i n l e s s  s t e e l .  No concern is war- 
ranted over radiation damage, a s  adequate  separa t ion  from t h e  fuel  region reduces  t h e  fast-neutron 
f lux t o  a relat ively low level .  

In addition t o  the  above, the  inner control dr ive bracket ,  while  not  exac t ly  a s t ruc tura l  member, is 

a crucial  member. T h i s  bracket  is fabricated from 304L s t a i n l e s s  s t e e l .  T h e  locat ion of t h e  bracket 

is suff ic ient ly  below t h e  reactor that  the  neutron d o s e  is not  of concern. In addi t ion,  t h i s  bracke t  is 

*Experimental error and safety factor d i scussed  in answer  47. 

**Failures further d i scussed  in  answer 47. 

--. 
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considered a par t  of the control  e lement  and a s  s u c h  is replaced each time t h e  control  e lement  is 

0 

. 

. 

changed. 

32. State the criteria to be used in evaluating experiments which may be  performed 
in or near the reactor. 

I t  is standard procedure at ORNL tha t  all experiments  which a r e  t o  b e  performed i n  the  reactors  p a s s  

a safe ty  and operability review. T h i s  procedure wil l  b e  followed i n  approving experimehts  which a r e  con- 

ducted a t  the HFIR. E a c h  experiment is reviewed by two separa te  groups, f i i s t  by t h e  Operat ions Di- 

vis ion 's  Technica l  A s s i s t a n c e  Department and  s e c o n d  by ORNL's  Experiment Review Committee. Each  

experiment is reviewed with respec t  t o  s a f e t y  and operability and inc ludes ,  but is not 'limited to, t h e  

following items: 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12.  
13. 
14. 
15. 
16. 
17. 

Reactivity effects 
Heat generation and dissipation 
Radiation control 
Containment 
Instrumentation and control 
Safeguard action 
Shielding 

Installation and removal 

Operating procedures 
Maintenance procedures 
Emergency procedures 
Harmful chemicals 
Explosive gas mixtures 

Floor loading 
Fire hazards 
Vibra t i  on 

Effects on reactor operation (re- 
actor shutdowns) 

T h e  cr i ter ia  u s e d  i n  reviewing and approving experiments  proposed for ORNL reactors ,  including the  

HFIR,  a r e  presented i n  two reports, ORNL-TM-281 and ORNL-TM-745.' 
I 

33. Indicate whether nearby facil i t ies can be  safely shut  down and evacuated in the event of 
a severe accident a t  the HFIR. 

' All  of t h e  facilities* of t h e  Oak Ridge Nat ional  Laboratory can  b e  s a f e l y  s h u t  down and evacuated  

i n  the  event  of a s e v e r e  acc ident  a t  the  HFIR. T h e  only nearby faci l i ty  for which t h i s  might not be  true 

is the  Experimental Gas-Cooled Reactor ,  which wil l  b e  operated for t h e  A E C  by t h e  T e n n e s s e e  Valley 

Authority.** T h e  EGCR is located on t h e  shore  of Melton Hil l  L a k e  approximately 3.26 km northeast  of 

8C. D. Cagle,  General Standards Guide for Experiments in ORNL Research Reactors,  ORNL-TM-281 

'C. D. Cagle, Considerations Involved in the Safety Review of Experiments to Be Operated in Nuclear 

*Answer 48 provides specific information for MSRE. 
**The EGCR project was later terminated for other reasons. 

(Aug. 20, 1962). 

Reactors,  ORNL-TM-745 (July 10, 1964). 
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t h e  HFIR site. Under normal condi t ions,  it would b e  n e c e s s a r y  for t h e  control  room of t h e  EGCR t o  b e  

manned for periods of up t o  a n  hour following shutdown. 

Previous  ca lcu la t ions  shown in P a r t  I ind ica te  tha t  the  maximum d o s e s  received i n  t h e  

vicinity of t h e  EGCR following an HFIR MCA would not  e x c e e d  2.5 rems t o  the  thyroid, 15 r a d s  whole- 

body gamma, and 13 rads whole-body beta. B e c a u s e  the EGCR control  room i s  loca ted  i n s i d e ,  is par- 

t ia l ly  sh ie lded ,  and is equipped with a self-contained a i r  supply,  t h e  a c t u a l  d o s e s  received by personnel  

remaining in  th i s  control room would be  considerably lower than t h o s e  quoted above .  

I t  is planned t o  t i e  t h e  EGCR plant  into t h e  ORNL emergency warning sys tem so tha t  they may be  

quickly informed of any inc idents  which may conceivably give r i s e  to a hazardous condi t ion.  Under 

MCA condi t ions,  the  time required for the HFIR plume t o  reach the EGCR is approximately 1 hr, which 

gives  time for emergency act ion t o  b e  taken. 

34A. Describe how the des ign  of future HFIR core loadings may vary from the  init ial  
core design. 

T h e  only new core design being contemplated is o n e  which wi l l  permit a longer fuel  c y c l e  time.* 

T h i s  is to b e  accomplished by increas ing  t h e  fuel  loading per plate .  T h e  reactivity of t h e  s y s t e m  wil l  

b e  maintained e s s e n t i a l l y  t h e  same as a t  present  by adding more burnable  poison. A s  with t h e  present  

core  design, every c o r e  wil l  have  a react ivi ty ,check made i n  a cr i t ica l  experiment faci l i ty  prior to u s e  

i n  the  reactor. No dimensional  or mechanical  c h a n g e s  a r e  ant ic ipated for  the  near  future. However, 

some consideration is be ing  given to t h e  possibi l i ty  of us ing  different t y p e s  of f u e l  (such as d ispersed  

U-A1 intermetallic fuel rather than U,O,), t h e  u s e  of n icke l  p la t ing  t o  reduce oxide  buildup, a n d  fue l  

p la te  reinforcement (longitudinal s p a c e r s )  with t h e  present  general  fue l  e lement  design. Such c h a n g e s  

m i g h t  a l low even further i n c r e a s e s  in  fuel  c y c l e  time. 

B. By what criteria wi l l  changes in core des ign  or operating conditions b e  measured 
for sa fe ty?  

T h e  two major criteria** by which changes  in  core  des ign  wil l  b e  judged a r e  t h e  cr i ter ia  for shutdown 

margin and the  ca lcu la ted  power leve l  for o n s e t  of nuc lea te  boiling. 

C. When will  regulatory review be deemed appropriate? 

Review by t h e  USAEC would b e  deemed appropriate if any  s igni f icant  departure  from the cri ter ia  s e t  

forth in  B were proposed which would reduce t h e  margins set forth in  t h e  descr ip t ive  report, ORNL-3572, 

or  the  operat ing l i m i t s .  

D. Discuss  s t e p s  taken in operating new core des igns  (including first)  which wi l l  
minimize the chance  of fuel failure. 

~~~~ 

*Answer 49 d i scusses  increased cycle-time effect  on 1 3 1 1  inventory and  on after-heat removal. 
**Detailed subordinate cri teria d i scussed  in answer  50. 
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To determine the  adequacy of any new core  design,  including t h e  present  des ign ,  a program of gradual 

power i n c r e a s e s  involving s e v e r a l  fuel e lements  wil l  b e  used .  Provis ion is be ing  made for future inspec-  

tion of the  cool ing channels  af ter  shutdown by means of remote inspect ion gages;  a n a l y s i s  of nuclear  n o i s e  

for indicat ions of nuc lea te  boi l ing wil l  also provide information concerning adequacy.  There i s ,  of course,  

n o  way to completely e n s u r e  that  a new element  design is sa t i s fac tory  without operat ing the element  a t  

design conditions. Thus ,  there  is a possibi l i ty  that  t h e  very high-performance HFIR e lements  wil l  ex- 

per ience some difficulty by t h e  end  of a full power cyc le .  Of course ,  w e  cons ider  t h e  probability of any 

difficulty to  b e  small ;  however, i n  order >to approach t h e  des ign  power i n  a conservat ive manner, i t  is our 

intention to operate  the  first core  for a full c y c l e  at  about  50 Mw, t h e  second a t  75 Mw, and t h e  third a t  

87.5 Mw, and thus  demonstrate  s u c c e s s f u l  operation a t  s u c c e s s i v e l y  higher  power l e v e l s  before going t o  

full power. 

35. Discuss  the possibil i ty that  thermal expansion or damage to  the  beryllium reflector 
could affect  control rod motion. 

Differential thermal expans ion  of all core  components w a s  considered when s e l e c t i n g  the width of 

t h e  coolant  channels  in  the  control region, and therefore no problem is ant ic ipated due t o  t h i s  cause .  

Swelling of the beryllium due t o  radiation damage tends t o  make t h e  beryllium cyl inders  larger  in  di- 

ameter, which wil l  increase  very s l igh t ly  t h e  c learance  between t h e  control e lements  and the  reflector. 

After the  innermost beryllium cyl inder  u s e s  up the  ava i lab le  outward radial  expansion c learance  pro- 

vided, the  ins ide  diameter wil l  tend to  decrease ,  thus  decreas ing  t h e  c learance  between the  control  

e lements  and the reflector. An a n a l y s i s  of MTR and ORR beryllium radiation damage da ta  ind ica tes  

. 

that  t h e s e  dimensional changes  occur  very slowly, thus  introducing no problem in t h e  HFIR for a t  

l e a s t  s i x  months. In addition to  the  routine tes t ing  of t h e  control e lements  for freedom of motion and 

a b s e n c e  of friction a t  the  beginning of every fuel  cyc le ,  a program of periodically checking control 

p la te  and beryllium dimensions without removing them from t h e  core  is planned, and a remote mea- 

sur ing  device is being constructed for th i s  purpose. A further precaution h a s  been taken by p lac ing  

a n  aluminum liner on the  inner sur face  of the  innermost beryllium cylinder, i t s  purpose being t o  pre- 

vent  beryllium chips ,  should they form, from enter ing the  control  region. 

~ 

36A. Provide information a s  to  the maximum value of the overpower scram s e t  point and 
the  reason that this value was  chosen. 

The maximum value of the  overpower scram s e t  point is 120 Mw for the heat-power scrams and  

130 Mw for the $ / F  scrams.  T h e  va lues  were chosen  on t h e  b a s i s  of p a s t  experience,  which showed 

that  approximately this ,margin w a s  needed between the  operat ing power and scram set points  i f  in- 

advertent  or f a l s e  scrams d&to n o i s e  s p i k e s  and instrument f luctuat ions were t o  be  e s s e n t i a l l y  

eliminated. T h e s e  va lues  limit the  s teady-s ta te  power leve l  so  a s  t o  prevent the  o n s e t  of nuc lea te  

boiling a t  any time during the  fuel  cycle .  (In t h i s  context ,  power t rans ien ts  which occur  with periods 

n o  faster than 1 sec c a n  b e  considered as  s teady-state . )  T h e  heat-power calculator  response is in- 

herently s lower than the  flux instrumentation and therefore less s u b j e c t  t o  spurious variations. Con- 

sequent ly ,  the  heat-power trip point may be s e t  a t  a lower va lue  t o  t a k e  advantage  of i t s  higher accuracy 
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to limit the  maximum value  of t h e  s teady-s ta te  power. One addi t ional  factor  which entered i n t o  the 

se lec t ion  of the  scram leve l  w a s  the  fact  tha t  t h e  HFIR sys tem is des igned  t o  control t h e  reactor  power 

leve l  during a n  ac power outage.  T h e  t ransient  resu l t ing  from pump coastdown requires  that  s o m e  margin 

b e  allowed for the  fac t  that  t h e  reduction in  power leve l  lags s l igh t ly  behind t h e  reduction i n  scram level .  

F igure  11.17.1 shows the  reduction i n  flow, safe ty  trip se t t ing ,  and  power leve l  during a flow coastdown.  

B. Provide ana lyses  of acc idents  in which th i s  se t t ing  plays an important role. 

A s  descr ibed in  A,  the  scram s e t  points  limit t h e  s teady-s ta te  power leve l  t o  a va lue  below t h a t  a t  

which the o n s e t  of nuc lea te  boi l ing might occur .  T h e s e  s e t t i n g s  a r e  also adequate  t o  prevent  t h e  o n s e t  

of boiling during relat ively s low transients .  If one  cons iders  t h e  behavior  of a range of full-power tran- 

s i e n t s  s ta r t ing  with very s low t rans ien ts  and ranging to very f a s t  t rans ien ts ,  i t  wi l l  b e  found tha t  dif- 

ferent scram parameters a r e  effect ive.  F o r  s low i n c r e a s e s  i n  power l e v e l  (period > 10 sec), t h e  hea t -  

power scrams wil l  limit t h e  power t o  the  range between 120 and 130 Mw. F o r  ra tes  of i n c r e a s e  between 

periods of about  10 sec and about  1 sec: t h e  leve l  sc ram originat ing from neutron flux wil l  b e  t h e  f i r s t  

t o  a c t ,  whi le  for very shor t  periods the  rate  t r ips  wil l  b e  t h e  f i rs t  to act and t h e  leve l  at which t h e  scram 

is ini t ia ted wil l  b e  decreased .  T h e  ac tua l  s e t t i n g  of t h e  maximum value  of t h e  overpower scram is there- 

fore most important for s low t rans ien ts ,  s u c h  as might b e  c a u s e d  by fai lures  in  t h e  rod control  s y s t e m  

while a t  full power. An a n a l y s i s  of t h i s  type of acc ident  is presented  in  Appendix C, i n  which it 

is shown tha t  an i n c r e a s e  of 0.05 AkJk per  s e c o n d  r e s u l t s  i n  a negl igible  t ransient .  

37. Present  a description and ana lys i s  of the hazards  a s soc ia t ed  with the type of 
targets which may be used  which a re  not described in the  documents submitted. 

At the  present  time, i t  is not contemplated t o  u t i l i ze  ta rge ts  subs tan t ia l ly  different from t h o s e  de- 

scr ibed in previous submiss ions .  Should it become necessary  or des i rab le  to make c h a n g e s  i n  t h e  ta rge ts  

i n  the  future, t h e s e  changes  wil l  rece ive  the  regular internal  review and,  if they in  any  way cons t i tu te  a 

signif icant  change af fec t ing  s a f e t y  or involve a n  unresolved s a f e t y  quest ion,  wil l  b e  submit ted to O R 0  

for approval and process ing  through t h e  normal regulatory channels .  

I t  is perhaps worth not ing that  t h e  h e a t  fluxes, react ivi ty  worths ,  and  potent ia l  hea l th  h a z a r d s  c h o s e n  

for the estimation of t h e  consequences  of a n  a c c i d e n t  involving t h e  target represent  t h e  most pess imis t ic  

va lues  expected both for the  or iginal  and for recycle  targets .  In addi t ion,  target  rods of t h e  HFIR de- 

s i g n  have  been undergoing irradiation s i n c e  ear ly  1965 i n  t h e  Savannah River high flux program. 

38A. Provide resu l t s  of ana lyses  of reactivity transients considerably more seve re  than 
those previously treated, considering possible sources  of such  transients a s  control 
sys tem failure, larger than expected reactivity effects a s soc ia t ed  with a cent ra l  void, 
unexpected locally positive void e f fec ts  in the core,  fue l  movement, etc. 

T h e  se lec t ion  of react ivi ty  a c c i d e n t s  to be  analyzed for t h e  HFIR w a s  based on react ivi ty  quant i t ies  

and  addition rates  that  a r e  accura te ly  known as a resul t  of conduct ing many experiments  and as  a resu l t  

of intr insic  l imitat ions.  F o r  ins tance ,  t h e  maximum change  in  react ivi ty  a s s o c i a t e d  with t h e  cent ra l  tar- 

e 

I 

. 
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get  region h a s  been measured numerous t imes in  c r i t i ca l  experiments ,  rod dr ive motors c a n  move t h e  

control e lements  only so fas t ,  etc. T h u s ,  i f  one cons iders  t h e  t y p e s  of acc idents  invest igated* t o  b e  

reasonable  upper bounds b a s e d  on the  experimental d a t a ,  then i t  follows that  t h e  proposed reac t iv i t ies  

and their  ra te  of inser t ion  a r e  also upper limits. A s  s e t  fort i n  P a r t  I, t h e  ana log  a n a l y s i s  and com- 

parison with S P E R T  r e s u l t s  i n d i c a t e  that  the  HFIR c a n  withstand the  reactivity a c c i d e n t s  which 

represent upper bounds with no damage. T h e  determination of “limiting” acc idents  would be  a 

monumental t a s k  which, i n  our opinion, would s e r v e  l i t t l e  purpose. In order t o  ex t rapola te  from t h e  

S P E R T  resu l t s ,  it is necessary  to  u s e  what we  cons ider  t o  b e  a very conservat ive ana log  model, 

which i n  t h e  unnormalized condition predicts  a smal l  amount of mel t ing for the  most s e v e r e  HFIR 

transient. To extend t h e  a n a l y s i s  to more s e v e r e  a c c i d e n t s  would require a refinement i n  t h e  

analog model in  order for the  resu l t s  t o  b e  meaningful; tha t  is, void formation would h a v e  t o  b e  

included. S ince  there  is n o  ini t ia l  high-power, high-pressure, high-flow-rate SPERT-type d a t a  from 

which to b a s e  a model on void feedback, t h e  r e s u l t s  from s u c h  a calculat ion could not b e  considered 

very reliable. 

It h a s  been sugges ted  tha t  w e  inves t iga te  the  u s e  of a model which t a k e s  void formation in to  account .  

If a sat isfactory model could b e  found, t h i s  approach would allow u s  to reduce t h e  amount of conservat ism 

i n  our t ransient  a n a l y s e s  and therefore obtain a bet ter  understanding of t h e  behavior under a c c i d e n t  con- 

di t ions.  As s e t  forth before, the  lack  of data  appl icable  to t h e  HFIR operat ing condi t ions l e a d s  u s  t o  

quest ion whether we  could just i fy  t h e  resu l t s  of s u c h  ca lcu la t ions  as being conservat ive.  Techniques  

a r e  avai lable  for incorporating void e f fec ts  into ana log  or d ig i ta l  programs; however, t h e  detailed*mecha- 

nisms for void generation d o  not appear  to be  wel l  understood. T h e  digital a n a l y s i s  program which h a s  

been developed at  Brookhaven Nat ional  Laboratory t a k e s  into account  t h e  s p a t i a l  distribution of forma- 

tion and the spa t ia l  e f f e c t s  of t h e  voids;  however, t o  make ca lcu la t ions  without being a b l e  t o  conclude 

that  the resul ts  a r e  conserva t ive  would serve  l i t t l e  purpose. It is our opinion that  a cons iderable  effort 

would be  required before w e  could a s s e r t  that  the  resu l t s  would b e  conservat ive in  terms of HFIR be- 

havior. We bel ieve that  a program should b e  ini t ia ted with t h e  goal be ing  t o  gain a bet ter  understanding 

of HFIR transient  behavior; however, i t  appears  tha t  t h i s  wil l  have  t o  b e  done  as  a relat ively long-range 

program. 
* 

B. What role do  metal-water reactions play herein?** \ 

A s  indicated i n  the  answer  to t h e  first part of th i s  ques t ion ,  i t  is not expec ted  that  fuel-plate mel t ing 
\ 

or a metal-water reaction could be  ini t ia ted by t h e  reactivity a c c i d e n t s  considered.  However, if one or 

t h e  other were ini t ia ted,  it is poss ib le  that  a portion of t h e  fuel would be  rearranged to form a more re- 

a c t i v e  configuration. It h a s  been  determined on the  b a s i s  of experiments  and ca lcu la t ions  that  t h e  max- 

imum increase  in  react ivi ty  a s s o c i a t e d  with uniform removal of fuel-plate material from the  c o r e  is 0.025 
A k / k ,  which requires  removal of about  30% of t h e  core  material. It seems very unlikely that th i s  amount 

’ 

*Answer 51, d i s c u s s e s  reactivity values a s s o c i a t e d  with other occurrences. I More detai ls  provided in answer 

**More deta i l s  provided in answer 55.  
55. 
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of material could be removed very rapidly from the core unless  the transient caus ing  the melting of the 

plates were much more severe  than anticipated. If melting of the p la tes  led to a metal-water reaction, 

the  resulting expulsion of water from the core would more than cance l  the reactivity effect of t he  ex- 

pulsion of fuel-plate material. Thus,  i t  does  not appear that rearrangement of fuel by fuel-plate melt- 

ing  and a metal-water reaction could add significantly to an already improbable transient that  would 

result in fuel-plate melting in the first place. 

C. What is the latest information on chemical reactions involving this fuel? 

The latest  information* on chemical reactions involving fuel of the  HFIR type is contained in ANL- 

7090. ’ In summary, th i s  report on TREAT t e s t s  s ta tes :  

The  HFIR samples retained their platelike shape  a t  f ission energies a s  high as 425 cal/g,  whereas 

the aluminum-uranium alloy fuel plates had fused into s ing le  globules a t  energies between - 200 and 

530 cal/g. Large hemispherical cavit ies were apparent in the  surface of the  HFIR p la tes  a t  energies 

above that sufficient to cause  melting of the cladding (-200 cal/g). The  appearance of the cavi t ies  

suggested gas evolution. 

, 

At energies above 645 cal/g, the HFIR samples completely los t  their shape. The  HFIR cermet fuel 

samples a t  these  energies formed one large globule that contained mostly uranium oxides,  severa l  smaller 

fragments of partially oxidized aluminum, and fine particulate that  consisted mainly of aluminum oxide. 

(Previous analytical s tud ies  indicated that the aluminum oxide was  mainly a-A1,03.) On the other hand, 

the  alloy plate fuel at these  energies was generally found, in previous s tud ies ,  t o  form severa l  small 

fragments of aluminum, uranium, and oxides, and fine particulate oxides. In 3OoC water, the amount of 

fine particulate formed increased a s  the extent of reaction of either fuel increased. In high-temperature 

water, each of the two types of fuel formed a single large globule that reacted extensively a t  high en- 

ergies. 

8 

. 

The extents of reaction of the HFIR fuel p la tes  (as contrasted to the differences in physical  behavior - 
noted above) were quite s i m i l a r  to those of the alloy p la tes  (ANL-6904). ’ ’ In 3OoC water, at low en- 

ergies, only a few tenths of a percent of a plate reacted when the cladding was only partially melted, 

and reaction did not exceed 2.5% when the cladding was  fully melted, but s t i l l  retained its shape  (at  

425 cal/g). At higher energies,  more extensive reactions occurred: a t  645 cal/g,  the extent of reaction 

was 74.6%; a t  1062 cal/g,  the extent of reaction was 28.4%. 

\ 

In high-temperature water (285OC), more extensive reaction occurred than in the  runs in 3OoC water. 

At 413 cal/g, 11.8% of a plate reacted; while in room-temperature water, only 2.5% reaction occurred a t  

425 cal/g. Similarly at 658 cal/g,  91.3% of a plate reacted in the hot water, while in 3OoC water, 74.6% 

reacted a t  an energy input of 645 cal/g. 

*See also Appendix I. I 

“Argonne National Laboratory, Reactor Development Program Progress Report, August 1965, ANL-7090, 

“Argonne National Laboratory, Reactor Development Program Progress Report, May 1964, ANL-6904. 
pp. 76-78. 

I 

\ 
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4 

It is postulated that a t  low energies where breakup-does not occur or the  plates do not l o se  their 

shape, the plates cannot react extensively, that is, the ngture of the reaction is to form a protective 

oxide f i lm,  and cooling rates are sufficient to prevent ignition. The  subcooled water causes  an even 

greater suppression of the reaction as a result of a more rapid cooling rate than in the heated water. 

Above a threshold energy (previously determined to be 530 ca l /g  for the  alloy plate fuel and some- 

where between 425 and 645 ca l /g  for the HFIR fuel), flow, breakup, and ignition of the samples occur. 

At these  higher energies, the extent of reaction is governed by the  duration of burning, which in turn 

depends on several  factors, such  as particle s i ze ,  depletion of the reacting fuel, and the rate of energy 

' 

loss  by the particles to the surroundings. Here again, the subcooled water tends to decrease  the  ex ten t  

of reaction by providing more efficient cooling. 

In addition to the tes t  information s e t  forth above, ANL will run-four additional tests. Three of these  

will be run with the autoclave at 12OOC and with 600 psia pressure, as being more representative of HFIR 

conditions. The fourth is being run in a room-temperature assembly t o  complete the  data d iscussed  in 

ANL-7090. 

additional information. 

P 

ANL a l s o  proposes to photograph samples of HFIR fuel in TREAT in the hope of obtaining 

D. I s  xenon burnout ever important .in any poss ib le  accidents? Can the boron in the 
fuel ever contribute adversely t o  an accident? 

During the  most severe  rapid transient studied, the duration of the  transient is about 0.03 sec and the 

sec-'. Thus the maximum decrease in peak thermal'neutron'flux in the fuel is about l o i 6  neutrons 

xenon concentration is about 

3 l o 6  x i o i 6  0.03 2 1 0 - ~  = 0.1% . - 

The greatest possible worth of the  xenon during a transient is equal t o  the total  worth of the fuel in 

terms of excess  reactivity; this is about 0.12 A k / k .  A conservative estimate of the  change in reactivity 

worth of the  xenon during the transient yields 0.00012 A k / k .  Burnup of the  boron poison would be sev- 

eral orders of magnitude less.* 

, 
E. P l e a s e  document the spatial  distribution of local void e f fects  and provide e s t i -  

mates of uncertainties therein. 

Average void coefficients for the inner and outer fuel elements were determined experimentally, and 

the radial spa t ia l  distribution was  calculated.  The  experimental and calculated average values check 

very closely. A plot of the calculated radial variation is shown in Fig.  11.38.1. At the beginning of a 

fuel cycle the radial power distribution is quite flat, except in the fuel region c loses t  to the control' 

region. Therefore the average coefficient should be used. Later in the  fuel cyc le  the power density in 

the regions where the void coefficient tends to be less negative is less than the average due to non- , \ 
uniform fuel burnup. Therefore the effective overall void coefficient would tend to  be more negative. 

. 
*Discussed in answer 42A. 
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Fig. 11.38.1. Void Coefficient in the HFlR for Uniform Local Void 

T h e  void coeff ic ient  for the water  gap between e lements  is also negat ive  and  a s  set forth in  ORNL 
3572, Sect .  7.3.4, is -0.046 in  terms o f , t h e  void fraction or in  terms of Ak per c u b i c  cent imeter  of 

b 

. void is - 1.24 x 

Figure  7.3.6 of ORNL-3572 s h o w s  t h e  relat ionship between void f rac t ions  in  t h e  i s land  and re- 

act ivi ty ,  with 'and without a target .  T h i s  region h a s  a posi t ive coeff ic ient  for s m a l l  void fract ions;  

however, a s  h a s  been indicated,  there  is a n  optimum void fract ion,  and t h e  coef f ic ien t  becomes nega- 

t ive for addition of voids  in  e x c e s s  of the  optimum. T h e  void coeff ic ient  for t h e  control  region is also 

posi t ive but qu i te  small ,  being only about  one-third of tha t  in  the  ta rge t  region. 

F. Have reactivity accident s tud ie s  allowed for the  possibil i ty of the  return of 

water to.the core?* 

In the  ana log  a n a l y s e s  the  expuls ion of water  from t h e  core,  e x c e p t  by thermal  expans ion ,  w a s  not 

considered. T h e  return of water  to t h e  core  follows t h e  incident  as t h e  temperature is reduced and  thus  

af ter  the safety rods have  been inser ted.  

39. What procedures will  be followed if a normal removal of irradiated fue l  is im- 
possible due to  fuel damage or s t ick ing?  

*Further d i scussed  in answer 55G. 

**Further d i scussed  in answer 42B. 

a 

I 

It h a s  been assumed that  a fuel  assembly  might become damaged,  thus  preventing normal removal of 

t h e  e lements ,  tha t  is, one  element  at a time. If t h i s  should  occur ,  i t  would b e  n e c e s s a r y  t o  remove both 

e lements  s imultaneously as a fuel  assembly.  Pr ior  to removing a f u e l  assembly ,  it would b e  poisoned 

by inser t ing  enriched 'OB s t e e l  s t r i p s  into t h e  f u e l  region. At  l e a s t  20 s u c h  s t r i p s ,  10 e a c h  i n  t h e  inner 

and  t h e  outer e lement ,  would be  inser ted prior t o  removal.** Approximately 50 of t h e s e  s t r i p s  a r e  present ly  
\ 

1 
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on hand. Par t  of the scheduled tests during the startup program was  an  investigation and verification of 

the number of s t r ips  required to  remove any doubt about t he  fuel assembly being subcritical in  any credible 

arrangement in the HFIR facility. 

40. Discuss  the reliability of the emergency air  supply t o  the control rod drives. 

A i r  is supplied to the rod drive motors from the main instrument a i r  receiver. The  receiver is capable 

of driving a l l  four shim-safety rods through their full stroke with sufficient pressure remaining to  operate 

the instrumentation. The receiver is supplied with air from either of two compressors. Each compressor 

is supplied from a normal emergency bus. 
r 

The primary purpose for incorporating f a s t  insert  air motors on the four shim-safety rods was  to ex- . 

pedite a fast  recovery of the  rods following a s c r a m .  Another u se  for the f a s t  insert  is that of aiding the 

servo, whose available reactivity is limited,in reducing reactor power when a c  power to the facility is 

interrupted. 

For the first ca se ,  the lack of sufficient air would increase the probability that the reactor could not 

be restarted in time to  override xenon. In the latter c a s e ,  the lack of sufficient air could result in a 

s c r a m  due to failure of the air motors t o  insert  the shim rods in response to  the  s igna l  from the servo 

system. The reactor safety would not be compromised by loss of air to the f a s t  insert  air motors. 

41A. Are there possibil i t ies of shielding the control room s o  that the probability of 
evacuation of reactor operators can  be  reduced? 

The  HFIR control room is partially shielded by the 8-in.-thick concrete reactor building; however, 

th i s  wall is penetrated by the observation gallery windows, which can be s e e n  in F igs .  3.2.5 and 3.2.6 

of ORNL-3572. The only simple way to  provide additional shielding would be  to  block off these  windows, 

which would prevent the operator and supervisor from having a view of the reactor bay area and which 

would eliminate the  advantage of having a visitor gallery isolated from the containment building. 

There is no advantage to  having the operator remain in the control room following a serious accident, 

and it is not intended that he  do  so. For  this reason it appears unnecessary t o  further shield the control 

room. 

B. Are there any significant safety advantages that could be  achieved with a n  

alternate emergency control a r ea?  

There do  not appear to be any significant safety advantages to having a n  alternate emergency control 

area for reactor control functions. There is a need for an emergency control center removed from the HFIR 

site for use during an  accident,  and the ORNL complex has  such  a center. Reference to this overall sys-  

tem is made in the answer to  question 29B, and a brief description of the  Radiation-Monitoring and -Warning 

System a t  ORNL is given in Nuclear 'Sa fe ty .  
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' APPENDIXG 

USE OF TENSILE SPECIMENS 

O A K  RIDGE N A T I O N A L  LABORATORY 

UNION CARBIDE CORPORATION 
N U C L E A R  D I V I S I O N  

O P E R A T E D  B Y  

alB 
POST OFFICE BOX X 

OAK RIDGE. TENNESSEE 37831 

July 2, 1965 

Mr.  N. J .  Palladino 
333 West Park Avenue 
State College, Pennsylvania 16801 

Dear Sir: 

We have had some difficulty in obtaining a direct  answer to  the questions you raised on impact properties 
and any impact transition of the HFIR aluminum and the use  of tensile specimens to demonstrate the ab- 
s ence  of any adverse effects by irradiation. 

Aluminum, having a face-centered cubic structure, is in a group of materials which are considered as not 
possess ing  a ductile-to-brittle transition temperature. Since impact values a re  not commonly used with 
aluminum technology, there is almost a complete absence  of impact data available in the  literature. This  
even applies to the aircraft industry where impact loadings a re  prevalent. 

In The Properties of Metallic Materials at Low Temperatures (John Wiley and Sons, 1950), P. Litherland 
Teed does present impact values of severa l  of the complex aircraft-type alloys,  none of which show any 
temperature effect. The alloy composition which most closely resembles type 6061 used in HFIR would 
be pure aluminum, the data from which a re  tabulated below. 

. 

l rod  Impact Values Pure Aluminuma 

Tern perature Impact Va lue  

(OC) ( f t - lb)  

, 
Room 

-40 

-80 

-120 
-180 

19 
19 

20 

21 
27 

aOne-inch-diameter rod rolled and an- 
nealed. 

A s  additional evidence for the lack of a transition temperature, I a m  l ist ing two s e t s  of tensile data 
covering a very wide temperature region. 

. 
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Tensile Properties of Heat-Treatable Wrought A l u m i n u m  Alloys a t  L o w  Temperaturesa 

Commercial ’ 1 Tensile Yield Elongation Reduction 

- 
Strength Strength in 2 in. of .Area ASTM 

Alloy 
Alloy and 

Temper (Psi) (Psi) (700) (%) 

7S0 F 

61s-0 GSllA 17,700 6,800 
-T4 40,300 21,800 
-T6 45,100 38,800 

34.8 
30.5 
20.6 

- 18OF 
61s-0 GSllA 18,500 7,100 36.4 

-T4 41,700 22,500 31.5 
- T6 47,100 39,300 20.2 

P . - 112OF 

b 

. 

61s-0 GSllA 20,000 7,600 40.8 
-T4 44,100 23,200 32.5 
-T6 49,200 41,000 21.2 

73 
57 
53 

73 
56 
52 

74 
54 
52 

- 320°F 

61s-0 GSllA 33,200 9,200 49.2 67 
-T4 57,900 29,400 36.6 41 
-T6 60,200 45,500 25.6 46 

‘ aF. M. Howell (Alcoa), “Low-Temperature Properties and Applications of Aluminum Alloys, # ’  Conference on Ma- 
terials and Design for Low-Temperature Service, PB-121009, pp. 253-66. , . 

: 
Typical Tensile Properties (6061)a 

0 Condition T-6 Condition 

O F  UTS YS EL UTS YS E L  

10 7 50 
18 15 28 

500 5.5 4 
400 9 6.5 55 
300 16 8 30 34 31 20 

75 18 8, 30 45 40 17 
- 18 19 8.5 32 47 42 17 

-112 20 9 36 48 43 .18 
-320 ,. 34. 11 45 61 48.5 23 

70 \ 

aAluminuni Data Book, Reynolds Metal Company, 1961, pp. 43 and 47. 

, 

The K a i s e r  Aluminum Rod, Bar, a n d  Wire Product  Information Handbook, 2nd ed . ,  p. 4, makes the  follow- 
i n g  s ta tement:  “At  sub-zero temperatures, aluminum is espec ia l ly  valuable  as i t  increases  in  s t rength 
without loss of ductility. Low temperatures make n o  a d v e r s e  changes  i n  other  properties of aluminum. 
Notch sens i t iv i ty  is not affected adversely and  modulus of e las t ic i ty ,  hardness ,  and fatigue s t rength 
gain at low temperatures. ” 

I 

a 
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On page 6: “In impact s t rength,  aluminum a l loys  e x c e e d  many heavier  metals, weight  for weight. F o r  
ins tance ,  aluminum h a s  the abi l i ty  to absorb  s e v e r a l  t imes as much energy,  before breaking, than equi-  
valent  s t e e l  specimens.”  

A s  a more exac t  answer t o  your ques t ion ,  w e  have oroken Charpy V s p e c i m e n s  from 6061-T6. Typica l  * 

broken spec imens  a r e e n c l o s e d  a long  with a room-tempersture tens i le  spec imen.  All  s a m p l e s  s h o w  
ductile-type breaks with a c u p  and c o n e  fracture and  reduction in a r e a  at t h e  s i d e s .  T h e  fracture va lues  
a r e  shown in t h e  following table:  

Charpy V-Notch Impact Energies 

6061-T6  Aluminum 

Ft-Lb Tempera tule Notcha 

( O F )  . Orientation 

76 LH 2 0  
76 L H  22 

-40 LH 19 

-320 . LH 2 3  
-40 L V  13 

-320 L V  14 

aLongitudinal specimen with horizontal or 
vertical notch. 

While the  impact va lues  on s tandard  spec imens  appear  to b e  low, they bear  a d i r e c t  re la t ionship with 
t h e  relat ive low va lues  of t h e  s t ress -s t ra in  curve  and  tens i le  s t rength of t h e  material. They a r e  not 
low because  of a change in  f racture  mechanism as is the  case with s t e e l s .  In all c a s e s ,  t h e  f racture  
would be  c l a s s e d  as a duc t i le  fracture. F o r  example, l ead ,  which without ques t ion  would b e  cons idered  
duc t i le  a t  room temperature, would show a n  even  lower value,  but a g a i n  one which would be  related to 
t h e  tens i le  s t rength.  

In summary, s i n c e  with type 6061 aluminum n o  change  i n  deformation mechanism occurs  with e i ther  t a t -  
i n g  temperature or type of t e s t ,  t h e  u s e  of t e n s i l e  spec imens  and  tens i le  d a t a  would appear  to be reason- 
able .  T h e  irradiation thimbles which a r e  the only aluminum i n  the s y s t e m  which must  s u s t a i n  t h e  s y s t e m  
pressure were des igned  with t h e  u s e  of very conserva t ive  t e n s i l e  d a t a .  

Very truly yours, 

Original s i g n e d  by 

a 

., 

4 

G. M.  Adamson, Jr. 
Metals a n d  Ceramics  Divis ion 

\ 
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Part Ilb. Safety Review Questions and Answers 42-53 

ABSTRACT 

Following a January 1966’meeting with the USAEC Division of Reactor Licensing to 

d i scuss  the HFIR Safety Analysis,  a request for additional information was  made to ORNL 

by the USAEC. The  table of contents comprises a l i s t  of the questions,  with answers 
given in the body of this report. 

Originally published a s  ORNLCF-65-11-29, Supplement No. 1 (Feb. 1, 1966). 
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QUESTIONS AND INFORMATION REQUESTS ON THE HFIR 

. 

42. A backup system for reactivity control* has  not been incorporated into the design of 
HFIR. Additional information, beyond that given in responses  22A and 22B, is re- 
quired in the following areas: 

A. Discuss  the reactivity s ta tus  of the reactor a s  a function of t i m e  after an  attempted 
scram in which only a small  fraction of the negative reactivity ayailable in the con- 
trol rods is capabfe of being inserted. Various init ial  conditions a s  to core l i f e t ime ,  
and xenon and samarium concentrations should be taken into account. The discus- 
s ion should point out the amount of negative reactivity required to compensate for 
the temperature defect, the effect of xenon and samarium poisoning, and the t i m e s  
available for other action to  be taken to inser t  additional negative reactivity into the 
core assuming the rods remain incapable of further insertion. 

I 

T h e  react ivi ty  s t a t u s  as a function of time h a s  been  considered for s e v e r a l  cases of in te res t  under 

t h e  assumption tha t  t h e  control  r d s  become s t u c k  at a n  appropriate  time to c a u s e  concern. 

T h e  f i rs t  case is one in  which it is des i red  to s h u t  down t h e  reactor  from fu l l  power immediately fol- 

lowing s ta r tup  with f r e s h  fuel ,  and t h e  control  rods only respond by  reducing k a very smal l  amount. 

F o r  t h i s  case the core  is e s s e n t i a l l y  c l e a n ,  and  fue l  deplet ion p lus  the buildup of xenon wi l l  reduce 

t h e  power leve l  over the  period of t ime required to reduce t h e  react ivi ty  suff ic ient ly  to compensate  for 

t h e  change  in  coolant  and moderator temperatures. T h i s  amount of react ivi ty  is about  0.003 A k / k  

(assuming no change  i n  in le t  water  temperature). T h e  number of megawatt-days required to burn up t h i s  

amount of react ivi ty  by f u e l  deplet ion a lone  is about  120 Mwd. S ince  a considerable  amount of iodine 

and xenon would be  generated during t h i s  time t h e  number of megawatt-days would b e  less, and i n s t e a d  

of j u s t  remaining cr i t i ca l  a t  e s s e n t i a l l y  zero  power, a s  would b e  t h e  case if only fuel  deplet ion were  con- 

s idered ,  the  decay  of iodine to xenon would make t h e  reactor  subcr i t ica l .  However, t h e  eventua l  d e c a y  

of the  xenon would permit t h e  reactor  to go cr i t ica l  aga in  but  at a power leve l  less than the in i t ia l  power. 

For  th i s  case the  minimum amount of negat ive reactivity required by control  rod movement t o  s h u t  the  re- 

ac tor  down immediately would b e  e q u a l  t o  the  temperature def ic i t ,  which is 0.003 A k / k ;  i f  t h e  reactor  

in le t  temperature were reduced to  room temperature from normal in le t  temperature, a smal l  amount of addi-  

t ional  negat ive react ivi ty  would be  introduced a s  about  0.04% A k / k  is removed on cool ing  from 1 2 0  t o  

80°F. Under the  above  condi t ions (clean core), t h e  different ia l  worth of a single safe ty  rod .is 0.0022 

A k / k  per  inch. Thus,  in  order to  reduce  t h e  power leve l  of a c l e a n  core  from 1OO-Mw normal operation to 

zero  a t  room temperature, i t  would be  necessary  to inser t  a s i n g l e  s a f e t y  rod only about 1.2 in. 

, 

T h e  second case considered is t h e  s i tua t ion  in  which t h e  reactor  h a s  run suff ic ient ly  long  to  have  

es tab l i shed  equilibrium iodine and xenon. If a very s m a l l  amount’.of negat ive reactivity is introduced, 

s u c h  as postulated by a n  at tempted scram i n  which only a s m a l l  movement is achieved ,  t h e  reactor would 

promptly s h u t  down d u e  to xenon buildup. If the  rods remained in th i s  posi t ion and no other  ac t ion  were 

taken,  the xenon would decay  suff ic ient ly  i n  about 2v2 d a y s  to  a l low the reactor  t o  regain cr i t ical i ty  a n d  

proceed to a supercr i t ical  condi t ion i n  which core damage would resul t .  Two of the safe ty  rods would 

have  to b e  almost  fully inser ted  to compensa te  for ful l  x.enon decay  and t h e  temperature def ic i t ,  i f  t h i s  , 

s i tua t ion  occurred j u s t  a f te r  xenon equilibrium w a s  reached. L a t e r  i n  the c y c l e  buildup of samarium 

~ ~~ 

*Further discussed in answer 60. I 

. 
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during t h e  shutdown would reduce t h e  amount of rod inser t ion required t o  keep the reactor  subcr i t ica l .  

However, as indicated,  about  2 d a y s  a r e  ava i lab le  for inser t ing rods, adding  other  poison,  and/or re- 

moving the core  before c r i t i ca l i ty  would b e  achieved as a resu l t  of xenon decay.  

L a t e  in the  fuel  c y c l e  (after about  8 d a y s  for a 14-day core), t h e  promethium concentrat ion would b e  

large enough s o  tha t  once  t h e  reactor  is s h u t  down i t  could not  b e  made c r i t i c a l  aga in  without  withdraw- 

ing  the  rods beyond their  posi t ion j u s t  prior t o  shutdown. T h i s  resu l t s  from the  f a c t  that  the s t a b l e  sa- 

marium at tha t  t i m e  and thereaf ter  would b e  worth more than the  equilibrium xenon. 

Another case of in te res t  is that  i n  which t h e  reactor  h a s  j u s t  been  restar ted a f te r  recovering from a 

scram. T h e  xenon under th i s  condi t ion could have  a worth no greater than about  0.12 A k / k  as  th is  is ap-  

proximately the  maximum e x c e s s  k of a c l e a n  core.  T h e  xenon concentrat ion would b e  i n c r e a s i n g  d u e  to 

decay  of i t s  precursors  and would cont inue to  i n c r e a s e  unt i l  t h e  ra te  of des t ruc t ion  d u e  t o  reactor  power 

w a s  equal  to t h e  xenon birth rate. T h i s  point would b e  reached at a power leve l  o f m a b o u t  30 Mw for the  

case under considerat ion.  F o r  further i n c r e a s e s  in  reactor  power leve l  the  xenon concentrat ion would 

begin t o  d e c r e a s e  and the  control  rods would have  t o  b e  inser ted t o  compensate  for t h e  i n c r e a s e  i n  reac- 

tivity. T h e  control e lements  normally have  more than enough s p e e d  to  maintain control; however, i f  all, 

rods became immobile while  xenon w a s  be ing  burned out ,  t h e  reactor  would become supercr i t ica l ,  and re- 

ac t iv i ty  would b e  added at a ra te  proportional t o  t h e  e x c e s s  of power above  30 Mw. If no ac t ion  were 

taken the  reactor  power leve l  would i n c r e a s e  until core  damage resul ted.  If t h e  power l e v e l  were t o  b e  

taken  to 1 0 0  Mw, t h e  ra te  of xenon burnup would b e  equiva len t  to a react ivi ty  i n c r e a s e  ra te  of -0.015% 

A k / k  per second,  which ind ica tes  that  if all control e lements  were frozen i n  posi t ion only a few s e c o n d s  

would b e  ava i lab le  to take  ac t ion  before t h e  power leve l  increased  t o  130 Mw, which is t h e  leve l  a t  

which s a f e t y  ac t ion  would normally take place.  T h i s  s i tua t ion  is not greatly different (less than a factor  

of 2 i n  rate) from tha t  in  other  high-flux reactors  s u c h  a s  the  MTR or ORR. 

F o r  t h i s  case w e  have  a lways  assumed tha t  at l e a s t  one  method of rod inser t ion would b e  e f fec t ive  

on a t  l e a s t  one of the  control  e lements .  Even  par t ia l  inser t ion of any o n e  of t h e  f ive rods would b e  suf-  

f ic ien t  t o  reduce the  power leve l  to the  point where xenon buildup would complete  the  shutdown, thus  

al lowing adequate  time for other  methods s u c h  as poison s t r ip  inser t ion and/or c o r e  removal t o  b e  e m -  

ployed. If none of the  rods wi l l  move under sc ram condi t ions,  force c a n  b e  appl ied by e i ther  t h e  normal 

e l e c t r i c  dr ives  or t h e  fast - inser t  a i r  motors. In addi t ion,  the  shim regulat ing cyl inder  c a n  b e  moved 

under e lec t r ic  motor dr ive or by a manually held air  motor. If it is postulated that  no t  any  of t h e s e  

methods a r e  e f fec t ive  and all rods a r e  total ly  immovable, then the  time scale is s u c h  tha t  a t tempts  to 

res ta r t  following a scram must b e  ruled out  by adminis t ra t ive control  or  a secondary  shutdown sys tem 

must be  provided. In our judgment i t  is manifest ly  impract ical  to  cons ider  ruling out a n y  at tempt  t o  re- 

s t a r t  t h e  reactor before  the  xenon h a s  decayed,  and  i t  is also our judgment that  t h e  probability of having  

all control  e lements  total ly  immovable is s o  smal l  as to  not cons t i tu te  a s igni f icant  r isk.  We d o  recog- 

n i z e  t h e  probability that  at  some t i m e  in  the  l i fe t ime of the  reactor o n e  or more, but not  all, of t h e  con- 

trol e lements  may become incapable  of complete  inser t ion,  and for t h i s  reason and for fuel. handl ing pur- 

p o s e s  we have  provided equipment and procedures  for inser t ing  poison s t r i p s  into t h e  core .  A s  d is -  

c u s s e d  above,  t h i s  technique would not b e  e f fec t ive  i f  all control  e lements  became immobilized during a 
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recovery from a scram. The  probability of having a l l  control elements become immobilized under these  

conditions is quite small  inasmuch as a t  least one of them had jus t  demonstrated its ability to function. 

B. In the event the proposed insertion of poison strips into the core is, for some reason, 
impossible, the preparation of a liquid poison solution with subsequent  injection into 
the core could be  an  alternative method of maintaining the reactor core in a shutdown 
s ta tus .  In a n  emergency, how could th i s  be  done in  the HFIR fac i l i ty?  In particular, 

what methods of injection a re  available in the present design? Would i t  be  in  the in- 
te res t  of sa fe ty  to have written emergency procedures, ava i lab le  to the HFIR oper- 
a t ing  s ta f f ,  which would outline s t e p s  to  be taken to obtain the required poison, to  
prepare a n  adequate solution, and to  in jec t  the solution into the core in  the event  
other methods of poisoning the core a re  unavailable? 

A liquid poison could eas i ly  be injected into the HFIR primary coolant system by introducing i t  into 

the suction s ide  of the pressurizer pumps. The pressurizer system cons is t s  of two main pumps supplied 

with normal ac power and an  emergency pump which can  be supplied from either the normal power or 

d iese l  generator power. Normally one pressurizer pump is in operation with the other main pressurizer 

pump on standby. The  emergency pump s t a r t s  on failure of the normal pumps. The  normal pressurizer 

pump flow rate is between 100 and 200 gpm, and the emergency pump will maintain a flow of 6 gpm. 

/ These  pumps take their suction from a common header supplied from a 2500-gal gravity-feed head tank on 

the floor above. In the simplest  concept, poison could be dumped into the head tank and the  pressurizer 

pumps would inject  it into the primary system. Following injection the cleanup system would be shu t  

down to prevent Lemoval of the poison. The  primary system circulation would achieve almost complete 

mixing in  about 2 min following injection. The  above is a n  oversimplified description of how a system 

of this type could be incorporated in the HFIR; however, it would be an  adequate system to prevent re- 

s ta r t  i f  the  core were poisoned by xenon and i t  was  only necessary to take action before the  reactor 

could regain criticality some 2 to 2v2 days  later. 

The  second part of th i s  question regarded the  possibility of preparing written procedures outlining 

the necessary s teps  to  be taken to  poison the core during the  approximately 2 2  days  available while the 

reactor is poisoned out by xenon. This  approach does  not s e e m  t o  be  particularly valuable in view of the  

t ime  scale of reactivity changes during a recovery from an  unscheduled s c r a m .  A very simple procedure 

of the type set forth would suffice to keep the reactor shu t  down; however, it is our opinion that if com- 

plete immobilization of the rods is postulated during xenon transients,  then it follows that a secondary 

shutdown system must be installed, and appropriate operating procedures must be prepared that are con- 

s i s t en t  with the t i m e  behavior of the reactor system and the secondary shutdown system. 

. While it is our opinion that such  a sys tem is not necessary,  we recognize the concern expressed by 

members of DRL and the ACRS in th i s  area. In addition, we a re  aware of the efforts t o  incorporate the 

requirement for a secondary control means in criteria currently being reviewed for power reactors. These  

factors plus the expectation that such  requirements may be imposed on new and existing research re- 

actors lead us  to propose that the  HFIR be equipped with a liquid-poison injection system, and that op- 

erating procedures governing recovery from power reductions be  established which provide adequate t ime  

. 
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for the poison inject ion should the  control rods become immobilized or should  control  of the  reactor  b e  

l o s t  in  s u c h  a way as to  be  equivalent  to immobilized control  rods. 

I t  is our intention t o  proceed with t h e  d e s i g n  of s u c h  a s y s t e m  and t o  prepare wri t ten procedures  gov- 

erning recovery from power reduct ions which wil l  provide reasonable  a s s u r a n c e  that  t h e  s y s t e m  could b e  

effect ive.  A program is present ly  be ing  prepared for ca lcu la t ion  of t h e  kinet ic  behavior of t h e  combined 

reactor  and  poison inject ion s y s t e m  in order t o  inves t iga te  t h e  n e c e s s a r y  programming of reactor  power 

during restar t  conditions. T h e  operat ing procedures wil l  b e  based  on t h i s  information. 

We should l ike to point  out a g a i n  that  w e  consider  s u c h  a secondary shutdown s y s t e m  to b e  unneces-  

sa ry  i n  the  s e n s e  that  i t  is our opinion that  t h e  a c c i d e n t s  i n  which the  s y s t e m  might be  of u s e  a r e  suff i -  

c ient ly  improbable as to  cons t i tu te  no s igni f icant  r isk i n  operation. 

43. Response 23B-C provided a n  ana lys i s  which estimated the core temperature follow- 

ing a s t e p  l o s s  in pressure. The  ana lys i s  assumed a mechanism for hea t  transfer 

from the core to  the coolant, and the resu l t s  indicated no fuel melting and no metal- 

water reaction. Provide a n  es t imate  of the time sequence  of events  which would 

occur in . the  event the assumed hea t  transfer mechanism were not available.  In par- 

ticular, a t  what ra tes  might the resultant metal-water reaction proceed? How might 
the hydrogen generated by the  reaction get to the reactor bay a rea?  What potential is 
there for getting s team into the fi l ter  sys tem following a loss-of-coolant acc ident  

with a subsequent metal-water reaction involving the core?  

T h e  fue'l p l a t e s  of a n  HFIR c o r e  conta in  approximately 85.5 k g  of aluminum. Of th i s ,  52.7 is a d j a c e n t  

t o  the-fuel  region and is considered ava i lab le  for t h e  Al-H,O reaction. T h e  remaining 32.8 k g  is loca ted  

ei ther  in  the  fuel  core ,  where i t  is assumed to be  consumed in  t h e  U,O,-Al react ion,  or is suf f ic ien t ly  re- 

mote from the  fuel  core  so tha t  i t s  hea t ing  ra te  is signif icant ly  lowered. 

0 

T h e  increase  in h e a t  conten t  of the  HFIR fuel  due  t o  nuclear  hea t ing  h a s  been  obtained by a n  integra-  

tion of the power decay  d a t a  presented in  response  23B-C. In computing t h e  s p e c i f i c  h e a t  conten t  as a 

function of t ime,  i l lust ra ted i n  Fig. 11.43.1, i t  h a s  been assumed that  h e a t  t ransfer  d o e s  t a k e  place for 

the f i r s t  50 msec, but that  thereaf ter  the  nuclear  h e a t  is absorbed adiabat ical ly .  Moreover, it is assumed 

tha t  t h e  h e a t  is absorbed by t h e  en t i re  85.5>kg. Values  of the  integral  a r e  given for both the core average  

and the  hot s p o t  s i tuat ions.  

I t  is perfectly clear that under t h e  assumption of ad iaba t ic  condi t ions the  c o r e  temperature wil l  con- 

t inue t o  r i s e  indefinitely. Obviously, th i s  cannot  real ly  occur, and, a t  s o m e  point, t h e  temperature r i s e  

wi l l  i n  f a c t  b e  limited by one or more of s e v e r a l  p o s s i b l e  modes of h e a t  transfer. In response  23B-C, 

u s i n g  a conserva t ive  but ra t ional  approach,  i t  w a s  shown tha t  it is extremely unlikely that  a sudden  pres-  

s u r e  loss could resul t  in  t h e  react ion of a n y  of the c o r e  with water. If, however, one  neglec ts  t h e  ob- 

vious contradict ions involved and a s s u m e s  that  the  condi t ions following the  loss of pressure  a r e  indeed 

ad iaba t ic  and that  under t h e s e  condi t ions the  metal  c a n  come in c o n t a c t  with suf f ic ien t  water, i t  is pos-  

s i b l e  t o  pos tu la te  a complete  metal-water reaction. 

Within 500 m s e c  af ter  the  s t e p  loss i n  pressure,  t h e  primary s o u r c e  of h e a t  is the d e c a y  of the f i s s i o n  

products. T h i s  h e a t  source  will,  a f te r  about  two or three s e c o n d s ,  r a i s e  the  temperature of the fuel  to t h e  

melting point, at whici: time t h e  vola t i le  f i s s ion  gases wil l  s t a r t  to e s c a p e  from t h e  fuel. Also ,  a t  about  

. 

* 
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Fig. 11.43.1. Energy Absorption as  a Function of Time Fol.lowing Pressure 

Loss. 

this time, the reaction between U,O, and aluminum is assumed to begin. This  will make available an  

additional 61 c a l  per gram of aluminum. Not all of 'the fission product heat is absorbed by the fuel; a 

fraction, estimated to be about 1576, will escape  in the form of gamma radiation. Consequently, the two 

effects - loss due to gamma radiation and lo s s  of volatile fission products - are assumed to counter- 

balance the increase in heating due to  the U,O,-Al reaction; and all three of t hese  secondary effects 

have been neglected. 

The  extent and rate of the metal-water reaction are difficult to  determine because they depend not 

only upon the temperature but a l so  upon the availability of steam. A s  previously stated,  however, it will 

be  assumed that sufficient steam is available. One method of estimating the extent of the reaction is to 

attempt to apply one or more of the various isothermal rate laws to this nonisothermal situation. A 

second method, that utilized here, is to consider the adiabatic temperature excursion as if i t  were a 

power excursion and to apply the data obtained from excursion-type experiments. The main difference 

between the present case and the excursion experiments is related to the t i m e  sca le  of the heat-up 

period. Most TREAT and SL-1 data are based on periods of f rom 40 to  500 m s e c ,  whereas the situation 

under consideration here is characterized by a period of several  seconds. Data' exist  which give the 

extent of reaction a s  a function of specific heat input. On the bas i s  of these  data, i t  appears that for an 

energy input of less than 350 ca l /g  no significant reaction will occur. The extent of the reaction ap- 

pears to increase linearly from zero a t  350 ca l /g  to  about 15% a t  530 ca l /g  and then linearly, but with a 

different slope, to about 30% at 920 cal/g. Direct extrapolation would lead to the assumption of a 100% 

reaction a t  approximately 2850 cal/g. This relation is shown in Fig. 11.43.2. 

'L. Baker, Jr., N u c l .  Safety 7(1), pp. 25-34 (Fal! 1965). 
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By ut i l iz ing the  f a c t  t h a t  the  hot  s p o t s  comprise  less than 5% of the  core ,  and by combining the  infor- 

mation i n  F i g s .  11.43.1 and  11.43.2, i t  is poss ib le  to deduce,  b a s e d  upon t h e  foregoing assumpt ions ,  t h e  

ra te  a t  which t h e  metal-water react ion proceeds. T h e  resu l t s  a r e  shown i n  F ig .  11.43.3. 

T h e  total energy ava i lab le  from the  react ion is approximately 925 Mwsec. According to t h i s  model, 

about  350 Mwsec would be  re leased  i n  a time between 10 and 50 sec af te r  the  pressure  loss. T h e  re- 

maining 575 Mwsec would be  re leased  over a 130-sec period at  a c o n s t a n t  ra te  of about  4.4 Mw. T h e s e  

power l e v e l s  a r e  suff ic ient ly  low so that  n o  ca tas t rophic  damage would be ant ic ipated.  

T h e  complete  reaction could  r e l e a s e  about  2300 S T P  f t3  of H,. Approximately 875 f t3  of t h i s  would 

b e  generated in  the 10-to-50-sec interval ,  and  t h e  r e s t  would b e  generated at a ra te  of about  11 cfs., In 
order t o  e s c a p e  into t h e  bui lding t h e  hydrogen would have  to p a s s  through s e v e r a l  feet of water, e i ther  i n  

thecreactor pool or in  t h e  primary piping, and  i t  would therefore be  cooled.  Moreover, b e c a u s e  of t h e  

bui lding e x h a u s t  sys tem i t  would be  conveyed rapidly from t h e  building, thus  reducing t h e  poss ib i l i ty  of 

igni  t lo n . 

I 

T h e  total energy involved during the 180-sec interval  - nuclear  h e a t  plus  h e a t  of react ion - is ap- 

proximately 1.8 x I O 6  Btu. T h e  reactor  pool a lone  conta ins  6.67 x lo5 l b  of water. H e n c e  th i s  energy,  

i f  absorbed adiabat ical ly ,  would i n c r e a s e  t h e  average  water  temperature by only 2.7'F. T h u s  there  

s e e m s  l i t t l e  possibi l i ty  of any  appreciable  r e l e a s e  of s team. 

It would appear ,  therefore, that  d e s p i t e  t h e  absurdly conserva t ive  assumpt ions  used  to  es t imate  the 

consequences ,  the  pressure- loss  a c c i d e n t  would not  resu l t  in  any consequences  which would mater ia l ly  

change  the previously ca lcu la ted  e s t i m a t e s  of radiation d o s e s  following a 100% meltdown. Moreover, i t  

is our content ion that  the  foregoing a n a l y s i s  overest imates  the fue l  meltdown by a t  l e a s t  a n  order  of mag- 

nitude, and that  our original ca lcu la t ions  a r e  much more representat ive of what  could ac tua l ly  b e  ex-  

pected.  

\ 

. 
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44. With respect to response 24, provide the following additional information: 

A. Describe the new end c a p  bolts. 

The  material for the new end c a p  bolts is ASTM-A193-62T-B7. This  material has  a specified minimum 

tensile strength of 125,000 psi  and a specified minimum yield strength of 105,000 psi. Test results on 

the bolts we are  using were obtained from Midwest Tes t ing  Laboratory by the supplier. These  t e s t s  

showed a minimum tensile strength of 151,000 ps i  and a minimum yield strength of 135,800 psi. Addi- 

tional tes t s  were performed a t  ORNL, and the results showed somewhat higher tensile and yield strengths 

than those obtained a t  Midwest Tes t ing  Laboratory. The  operating s t r e s s  in the bolts at 1000 ps ig  in- 

ternal pressure in the beam tube would be 43,750 psi. 

In order t o  remove any question regarding our estimates that the  beam tube would not be damaged and 

that the end caps  and bolting were adequate to withstand 1000 psig internal pressure, we have hydrostat- 

ically tested one of the beam tubes, end caps ,  and bolts to 1500 psig. No leakage and no damage re- > 

sulted.  

4 
B. If the beam tube were to  f a i l  inside the reactor v e s s e l  and, subsequently, the end c a p  

failed, what would be the maximum loss,-of-coolant flow through the beam tube? What 
makeup flows into the reactor ves se l  would be  available? Di scuss  the design and 

operating requirements for components to  be  inserted into the beam tubes, and which 
could limit flow through the beam tube in the event of the postulated double failure. 

A s  s e t  forth in the answer to question 24, we believe that the beam tube can  contain the  internal 

pressure resulting from a rupture of the inner end even i f  the reactor inlet pressure were 1000 psig. In 

order to demonstrate that our contention was correct, we have tested a beam tube assembly to 1500 ps ig  

internal pressure without damage as described in part A of th i s  question. 

If the double failure postulated should occur, the rate of coolant loss would be limited by the in- 

ternal collimator and shield plug, which would be held in place by the beam tube shutter assembly fol- 

lowing an  outward movement of about 2 in. Calculations made of the rate of coolant flow under these  
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condi t ions and under the  assumption that  the  collimator and  s h i e l d  plug were loca ted  eccent r ica l ly  re- 

su l ted  i n  a flow ra te  of about  100 gpm at 1000 p s i  reactor in le t  pressure.  If t h e  pressure  were  e q u a l  t o  

t h e  head of water  i n  t h e  pool, as would be  the case af ter  shut t ing  down the  reactor  and s t o p p i n g  the  

pressurizer  pump, t h e  flow ra te  would b e  less than 10 gpm. 

T h e  des ign  of the  collimator and sh ie ld  plug h a s  been reviewed t o  verify tha t  it would remain i n t a c t  

under condi t ions postulated for th i s  accident .  L i k e  t h e  beam tube  ex tens ion ,  t h e  s h i e l d  plug w a s  not de-  

s igned  for operation a t  1000 ps ig ;  however, as w a s  the  case with t h e  beam tube extension,  t h e  des ign  

w a s  based  on considerat ions other than pressure. A s  a resul t ,  examination of t h i s  conta iner  (plug) for 

ex terna l  pressure appl icat ion u s i n g  the  s a m e  ASME-type c h a r t s  ut i l ized for t h e  beam tube d e s i g n  s h o w s  

t h e  al lowable ex terna l  operat ing pressure  t o  b e  360 psi. T h e s e  c h a r t s  a r e  made up  to include a factor  of 

s a f e t y  of 4 based  on average  mater ia l s ,  and therefore resu l t  i n  a minimum c o l l a p s e  pressure  of 1440 ps i .  

T h e  s a m e  higher factor of s a f e t y  of 6 found in  examinat ion of the  beam tube d e s i g n  would b e  expec ted  to  

pertain here  also. Inasmuch as th is  v e s s e l  is not normally subjec ted  t o  external  pressure  and is i n  f a c t  

at e s s e n t i a l l y  zero  s t r e s s ,  the  derat ing of its capac i ty  due t o  c r e e p  is not appl icable .  With the  minimum 

expec ted  co l lapse  pressure  being more than 500 p s i  greater than t h e  maximum expected appl ied pressure  

resul t ing from the  postulated leak  from the primary s y s t e m  into the  beam tube,  the  internal  plug would b e  

expec ted  to  remain intact . .  

Even  if s o m e  buckl ing of the  wal l  of the  plug should  occur ,  the /cap  a t  t h e  inner  end  of t h e  plug, 

which is designed t o  withstand 1200 p s i  external  pressure,  wil l  remain in tac t  and the  l e a k a g e  would s t i l l  

b e  limited t o  a rate  which would only resu l t  in  a reactor shutdown. 

A review of the abi l i ty  of t h e  beam tube shut te r  to  hold the  beam tube collimator and sh ie ld  plug in  

p lace  w a s  also made. While the  resu l t s  indicated tha t  the des ign  w a s  adequate  to accomplish th i s ,  there  

w a s  e s s e n t i a l l y  no safe ty  factor. A s  a resu l t  of the  concern e x p r e s s e d  over th i s  particular acc ident ,  it 

h a s  been decided that  a minor modification will b e  made to a n  access plug a b o v e  t h e  shut te r ,  which wi l l  

ensure  a large safe ty  factor  in  the abi l i ty  of t h e  shut ter  to restrain the  collimator and sh ie ld  plug should  

the  postulated acc ident  occur. T h i s  modification requires  tha t  a n  ex tens ion  b e  welded o r  o therwise  fas- 

tened to  the end of the  access, plug s o  tha t  t h e  shut ter  wil l  b e  rest ra ined from any tendency to lift from 

i t s  dowels  should t h e  collimator and  s h i e l d  plug exer t  force a g a i n s t  it. . 
If a leak  should occur  i n  a beam tube,  or a t  any  other locat ion i n  the  primary s y s t e m ,  the  pressure-  

control  sys tem would s e n s e  the  loss of pressure and would a c t  t o  close t h e  letdown v a l v e s  which control  

the  pressure.  T h e  normal letdown flow ra te  is between 100 and 200 gpm, and therefore a leak  of 100 gpm 

would only resul t  in  a minor pressure  t ransient  while  t h e  pressure-control s y s t e m  readjusted to maintain 

pressure.  If the pressure-control s y s t e m  did not respond suff ic ient ly  f a s t  t o  prevent  the  pressure  from 

dropping more than about  50 p s i ,  t h e  block va lves  would b e  c l o s e d  by a different pressure-sens ing  

system. T h e s e  va lves  c a n  s h u t  off flow in about  0.2 sec. T h e  pressurizer  pump would cont inue  to 

supply water  to the reactor  s y s t e m  at a ra te  dependent  on t h e  reduction in  pressure  below the  normal 

pressure.  Inspect ion of the  pressur izer  pump head curve,  Fig. 6.2.9 i n  ORNL-3572,' s h o w s  tha t  under 

b 

'F. T. Binford and E. N. Cramer (eds.), The High Flux Isotope Reactor: A Functional Description, Volume I ,  
ORNL-3572 (May 1964; rev. Mar. 1, 1965). 

\ 
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typical operating conditions, that is, 600 ps i  inlet pressure and a letdown flow of about 150 gpm, a drop 

in reactor system pressure to  below the scram point of 375 ps i  would result  in a makeup flow of about 

400 gpm. 

For abnormal pressure reductions the standby pressurizer pump s ta r t s ,  and therefore a somewhat 

larger flow is available than indicated above. This  large flow rate could not be  maintained very long, as 

the pressurizer pump head tank is only of 2500 gal capacity and the makeup flow to th i s  tank is only 

about 100 gpm from the plant process water system via the  plant demineralizer and demineralized water 

storage tank. This  is of no  great consequence, as the  reactor would be  promptly shut  down and the 

system depressurized to  reduce the leak rate. Under depressurized conditions the pressurizer pumps 

would continue to supply water until stopped or until the head tank ran dry. When the pressure a t  the re- 

actor inlet  started to  drop below a pressure equal t o  that in the surrounding pool, a check valve connect- 

ing  the reactor tank to the pool would open and admit pool water to the primary system. In addition to 

the check valve, a manual valve is provided in  parallel with the check valve. If it is,assumed that the 

pressure at the reactor inlet drops to atmospheric pressure (15 psia), the 27-ft head of H,O in the pool 

would provide a makeup flow rate of about 170 gpm through the check valve. If the manual valve were 

opened an  additional 160 gpm would be available. T h e  reactor pool contains about 30,000 gal above the  

inlet  to these  valves,  and water can  be added to the reactor pool a t  about 800 gpm from adjacent pools, 

should this be necessary. 

The  design and operating requirement for components t o  be  inserted in the beam tubes may be sum- 

marized by s ta t ing  that the design must be adequate to  prevent overheating; they must be ab le  to with- 

stand, without leakage, the normal maximum coolant pressures (150 psig) and a-vscuum for drying com- 

ponents; they must be made of a material which is compatible in the presence of water with the aluminum 

beam tubes without caus ing  corrosion. In addition, the shielding they provide must be adequate when 

considered together with such  external sh ie lds  a s  are provided. All insertions into the  beam tubes, in- 

\ 

’ 

cluding the present beam tube collimator and shield plugs, are considered to be experiments and must be 

reviewed by the Operations Division technical staff as s e t  forth in the answer to question 32  and follow- 

ing  the criteria used in reviewing and approving experiments proposed for ORNL reactors in ORNL-TM- 

2813 and ORNL-TM-745,4 copies of which have been supplied i n  connection with the answer. 

It is not presently required that components inserted in the beam tubes be so designed to l i m i t  the 

flow in the event of the postulated accident; however, i t  is required that the design of any experiment be  

such that an internal pressure of 1000 ps ig  could be  applied to  the interior of the beam tube without sig- 

nificant leakage. 

3C. D. Cagle,  General Standards Guide for Experiments in ORNL Research Reactors,  ORNL-TM-281 (Aug. 20, 

4C.  D. Cagle ,  Considerations Involved in the Safe ty  Rev iew  of Experiments to B e  Operated in Nuclear Reactors,  

1962). 

ORNL-TM-745 (July  10, 1964). 
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C. The probability of maintaining the integrity of the beam tube extension in  the event  

of a beam tube failure within the reactor v e s s e l  is greater i f  the reactor operating 

pressure is not permitted to  exceed  the proposed operating leve l  of 600 psi ,  even  
though the reactor coolant sys tem has  been designed for 1000 psi. Has  th i s  restric- 

tion on pressure leve l  been considered? . !  

We have  not considered s u c h  a restr ic t ion on pressure  inasmuch a s  t h e  pressure  leve l ,  a l o n g  with re- 

ac tor  in le t  temperature, i s  o n e  of the  parameters which c a n  e a s i l y  b e  varied as may b e  des i red  to  main- 

ta in  the  margin between operat ing power leve l  and t h e  power leve l  a t  which incipient  boi l ing would t a k e  

place.  \ 

In view of the  t e s t  resu l t s  s e t  forth i n  the answer  to  par t  A of th i s  quest ion,  i t  appears  t h a t  a n  ade- 

q u a t e  safe ty  factor is ava i lab le  e v e n  if the  reactor primary sys tem were t o  b e  operated a t  1000 psig.  

45. If re lease  of 100% of the noble gas  inventory from the core is assumed and if fumiga- 
tion meteorological conditions ex is t ,  the present method of ventilating the HFIR 
building could lead to doses  a t  the site boundary in e x c e s s  of standard guidelines. 

The alternate ways of limiting the dose  considered.in response 29A do not appear t o  

provide the necessary  reduction in doses.  What other ways have been cons idered?  

What would.be the effect  on the doses?  

T h e  whole body gamma-ray d o s e  at t h e  HFIR s i t e  boundary under fumigation condi t ions w a s  origi- 

nal ly  es t imated based  upon a 50% c o r e  meltdown. Because  i t  appeared that  a r e l e a s e  of t h i s  magnitude 

would not  present  any  problem, cer ta in  extremely conserva t ive  assumpt ions  were  ut i l ized i n  order to 

make it poss ib le  t o  u s e  d a t a  a l ready developed. T h e s e  included the assumption of a lO-m/min wind 

s p e e d  during the  inversion which precedes  t h e  fumigation condi t ion,  extremely rapid r e l e a s e  from t h e  

s t a c k ,  and a n  effect ive height  of 76.2 m (the a c t u a l  s t a c k  height). Moreover, b e c a u s e  the  lO-m/min 

wind s p e e d  is insuff ic ient  to  permit the plume to  reach the site boundary within 2 hr, the  d o s e s  were  

computed for infinite exposure. 

In view of t h e  requirement t o  cons ider  a 100% re lease ,  the  whole body gamma d o s e s  h a v e  been  recal-  

cu la ted  us ing  somewhat  more rea l i s t ic  assumptions.  D i s c u s s i o n s  with F. A. Gifford, Jr., and  W. M. 
Culkowski  of t h e  Environmental Services  Administration, which a r e  summarized i n  a le t te r  from Gifford to 

I. Speckler  da ted  January 14, 1966, e s t a b l i s h e d  t h a t  the model previously employed to compute t h e  d o s e  

(response 29A) is adequate;  and  i t  h a s  been used  to obta in  t h e  information presented below. A s tudy  of 

wind dis t r ibut ion d a t a  ind ica tes  that  during a n  inversion prior t o  the  fumigation condi t ion t h e  wind s p e e d  

c a n  be  expec ted  to  be  no greater than v2 to 1 mph, and  that  during the  fumigation which may accompany 

the breakup of the inversion it will i n c r e a s e  t o  4 or 5 mph. T h i s  h a s  also been confirmed by observa- 

t ions at  ORNL. 

\ 

Consequent ly  t h e  method previously presented  in  answer  1 h a s  again been ut i l ized.  T h e  

u s e  of  F- type s tab i l i ty  (moderately s tab le)  for  t h e  inversion condition and C-type s tab i l i ty  (s l ight ly  un- 

s tab le)  for  the  fumigation condition h a s  been retained,  as h a s  the  assumption of a fixed s t a c k  height  

h = 76.2 m and a rapid emiss ion  rate. T h e  wind s p e e d  during t h e  inversion h a s  been  c h o s e n  to b e  2 5  

m/min, which is the t lowes t  va lue  which wil l  permit the plume to reach t h e  site boundary within t h e  2-hr 
4 

f 

c 

. 
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period. (In general  the  d o s e  d e c r e a s e s  with increas ing  wind speed.)  T h e  wind s p e e d  during fumigation 

is taken t o  b e  120 m/min, so  that  uinv/ufum is 0.208 rather  than t h e  less conserva t ive  0.154 used  i n  the  

previous calculat ion.  Upon put t ing these values  in  t h e  d o s e  equation: 
/ 

i 

' i t  is found that  at 2.82 km 
D f / D i  = 2.716 . 

T h e  2-hr inversion d o s e  at  the  site boundary for a 100% r e l e a s e  w a s  found t o  b e  

Di = 10.9'rads , 

so  that  the  fumigation d o s e  a t  the  s i t e  boundary becomes 

D, = 10.9 x 2.716 = 29.6 rads . 
It should be  pointed out tha t  th i s  represents  a n  extremely unlikely s i tua t ion ,  not only b e c a u s e  a 100% 

meltdown of the  core  is considered incredible ,  but also b e c a u s e  t h e  s i t e  boundary i n  ques t ion  lies i n  a 

direction toward which, during inversion condi t ions,  the  wind blows less than 1% of t h e  time. P e r h a p s  of 

more in te res t  is the 2-hr d o s e  a t  the neares t  s i t e  boundary which lies i n  t h e  direct ion of the prevai l ing 

wind. T h i s  is approximately 4 km southwes t  of the reactor  s i t e .  A calculat ion s imilar  to that  given 

above y ie lds  a whole body gamma d o s e  due  to noble  gases of approximately 19.4 rads. 

From this  a n a l y s i s  i t  appears  that  i t  is unnecessary  t o  cons ider  a l te rna te  w a y s  of limiting the 

ground-level radiation doses .  However, t h e s e  d o s e s  could be  reduced i f  i t  were  poss ib le  to  d e v i s e  a 

method which would d e c r e a s e  t h e  rate  a t  which the noble  g a s e s  a r e  emitted from t h e  s tack .  

F o r  many of the poss ib le  acc ident  cases, a reduction in  t h e  to ta l  a i r  flow through t h e S B H E  s y s t e m  

would not accomplish th i s  b e c a u s e  the  e s c a p i n g  g a s e s  a r e  drawn direct ly  i n t o  the  SBHE d u c t s  under the  

pool cover  and,  ins tead  of mixing in  the building, a r e  conveyed direct ly  t o  the  e x h a u s t  sys tem.  T h e  con- 

trolling factor  is not, therefore, the total  a i r  flow rate ,  but  the  r a t e  at which t h e  noble  g a s e s  e s c a p e  from 

t h e  primary containment. 

I t  appears  that  the  only way t o  reduce the rate  of noble  gas emiss ion  from t h e  s t a c k  is to provide 

s o m e  mechanism for thoroughly mixing the  g a s e s  with the  bui ldingair  a s  they e s c a p e  from t h e  primary 

containment and concurrently to reduce the  a i r  flow from the  building to  some lower ra te  which is s t i l l  

suf f ic ien t  to  guarantee inleakage.  In th i s  way a reduction of perhaps a factor  of 2 to 4 might be at ta ined.  

T h i s  scheme h a s  two d is t inc t  d i sadvantages .  In  t h e  f i rs t  p l a c e ,  it will magnify t h e  e f fec t  of a minor ac- 

c ident  by dis t r ibut ing the  e s c a p e d  f i ss ion  products  in to  the  reactor  building. T h e  pools ide SBHE d u c t s  

and the  pool cover  were conceived and des igned  spec i f ica l ly  to prevent such  a n  occurrence and to protect  

the operat ing personnel  from radiat ion exposure d u e  to s u c h  mishaps. Secondly, i n  t h e e v e n t  of a n  

Al-H,O reaction it would permit hydrogen, which would o therwise  b e  quickly d isposed  of to t h e  atmo- 

sphere,  to  c o l l e c t  in  t h e  building. 

One poss ib le  method of overcoming the  f i r s t  d i sadvantage  would b e  to provide a second mode of ex-  

h a u s t  which would diver t  t h e  e s c a p i n g  gas  in to  t h e  reactor  bay a n d  s imultaneously reduce the  ra te  of ex-  

h a u s t  t o  the  s t a c k .  T h i s  mode would be  at ta ined through t h e  u s e  of high-level radiation instruments  
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which would actuate the appropriate equipment only when radiation levels approaching those to be ex- 

pected following the MCA are present. Whether such  a system could tie designed and built t o  operate 

with the required degree of reliability would have to  be  determined. This  approach would represent a 

major change in philosophy, a s  pointed out earlier, and would require a complete reexamination of the 

entire containment system to  determine whether or not such  a change would seriously compromise the 

overall safety of the system in  order to gain a s m a l l  factor in one particular area. In any case, i t  would 

not overcome the second disadvantage and would certainly serve  to lower the level of operating safe ty  

presently incorporated in the design. 

I 

With respect to the CHOG system, the presence of the block valves on the pressure letdown l ines  

already serves to  contain the activity in  the primary system. These  valves c lose  automatically on re- 

ceiving a signal indicating a high level of radiation in the  primary coolant system, and th i s  i so l a t e s  the 

activity within that system. 

46. With reference to response 30, it appears that  the d iscuss ion  is in  conflict  with the 

evidence given in the referenced document, ORNL-TM-1291. W e  have been advised  

that ORNL-TM-1291 did not contain the l a t e s t  information available on the sub jec t  i t  

covered. 

question. 

Provide the additional information necessary  to  support the  d iscuss ion  in 

It is our understanding that the conflict mentioned is in regard to the statement in response 30 that 2 

in. of MSA 85851 charcoal will retain about 99.5% of the methyl iodide for a s  long a s  five days ,  during 

which the air flow is maintained at normal SBHE rate. ORNL-TM-1291,5 Table  4, shows amuch lower re- 

tention; however, Table 4 refers to charcoal of the type originally purchased for the HFIR. As s e t  forth 

in ORNL-TM-1291 and in response 30, the charcoal is being changed from the original design to 2 in. of 

MSA 85851, and therefore Table 4 does  not apply. Figure 2 of ORNL-TM-1291 shows the  efficiency for 

2-in. bed depth of MSA 85851 charcoal under HFIR accident conditions, and i t  was  from th is  figure that 

the statement regarding 99.5% efficiency for five days  was  taken. 

In addition to the above, severa l  questions were asked  regarding the statement on page 3 of ORNL- 

TM-1291 regarding the solubility of iodine in water, the effect of relative humidity on methyl iodide re- 

moval, and availability of information in addition' to that contained in ORNL-TM-1291. The  following in- 

formation was prepared by G. W. Parker in response to these  questions. 

1. Solubility of Iodine in Water at 25OC 

In order t o  reemphasize the very low order of expected re lease  of radioiodine from the  HFIR pool 

water, i t  is of most interest  to refer to a paper by Diffey et aZ.6 These  authors report in summary that 

when the total volume of air is the same a s  the volume of water through which it h a s  passed ,  decon- 

g-mole/liter; 

11 

tamination factors a re  about 100 for elemental iodine a t  concentrations greater than 

i 

5R. E. Adams et al., The R e l e a s e  and  Adsorption of Methyl Iodide in the HFIR Maximum Credible Accident, 

6H. R. Diffey e t  al., Iodine Clean-up in a Steam Suppression System, CONF-650407, vol. 2, p. 776, Oak Ridge 

ORNL-TM-1291 (Oct. 1, 1965). 

(April 1965). 

. 
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1000 or more for e lemental  iodine a t  low concentrat ions.and when sodium thiosulfate  h a s  been  added t o  

the  water; 2 for methyl iodide; 100 for hydrogen iodide; and 50 for 0.06 micron diameter  particles." A 

large increase  in  the  partition coeff ic ient  is noted for iodine concentrat ions below g-mole/liter of 
4 water. T h e  above  va lues  a r e  determined a t  25OC. Slight ly  reducing condi t ions i n  the  water  s u c h  as may 

be  contributed by a metal-water react ion or foreign impurities s e r v e  to enhance  t h e  retention i n  water  to 

a n  ex ten t  approaching that  for sodium thiosulfate  solut ion.  T h e  d a t a  a r e  shown i n  Fig.  11.46.1. ' 

+ z w 
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ORNL-DWG 66-6432 

lo5 i 

104 
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40' 
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TOTAL CONCENTRATION OF IODINE IN WATER (g mole iodie/liier) 

Fig. 11.46.1. Effect of Iodine Concentration on the Equilibrium Partition 

Coefficient for Iodine at  25OC. 

2. Solubility of Iodine at 100°C 

, two e f f e c t s  a re  noted. T h e  f i rs t ,  a t  high iodine 

concentrat ions,  is a s igni f icant  reduction i n  the  retent ion of iodine s u c h  that  a t  100°C t h e  partition is 

only 10 to 1 i n  favor of the  water  when a n  e q u a l  volume of a i r  is p a s s e d  through. At  lower iodine con- 

centrat ions or i n  the presence  of reducing impurities, t h e  reduction of iodine and  h e n c e  the  decontamina- 

tion coeff ic ient  wil l  i n c r e a s e  to va lues  higher than t h o s e  a t  room temperature corresponding to  t h e  in- 

c r e a s e  i n  reduction rate. 

At e leva ted  temperatures, accord ing  to Griffiths, 
a 

3 ,  Experience in Reactor Accidents Illustrating Iodine Retention in the Coolant Water 

Some a c t u a l  experience with th i s  water-retention process  is reported by Edwards' i n  a review of the 

1952 NRX acc ident ,  i n  which n o  1 3 1 1  r e l e a s e  w a s  observed. In th i s  case i t  w a s  postulated that  absorp- 

7V. Griffiths, The Removal of Iodine from the Atmosphere by Sprays, British Report AHSB(S) R45 (Jan. 9, 1963). 

'W. J. Edwards, F iss ion  Product Re lease  from the NRX 1952 Accident, Canadian Report CRDC 1177 (December 
1963). 
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tion by the aqueous coolant appeared to have been a major factor in limiting the seriousness of fission 

product dispersal. 

The meltdown of an ORR fuel plate in July 1963 resulted in a significant release to the water but no 

apparent release to the atmosphere. WTR in April 1960 a l so  experienced a meltdown of aluminum alloy 

fuel under limited water flow with no reported iodine in the vapor form. 

4. Retention of Methyl Iodide by Impregnated Carbons Under HFIR Conditions 

Since the development of the highly efficient impregnated carbons, the removal of methyl iodide from 

off-gas streams by adsorption in relatively shallow beds has  become routine. In Fig. 11.46.2, m o s t  of the 

pertinent data are reflected for conditions especially pertinent to HFIR. These  are an  air flow of 40 fpm 

and 70% relative humidity. In the graph a residence t ime  of 0.25 sec would correspond to a depth of 2 in. 

The indicated penetration rate is about 0.1% for the t e s t  sample of MSA carbon 85851. Other carbons and 

other impregnants give lower values to less than 0.0001%. 
L 
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Fig. 11.46.2. Effect of Residence Time on Methyl Iodide Penetration of 

Treated and Untreated Coconut Charcoal a t  40 fpm, 25OC, and 70% Relative 

Humidity. 

i 
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5. Effect of 100% Relative Humidity 

Reference to difficulty of removal of methyl iodide at very high humidity approaching 100% is pres- 

ently regarded a s  meaning that only a slightly longer residence t ime  is required. In TRG 2986, Taylor 

and Taylor,' it is reported that only a 25% increase in residence time will accommodate the maximum in: 

c rease  in  humidity and afford the  same decontamination factor. 

Applying this information to the MSA 85851 impregnated carbon filters, it can  be s e e n  from Fig.  

11.46.2 that an increase in the relative humidity from 70% to  100% would only increase the percent pene- 

tration from 0.09 to  0.31. 

47. With reference to response 31B. provide a n  estimate of the error associated with the 
assumed neutron flux. With reference to  response 31C, provide a discussion of the 
consequences of fail&e of the structural members mentioned in  the response. . 

e 

In order t o  obtain reasonably good estimates of the neutron fluxes for the purpose of calculating neu- 

1 
tron damage to the reactor vesse l ,  an  experiment was conducted with a simulated HFIR core and beam 

tube arrangement in the ORNL Bulk Shielding Facil i ty (Swimming Pool Reactor). Of particular interest  

was a n  investigation to determine the f a s t  neutron fluxes a t  the location of the  beam tube nozzles. This  

information was  used to help determine the s i z e  of the  nozzles and the material to be used. 

Various detectors were used to measure the fas t  neutron spectrum. The  accuracy assoc ia ted  with the 

measurement of the fluxes was estimated to be f25%. However, i n  order t o  compensate for possible 

future contingencies, the nominal experimental fluxes were multiplied by a factor of 2 for design pur- 

poses,  and a s  yet no further contingencies have developed. 
I 

The other structural components referred to  in the  a n s w e i  to question 31C are far enough from the 

core that there is no concern about radiation damage. Furthermore, the materials are quite ductile, have 

been thoroughly inspected for manufacturing defects,  and are  subjected to  very low stress levels,  most of 

which are compressive. For these  reasons the probability of failure is nil. Thus i t  is essentially im- 

possible to sensibly predict a mode of failure and subsequent consequences. Perhaps i t  is sufficient to 

s ay  that in the case of the three support assemblies mentioned, breakage and/or warpage of these  com- 

ponents could lead to dimensional changes in the control region and thus would be a threat to sa t i s fac-  

tory operation of the control rods, although i t  is very unlikely that a l l  rodscould be immobilized. If the 

relative radial movement took p lace  slowly with respect to fuel cyc le  time, i t  is possible that significant 

dimensional changes would be detected during routine in s i t u  inspection of core dimensions and/or during 

rod movement checks following each  refueling. 

, 

b 

In the case of the shim-regulating rod drive bracket (attachment between control rod and drive rod) a 

mode of failure and consequences are somewhat more definitive, although the probability of failure is not 

significantly different than that for the other cases. If the web joining the hub and the ring were to  break 

. 'R. Taylor and L. Taylor, Progress  Report on the Trapping of Methyl Iodide a t  High.Relative Humidity, TRG 
Memorandum 2986(W), not for publication. 

. 
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on e a c h  s i d e  of t h e  hub, i t  is poss ib le ,  depending on t h e  nature  of t h e  break, tha t  the  shim-regulating rod 

would fa l l  out of the  c o r e  with a n  acce lera t ion  of about  2 g. During normal operat ion,  t h e  most s e v e r e  

t ransient  would occur  with a c l e a n  core,  s i n c e  t h e  different ia l  rod worth would b e  large. 

been  analyzed and w a s  found to be  less s e v e r e  than ’the flux trap void accident .  

\ 
T h i s  case h a s  

48. With reference to response  33, provide a d i scuss ion  of the  shutdown and evacuation 
potential a t  MSRE, including a summary of resu l t s  of evacuation tests that may have 
been conducted. L 

T h e  following information w a s  suppl ied  by t h e  MSRE staff :  

In the  event  of a n  emergency a t  a neighboring faci l i ty ,  s u c h  a s  t h e  HFIR,  requiring shutdown and 

evacuat ion of the  MSRE a r e a ,  a n d  a s s u m i n g  t h e  MSRE to b e  operat ing a t  power, normal ac t ion  would be: 

1.. 
2. 

3. 

4. 

5. 

HFIR a le r t s  Laboratory Emergency Director (LED) of emergency condition. 

L E D  not i f ies  MSRE t o  evacuate .  

T h e  MSRE local emergency director  in i t ia tes  evacuat ion plan for nonoperating personnel .  

T h e  control  room supervisor  makes operat ing c h a n g e s  necessary  to ef fec tua te  shutdown of t h e  reactor. 
T h e  amount of time devoted to th i s  p h a s e  wi l l  depend on t h e  time ava i lab le .  T h e  minimum s t e p s  
would be  operation of the  “rod scram” and “load scram” s w i t c h e s  on t h e  main c o n s o l e  (about 3 sec 
operat ing time). 

All remaining personnel  e v a c u a t e  from t h e  area.  

Evacuat ion dr i l l s  have been made to c h e c k  t h e  emergency procedures. T h e  r e s u l t s  ind ica te  tha t  per- 

s o n n e l  may be  evacuated  from t h e  MSRE bui ldings to Melton Val ley Drive i n  about  2 min. It is es t imated  

tha t  evacuat ion  of personne’l from t h e  val ley to a more d is tan t  s i t e  could b e  effected ,in about  10 min by  

u s e  of private vehic les .  

49. With reference to response 34A. what is the maximum increase  in core f i ss ion  product 
.inventory assoc ia ted  with the increase  in  fuel cyc le  time tha t  could resu l t  from use  of 
different fuels or increased loadings? 

T h e  inventory of long-lived f i ss ion  products would, of course ,  i n c r e a s e  with increased  fuel  lifetime. 

However, t h e  f i ss ion  products  of interest ,  namely t h e  noble  g a s e s  a n d  iodines ,  a re ,  with the  except ion of 

l 3  ‘I, e s s e n t i a l l y  a t . the i r  sa tura t ion  value a f te r  15 days’  operation. Accordingly, t h e  , sa tura t ion  v a l u e s  

for t h e s e  i so topes  were i n  the  d o s e  ca lcu la t ions  presented i n  P a r t  I. 

An increase  in  t h e  fuel  lifetime could,  at most, i n c r e a s e  the  I 3 l I  inventory from 16.2 curies/kw t o  i t s  

sa tura t ion  value of 22.3 curies/kw.  T h i s  would i n c r e a s e  t h e  es t imated  internal  d o s e s  due  to iodine by a 

\ 

factor of 1.16. 

T h e  increase  i n  hea t  generation d u e  to  f i ss ion  product d e c a y  immediately a f te r  shutdown would, re- 
\ ‘  

gard less  of the  fue l  lifetime, exceed  that to be expec ted  following a 15-day lifetime by less than 5%. 

‘‘A. N. Smith, MSRE Design a n d  Operations Report, P a r t  IX, Safety Procedures a n d  Emergency Plans ,  ORNL- 
TM-909 (June 1965). 

i 

. 
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. 

50. With reference to  responses  34B and 34C, we have been advised  by ORNL that there 
a re  many other cri teria than the two mentioned which would be used  t o  measure the 

safety,involved in  core changes and the appropriateness of regulatory review. Pro- 
vide a n  expanded d iscuss ion  of these  other criteria.. 

The criteria by which any new fuel element design will be judged s a f e  will be essentially the same 

a s  has  been used for the present fuel element design. Of course i t  is quite possible that some details  of 

the criteria may change a s  operating experience is obtained. As pointed out in response 34, only minor 

changes in design are postulated for the foreseeable future. These  changes will be for the purpose of 

extending the average life of the fuel elements to about 15 days, which was the original goal and the de- 

s ign  bas is  for the HFIR. The  above memo also stated that from a safety point of view the general cri- 

teria that had to be satisfied were associated with demonstrating adequate shutdown margin, and con- 

eluding on the bas i s  of a thorough heat-transfer analysis that the incipient-boiling power level during 

steady-state operating conditions was equal to or greater than the s c r a m  set point. These  bas ic  general 

criteria can of course be broken down into numerous and perhaps more fundamental criteria such a s  con- 

cern: radiation damage to  the fuel plates; segregation, distribution, and loading of the fuel and burnable 

poison; fuel plate and coolant channel dimensional tolerances; fuel plate cladding integrity (nonbonds) 

and surface condition (roughness, scratches,  cleanliness); quality control of material; quality of as- 

sembly welds; and s ide  plate dimensional tolerances. All of these criteria are a part of the HFIR fuel 

element specifications, which in principle will cover all fuel elements used in the HFIR. Wherever ap- 

propriate, the above detailed “criteria” have been included in the heat-transfer analysis and thus a re  

considered, a s  indicated above, when calculating the steady-state incipient-boiling power level. Since it 

is the combination of these criteria rather than each one separately that determines the incipient-boiling 

power level, the individual criterion can be somewhat flexible. 

, 

. 

In the event that a new form of the fuel is used, or i f  the fuel and burnable poison surface densit ies 

a re  increased significantly, or i f  a different type of cladding is proposed (nickel plating on aluminum 

cladding), suitable proof testing will have to be performed to  obtain the necessary design data. This  is 

no different than what has  been done for the present core design. 

Whenever significant changes are proposed in reactor core designs at ORNL, the Reactor Operations 

Review Committee reviews the proposed changes. In addition, the Operations Division is obligated to 

inform the AEC Oak Ridge Operations 0ffice.in order that the proposed change can be reviewed by the 

USAEC. 

51. Response 38A does not provide the resu l t s  requested for reactivity transients con- 
siderably more severe  than those previously treated. Provide the results of the 

ana lyses  previously requested.* 

Following telephone discussions with Mr. Saul Levine and Mr. R. C. DeYoung of the USAEC Division 

of Reactor Licensing regarding this question, a telephone conversation was held with Dr. David Okrent 

. 
*Further d i scussed  in  detail ,  answer 55 and Appendix L. 
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of t h e  Advisory Committee on  Reactor  Safeguards i n  a n  at tempt  to bet ter  def ine t h e  s c o p e  and  objec t ives  

of the  quest ion.  Dr. Okrent s t a t e d  h i s  interpretat ion of t h e  underlying philosphy as a concern  as to 

whether  or not there  were poss ib le  mechanisms for introducing k which might aggrava te  the a c c i d e n t s  

considered.  Considerat ion of th i s  possibi l i ty  in  regard to t h e  a c c i d e n t s  s tud ied  and/or e v e n  somewhat  

larger acc idents  might ind ica te  whether or not some breakpoint i n  a c c i d e n t  sever i ty  might lie j u s t  a b o v e  

t h e  maximum acc idents  previously considered.  T h e  following presents  s u c h  information as w e  h a v e  on 

t h i s  subject .  

If a react ivi ty  acc ident  were  s e v e r e  enough, it is poss ib le  tha t  addi t iona l  react ivi ty  could  be  added  

as a resul t  of fuel  displacement  and  radial  movement of the  control  rods. Uniform removal of fue l  p l a t e  

from the c o r e  i n c r e a s e s  react ivi ty  up to  the  point where about  30% of the fue l  p la te  h a s  been  removed. 

T h e  maximum react ivi ty  addi t ion is about  2.4% Ak/k, and for re la t ively smal le r  amounts  t h e  coef f ic ien t  

is about  -0.113 Ak/k/Av/v. Radial  movement of t h e  control  rods away from t h e  fuel  region d e c r e a s e s  

t h e  worth of the  rods s l ight ly ,  b e c a u s e  ref lect ion from the  water  gap between the  fue l  and t h e  rods would 

be  increased  and moderation between the  rods and t h e  beryllium reflector would be  decreased .  B a s e d  on 

resu l t s  obtained from cr i t ica l  experiments ,  it  is es t imated  tha t  the maximum d e c r e a s e  i n  rod worth would 

be  less than 1 %  Ak/k. 

\ 

/ 

Suppose the fuel  p la te  begins  to melt and drop out of the  c o r e  at about  the  t ime t h e  peak  i n  power is 

achieved during a f a s t  t ransient .  At  th i s  t ime the s a f e t y  rods a r e  inser t ing  negat ive  react ivi ty ,  a s s u m i n g  

t h a t  they s ta r ted  from nearly the  fully withdrawn posi t ion,  a t  a rate  of about  0.25 Ak/k per second.  If i t  

is assumed tha t  t h e  molten material l e a v e s  the  c o r e  with t h e  coolan t  veloci ty  and t h a t  on  t h e  average  i t  

must t ravel  one half the  core  length, then react ivi ty  would b e  added a t  the  ra te  of 

0.113 Ak/k/hv/v - 7.5 hk/k/hv/v 
- 

0.015 sec see 

T h u s ,  the maximum fraction of the  fuel  p l a t e s  that  could melt out without  c a u s i n g  a n e t  i n c r e a s e  i n  reac- 

tivity would be  0.25/7.5 = 0.033. Earl ier  in  t h e  fuel  c y c l e  t h e  different ia l  rod worth is considerably 

greater, and  thus  melting of a larger  fraction of t h e  c o r e  could be tolerated without a n e t  i n c r e a s e  i n  

reactivity. T h e  maximum fuel  p l a t e  f ract iowfor  t h i s  case would be  about  0.20. 

T h e  rate  a t  which react ivi ty  might be  added by radial  movement of t h e  control  rods is somewhat  more 

difficult to  es t imate .  Radial  movement of t h e  rods could resul t  from a pressure  s u r g e  i n  t h e  fuel  e lement ,  

i n  which case t h e  pressure wave would have  t o  t ravel  out t h e  bottom of the  element  (assuming tha t  t h e  

outer  s i d e  p la te  of the outer  e lement  did not rupture) to the inner sur face  of the  inner rod, which  is a 

complete  cyl inder ,  and  through the  hydraulic relief ho les  i n  t h i s  rod t o  reach t h e  s a f e t y  rods. In the  

event  of s u c h  a n  acc ident ,  i t  i s . q u i t e  probable that  t h e  rods would b e  immobilized. T h u s  shutdown would 

t a k e  p l a c e  as a resul t  of core disassembly.  However, t h e  extent  of the  acc ident  required to c a u s e  s u c h  a 

pressure  s u r g e  would probably c a u s e  d isassembly  of t h e  c o r e  prior to the  time the rods were  affected.  

According t o  S P E R T  test resu l t s  (IDO-16806, IDO-16893), l 1  1 1  pressures  no .greater than  2 0  p s i  were  

"F. Schroeder ( ed . ) ,  SPERT Project Quarterly Technical Report, April-June 1962,  IDO-16806 (Sept.  21, 1962). 

7 

12F. Schroeder (ed . ) ,  SPERT Project Quarterly Technical Report, January4darch 1963, IDO-16893 (May 20, 
1963). 
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generated even for t e s t s  in  which considerable melting took place. These  pressures were measured at 

the ends  of the element, indicating the pressure generated by moderator expansion. At the s ide  of the 

core,  where m a s s  movement of the water was  restricted by the fuel assembly cans ,  the corresponding 

pressures were limited to about 2 psi. Even in the c a s e  of the SPERT I 3.2-msec-period destructive 

test, the pressure associated with water expulsion from the core (prior to the  steam explosion) was  only 

35 psi. For pressures of this magnitude the s i d e  plates of the  HFIR fuel elements would not be s t ressed  

a significant amount in terms of radial displacement. The  same i: true for' the  inner control cylinder, 

which would see a n  order-of-magnitude lower pressure,  yet  has  about the same wall  thickness as the s i d e  

plates.  Since the s ide  plates and the inner control cylinder act as buffers between the pressure genera- 

tion point and the safety rods;it appears highly unlikely, even for a case in which significant fuel ele- 

ment damage takes  place, that the safe ty  rods would become immobile. Higher pressures can  of course  

be developed such  as the severa l  thousand pound pressure generated by the steam explosion in  the 

SPERT 13.2-msec-period tes t .  Th i s  pressure surge came after the peak in  power and disassembled the 

core. It would appear that  immobilization of the safe ty  rods at th i s  point would be of l i t t le consequence. 

T h e  need for considering the  above secondary reactivity additions is perhaps only academic, 

since,  as s ta ted  previously i t  is concluded that none of the postulated primary reactivity accidents 

would result in melting or significant pressure surges.  This  conclusion was based on an  ana lys i s  of 

SPERT t e s t  results and a comparison between SPERT and HFIR, in which c a s e  it was found that the 

HFIR should experience a less severe  transient for the  same reactivity addition, and the particular 

SPERT core suffered no damage as a result of a 1.3% Ak/k  s t ep  addition. The  worst reactivity addition 

postulated for the HFIR is 1.3% A k / k  in 30 msec. 

Another way in which a transient could be aggravated by a secondary reactivity addition would be by 

the  formation of voids in regions having positive void coefficients. Both the  flux trap and the  control re- 

gion, have positive void coefficients. However, their heat generation rates and heat transfer character- 

i s t ics ,  relative to those in the fuel elements,, a r e  such  that boiling will occur s o  much sooner in the fuel 

element that  during the postulated transients no voids would be formed in these  other regions. 

Although the overall void coefficient in the fuel region is strongly negative, there is a narrow region 

adjacent to the flux trap that h a s  a s m a l l  posit ive coefficient. At the beginning of a fuel cyc le  the power 

density in th i s  region is about t he  same a s  elsewhere i i  the inner element and a portion of the  outer ele- ' 

ment. However, a s  the fuel cyc le  proceeds, nonuniform burnup of the fuel reducesJthe relative power 

density adjacent t o  the flux'trap, making the positive void effect less important. But even for t he  c lean  

core condition the positive void effect is so s m a l l  a s  to be  negligible. If the entire positive void region 

were voided, the  additional reactivity would be  only 0.0002 Ak/k .  Nevertheless, i t  is of interest  to know 

how sens i t ive  core damage is to  reactivity addition. In the SPERT I (DU-12/25) t e s t s  the f i r s t  s igns  of 

fuel plate damage (minor deformation) occurred with a 7-msec period, which corresponds to a s t ep  change 

in reactivity of about 1.5% Ak/k .  In subsequent t e s t s  the period was  reduced in s t e p s  to about 5 msec 

(* 1.9% Ak/k ) ,  at which point some melting and widespread deformation of the fuel p la tes  were observed. 

Thus i t  appears that the HFIR could survive a reactivity addition considerably in e x c e s s  of the 1.3% 

A k / k  on a 30-msec ramp that has  been postulated. 

. 

I 
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52. Provide a d iscuss ion  of the resu l t s  of operation of HFIR a t  power leve ls  up to 2 0  MW 

(therma 1). 

On August  25, 1965, the  HFIR achieved cr i t ical i ty  for the  f i rs t  time, and on January 29, 1966, t h e  

power leve l  w a s  increased  t o  20 Mw. At t h e  time of  th i s  wri t ing (February 1, 1966), t h e  accumulated 

m e g a w a t t d a y s  at  about  20 Mw a r e  approximately 65. Operation thus  far h a s  been q u i t e  sa t i s fac tory ,  

with no major diff icul t ies  encountered. T h e r e  is no reason  to  bel ieve,  based  on th is  information, tha t  t h e  

power leve l  should not  be  increased  to  100 Mw. 

During the period from August 25, 1965, t o  January 29, 1966, a n  e x t e n s i v e  nuc lear  “zero  power” ex- 

perimental program w a s  conducted for the purpose  of inves t iga t ing  the  nuclear  charac te r i s t ics  of the  ac- 

tual  HFIR faci l i ty ,  t for compiling generally useful  d a t a  a s s o c i a t e d  with t h e  routine operat ion of the  re- 

ac tor ,  and for operator training. Analys is  of much of the  d a t a  t h a t  is pert inent  to t h e  evaluat ion of t h e  

nuclear  charac te r i s t ics  is included in  ORNL-CF-65-12-2. 

T h e  types of experiments  conducted for the  purpose of inves t iga t ing  t h e  nuc lear  charac te r i s t ics  a r e  

as  follows (a more de ta i led  out l ine is given i n  T a b l e  11.52.1): 

1. Reactivity shutdown margins 

2. Control rod reactivity differential worth 

3. Fuel ,  fuel plate, and void reactivity coefficients for the fuel regions 

4. Isothermal temperature reactivity coefficients 

5. Reactivity worths of various targets and  voids in the flux trap 

6. Reactivity worth of water in the beam tubes  

7. Reac t iv i t ies  assoc ia ted  with replacement of beryllium reflector vertical  experimental facil i ty 
beryllium plugs with water and with voids 

8. Effec t  of flow and pressure on reactivity and reactivity s tab i l i ty  

9. Reactivity worth of ‘OB s t a in l e s s  s t e e l  s t r i p s  in the fuel elements (secondary shutdown) 

10. Power distributions 

11. Response  of safety sys tem to neutron-generated s igna l  

On January 26, 1966, the reactor w a s  prepared for mode 2 operat ion (unpressurized,  -10% ful l  flow). 

T h e  sys tem w a s  f i rs t  pressurized to  600 ps i ,  and  three-pony-motor flow (-2200 gpm) w a s  provided. 

Under t h e s e  condi t ions the  power l e v e l  w a s  increased  to about  2.5 Mw, with h e a t  power ca l ibra t ions  be- 

i n g  made a t  intermediate  leve ls .  While a t  2.5 Mw t h e  flow ra te  w a s  reduced to 1850 gpm (two-pony-motor 

flow) and the in le t  temperature w a s  ra i sed  to 120°F (normal in le t  temperature). 

tory. Fol lowing this ,  the  mode 2 s a f e t y  set points  were  checked a n d  ad jus ted ,  and e f f e c t s  of s y s t e m  

p r e s s u r e  were invest igated.  No abnormali t ies  were  observed.  

Operat ion w a s  satisfac- 

t .  

. 

13Many of the nuclear charac te r i s t ics  had previously been investigated in  HFIR cr i t ica l  experiments conducted a t  

14R. D. Cheverton and  T. M. Sims, Analys is  o f ’Se lec t edHFIR Ctiti,cal Expetiment Data  for Period August 25 

the ORNL Crit ical  Fac i l i ty  (Building 9213). 

through October 22, 1965, ORNL-CF-65-12-2 (Dec. 1, 1965). 

. 
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Table. 11.52.1. Chronological Outline 

. 

P o s t  Neutron 
Startup Procedure Date Description 

8/25 /65 

8/30/65 

9/2/65 

9/8/65 

9/13/65 

9/14/65 

9/15 /65 

9/16/65 

9/2 9/65 

10/15 /65 

10/20/65 

10/21/65 

12/6/65 

12/7/65 

. 

12/9/65 

12/13/65 

12/13/65 

12/16/65 

12/20/65 

12 /22 /65 

1 /11/66 

1/15/66 

1/17/66 

1 /18/66 

1/26/66 

1 /28/66 

1/28/66 
to da te  

1.A 

1.A 

1.B 

1I.A and 1I.E 

11. B 

,II.C 

1I.D 

1I.F 

1I.G and 1I.J 

1I.K 

11. L 

1I.L 

1II.A 

1II.A 

V.A 

V.B 

V.B 

1V.A 

I 

V1.A 

v.c 

VI1.A 

VII. B 

VI1.D 

VILE 

VII. F 

/ 
First approach to cri t icali ty 

Measurement of the differential  worth of the standard control plates 

Confirmation of the response of the safe ty  sys tem to  a neutron- 

generated s igna l  

Preliminary power distribution measurement with PItW 

Check of .shutdown margin for c a s e  IV 

Check  of shutdown margins for c a s e s  I1 and 111 

Check of shutdown margin for c a s e  I 

Measurement of the differential worth of the control plates with 
various c l ean  and poisoned core conditions 

Measurement of the power distribution a t  various symmetrical 
c r i t i ca l  plate posit ions 

Poisoning  of the core with 'OB s t a in l e s s  steel s t r ips  

Measurement of the fuel coefficient in the core 

Measurement of the water-void coefficient in the  core 

P o s t  shutdown noise measurements 

Measurement of reactivity effects and shutdown margins for the 
production core, standard plates,  and  various i s land  inser t s  

Measurement of reactivity effects and shutdown margins for the 
standard core,  standard plates,  and various i s land  inser t s  

Measurement of reactivity effects due to  changes in beryllium 
4 inser t s  in the reflector 

Measurement of reactivity effects due to  fi l l ing and draining the 
beam holes  

Measurement of reactivity effects and shutdown margins for the 
production core, production plates,  and various island inser t s  

Measurement of reactivity e f fec ts  and shutdown margins for the 
standard core, production plates,  and various i s land  inser t s  

Check-for reactivity differences between the $base I and P h a s e  II 
re m ova ble ref lectors 

Check  for any effects of water flow and pressure on reactivity 

Measurement of the overall isothermal temperature coefficient with 
the dummy flow t e s t  target 

Special  reactivity t e s t s  us ing  the M and C f i r s t  production core 

Measurement of the  overall isothermal temperature coefficient with 

the 2 4 2 P u  target 

Mode 2 operation (2.5 Mw) 

Mode 3 convective cooling t e s t  (100 kw) 

Mode 1 operation (20 Mw) 
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After completing the mode 2 checks and ca1ibrations;operation of the reactor was checked out in 

mode 3 (unpressurized, no forced flow). With the system depressurized (quick-opening hatch open) but 

with three-pony-motor flow, the reverse and level s c r a m  set points were checked and adjusted.  The  trip 

se t t ings  were then adjusted s o  that the reverse trip was  a t  135 kw (normally a t  120  kw), the level trip 

was  at 130 kw (normal), and thermocouples were provided a t  the ends of t he  fuel elements. With the 

coolant flow turned off the  power level was  slowly increased to -130 kw. No boiling or other possibly 

detrimental conditions developed, and thus operation in mode 3 was  considered satisfactory.  

The final mode of operation investigated was  mode 1 (pressurized, flux-to-flow ratio appropriate). 

With the system pressurized to 600 psi  and with full flow (-16,000 gpm) the power leve l  was  gradually 

increased to  20 Mw. At intermediate s t e p s  heat power calibrations were made, and the servo performance 

was  checked by raisingand lowering the power level a few megawatts and by observing the response to 

xenon changes. Performance was  quite satisfactory.  Following these  checks,  two of the three operating 

primary pumps were shu t  down, reducing the flow rate to about 9500 gpm. No diffic'ulties were en- 

countered. 

Mode 1 operation is continuing while more precise calibrations and instrument checks  a r e  being 

made, and while data pertaining to the transient behavior of the fission products a r e  being obtained. 

The  only result from all these  experiments that deviates from what was expected is that assoc ia ted  

with the isothermal temperature coefficient. In the HFIR critical experiments the isothermal temperature 

coefficient was found to  be slightly negative over the  expected temperature range (68 to  160°F), whereas 

that measured in the HFIR facility was slightly positive up to about 120°F, with a maximum increase in 

reactivity from room temperature of 0.07% A k / k .  This  consti tutes no particular operating problem s i n c e  

the fuel region temperature coefficient is strongly negative. The  difference in the two measured iso- 

thermal coefficients is attributed to a difference in the control rod drive mechanisms, a difference in  the 

water content of the control regions, which have slightly positive coefficients, and a difference in the  

fuel elements (an 8-kg core with uniform burnable poison distribution was  used in the original measure- 

ment). 

In the zero power experiments several  combinations of fuel elements, control rods, and targets were 

used. The  fuel elements included the cri t ical  experiment element (9.4 kg of 2 3 5 U ,  2.12 g of 'OB), which 

is referred to a s  the HFIRCE-3 element, the ORNL production element (9.4 kg  of 235U,  3.60 g of 'OB), 

and the first  Metals and Controls element (9.4 kg of 2 3 s U ,  2.80 g of 'OB). The  only significant differ- 

ence  between these elements is the loading of the ' OB burnable poison. Subsequent elements a re  pres- 

ently specified to contain 2:80 g of 'OB. 

Two s e t s  of control rods were used: the HFIRCE-3 rods and the first  production rods. With the ex- 

ception of a few hydraulic relief holes these two s e t s  of rods are identical. 

T h e  different targets used in the flux trap are listed in Table 11.52.2. To  avoid the possibility of 

voids entering the flux trap during the early experiments, two different plastic containers were used to 

d isp lace  the water in the flux trap. One contained the HFIRCE-3 simulated 300-g 242Pu target15 p lus  

15The HFIRCE-3 target contained 235U, 238U, and s i lver  to  simu1ate.a maximum reactivity 300-g 242Pu target. 

. 

a 
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T a b l e  11.52.2. Targets Used in Flux Trap 

Nomenclature Description 

P I  + w 
P I  + v 
PT+W 

P T + V  

D F T T  

235U rods 

2 4 2 P u  rods 

P la s t i c  container filled with water 

P l a s t i c  container with optimum void 

P la s t i c  container with HFIRCE-3 
target and fi l ledwith water 

P l a s t i c  container with HFIRCE-3 
target and optimum void 

Dummy flow t e s t  target (all  aluminum) 

Standard target us ing  235U. 238U, 
and tantalum to simulate maximum 

hea t  generation ra te  - . 
Standard target containing 248 g of 

242Pu, 2.5 g of 23gPu, and 2.5 g 
'- 

of 241Pu 

the corresponding optimum void space ;  the other was provided with the optimum void space  that corre- 

sponds to  no target i n  the flux trap. Both of these plastic containers could be voided or filled with 

water. 

/ 

Some of the more interesting results obtained during the zero power experiment, and which are not in- 

cluded in ORNL-CF-65-12-2, are those associated with reactivity changes resulting from flooding of the 

beam tubes and replacement of reflector beryllium plugs with water and voids. A s  shown in Table 

11.52.3, the reactivity changes resulting from these  variations are negligible. 

. 

. 

. 

53. Provide a summary of -significant changes made to the facil i ty since'commencement 
of operation. 

I 

From the standpoint of safety, the significant changes which have been made or are being planned 

have been d iscussed  in the answers to previous questions. 

prior to the  start  of operation; however, they a re  l i s ted  below a s  they are considered 

significant: 

Some of the changes were started 

1. 

2. 

3. 

4. 

5. 

6. 

replacement of the HFIR SBHE charcoal filters with MSA85851 charcoal filters having a bed 
depth of 2 in., 

replacement of the beam tube end cap  bolts with bolts of high strength material, 

addition of a wide-range radiation monitor for the reactor bay area, 

addition of a wide-range, high-level s tack  monitor to provide additional information should a 
severe accident occur, 

addition of an  extension to the beam tube shutter a c c e s s  plugs for the purpose of ensuring that 
the shutter would restrain the beam tube plug in  the event of a postulated dual accident in which 
the inner end of the beam tube ruptures and the outer end cap  fails, 

addition of a liquid poison injection system. 
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T a b l e  11.52.3. React ivi ty  E f fec ts  Due to Changing Experimental F a c i l i t i e s  

Symmetrical , Reactivity Changea 
Critical Position (cents) Core Condition 

Standard core - al1.beryllium plugs in 16.311 

Standard core - a l l  berylliumplugs out 16.332 -4.5 

Standard core - s ix  air-filled plugs 16.328 -4.0 

Standard core - a l l  beam holes empty 

Standard core - HB-1 filled 16.306 6 +1.05 

16.310 

Standard core - HB-1, 2 filled 

Standard core - HB-1, 2, 3 filled 

16.305 

16.302 
\. 

+1.68 

+2.40 

Standard core - HB-1, 2, 3, 4 filled 16.302 +2.10 
.. 

aRhoette reading. 

In addition to the above, there have been several  other changes which were made to help ensure con- 

tinuous operation of the reactor or to  improve the e a s e  of operation: 

7. A third fan for the SBHE system is presently being installed. This  fan will operate from the 
normal ac power and can be considered as an  installed spare  to minimize the  probability of 
having to shut down the reactor should the operating fan fail. Our criteria require that one  fan 
be operating a t  all t i m e s  with an operable and tested fan in standby. 

8. A fourth air  compressor is being added to the instrument air  system to complement the two ex- 
i s t ing  normal air compressors and the emergency compressor. This change is being made to  re- 
duce the maintenance requirements on the existing system and to  provide greater assurance  
against  loss of air  pressure during normal operation. 

9. Modifications have been made to the primary pressurizer pumps head tank and the head tank 
level sensor system in order to reduce the probability of air  entrainment during operation and to 
prevent damage to the pumps should the head tank water level drop below a safe level. 

10. A 10-in. bypass control valve has  been added in parallel with the existing main control valve in 
the secondary coolant system. This  valve will provide a finer degree of control than the  large 
valve and will reduce maintenance requirements for the large valve and its operator. 

11. Several minor changes have been made to the control rod actuating and selector switch systems 
to improve the ease in making adjustments to rod position. 

a)  An additional position has  been added to the rodselector switch to permit movement of con- 
trol rods Nos. 1-4 without movement of No. 5 a t  the same time. This  provision makes i t  
eas ie r  to  keep the rods balanced, that is, symmetric. 

action of the intermittent rod motion timer. This position has  been changed s o  that contin- 
uous insertion of any rod is achieved. This  change was made to provide for greater e a s e  in 
making small insertions (jogs) of the control element. 

c) The intermittent timer circuit has  been changed so  that the timer rese ts  itself after each  in- 
termittent action. 
very small amount, a s  the timer does not s top  in an “off” position. 

b) The rod actuator switch h a s  a position which allowed any selected rod to be inserted through 

This  provision makes it eas ie r  for the operator to “jog” the rods out a 

0 

. 

. 

I 
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12. Although not a recent  addi t ion,  no descr ipt ion is presented of the d isp lay  instrumentation which 

the  information from t h e  three wide-range fission-chamber channels  s o  tha t  i t  wi l l  be  e a s y  for the  
operator to te l l  a t  a glance t h e  approximate power level .  In addi t ion,  cont inuous d ig i ta l  readout  
instruments  a r e  t o  be  provided for accura te ly  reading out the  h e a t  power leve l  from any three of 
t h e  s i x  heat-power’computers. Again,  t h i s  d i sp lay  is being provided s o  tha t  the  operator  c a n  
more e a s i l y  verify the s t a t u s  of the  reactor from the  control  console .  

s is present ly  being bui l t  for the HFIR. T h r e e  sets of instruments  a r e  being provided t o  d isp lay  

a 

I 

- .  

. 
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Part Ilc. Safety Review Questions and Answers 54-60 

ABSTRACT 

Following the  review of the preceding ana lyses ,  the  Advisory Committee on Reactor 
Safeguards (ACRS) requested an analys is  of a more severe reactivity accident than that 
es tab l i shed  ' a s  credible, and without control rod action to help terminate the  accident. 
The information in th i s  s e t  of questions and answers provides th i s  analysis,  considering 
the effect  on the  primary coolant system and containment building, including metal-water 
reactions. 

Originally published a s  ORNL-CF-65-11-29. suppl. 2 (Aug. 15, 1966). 
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INTRODUCTION AND SUMMARY 

Previous  a n a l y s e s  of power excurs ions  i n  t h e  HFIR were based  on  a postulated maximum react ivi ty  

inser t ion of 1.3% hk/k  i n  0.03 sec. ’ T h i s  accident  could come about as a resul t  of a void being swept  

into and remaining i n  the  high-velocity region of t h e  target. T h e  power excursion resul t ing from t h i s  re- 

act ivi ty  inser t ion would b e  terminated by t h e  combined act ion of t h e  negat ive temperature coef f ic ien ts  in’ 

t h e  fuel  region and t h e  inser t ion of t h e  s a f e t y  plates .  T h e  kinet ic  s t u d i e s  of t h i s  acc ident  showed tha t  

e s s e n t i a l l y  no fuel  melting would occur, and that  no s ignif icant  damage would resul t  ou ts ide  of the  fuel  

e lement  . 
Information regarding more s e v e r e  acc idents  is presented herein a s  requested by t h e  Advisory Com- 

mittee on Reactor  Safeguards (ACRS). While w e  have eva lua ted  many de ta i led  a s p e c t s  of react ivi ty  be- 

havior during t h e  c o u r s e  of t h i s  invest igat ion,  t h e  general  problem is raised by quest ion 54 

in which the  a n a l y s i s  of t rans ien ts  without control rod act ion is requested. 

striction applied, termjn&ion of any s ignif icant  react ivi ty  inser t ion accident  must necessar i ly  resul t  from 

core  disassembly.  A s  previously d i s c u s s e d  i t  is conceivable  that ,  as  t h e  molten fuel  l e a v e s  the  core  

region, react ivi ty  might b e  increased  if t h e  appropriate geometrical condi t ions  were achieved. Although 

t h i s  react ivi ty  increase  would most probably b e  compensated for by t h e  generation of voids  i n  the  c o r e  

region, t h e  de ta i led  behavior cannot  b e  predicted with t h e  accuracy  required t o  show t h i s  t o  b e  t h e  case 

during a l l  s t a g e s  of disassembly.  F o r  t h i s  reason, we have c h o s e n  t o  approach t h e  problem i n  a much 

more general  manner, i n  which i t  is shown tha t  t h e  energy re lease  during a s e v e r e  excursion is limited by 

core  d isassembly  resul t ing from t h e  energy pulse. T h i s  approach h a s  t h e  merit of be ing  relat ively inde- 

pendent of how t h e  react ivi ty  is introduced, that  is, whether by a n  ini t ia t ing react ivi ty  inser t ion larger 

than our postulated maximum acc ident  or by poss ib le  i n c r e a s e s  i n  react ivi ty  resul t ing from core  rear- 

rangement dl(ring disassembly.  

With t h i s  re- 

\ 

An a n a l y s i s  of t h i s  type of d isassembly  is presented i n  Appendix H, and t h e  resu l t s  ind ica te  that  a n  

energy r e l e a s e  from t h e  nuclear excurs ion  of 300 Mwsec represents  a n  upper limit, i f  it is assumed tha t  

a f la t  power distribution ex is t s .  A somewhat more rea l i s t ic  l i m i t  of 200 Mwsec is arrived at  by approxi- 

mating t h e  nonuniform power dis t r ibut ion of t h e  HFIR core. 
\ 

T h e  consequence  of poss ib le  energy r e l e a s e s  from t h e  aluminum-water r e a d i o n  w a s  d i s c u s s e d  i n  t h e  

a n s w e r s  t o  previous quest ions.  It w a s  shown that  the  ra te  of energy r e l e a s e  from a metal-water react ion 

ini t ia ted by loss-of-pressure or loss-of-coolant acc idents  w a s  suffi,ciently low that  no great concern re- 

garding t h e  containment w a s  warranted. W e  did not previously cons ider  t h e  energy r e l e a s e  from t h i s  

source  when the  ini t ia t ing acc ident  w a s  t h e  postulated maximum react ivi ty  insertion, inasmuch as the  

resul t ing excursion w a s  not, i n  tha t  case, suff ic ient  to exceed  t h e  temperature threshold for t h e  reaction. 

T h e  present  treatment inc ludes  a n  a n a l y s i s  of t h e  quant i ty  and rate  of energy r e l e a s e  under t h e  assump- 

t ion  tha t  i t  is initiated by  a nuclear  excursion.  

Appendix I conta ins  a d i s c u s s i o n  of t h e  metal-water react ion mechanism. W e  have  made t h e  assump- 

t ion that  a n  immediate react ion and r e l e a s e  of energy occurs  for any  part of t h e  aluminum which is vapor- 

ized  during t h e  nuclear t ransient .  

e 
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I 
T h e  abi l i ty  of t h e  primary containment sys tem and i n  particular t h e  abi l i ty  of t h e  reactor  v e s s e l  to 

contain t h e  energy r e l e a s e  resul t ing from t h e  limiting nuclear excurs ions  and t h e  corresponding aluminum 

metal-water reac t ions  h a s  been  reevaluated.  T h e  genera l  approach h a s  been  t o  cons ider  t h e  equat ion of 

s t a t e  of the  v e s s e l  and t o  apply physical  l a w s  and d a t a  to  t h e  distribution of energy r e l e a s e d  i n  excurs ions  

of various magnitudes. T h i s  a n a l y s i s  is presented  i n  Appendix J. F o r  a nuc lear  excurs ion  in  which i t  

is assumed t h a t  no metal-water reac t ion  t a k e s  place,  t h e  v e s s e l  wi l l  not rupture u n l e s s  t h e  excursion 

r e l e a s e s  more t h a n  1600 Mwsec of energy. If a prompt metal-water reac t ion  t a k e s  p lace  for all aluminum 

which is vaporized and a de layed  react ion for t h e  remaining aluminum, t h e  v e s s e l  wil l  not rupture u n l e s s  

t h e  nuclear excursion is grea te r  t h a n  600 Mwsec. 

Although we show that  t h e  sys tem h a s  adequate  s t rength  to conta in  t h e  energy r e l e a s e  es t imated  t o  

b e  t h e  upper limit, we have  also inves t iga ted  t h e  consequences  of a premature fai lure  of t h e  reactor 

v e s s e l  for t h e  purpose of inves t iga t ing  t h e  c o n s e q u e n c e s  of a r e l e a s e  from t h e  v e s s e l  into t h e  reactor  

pool and from there  into t h e  reactor  bui lding - secondary containment. T h i s  a n a l y s i s  is contained i n  

Appendix K. 

T h e  top of t h e  reactor  v e s s e l  is 17 f t  below t h e  sur face  of t h e  water, a n d t h e  center  l i n e  of t h e  

reactor c o r e  is 27.5 f t  below t h e  water  surface. Consequent ly ,  any e s c a p i n g  s t e a m  or g a s  wi l l  p a s s  

through a t  least 17 ft of water before  reaching t h e  atmosphere of t h e  building. During t h i s  process ,  some 

of t h e  energy contained i n  t h e  hot g a s e s  wil l  b e  lost t o  t h e  pool water. T h e  e x a c t  amount of energy 

which wil l  b e  lost i n  t h i s  way d e p e n d s  upon t h e  manner i n  which t h e  g a s  is conveyed through the  water. 

If t h e  g a s  is broken up into many smal l  bubbles ,  t h e  heat  t ransfer  may b e  almost  complete. On t h e  other  

hand, if t h e  g a s  emerges i n  t h e  form of a few large bubbles ,  there  wi l l  b e  considerably less hea t  loss to 

t h e  pool. B e c a u s e  i t  is not p o s s i b l e  to predict t h e  e x a c t  course  of t h e  bubbles’  emiss ion ,  we  have  

c h o s e n  t o  eva lua te  t h e  consequences  us ing  t h e  extremely conserva t ive  assumpt ion  tha t  n o  h e a t  is lost t o  

t h e  pool. F o r  t h e  limiting nuclear  excursion,  t h e  pressure  r i s e  i n  t h e  bui lding is ca lcu la ted  to b e  less 

than 0.5 psi. 

T h e  containment fea tures  of t h e  HFIR bui lding were originally spec i f ied  on  t h e  b a s i s  tha t  there  w a s  

no credible  acc ident  which would resul t  i n  a n  i n c r e a s e  i n  pressure  i n  t h e  building. T h i s  approach w a s  

cons is ten t  with t h e  a n a l y s i s  of react ivi ty  acc idents ,  t h e  low temperature  of t h e  primary coolan t  sys tem,  

the  a b s e n c e  of a pressur izer  sys tem which contained s igni f icant  s tored energy, etc. However, t h e  re- 

actor building is constructed of reinforced concre te  and is designed to b e  a relat ively low-leakage build- 
ing when compared t o  convent ional  buildings. Review of t h e  d e s i g n  s h o w s  that  i t  is adequate  t o  with- 

s tand  a n  internal  pressure of 0.8 p s i g  without exceeding  t h e  yield s t r e s s  of t h e  reinforcing s tee l .  T h e  

truck door on t h e  air  lock, however, would b e  loaded  to the  yield s t r e s s  of t h e  mater ia l  a t  about 0.3 p s i  

differential pressure.  

~ 

In order to carry our invest igat ion one  s t e p  further, we have invest igated t h e  ex terna l  gamma and t h e  

internal iodine d o s e s  a t  t h e  downwind s i t e  boundary previously agreed to, that  is, approximately 4 km 

from t h e  HFIR building. Data  on t h e  consequence  of a ground-level r e l e a s e  were presented  i n  Fig. 

11.29.2. T h e s e  v a l u e s  apply to a relat ively s low re lease ,  and therefore a correct ion w a s  appl ied for de-  

cay.  A s  before, 100% of t h e  noble g a s e s  and 50% of t h e  iodine were assumed to en ter  t h e  building atmos- 



phere; i t  is a l so  assumed a s  before that 

available for leakage. If it is assumed that the  limiting nuclear excursion occurs, that the  reactor ves- 

sel fa i l s  prematurely, and that none of the  energy is deposited in the pool, pressure will r i se  in  the build- 

ing until failure of the truck door relieves the overpressure. The  location of the truck door and the 

geometry of the air lock are such that l i t t le if any radioactivity would escape ;  however, if i t  is assumed 

that a fraction e scapes  equal t o  the  fraction of building air volume necessary t o  reduce the  pressure to  

atmospheric (at which time the SBHE system will exhaust t h e  rest  of the  activity through the fi l ters to 

the stack), the  calculated doses  at  the downwind site boundary, "4 km, are 13 rads external and 27 r e m s  

iodine for the most representative condition as previously defined. 

of the iodine leaving the  fuel e scapes  deposition and is 

The  HFIR containment system fil ters a re  located below ground leve l  in shielded concrete pits. The  

design of th i s  system has  been reviewed, and it has  been determined that no damage to  the filtegs would 

result from a building pressure in  e x c e s s  of that required to  fa i l  the  building. 

~ 

We believe the  previously studied maximum reactivity insertion will not result  in  significant melt- 

ing or'damage by virtue of the  fuel region temperature coefficient and safety rod action, and that sub- 

stantially larger reactivity insertions and/or failure of the safe ty  rods to  ac t  will not result in  any sig- 

nificant change in the off-area consequences. 

In the following section, we have prepared answers to the questions asked by the ACRS. Although 

we list the questions as specific questions, we have attempted to  prepare answers which not only treat 

the  specific points, but also d i scuss  various ramifications which these  points have brought t o  mind. 

5 

4 

Appendix L presents detailed d iscuss ions  of Questions 54, 55, and 58. 

QUESTIONS AND ANSWERS 

54. Reanalyze transient previously d i s c u s s e d  (1.3% hk) without control rod action. 
is the extent  of the metal-water reaction? Could boi l ing l e a d  to a more rapid rate of  
increase of the reactivity? 

What 

\ 

Severa! of the  transients previously analyzed with the  analog computer were reanalyzed with steam 

void reactivity feedback incorporated in the model. The  correlation used for estimating steam void 

fraction w a s  basically that proposed by Griffith, Clark, and Rohsenow.' 

pendence, the core was  divided into five longitudinal regions, each  region having appropriate weighting 

factors. Typical results of t hese  calculations are presented in  Table  II.L.l of Appendix L. 

To include proper space  de- 

In the  above correlation the void fraction is approximately inversely' proportional t o  the coolant ' 

velocity and the subcooling. Thus,  for a highly subcooled, high-velocity coolant such a s  is the case 

for the HFIR, steam'toid reactivity feedback is not very effective in terminating power excursions. 

HFIR calculations made for 10% flow show that in th i s  case steam formation is quite important. 

For the  10% flow case the steam void reactivity feedback at the  time of, peak power is about 30% of 

the total negative feedback, whereas for the full flow c a s e  the  corresponding steam void feedback is ef- 

fectively zero. In the latter c a s e  the  greatest  negative feedback comes f rom fuel plate expansion. 

'Griffith, Clark, and Rohsenow, Void Volumes in  Subcooled Boi l ing  Systems, Technical  Report No. 12, M.I.T. 
(1958). 
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\ 

For the above calculations only the end-of-cycle cases were considered, which means that the 

initial differential safety rod worth was quite small. As a result the safety rods contributed very little 

to  the termination of the excursion, their main function being to  hold the reactor down after the self- 

shutdowc mechanisms have functioned. A comparison of c a s e s  with and without control rod action 

shows that the difference in peak power and the plate temperatures shortly after the peak in power are 

quite small. 

In the event that the safety rods do not scram, the power level will tend to  level off a t  about 500 Mw, 

following the initial transient, in which case the plates would be f i l m  blanketed and would be  increasing 

in temperature a t  the rate of about 1s0F/msec. In approximately 30 msec, the pressure drop across the 

core would push the molten fuel plate material out the core region. The  temperature increase of the 

aluminum, assuming it is s t i l l  in contact with the fuel, would be about 450°F, which is not enough to  

initiate the metal-water reaction. If a steam explosion were t o  occur in the meantime, the ejection of 

material from the core would be  even faster. Thus,  it is not anticipated that failure of the  safety rods 

to scram would result in a metal-water reaction from the postulated maximum reactivity insertion 

accident. 

P 

Several “boiling” conditions in regions having positive void coefficients have been considered as 

possible mechanisms for adding reactivity more rapidly than postulated for our maximum reactivity 

accident. The  regions of interest are the flux trap, the control region, and perhaps a very narrow region 

in the inner fuel region adjacent t o  the flux trap. Posit ive reactivity associated with the latter is limited 

to about 0.02% Ak/k  and thus is negligible. Heat generation rates in the control region are relatively 

low, making the rate of steam formation under flow blockage conditions very low; and furthermore, the 

total positive reactivity associated with voids in the control region and reflector combined is only about 

0.5%. 

In the flux trap region, the possible reactivity addition due to  boiling is quite large, but under normal 

conditions boiling in th i s  region would lag  far behind that in the fuel region. The abnormal conditions 

considered are as follows: 

1. 

2. 

3. 

Partial  flow blockage to  the  flux trap could cause  the coolant t o  be on the verge of subcooled 

boiling, so  that the initiating accident would immediately result in positive reactivity feedback. 

Boiling within a waterlogged target rod could result in an almost instantaneous voiding of the target 

rod coolant. 

Boiling and other type voiding of the target could result 

metal-to-water ratio in the flux trap and thus change the 

reactivity . 
In the first case ,  the rate of steam formation is so slow 

I 

/ 

in target melting, which could change the 

s i ze  of the optimum void and associated 

relative to the rate at which reactivity is 

being added-by the initiating accident that the contribution to  the rate is completely negligible. The  

total reactivity associated with the  void insertion a?d boiling can  b e  no greater than the 1.3% Ak/k  be- 

cause  of the space  limitation. 

The  second case, target rod waterlogging, is a problem only if a rather large clearance, relative to  

that permitted by specifications, ex i s t s  between the pellets and tube wall and/cr between the ends  of 



203 

a 

i 

adjacent pellets. The  amount of energy required to  burst a tube is large compared to  that transferred to  

the water during the  30-msec ramp assoc ia ted  with the  initiating accident. T h i s  means that the tube 

would not burst in time t o  add to  the rate of r eac td i ty  insertion. After bursting, the expansion of the 

limited amount of high-pressure steam would not result in complete voiding of the  coolant surrounding 

the rod, but would result in a reactivity addition of only 0.04% A k / k  per rod, provided that there was 

any coolant left t o  displace. Thus,  waterlogging of the target rods does  not enhance the maximum re- 

activity accident. 

A more likely waterlogging case is that in which an  out-of-tolerance rod becomes waterlogged at  low 

temperature. As the reactor is slowly taken  to  power, the trapped water will begin t o  boil without melt- 

ing the pellet. Under some circumstances, the tube could burst and almost instantaneously add re- 

activity in the amount of 0.04% A k / k  per rod and 1.1% for a l l  31 rods. As indicated in Table  ILL.l of 

Appendix L, all  rods could rupture without causing melting of the  fuel plates,  provided that the safety 

rods function. If the safety rods fail  t o  act, the  results would be as previously discussed above. If 

th i s  accident occurred simultaneously with the maximum reactivity accident, some localized melting 

might be  expected with safety rod action. With no action the shutdown yould proceed a s  previously 

discussed. Of course it is not very likely that very many target rods would b e  waterlogged and would 

ruptufe simultaneously. 

For c a s e  3, consideration was  given to  the  situation regarding heat removal from a voided target. 

Since i t  h a s  been assumed that the  optimum void s t a y s  in place in  the target during the maximum re- 

activity accident, it must be  assumed that for some period of t i m e  there is essent ia l ly  no heat transfer 

f rom the  target. During the initiating 30-msec ramp, only 0.5 Mwsec of a needed 2.5 Mwsec t o  m e l t  the 

pellets is generated, making i t  highly unlikely that the  target rods would slump before water could return 

and cool them. Even if they did, there is enough target extension above the  active rod that would move 

down with the slump and would maintain about the  same metal-to-water ratio a s  before. Thus,  no greater 

amount of reactivity associated with voids could be introduced. 

55. Propose and examine mechanisms and accident conditions which might l ead  to the  

insertion of greater amounts of reactivity than 1.3% Ak. If reactivity insertions worse 
than tha t  of Question 54 are found to b e  possible,  what are l h e  consequences to the  
reactor facil i ty for t he  limiting insertion? Some poss ib le  examples of sources  of re- 

activity insertion might be a s  follows: 

A. If target overheats due to error or  malfunction, could target failure of any kind, 
coupled with voiding (partial or  complete), l ead  to larger reactivity insertion? 

T h i s  question was  partially answered in the  latter part of the first question. However, consider in  

addition the unlikely situation in which the  tandem grids fail or the  target melts t o  the  extent that i t  

flows through the  grids, thus vaca t ing  the  flux,trap and making the trap vulnerable to the larger optimum 

void. The  net change in reactivity from the  voided maximum-fission target condition to  the voided trap 

with no target is +1.0% Ak/k;  and the  corresponding reactivity change, start ing with the  minimum re- 

activity target, is 1.9% A k / k .  If the  grids failed, allowing the target t o  be  swept out with the  coolant 

velocity while at the  same time ,an optimum void entered, a s  much as 3.2% A k / k  could be  ramped in 
I 

. 
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i n  less than  30 msec. Such a n  occurrence is incredible, but  e v e n  so, a s  explained i n  Appendix J, t h e  

reactor could withstand s u c h  a n  acc ident  without rupture of t h e  primary system. 

I 
B. Could target become waterlogged, then fa i l  under steam pressure during a t rans ien t  

induced by other c a u s e s 3  If so, what might the reactivity transient be’ 

T h i s  is d i s c u s s e d  i n  part under Quest ion 54. In addition, we  might assume tha t  a t rans ien t  is 
> 

ini t ia ted by  some means other  than  a void inser t ion i n  t h e  flux trap. Such a n  event  might b e  t h e  fai lure  

of t h e  inner-control-cylinder dr ive bracket. We have  previously shown that  fa i lure  of t h e  dr ive bracket  

a lone is a less s e v e r e  t ransient  t h a n  t h e  void inser t ion accident .  If t h e  excurs ion  a d d s  enough energy 

to t h e  target, t h e  target  rods could burst, adding about  0.04% Ak/k  per rod on  a very fast time scale, 

that  is, fast compared t o  0.03 sec. This could c a u s e  a further increase  i n  power and, depending on how 

many rods burst  s imultaneously,  could c a u s e  melting of t h e  core ,  e v e n  with s a f e t y  rod action. Of course  

the  probability of having a large number of ta rge t  rods burst  at t h e  same t ime is very small. 

/ 

C. If target coolant is c loser  to boiling than anticipated,  could transient originating 
from another source lead  to  significantly greater energy re lease  than that of 

Pa r t  I? 

T h i s  is d i s c u s s e d  i n  par t  i n  Quest ion 54. T h e r e  is also t h e  poss ib i l i ty  tha t  a n  in i t ia t ing  acc ident  

, other than t h e  flux t rap  voiding could c a u s e  boi l ing i n  t h e  target  region, i n  which case t h e  t w o  would b e  

additive. However, as indicated i n  t h e  answer to Ques t ion  54, t h e  ra te  at which s team c a n  b e  generated 

in  t h e  target  region is so s low relat ive t o  a s ignif icant  ini t ia t ing acc ident  that  t h e  addi t ive  effect  is 

negligible. 

D. If flux trap is devoid of target, and flow is sharply reduced in that area, could 

sudden incidence of boiling or voiding l ead  to la rge  reactivity insertion? 

Thi,s is d i s c u s s e d  i n  part under Quest ions 54 and 55A. Inadvertent operat ion without t h e  target  

could lead  t o  a 3.2% Ak/k  react ivi ty  inser t ion on  a n  80-msec ramp. T h i s  could b e  tolerated without 

rupture of t h e  primary ’system. 
\ 

E. If a local meltdown in a section of the core occurs,  how large must the  hole ge t  
before one s t o p s  gaining reactivity? How much reactivity is involved? What is 

the  increase  in power leve l  at  the edge of the  region devoid of fuel, a s  a function 

of hole s i z e ?  How great is the tendency to spread a s  a consequence? To what 
extent may such  a mechanism lead  to autocatalytic e f fec ts  and t rans ien ts  start ing 

in th i s  manner or from other sources?  Are there other autocatalytic effects from 

fuel movement? 

A s ingle  local c a v i t y  might very wel l  grow i n  size due  to power-density peaking, which  c a n  b e  as 

much as a factor of 2 greater  t h a n  t h e  local average. T h e  maximum react ivi ty  addi t ion would b e  about 

0.03% Ak/k per spot ,  and t h e  corresponding optimum hole  size would b e  about  6 c m  i n  diameter. A uni- 

form removal of fuel  p la te  would add react ivi ty  in  t h e  amount of 2.6% A k / k ,  and t h e  corresponding re- 

moved volume would b e  30%. It d o e s  not seem reasonable  tha t  t h i s  la t te r  condi t ion could  b e  achieved  

by t h e  former mechanism, b e c a u s e  t h e  increased  power dens i ty  around a local “flux t rap” t e n d s  t o  make 

the  hole  grow beyond t h e  optimum and t h u s  r e s u l t s  i n  a d e c r e a s e  in  reactivity. 
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F. What pressures  might b e  generated from local fuel melting’ How much fuel failure 
is required to generate pressures  which could move significant amounts of fuel 
inward (and thus  gain reactivity), or which could interfere with control rod action’ 
Does th i s  allow for pressures  from a “steam explosion” or a “water hammer”? 
How much reactivity could be  gained by inward motion of the fuel into the  flux 
trap’ How much pressure  would i t  take to produce such motion’ Could flow 
blockage lead  to  such effects’ 

It d o e s  not appear  that  loca l ized  fuel  melting would resul t  i n  a steam explosion,  and t h u s  t h e  ac- 

celerat ing pressures  resul t ing from water  and p la te  expansion,  if a n  excursion were t o  ex is t ,  would b e  

qui te  small. However, i f  s e v e r a l  percent  of t h e  core  were t o  b e  molten, it is qui te  p o s s i b l e  that  a s team 

explosion would occur. B e c a u s e  of t h e  high pressures  required t o  def lect  t h e  fue l  element s i d e  p l a t e  a 

s ignif icant  amount ( s e e  Appendix L), it is not ant ic ipated that  t h e  tendency for inward movement of 

fuel  would resul t  i n  a s ignif icant  addi t ion of reactivity. It is more l ikely that  movement of t h e  s a f e t y  

rods would b e  impaired. Of c o u r s e  a s team explosion large enough t o  move s ignif icant  amounts  of fue l  

inwards or large enough to damage t h e  s a f e t y  rods, which a r e  loca ted  beyond both t h e  outer s i d e  plate ,  

and t h e  even  stronger cyl indrical  shim-regulating rod, would d i s a s s e m b l e  t h e  fuel  element longitudinally. 

T h u s  i t  appears  t h e  pressure  s u r g e s  wil l  only tend  to shut  the  reactor  down. 

G. Are there any conditions in which water returning to a region after an  explosion could 
lead  to large reactivity insertions? For  example, i f  fuel  and water were expelled from 
a region due to melting, could water which rushed in  thereafter cause  a reactivity ex- 
cursion? 

If t h e  f u e l  e lements  a re  s t re tched  out longitudinally, a maximum i n c r e a s e  i n  react ivi ty  of about 6% 
I 

A k / k  could b e  achieved;  t h e  corresponding optimum extens ion  of t h e  f u e l  e lement  is 35%, and of course  

it would b e  necessary  for water  to f i l l  t h e  volume vaca ted  b y  t h e  s t re tched  fuel  plate. It is not con- 

s idered credible  that  a combtnation of molten p la te  and water-steam e jec t ion  would extend t h e  p l a t e s  

without d i sassembly  so tha t  returning water would tend  to add t h e  6% h k / k .  In any  case, t h e  core  would 

b e  further d i sassembled  (with energy r e l e a s e  insuff ic ient  to rupture t h e  pressure  v e s s e l )  before t h e  ful l  I 

6% h k / k  is added (Appendix H). A more probable but still unreal is t ic  case is t h e  one  set forth in  part 

E of t h i s  quest ion,  i n  which it is visua l ized  that  t h e  molten metal l e a v e s  t h e  c o r e  i n  a uniform manner 

to t h e  extent  of 30%, and t h e  resul t ing s p a c e  is filled with water. T h i s  could resul t  i n  a reactivity addi- 

t ion  of about 2.6%. A s  d i s c u s s e d  i n  Appendix H, t h e  resul t ing react ivi ty  addition ra te  would not b e  

instantaneous,  and further d i sassembly  would resul t  i n  a reduction of react ivi ty .  

‘ 

56. What transient energy release,  allowing for both total  and ra te  of energy release,  does  
i t  take to rupture the  primary sys tem (including the  reactor pressure  ves se l )  and expel 
significant amounts of water from the  pool? What rapid reactivity insertion could l ead  
to th i s  energy release’ On what b a s i s  is the estimate for t hese  va lues  made? What is 
the degree of uncertainty in the  numbers? 

T h e  t ransient  energy r e l e a s e  required to rupture t h e  primary sys tem (including t h e  reactor  pressure 

v e s s e l )  h a s  been  ca lcu la ted  to b e  1600 Mwsec from a nuclear  excursion if no metal-water reaction is 

assumed. If a metal-water react ion is assumed,  it requires  a nuclear excursion of 600 Mwsec. A s  s e t  

forth i n  Appendix H we have  found t h e  limiting energy r e l e a s e  from a nuclear  excursion t o  b e  300 
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Mwsec assuming a f la t  power dis t r ibut ion and 200 Mwsec if t h e  more rea l i s t ic  nonuniform power d is -  

tribution is assumed.  T h e  b a s i s  for t h e  estimate on  t h e  containment potent ia l  of t h e  reactor.vesse1 is 

s e t  forth i n  Appendix J. T h e  v a l u e s  quoted a re  for nominal charac te r i s t ics  for t h e  reactor  vesse l .  We 

have  also invest igated t h e  e f f e c t s  of applying a la rge  safe ty  fac tor  by consider ing a reduction of a 

factor of 3 in t h e  elongat ion before  rupture. T h i s  r e s u l t s  i n  a c a l c u l a t e d  energy input  for rupture from a 

nuclear excursion of 600 Mwsec if no metal-water react ion is assumed and -380 Mwsec if t h e  metal- 

water react ion is considered. Even  with t h i s  s a f e t y  factor, t h e  reactor  v e s s e l  is adequate ly  s t rong t o  

contain t h e  energy r e l e a s e  of t h e  limiting nuclear  excurs ion  p lus  t h e  accompanying metal-water reaction. 

I 

57. What phenomena considered under Question 55 can  possibly l ead  to transients,  which 
when coupled with the  assoc ia ted  chemical reaction and . loss  of metal during such  re- 

action, lead  t o  energ ies  large enough to  rupture the  primary sys tem and expel enough 

water, vapor, and g a s  from the  system to threaten t h e  integrity of the  building? 

A s  s e t  forth i n  t h e  Introduction and Summary, and a s  d i s c u s s e d  i n  greater d e t a i l  i n  Appendices  H 

c 

and J, we have found no phenomenon which could lead  t o  a n  energy r e l e a s e  large enough to  rupture t h e  

primary system. Even  if it  is assumed that  t h e  primary sys tem ruptures prematurely, a s  d i s c u s s e d  in 

Quest ion 59 and Appendix K, i t  is qui te  probable tha t  no s ignif icant  overpressure would occur  in  t h e  

building. If a s ignif icant  amount of energy were transferred t o  t h e  atmosphere of t h e  building, t h e  over- 

pressure would b e  relieved through t h e  truck-air-lock doors  and no damage to t h e  bui lding would resul t .  

T h e  d o s e s  ca lcu la ted  a r e  within t h e  guide l ines  of 10 C F R  100 a t  t h e  downwind s i t e  boundary. 

58. Are the answers to these  ques t ions  changed i f  no control rod motion occurs? 

\ F o r  t h e  end-ofkycle  condi t ion t h e  safe ty  rods d o  l i t t l e  more than shut  t h e  reactor  down af ter  t h e  

power excursion h a s  been  terminated by fue l  p la te  expans ion  and moderator expansion.  In t h e  case of 

the  maximum react ivi ty  acc ident  (1.3% A k / k ,  30-msec ramp) inser t ion of t h e  s a f e t y  rods prevents  melting 

of t h e  core. For  more s e v e r e  t r a n s i e n t s  c a u s e d  by much larger ini t ia l  react ivi ty  inser t ions  t h e  s a f e t y  

rods a r e  of l i t t l e  u s e ,  and t h e  case of core  d isassembly  for shutdown is d i s c u s s e d  i n  Appendix H. 

59. What would b e  the consequences  of a reactor v e s s e l  failure, particularly with regard 
to  impairment of the containment and failure of the  pool wal l s?  

Fa i lure  of the' reactor  v e s s e l  during normal operation p r e s e n t s  no particular problem with regard to 

ei ther  containment or t h e  pool wal ls .  T h e  avai lable  s tored  energy i n  the  sys tem would b e  d i s s i p a t e d  by 

re lease  of about 33 ga l  of water, as  t h e  primary sys tem is a t  a n  average temperature of only about 145OF. 

Fa i lure  of t h e  reactor  v e s s e l  during or a t  t h e  end  of a n  excurs ion  represent ing a limiting energy re- 

lease case is d i s c u s s e d  i n  Appendix K. No concern over damage t o  t h e  pool wal l s  is warranted as t h e  

energy r e l e a s e  required to c a u s e ' s i g n i f i c a n t  damage is i n  e x c e s s  of 4500 Mwsec on a T N T  explosion 

t ime ' sca le .  It is probable that  no s ignif icant  overpressure i n  t h e  reactor  bay would resu l t  from premature 

fai lure  as d i s c u s s e d  in  Appendix K. However, no adequate  model or experiment for d i ss ipa t ion  of energy 

i n  t h e  pool water h a s  yet  been  obtained,  and therefore, on  t h e  conserva t ive  assumption tha t  all t h e  

avai lable  energy is transferred t o  t h e  reactor  bay  atmosphere, t h e  pressure  could r i s e  0.3 p s i  before  

I 
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failure of the truck-air-lock door would occur. The  resulting dose a t  the downwind site boundary would ., not exceed the 1 0  CFR 100 guidelines even under th i s  set of conservative assumptions ( see  Appendix c K). 

60. What s t eps  will be  taken, prior to installation of the backup shutdown system, to guard 
against the consequences of an accident resulting from the inability to move control . 
rods into the core? I 

The  backup shutdown system is already installed, and preliminary flow t e s t s  have been conducted to  

allow proper sizing of the  orifice which determines the flow rate of poison from the  injection system to  

the primary coolant system. T h i s  backup shutdown system will be operable prior to any increase in re- 

actor power level above 20 Mw. 

a 

APPENDIX H 

THE ''ULTIMATE'o SHUTDOWN MECHANISM OF THE HFIR 

, 

This  section is divided into two parts: (1) the consideration of a hypothetical instantaneous re- 

activity addition of such  magnitude that the resulting excursion melts, but does  not boil, the aluminum 

in the  fuel plates, the excursion being terminated by the thermal expansion of the plates,  and (2) a 

discussion of larger reactivity additions. 

At the operating pressure of the HFIR, 600 psi, the boiling point of aluminum is 3860OK (see Ap- 

pendix I). If aluminum were heated from operating temperature (114OC) t o  th i s  boiling point, its specific 

volume would increase from 0.37 ml/g to  0.665 ml/g (see Appendix I, Fig. II.I.5), that is, by 80% of i t s  

initial value. Assuming that the core can  be approximated by a sphere, and that the expansion of the  

aluminum is accommodated by an  even expansion of th i s  sphere, the core would expand by 40%, s ince  

about half of i t s  volume is occupied by aluminum. According to  nuclear calculations (see Fig.  II.H.1), 

th i s  results in an  8.8% decrease  in reactivity. 

If a total e x c e s s  reactivity of 5.1% were added instantaneously, the reactor would be super-prompt- 

critical by 4.4%. The Fuchs  model s a y s  that the reactor shuts  itself down when the compensated re- . 
activity is twice the original prompt e x c e s s  reactivity. Thus,,in the  present case the reactor would be 

shut down just short of boiling the  aluminum. 

The  initial 4.4% prompt e x c e s s  reactivity corresponds to  a period of 0.8 msec, or 1.6 msec, re- 

spectively, a t  the  beginning and the end of the fuel cycle. T h e  energy deposited is 295 Mwsec (ex- 

trapolated from numbers given in Appendix I, Fig. II.I.5), short of the  energy required t o  rupture the 

primary vessel.  

The  above model was  deliberately made very simple, as a complicated model would not be  very 

convincing. However, some of &e simplifications deserve discussion. The  thermal time constant of the 

HFIR fuel plates is 2 msec, much shorter than the thermal time constant for the thicker plates of the 

SPERT destructive test. Considerable heat flux is thus going to  reach the metal-water interface much 

sooner in the HFIR than in  the SPERT test. Such heat flux results in violent boiling, water hammer, 

a 
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disruption of the  molten aluminum pla tes ,  d r a s t i c  increase  of t h e  heat-transfer surface,  and a s team ex- 

plosion; t h e  c o r e  will probably b e  d isassembled  prior t o  generat ion of t h e  ful l  295 Mwsec. Before t h e  

melting point of t h e  aluminum is reached,  the  thermal expans ion  wil l  largely b e  accommodated by t h e  

expuls ion of water  from t h e  core ,  resul t ing i n  a n  increase  of t h e  metal-to-water ra t io  of t h e  already under- 

moderated reactor  and i n  a somewhat  greater  react ivi ty  reduction than  computed above on t h e  b a s i s  of 

expansion with cons tan t  metal-to-water ratio. E v e n  af ter  t h e  melting, t h e  water, be ing  lighter, might 

b e  expel led preferentially t o  some extent ,  increas ing  further t h e  react ivi ty  compensat ion over what w a s  

computed above. 

In a short  t ransient  as  v isua l ized  above, t h e  nonfueled regions,  i n  particular t h e  end p la tes ,  wil l  b e  

heated relat ively l i t t l e  and wil l  re ta in  some strength. A l s o  t h e  s t ruc ture  surrounding t h e  c o r e  wil l  re- 

main rigid. T h e  expans ion  wi l l  therefore  not occur  isotropical ly  i n  all direct ions,  as assumed above; 

rather, the  expansion wi l l  occur  preferentially i n  t h e  a x i a l  direction. Such expansion r e s u l t s  i n  less re- 

act ivi ty  compensation t h a n  isotropic  expansion,  as  long a s  t h e  c o r e  remains i n s i d e  t h e  reflector, Fig. 
- 

II.H.l. In the  present  case t h e  expans ion  would b e  so large, however, tha t  much of t h e  c o r e  would b e  

extruded outs ide t h e  beryllium reflector. T h e  resu l t ing  react ivi ty  reduction is therefore'larger than  com- 

puted under the  assumption of a n  infinitely long beryllium reflector. 

It h a s  tac i t ly  been  assumed t h a t  the  temperature i n c r e a s e  i n  t h e  aluminum fuel  p l a t e s  is t h e  same 

everywhere. T h i s  is not s t r ic t ly  t rue,  partly b e c a u s e  of t h e  not ent i re ly  f la t  macroscopic power dis-  

tribution, and partly b e c a u s e  of t h e  f a c t  that  t h e  assumed reactor  period and t h e  thermal time cons tan t  

of t h e  fuel  p l a t e s  a re  of t h e  same order of magnitude. T h u s ,  some par t s  of t h e  aluminum wi l l  reach  t h e  

boi l ing point before t h e  res t ,  and some vaporizat ion of aluminum wil l  occur  at reduced react ivi ty  com- 
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pensat ion but also with less energy deposition. Calcu la t ions  made using a six-region approximation of 

t h e  core  showed that  t h e  boi l ing point would b e  reached a t  a react ivi ty  compensat ion of -5.25% A k / k  

and a n  energy input of 195 Mwsec. It appears  that  t h i s  represents  a n  upper limit for energy re lease ;  

however, we  will cont inue to u s e  t h e  295-Mwsec va lue  as be ing  more conservat ive.  T h e  consequences  

of aluminum vaporizat ion a r e  d i s c u s s e d  below. 

With t h e  qual i f icat ions jus t  d i s c u s s e d ,  t h e  reactor  c a n  b e  s e e n  t o  b e  ab le  t o  withstand a n  instanta-  

neous  reactivity addition of 5.1%. 

t h e  reactor is strongly undermoderated, and subs tan t ia l  react ivi ty  addi t ions c a n  thus,  i n  theory a t  l e a s t ,  

b e  inser ted by  decreas ing  t h e  metal-to-water ratio, T h e  conce ivable  mechanisms for t h i s  a l l  seem to 

involve t h e  rapid generat ion of s team, which e x p e l s  fuel  or expands  t h e  core, and t h e  subsequent  f i l l ing 

T h i s  t a k e s  c a r e  of most conceivable  react ivi ty  insertions. However, 

of t h e  resul t ing void with water. 

There  remains, however, t h e  ques t ion  whether the  water  c a n  fill t h e  voids  f a s t  enough t o  even  ap- 

proximate a n  ‘‘instantaneous” react ivi ty  addition. It h a s  been  postulated above that  the  aluminum c a n  

b e  heated t o  3860°K without appreciably hea t ing  the  water. T h i s  conservat ive assumption is, of course,  

never exac t ly  fulfilled, and t o  t h e  ex ten t  that  it is approximated, i t  represents  a n  extremely unstable  

s i tuat ion.  It is known experimental ly  from the  S P E R T  des t ruc t ive  t e s t  that  t h e  water and hot aluminum 

become intimately mixed and tha t  a violent d i sassembly  of t h e  c o r e  occurs .  In t h e  S P E R T  t e s t  t h i s  took 

15 msec, and i n  view of t h e  thinner fue l  p l a t e s  and t h e  thinner water  gap  i n  t h e  HFIR, it is conserva-  

t ive  t o  assume tha t  t h e s e  15 msec represent  a n  upper limit for t h e  t i m e  tha t  t h e  molten aluminum and t h e  

water c a n  coexis t  without violent  mixing. T h e  ques t ion  is then  whether the  void c a n  b e  f i l led in a t i m e  
shorter  than 15 msec. \ 

T h e  normal cool ing flow of water, assuming that  i t  pers i s ted  af ter  t h e  incident tha t  c a u s e d  the  void, 

is evident ly  too  slow. B e s i d e s ,  s u c h  flow would shorten t h e  time required for t h e  mixing. Condensat ion 

of t h e  s team seems out of t h e  ques t ion  on t h e  time scale required b e c a u s e  there  a re  insufficient heat  

s inks.  No mechanism is apparent  for generat ing suff ic ient  pressure  outs ide  the  core  t o  dr ive the  water  

back  in. A pressure wave, tha t  originated i n  t h e  core ,  cannot  b e  ref lected back with appreciable  effi- 

ciency,  partly b e c a u s e  of t h e  cyl indrical ,  nonfocusing geometry, and partly because  t h e  pressure v e s s e l  

absorbs,  and t ransmits ,  some energy. If t h e  s t e a m  bubble  lef t  t h e  core, it  could conceivably pressur ize  

t h e  primary system, but t h i s  a g a i n  would b e  a s low process .  

- 

It might t h u s  b e  concluded tha t  la rge  amounts of react ivi ty  cannot  b e  added f a s t  enough t o  c r e a t e  

a n  excursion violent‘ enough t o  boi l  t h e  aluminum. 

However, if such  large amounts  of react ivi ty  were added, t h e  boi l ing of some of t h e  aluminum would 

lead  t o  intimate mixing of water  with t h e  aluminum vapor as wel l  as  with the  large amount of molten 

aluminum.’ T h e  d r a s t i c  i n c r e a s e  i n  t h e  heat  t ransfer  sur face  would c a u s e  a s team explosion. T h i s  and 

the  aluminum-water react ion from t h e  vaporized aluminum would c a u s e  d isassembly  of the core  a t  a rate  

which would “outrun” any p o s s i b l e  react ivi ty  addition rate. T h i s  process  h a s  so far  defied rigorous 
- 

‘T. J. Thompson and J. G. Beckerley (eds.), The Technology of Nuclear Safety, sect. 6.3 ,  pp. 704 ff., MIT 
Press, Cambridge, Mass., 1964. 
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ana lys i s ,  but it should b e  noted tha t  300 Mwsec wil l  boi l  12.6% of the  c o r e  a t  a pressure  of 1 atm and 

5.6% a t  t h e  operat ing pressure  of 40 atm (see Appendix J). 

Even  without t h e  mixing of t h e  aluminum and water, t h e  vaporizat ion of t h e  aluminum c r e a t e s  pres- 

s u r e s  which would d i s a s s e m b l e  t h e  reactor. Actually, once  t h e  boi l ing point is exceeded,  only very 

l i t t l e  energy is needed t o  genera te  enough aluminum vapor t o  f i l l  t h e  voids  a s s o c i a t e d  with t h e  d i s a s -  

sembly. Most of the  energy goes into heat ing t h e  molten aluminum, and hence  t h e  sa tura t ion  pressure  in  

t h e  hot tes t  part of t h e  reactor  i n c r e a s e s ,  and t h e  increased  pressure  provides  increased  acce lera t ion  for 

t h e  disassembly.  T h i s  process ,  too, wil l  eventual ly  outrun p o s s i b l e  react ivi ty  inser t ion ra tes .  It also 

c u t s  short  t h e  “ ta i l”  (i.e., t h e  part of t h e  t ransient  af ter  t h e  power maximum) of a n  excursion c a u s e d  by 

a hypothetical ins tan taneous  react ivi ty  addition. 

In summary: Assuming a flat power distribution, t h e  reactor  c a n  t a k e  a 5.1% ins tan taneous  react ivi ty  

addition without boi l ing aluminum, ‘generating only 295 Mwsec; if a nonuniform power dis t r ibut ion is 

assumed,  t h e  reactor wil l  s h u t  down without vaporizat ion of aluminum following a 3.3% s t e p  i n  react ivi ty  

with a n  energy r e l e a s e  of 195 Mwsec. T h i s  la t ter  case is bel ieved t o  represent  a reasonable  upper limit 

for energy r e l e a s e  from t h e  HFIR core  for any react ivi ty  input which appears  possible .  Larger  react ivi ty  

addi t ions than 3.3% A k / k  c a n  b e  made only relat ively slowly, and t h e  steam explosion resu l t ing  from 

intimate mixing of molten aluminum and water  would d is in tegra te  t h e  core  long before t h e  react ivi ty  addi- 

t ion were completed. However, i f  l a rge  react ivi ty  addi t ions could  b e  made rapidly, t h e  aluminum would 

begin to boil, and this ,  poss ib ly  i n  conjunct ion with a steam explos ion  c a u s e d  by int imate  mixing of 

water and hot aluminum and with t h e  react ion of steam with vaporized aluminum, would d i s a s s e m b l e  t h e  

core  a t  a rate  which would outrun e v e n  a rapid react ivi ty  addition. 

APPENDIX I I 

ENERGY RELEASES FROM AI-H,O REACTIONS IN THE HFIR’ 

After correlat ion of expertmental  d a t a  i n  t h e  l i terature ,  we  have analyzed a sequent ia l  acc ident  

model consider ing aluminum-water reac t ions  i n  t h e  High F l u x  Isotope Reactor  (HFIR). T h e  mod& in- 

c l u d e s  t h e  following limiting condi t ions  with t h e  corresponding energy r e l e a s e s  due  t o  t h e  aluminum- 

water  reaction: 

1. Instantaneous heat ing (through a nuclear  t rans ien t )  of all t h e  metal i n  t h e  HFIR c o r e  to  temperatures  

above 17OO0C, triggering igni t ion over t h e  en t i re  hea t  t ransfer  surface.  T h e  rate  of energy r e l e a s e  

at zero  time (before c h a n g e s  i n  c o r e  configuration) is 112 M w s e d s e c .  

2. Disassembly of t h e  core ,  including t h e  following limiting configurations: 

a) A s ingle  sphere  of molten aluminum of 46.5 c m  i n  diameter. 

I 

1 

. 

5 4 g of aluminum; the correct value for the HFIR is 7.2 x 10 ‘This investigation is based on 1 x 10 g of aluminum, 
and the various numbers should b e  adjusted accordingly. 

. 
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? 

Init ial  rate of energy re lease  1.9 Mwsec/sec 
Duration of ignition 2900 sec-  . 
Tota l  energy re leased  1700 Mwsec 

b)  Molten aluminum par t icu la tes  with in i t ia l  diameters  less than  0.33 6 cm.  

Initial ra te  of energy re lease  0 Mwsec/sec 
Duration of ignition 0 sec 
Tota l  energy released <25 Mwsec 

c) Molten aluminum par t icu la tes  with ini t ia l  diameter of 0.336 cm.  

Init ial  rate of energy re lease  
Duration of ignition 0 sec 

Tota l  energy re lease  during ignition 0 Mwsec 
Total  energy re lease  during reaction <25 Mwsec 
Duration of reaction -0.1 sec 

244 Mwsec/sec 

r . 
6> Molten aluminum par t icu la tes  greater  than  0.336 c m  with a n  ini t ia l  diame_ter of Do c m .  

R a t e  of energy re lease :  

lS6 
Mwqec/sec . 

DO 

Duration of ignition: 

Do - 0.336 
t I  = (1.6 ,,-.> set * 

Total energy liberated: 

17101 1-(?)’1 M w s e c .  . 
L J 

A review of the  l i terature  r e v e a l s  that  t h e  resu l t s  of previous invest igat ions2-’  correlate  sa t i s -  

factorily t o  provide experimental ev idence  on which t o  predict a sequent ia l  acc ident  model involving 

metal-water reac t ions  i n  HFIR. T h e  a n a l y s i s  a d d r e s s e s  i tself  t o  r a t e s  and ex ten ts  of t h e  metal-water 

’R. E. Wilson, L. Mishler, and C. Barnes, “Metal Water Reactions: Studies of the Aluminum-Water Reaction by 
the Levitation-Melting Method,” p&. 196-201 in Chemical Engineering Division Summary Report, October-December 
1962, USAEC Report ANL-6648, Argonne National Laboratory, May 1963. 

3R. E. Wilson, C. Barnes, and L. Baker, “Studies of the  Aluminum-Steam Reaction by the Levitation Melting 
Method,” pp. 233-39 in Chemical Engineering Division semiannual Report, January-June 1964, USAEC Report 
ANL-6900, Argonne National Laboratory, August 1964. 

4R. 0. Ivins and R. Koonz, “study of the  Combustion of Aluminum in Water,” pp. 338-41 in Chemical Engineering 
Division Semiannual Report, July-December 1963, USAEC Report ANL-6800, Argonne National Laboratory, May 1964. 

’Argonne National Laboratory, Reac tor  Development Program Progress  Report, October 1964, USAEC Report 

6Argonne National Laboratory, Reac tor  Development Program Progress  Report, August 1965, USAEC Report 

’L. Baker, ‘Jr.# “Metal-Water Reactions,” Nucl. Safety 7(1), 25-44 (Fa l l  1965). 

‘ 
ANL-6965, pp. 91-92, NOV. 15. 1964. 

ANL-7090, Sept. 21, 1965. - 
. 
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reactions under a variety of postulated pessimistic situations. W e  assumed that the reactions were 

initiated by a nuclear excursion and made no attempt to  analyze the  problem of partition of the  energy 

released. W e  considered that the  resu l t s  of t h i s  ana lys i s  will be used as input for the  problem of parti- 

tion of energy which is being undertaken by other members of the  gro;p. 

B a s i s  for the Model 

The justifications of our assumptions and conclusions upon which the  model is based are given 

separately in th i s  Appendix. The  assumptions and conclusions are the  following: 

1. 

2. 

3. 

4. 

In the temperature range of 1400 t o  16OO0C, aluminum reac ts  with steam at 1 atm according to  the 

equation: 

W 
- = 2.5 x IO8 [exp (- 73,50O/RT)I mg of aluminum per square centimeter per minute . 
t 

Rate  of energy release calculated from th i s  equation, using the entire heat transfer surface of the  

core, is only 0.3 Mwsec/sec a t  175OoC, the ignition temperature for aluminum, and drops rapidly with 

decreasing temperature. 

At 175OOC aluminum ignites in  steam and continues t o  burn a t  temperatures in e x c e s s  of 2000°C 

(ref. 3) when dropped in water. Under these  conditions the burning rate is constant at 0.96 g of 

aluminum per square centimeter per minute, and the  surface burning rate is independent of diameter. 

The  combustion time of pellets is given by the equation3 

Do = 1.6 x 10-'tc + 0.336, 

where Do is the original diameter of the particle in centimeters and tc is the  combustion time.in 

seconds. 

The  aluminum does  not burn completely, and combustion ceases as the  diameter of the sphere of 

molten aluminum g e t s  to 0.336 cm. Some reaction continues to  occur (at lower rates) as the  metal 

cools. Accordingly, aluminum is consumed by the reaction so that the  diameter dec reases  from 0.336 

c m  (where burning stops) t o  0.23 c m  when reaction stops.  We will consider only the combustion re- 

action. We will, however, make an estimate of the  energy re lease  by the  chemical reaction as the 

particle is cooling down. Smaller aluminum particles can be  forced to react only by the introduction 

of large inputs of energy from outside sources  (such a s  lasers )  while t he  reaction is taking place.4 For 

particles of 360 p in diameter, no reaction is obtained unless  the input of energy is greater than 35 j 
(0.52 Mwsec per gram of aluminum). 

5. The  extent of reaction appears t o  be  independent of the total  pressure in the  system (see p. 221). 

6. In the combustion range, the'reaction rate becomes mass-transport limited, is independent of total 

\ 

\ 

/ 

pressure, and is only weakly dependent on temperature. The  temperature dependence is To.' tm, 

where m is less than 0.5 (see pp. 225 and 226). 

\ 
. 
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Ac ci de-n t Con di ti on s 

. 

W e  consider  a most s ignif icant  fea ture  t o  b e  tha t  t h e  ex ten t  and t h e  ra te  of react ion a r e  profoundly 

affected by t h e  original state of subdivis ion of t h e  aluminum. Bearing t h i s  i%mind, we  have considered 

the  following acc ident  conditions: 

1. All t h e  aluminum i n  the  c o r e  (1 x lo5  g) is instantaneously heated t o  2000°K (or above)  and ign i tes  

over t h e  ent i re  heat  transfer sur face  (4 x lo5  cm2).  

2. After the  combustion h a s  b e e n  ini t ia ted,  t h e  molten aluminum subdiv ides  into molten par t ic les  with 

a n  ini t ia l  diameter Do. For  convenience,  we  have  assumed t h e  par t ic les  t o  b e  of e q u a l  size and 

have t reated Do as  a parameter i n  t h e  ana lys i s .  A s  a resul t ,  we  have  determined react ion rates ,  

r a t e s  of energy re lease ,  and to ta l  energy r e l e a s e  for var ious  configurations. 

Conclusions 

1. T h e  ini t ia l  ra te  of react ion (at t ime zero  when combustion s t a r t s  before  any change  i n  geometry 

h a s  occurred): 

a) R a t e  of consumption of aluminum i n  core:  

b) R a t e  of energy re lease :  

6.4 x l o3  g of aluminum per second . 

. 

. - 

112 Mwsec/sec . 
2. After t h i s  ini t ia l  condition, t h e  rate  of react ion and extent  of react ion depend on  t h e  configuration 

that  t h e  molten aluminum assumes .  A limiting case would b e  for t h e  molten metal t o  coalesce into one 

ini t ia l ly  large sphere  of aluminum. If t h i s  condi t ion prevai ls ,  t h e  aluminum burns completely (neglecting 

one par t ic le  of 0.23 c m  i n  diameter  tha t  wil l  b e  left unburned) and will r e l e a s e  all of i t s  energy at  a 

relat ively small rate, which is limited by t h e  unfavorable surface-to-volume rat io  of t h e  configurat”ln. 

T h e  ini t ia l  diameter of a sphere  of molten aluminum of weight 1 x lo5  g is 46.5 cm. 
7 

Initial ra te  of consumption of A1 109 g Al /sec  
Init ial  rate of energy re lease  1.9 Mwsec/sec 
Tota l  energy re lease  1700 Mwsec 
Time of reaction 2900 sec 

T h i s  condi t ion y ie lds  a large to ta l  energy re lease ,  but a t  very s low r a t e s  and over extended per iods of 

time. 

A second limiting condition is that  t h e  molten aluminum subdiv ides  i tself  into par t ic les  smaller than 

0.23 cm i n  diameter. If t h i s  were t h e  case, t h e  react ion would stop. 

A third limiting case is for t h e  aluminum t o  subdivide itself into par t ic les  of 0.336 c m  i n  diameter, ’ 

(Experimentally, t h i s  h a s  been  found t o  b e  t h e  minimum size,to support c o m b ~ s t i o n . ) ~  ,. 
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Initial rate of reaction 

Initial ra te  of energy generation 
Duration time of ignition 

Energy l iberated <27 Mwsec 

1.43 x l o 4  g Al / sec  

244 Mwsec/sec 

0 sec 

There is a gray area that cannot be described as precisely as t h e  cases above. Th i s  area concerns 

the reaction as the  particles are consumed f r o m  a diameter of 0.336 c m  (the size below which combustion 

ceases)  and 0.23 mm (the s i z e  below which chemical reaction ceases). Th i s  s t age  occurs  a s  the  particle 

is cooling from temperatures in e x c e s s  of 20OO0C, where the  reaction is mass-transport limited, to the 

lower temperature region, where the reaction is exponential with temperature. For the  worst case, how- 

ever, one can  rationalize that the total reaction ra te  is not larger than the  combustion rate. The time 

necessary to reduce the  diameter of aluminum spheres from 0.336 to 0.23 c m  can  b e  estimated from the 

equation in paragraph 3, page  212, as 0.11 sec. T h i s  would represent an energy re lease  of 27 Mwsec i f  

the init ial  rate of reaction of 244 Mwsec/sec (which is the maximum combustion rate obtained in the 

preceding paragraph) could be maintained. Th i s  small quantity of energy is not significant within the 

necessarily,  rough limitations in  precision of the  energy quantit ies we are  discussing. Consequently in , 

our subsequent discussion, we ignore the  small energy contribution as the aluminum cools  from combustion 

temperature to room temperature 

We have, so far, considered the  effect of particle subdivision for the  c a s e  of the  largest  and smallest  

aluminum spheres and now proceed t o  treat the  c a s e s  where the init ial  diameter of the  spheres  lies be- 

tween the range 0.336 to  46.5 c m .  The  following equations have been  used for the  calculation. 

Number of spheres of initial diameter Do into which W, g of molten aluminum of density p subdivide: 

assuming 

p 2 g/cm3 , . 
w 0 = 1 x l O S g .  

Diameter of spheres at  t seconds  after combustion starts:  

D(t) = Do - 1.6 x 10-'t c m  . 
Total rate of reaction in the  core: . 

leG "-" g Al /sec  . 4.8 103 
W(t) = + DO ( l - ~  Do 

Rate  of energy generated: 

I . 
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Duration of combustion is: 

D, - 0.336 
t =  sec . 

1.6 x lo-* 
Fraction of aluminum unburned: 

Total energy delivered by the  reaction of 1 x lo5 g of Al: 

E = 1710 [ l  - (y )”) = 1710 [l - fl Mwsec . 

Initial rate of reaction: 

4.8 103 

DO 
W ( 0 )  = g Al/sec . 

Initial rate of energy generation: 

82 
P(0)  = -’ Mwsec/sec . 

DO 

(9) 

Table 11.1.1 and Figs.  II .I1l  and 11.1.2 express  the  results. 

Table  11.1.1. Extent  o f  React ion and Energy Releases a s  Funct ions of In i t ia l  Par t ic le  Diameter  

. 0.336 

0.35 

0.40 

0.45 

0.50 
0.60 
0.80 
1.00 

1.20 
1.50 

46.5 

1.0 
0.88 

0.58 

0.41 
0.30 

0.175 
0.074 
0.038 

0.022 

0.011 

0.0 

0.0 

0.12 

0.42 

0.59 
0.70 
0.825 
0.926 
0.962 
0.978 

0.989 

1.0 

0.0 

205 

7 20 

1005 
1195 

1410 
1580 
1645 

1670 

1690 
1710 

0.0 
0.88 

4.00 

7.,12 
10.25 

16.50 
29.00 
41.50 

54.00 
102.50 

2900.00 

244 
234 

205 

182 
164 

137 
102 
82 

68 
55 

1.9 

0.0 
233.0 
180.0 

141.0 
117.0 

86.0 

55.0 
40.0 

31.0 
16.5 
0.59 

L i s t  of symbols: 

Do Initial particle diameter, cm 
f Fraction of aluminum not reacted 
E Total energy liberated, Mwsec 
t Time (or duration) of ignition reaction, sec 

P(0) Initial (or maximum) ra te  of energy generation, Mwsec/sec - 
P Average rate of energy re lease  during, the ignition reaction. E / t c  
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' C  

Supplementary Information 

Justification of D o  e 0.016tc + 0.336 as the Base Equation for Burning Calculations 

T h e  empirical equat ion r e s u l t s  from d a t a  shown and d i s c u s s e d  i n  ANL-6800, Argonne National Lab- 

oratory Chemical Engineering Division Semiannual Report for July-December, 1963, pp. 338-41, as  re- 

produced herein. T h e  development is straightforward. T w o  comments on their  d i scuss ion  a r e  required. 

1. 

2. 

. 

Since t h e  A l k )  + 0,Q) rea.ction is much more energe t ic  and therefore presumably faster ,  and t o t a l  

burning t i m e  (air and water] w a s  used t o  plot t h e  data ,  t h e  0.336-cm intercept is conservat ive for t h e  

diameter where burning ceases. 

T h e  0.23-cm equivalent  diameter  sphere  of aluminum remaining may wel l  b e  a n  ar t i fact  of the  A1 + 0, 

react ion during the  late s t a g e s  of burning on  t h e  sur face  of t h e  water, s i n c e  t h e  residual  oxide coa t -  

ing could form while t h e  oxygen continued t o  reac t  with t h e  aluminum. 

T h e  following h a s  been reproduced from Argonne National Laboratory Chemical Engineering Division 

Semiannual Report for July-December, 1963, ANL-6800: 

a 

4. Study of the Combustion of Aluminum in  Water 
(R.O. Ivins, R.  Koonz) 

The sustained combustion of aluminum pellets in water has  been 
reported by Wilson and Martin (see ANL-6379, p. 208). In these s tudies ,  
smal l  pellets of aluminum were simultaneously levitated and heated in  a 
radio-frequency field. It was discovered that ignition occurred  when the 
pellet  temperature  reached 1750°C in  air. 
vapor phase burning in air ,  which continued when the pellets were dropped 
into water.  Burning occurred  beneath the surface of water and la te r  a t  the 
water-air  interface as the pellets were buoyed up to  the sur face  by the 
evolving hydrogen. 

The ignition resul ted in  a vigorous 

Observation of the ,self-'sustained vapor phase combustion process 
prompted the present study, in which the ra te  of metal consumption was 
determined as a function of pellet size. These studies were undertaken in 
order  to provideabasis for estimating the r a t e  of the aluminum-water reaction 
in the burning regime (metal temperature greater than 1750°C). 

Samples of high-purity aluminum ranging in weight from 150 to 
1000 mg were levitated, heated in a i r  until they ignited, and then dropped 
into room temperature water. The time which elapsed from the moment of 
dropping until burning ceased was measured. The results of these measure- 
ments a r e  plotted in Figure V-8. The data points were fitted to a straight 

1 line by the method of least  squares.  The equation of the line was as follows: 

Do = 0. 160 tc + 3 . 3 6  (6 1 
ii - \ 
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where Do is the original diameter of the particle,  in  mm, and 

is the consumption t ime,  in sec .  
tC 

Figure V-8 

CONSUMPTION O F  ALUMINUM P E L L E T S  BURNING IN WATER 

(Water temperature:  =25 "C) 

(Metal temperature:  =2050"C) 

5.0 
12 14 16 18 20 22 24 26 28 W 32 34 36 38 

CONSUMPTION 1lME.s.s 

, .  108- 7 19 1 

Initially, the drops of burning aluminum sank below the water 
surface and would r i s e  and sink alternately as  the hydrogen bubble surround- 
ing it would grow and break off. As the drop became smaller ,  it  would break 
the water surface, releasing the hydrogen, and then sink, form a bubble, and 
r i s e  again. Eventually, when the size of the drop had become small enough, 
i t  would r i se  to the surface and float while continuing to burn. Once burning 
ended, the residual metal, enclosed in an irregular oxide coating, would 
sink to the bottom of the water container. While the drops were burning 
under water, they decreased in size and the condensation of fine alumina 
particles was evident as a particle spray from the burning surface of the 
drop. The size distribution of the fine particles given off during one run is 
shown in Figure V-9. The distribution data was obtained by microphotogra- 
phy of samples of the suspended particles. 

J 

C 
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Figure V-9 

O F  ALUMINUM DROPLET: 
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Vapor phas'e burning of droplets of liquid fuels is often controlled 
by the rate  of heat t ransfer  f rom a cospherical flame front to the fuel sphere 
to provide the heat of vaporization and thus sustain burning? The heat 
transfer ra te  for  hydrocarbon fuels i s  usally controlled by conduction and 
resul ts  in a consumption time which is proportional to the square of the 
original droplet diameter.  It can be shown, however, that i f  the heat transfer 
ra te  occurs predominantly by thermal radiation, a linear relationship 
between the consumption t ime and the droplet diameter is expected. The 
linear character of the experimental results as expressed in F igure  V-8 and 
Equation 6 is therefore consistent with a heat transfer ra te  controlled by 
radiation. This finding is consistent with the fact that aluminum has a higher 
temperature of combustion than those of liquid hydrocarbon fuels and forms 
a solid oxide product. 

The data a r e  consistent with a simple vapor burning model, 
except that the straight line in  Figure V-8 does not pass through the origin, 
This occurred primarily because the aluminum droplets did not burn to 

'See, for example, Wise, H., Lorell,  J. and Wood, B.J . ,  'The Effects 
of Chemical and Physical Parameters  on the Burning Rate of a Liquid 
Droplet, Fifth Symposium (International) on Combustion, Reinhold 
Publishing Co., New York, 1955, p. 132. 

, 



220 

completion in the water. An analysis of typical residue indicated that the 
equivalent of a 2.3-mm sphere remained unreacted. The experiment was 
also complicated by the fact that a small amount of burning occurred in air 
before the pellets were dropped and also that in the late stages of burning 
the sample was floating and therefore was in contact with both water and 
air. No quantitative significance, therefore, could be attached to the inter- 
cept in Figure V-8 or to the constant of 3.36 mm in Equation 6 ,  since it could 
not be assumed that burning in a i r ,  under water, and at the water-air 
interface occurred at the same rate. 

\ 

It could be assumed, however, that on the average the time of 
burning in air and at the water-air interface was constant for each run. This 
is equivalent to assuming that the droplets began burning at the water surface 
at a particular value of the diameter. The e r ror  incurred in including the 
surface burning time in the measurements, therefore, did not affect the slope 
of the line. It was, therefore, assumed that the slope (0.160 mm/sec) rep- 
resents the burning rate of droplets submerged in room temperature water. 

The calculation of the mass rate of consumption from the rate at 
which particle diameters decrease can be achieved as  follows: 

-dm =.7 p d ( $ D 3 )  
A d t  nD dt (7) 

where dm/A dt is the mass consumption rate in g aluminum/(cm2)(min), 

is density of aluminum at 2 0 0 0 ° C ,  2 g/cc, 

is the diameter of the aluminum drop at any time, in cm, and 
p 

D 

t is time, in min. 

Equation 7 reduces to the following: 

- - dm = e = 0.96 g aluminum/(cm2)(min). 
A dt 2 .  dt 

Combustion Ceasing at a Set Diameter 

To explain t h e  c e s s a t i o n  of combustion a t  a particular diameter, w e  consider  the  geometry of t h e  

system. Surface tens ion  forces  wil l  c a u s e  t h e  molten aluminum t o  form a sphere  when surrounded and 

burning i n  liquid water. T h e  burning occurs  i n  a film zone  around t h e  sphere,  diffusion-fed by both 

aluminum and water vapor and populated by f ree  hydrogen, which both th ickens  t h e  f i l m  and interferes  

with the  diffusion of t h e  a c t i v e  components. T h e  sur face  of t h e  aluminum is v D I 1  and tha t  of t h e  vapor 

p h a s e  v D : ;  t h e  sur face  ra t io  is v D : / v D : ,  or (DV/DA1)*. Radia t ion  and conduct ion losses at cons tan t  

th ickness  of t h e  vapor layer  i n c r e a s e  as  t h e  square  of t h e  diameter  ratio. Consider  t h e  following example:  
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R , 

. 

* 

Loss Surface 

Input Surface 
Sphere Diameter F i l m  Thickness Ratio 

(em) (cm) 

1 0.05 
0.5 0.05 
0.25 0.05 
0.10 0.05 

1.21 
1 ;44 
1.96 
4.00 

It is easy  to see why combustion stops,  s ince  as the  losses go. up the aluminum temperature decreases ,  

reducing the aluminum vapor available, which in turn decreases  the  energy input to the interface, and the  

burning ceases abruptly. 

Pressure Independence of Extent o f  Reaction 

Raw data f rom results reported6 on short period fission energy inputs to samples of HFIR fuel plate 

may be construed a s  showing a greater extent of reaction with increasing pressure. If the energy input 

and initial conditions are used to  calculate adiabatic temperature rise th i s  apparent effect disappears a s  

shown by plots in Fig. 11.1.3. 

The  adiabatic temperature plot a l so  substantiates the  observations that no combustion reaction can  

occur below 

tend to  limit the extent of reaction. 

145OOC and that dispersal  of the fuel into small p i eces  by internal vapor pressure will 

lnitiotion of the Combustion Reoction 
I 

Combustion or self-supporting reaction cannot occur until the  available heat per unit of reaction sur- 

face exceeds the heat l o s s e s  from the surface. Heat l o s s  can  occur by radiation, convection, and con- 

duct ion. 

Since we believe the reaction is aluminum vapor reacting with water vapor, we can  make an  energy 

balance in terms of calories per square centimeter per second where the reaction occurs a t  the  aluminum 

surface. 

From the vapor pressure of aluminum and Langmuir's equation' for mass  vaporization into a vacuum, 

we can  calculate the maximum f lux  of aluminum vapor available. The  net heat of reaction for 

2Al(Z, T )  + 3H20(Z, 298)-, A120,(s, T )  + 3H2(g, T )  

is about 2400 ca l /g  for energy input calculation. For the TREAT experiments, the only sensible loss is 

the radiation l o s s  s ince  convection cannot be  established instantly. T h i s  l o s s  is c,alculated for a n  

emissivity of 1.0, but a lower value does  not sensibly alter our  conclusion^.^ 

I 

' S .  Dushman, Scientific Foundations of Vacuum  technique,,^. 20, Wiley, New York, 1949. 
'H. Etherington, Nuclear Engineering .Handbook, 1st ed., pp. 1-59, McGraw-Hill. New York, 1958. 
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Fig. 11.1.3. TREAT Results with HFlR Fue l  Samples. 

F l u x  o f  Aluminum Vapor 

(g cm-* s e c - l )  

2.2 x 1 0 - ~  

3.4 
1.02 x 10-2 

8.6 x 

2.9 x lo-‘ 
9 x 

Heat  Generated 
- 2  

(cal  cm s e c - l )  

0.5 
2.1 
8.1 
24.5 
69.6 
216 

3800 

Radiation Loss 
- 2  

(cal  cm sec- ’ )  

J 

6.2 
8.1 
10.3 
12.1 
16.1 
19.7 
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It is evident that ignition should occur between 1400 and 15OOOC a s  actually observed in TREAT. 

In the  levitation experiments where convection w a s  fully established th i s  l o s s  plus radiation was 

barely exceeded at 160OOC (delayed ignition)< which would place the convection and conduction lo s s  a t  - 53.5 cal cm-' sec- ', a perfectly reasonable number. 

Observed Burning Temperature and Rate of Reaction 

If we consider the  system t o  cons is t  of a spherical aluminum ball  surrounded by a spherical flame 

front in turn surrounded by liquid water, we c a n  see that conduction and radiation from the  flame front 

is the  only source of heat t o  vaporize the aluminum. 

For the  required heat transfer a thermal gradient must ex is t  between the flame front and the aluminum. 

For the observed rate of burning some 20 m l  of S T P  hydrogen is generated per square centimeter per 

second, and the heat flux to  vaporize aluminum (1.6 x lo-' g cm-' sec-') is -40  c a l  cm-' sec-'. 

Langmuir's equation gives th i s  ra te  of delivery of vapor i f  the liquid is a t  1900°K. An additional con- 

firmatory observation is obtained from the levitation experiments3 when delayed ignition is observed a t  

1873OK. Examination of the  graph of the  TREAT results (Fig. 11.1.3) a l so  reveals consistency with a n  

ignition temperature of about 190O0K. Given flame temperature (which we change parametrically), the  

thermal conductivity of hydrogen, and neglecting the  thermal conductivity of Al(v), we can  calculate the 

f i lm  thickness between the f l a m e  zone and the  aluminum surface required to  supply the necessary heat 

flux." The  results of t h i s  calculation are as follows: > 

R 

. 

Flame H e a t  Received from Required 

Temperature Radiation by the Aluminum F i l m  Th ickness  

(OK) ( c a ~  cmm2 sec- ' )  (em) 

2000 3.6 0.4 x io-' 
2100 7.9 1.2 x lo-' 

2300 18.7 3.4 x lo-* 
2200 12.7 2.0 x 

2400 25.4 5.8 x lo-' 

Since the hydrogen thickness is a function of rate, t h i s  shows that the reaction is self-regulating in that 

increases in rate thicken the f i l m  and v ice  versa;  therefore, the  rate remains sensibly constant. It 

should be remembered that pressure has  l i t t le effect on the thermal conductivity of the g a s  and that heat 

transfer is largely independent of pressure. 

The  gross hydrogen generation s t i r s  (violently) the  liquid external phase, and the sensible heat of 

the hydrogen is largely lost  t o  t h i s  phase without exchanging a large proportion of i t s  heat t o  the incom- % 

ing water vapor. The  radiation l o s s e s  t o  the  external phase are appreciable, and these  together with 

convection l o s s e s  apparently combine to  limit the effective flame zone temperature to the melting point 

of alumina (or 2313'K). 

'OS. Dushman, Scientific Foundations of Vacuum Technique, p. 60, Wiley, New York, 1949. 
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-, 
Effect of Temperature on Aluminum Volume on Core (Fuel Plates Only) and 

Vaporization Tendency of Aluminum (Figs, 11.1.4 and 11.1.5) 

The following bases  were taken for t h i s  calculation: 

T o t a l  c o r e  volume 

Total volume of H,O i n  core  (no 
Volume of s o l i d  

Volume of fue l  p l a t e s  

Ini t ia l  d e n s i t y  of A1 a t  298°K 
Densi ty  of s o l i d  a t  932°K (mp) 

Dens i ty  of l iqu id  

Dens i ty  of l iqu id  a t  1000°C 
Densi ty  of l iqu id  a t  1750°C 
Vapor p r e s s u r e  of Al(J) 

'-91 l i t e r s  
ta rge ts )  39 l i t e r s  

52 l i t e r s  

27.4 l i t e r s  

2.7 g/cm3 

2.6 
2.48 
2.29 
2.0 

T ("C) Vapor Pressure (atm) 

a b 

2000 0.15* 0.07 
3000 17 7.9 

aFrom Brewer's es t imates .  

bFrom boi l ing point. 

ORNL-DWG 66-6994 

I 

i 

'0.000/,(,,) 

Fig. 11.1.4. Vapor Pressure of AI(J). 
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ORNL-DWG 66-6995 

INlTlAL VOLUME = 94 liters 100 Mwsec = 13 5% OF ALUMINUM 

ABOUT 39 liters OF H20 WITHOUT TARGETS 
AWUT 52 liten OF SOLI0 20 atrn = INITIAL PRESSURE .'. VAPORIZATION 
274 litws OF AI IN FUEL PLATES CCULD START - 3000°C 

CONSIDERED IN EXPANSION 

IF VAPORIZED 

O B  

47 aim = AI PRESSURE 

VALUES SHOULD BE CORRECTED BY 
A FACTOR OF -$$ TO BE CORRECT 

FOR HFlR 

0 1000 2000 3000 4000 
TEMPERATURE ("C ) 

Fig. 11.1.5. Specific Volume of Aluminum vs Temperature. 

Rate of Reaction of Solid Aluminum with Water a t  High Temperatures 

H,O (LIQUID) 

0 
0 

H ,  + H , O ( V A P O R )  

Assumption: T h e  react ion a t  t h e  sur face  of t h e  A1 is suff ic ient ly  rapid that  a film, of th ickness  A, 
is produced. T h e  rate  of react ion is then controlled by  t h e  t ransport  of water vapor a c r o s s  t h e  film. 

Two f a c t o r s  control water vapor  transport a c r o s s  t h e  film: migration v ia  a gaseous  diffusion mechanism, 

and t h e  transport of heat, i n  t h e  oppos i te  direction, which is necessary  t o  vaporize t h e  liquid. W e  f i r s t  

consider  that  the  heat  t ransfer  is suff ic ient ly  fast that  the  governing s t e p  is diffusion-controlled. From 

the  react ion \ 

2 A l +  3H,O = A120, + 3H; , 

we note  a one-to-one correspondence be tween H,O and H,; hence  t h e  rate  of generation of H, is equal  

to t h e  ra te  of depletion of H,O, which, i n  turn, is e q u a l  to t h e  diffusion rate. N.ow 
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0 
DH , 0 -H ,PH , 0 

(moles cm-’ sec-’1 , 
J H 2 0  = R T h  J 

where p o  

t h e  diffusion coeff ic ient  of t h e  pair  H,O-H,. But  t h e  film th ickness ,  on  t h e  other  hand, is proportional to 

t h e  rate  of production of hydrogen; t h u s  

is t h e  vapor pressure  of H,O a t  t h e  temperature T, R is t h e  g a s  constant ,  and D H 2 0 - H 2  is 
H 2 °  

X = K J H  2 = K J H Z 0  

where K is chief ly  a function of geometry and ex terna l  constraints .  Hence  

where (PDH2b-H2)  is a function only of temperature, that  is, 

= , - ~ ( 3 / 2  t o  2 )  
(PDH , 0 - H  , 

But (Po 

(PD) = C T 2 ;  then 

/ p )  is a lways  less than  1; hence  we c a n  e s t a b l i s h  a n  upper limit by  se t t ing  ( P o / p )  = 1 and 
H 2 0  

J A z 0  = (const)T , 

or 

J H z 0  = (const)’T’/’ . 
T h e  rate  therefore i n c r e a s e s  very s lowly with temperature, s i n c e  it is diffusion-controlled. Moreover, 

t h e  film t h i c k n e s s  is self-stabilizing. F o r  example,  if h is ini t ia l ly  t o o  small, t h e  increased  H, genera- 

t ion  p u s h e s  t h e  liquid back;  if t o o  large,  t h e  d e c r e a s e d  H, generat ion c o l l a p s e s  t h e  film. Moreover, if 

t h e  react ion is thermal-conduction-controlled, t h e n  p o  

aluminum sur face  temperature, and t h e  relat ions above become upper limits; that  is, t h e  flux wil l  b e  

e v e n  s lower than  

is smaller  than  t h e  vapor pressure  a t  T = 
H 2 0  

J H Z O  = (const)’T’/’ . 
I 

Note, however, that  turbulence wil l  s ignif icant ly  increase  t h e  react ion ra te  by  decreas ing  the film thick-  

ness .  
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APPENDIX J 

CONTAINMENT POTENTIAL OF THE HFIR PRESSURE VESSEL AND PRIMARY COOLANT SYSTEM 

T h i s  descr ibes  a model developed for es t imat ing t h e  e f f e c t s  of a nuclear  excursion followed by a n  

aluminum-water react ion on t h e  HFIR pressure v e s s e l  and primary coolant  system. T h e  purpose is to de- 

termine a minimum upper bound of s u c h  a n  acc ident  that  c a n  b e  contained.  

T h e  effect  of a large nuclear  excurs ion  i n  t h e  HFIR core would b e  t o  melt and, perhaps,  vaporize a 

portion of t h e  aluminum i n  the  fuel  plates .  It is envis ioned tha t  t h e  destruct ive e f f e c t s  of s u c h  an ex- 

curs ion would appear  i n  two s t a g e s .  T h e  f i rs t  stage, with duration measured i n  mil l iseconds,  would in- 

volve rapid generation of superheated s team and exothermic react ion of any vaporized aluminum with 

s team t o  form A1,0,, hydrogen gas ,  and more steam. T h i s  f i rs t  s t a g e  would conceivably d isperse  t h e  

remaining molten aluminum i n  t h e  water. T h e  second s tage ,  measured i n  seconds ,  would involve diffusion- 

heat  transfer limited burning of t h e  molten aluminum par t ic les  tha t  e x c e e d  t h e  ignition temperature of 

about 3500OR. T h i s  react ion is also exothermic and would generate  hydrogen and steam. F a c t o r s  tha t  

would tend t o  mitigate the  des t ruc t ive  potent ia l  of t h e  hot g a s e s  include p las t ic  expansion of the  v e s s e l  

and piping system, flow of water  thiough t h e  pressure relief sys tem,  c o l l a p s e  of s team bubbles ,  and dis- 

solut ion of t h e  hydrogen g a s  i n  t h e  water. 

T h e  general  approach i n  developing a model to descr ibe  t h e s e  e v e n t s  h a s  been  to s e l e c t  experi- 

mentally b a s e d  equat ions  of s t a t e  for t h e  v e s s e l  and primary coolan t  sys tem and incorporate the pressure-  

energy suppression mechanisms for which rel iable  d a t a  a re  avai lable .  T h e  primary coolant  sys tem 

opera tes  a t  high pressure  (600 p s i )  but low temperature (” 150OF); therefore, there  is relat ively l i t t l e  

s tored energy i n  t h e  sys tem but a n  eff ic ient  mechanism for t ransferr ing impulse from t h e  g a s  bubbles  t o  

t h e  w a l l s  of t h e  container. We have  avoided a n  involved a n a l y s i s  of t h e  meyhanism of energy flow i n  

t h e  prompt s t a g e  of t h e  conflagration by  assuming that  all t h e  ava i lab le  energy is transferred to t h e  g a s  

phase  and that  t h e  g a s  d o e s  s t a t i c ,  revers ible  work on  t h e  pressure  v e s s e l .  A “ T N T  equivalent”  s h o c k  

wave would c a u s e  less s t ra in  i n  t h e  v e s s e l  b e c a u s e  of inherent ineff ic iencies ,  increased s t rength of t h e  

v e s s e l  under dynamic loading, a’nd t ransmiss ion  of shock-wave energy through t h e  v e s s e l  wal l  and in to  

t h e  surrounding pool. 

T h e  s lower second s t a g e  of t h e  conflagration, t h e  delayed Al-H,O reaction, is analyzed by taking 

credi t  for s ta t ic ,  revers ible  s t r a i n  work i n  t h e  primary coolant  sys tem and flow of water  from the sys tem 

through the  pressure relief va lves .  No credi t  is taken  for c o l l a p s e  of s team bubbles  or solubi l izat ion of 

hydrogen gas .  

T h e  ca lcu la ted  energy r e l e a s e s  for marginal containment by  t h e  HFIR pressure  v e s s e l  and primary 

coolant  sys tem a r e  summarized i n  T a b l e  11. J.l. A nuclear excurs ion  of 1600 Mwsec c a n  b e  contained,  

based  on  the  ultimate s t rength of t h e  v e s s e l ,  if there  is no Al-H,O reaction. T h e  al lowable excursion t o  

c a u s e  $3 ultimate s t ra in  i n  t h e  v e s s e l ,  a va lue  tha t  h a s  been  recommended for s a f e  des ign  t o  accommodate 

T N T  equivalent detonat ions,”  is 600 Mwsec. If t h e  nuclear  excurs ion  c a u s e s  prompt react ion of any  < <  

vaporized aluminum, t h e  al lowable nuclear  excursion is reduced t o  610 and 380 Mwsec for ultimate s t ra in  



228 

Table  I I .J.l .  Energy Release  by a Nuclear Excursion and Aluminum-Water 

Reaction for Marginal Containment by the H F l R  Pressure Vessel 
and Primary Coolant System 

T h i s  ana lys i s  takes  credit  for the  internal energy of gaseous  products, s t ra in  

work on the vesse l  in the prompt portion of the reaction, 

and strain work on the piping and flow through the 

pressure relief sys tem in  the  delayed 
A1-HZO reaction 

Energy Re lease  (Mwsec) 

Prompt Reactiona Delayed’ 

Nuclear Al-H,O A1-H20 
Reaction 

Nuclear excursion, “steam explosion” 1600 

600 1 With /3 ultimate strain‘ 

Nuclear excursion p lus  prompt Al-H,O reaction 610 860 
with F3 ultimate strain’ 380 220 

Nuclear excursion p lus  prompt and delayed 

A1-H 0 reaction 610 ~ 860 4500d 
380 220 1250d With /3 ultimate strain‘ 3 .  

aThe  prompt reactions deposit  200 and  56 Mwsec of strain energy in the  v e s s e l  

’The delayed A1-H20 reaction depos i t s  400 and 115 Mwsec of strain energy in  

‘The u s e  of /3 the ultimate strain h a s  been recommended for the sa fe  design of 

dThis portion of the re lease  is not possible.  The  potential  delayed Al-H,O 
energy re lease  is only 755 Mwsec following a prompt Al-H,O reaction of 860 

Mwsec and only 1100 Mwsec following a prompt Al-H,O reaction of 220 Mwsec. 

1 wall, assuming ultimate strain and /3 ultimate s t ra in  respectively. 

the piping system, assuming ultimate s t ra in  and /3 ultimate strain respectively. 

reactor pressure  v e s s e l s  to accommodate “TNT equivalent detonations.” 

1 

1 

* 
and ‘/3 ultimate s t r a i n  respect ively.  T h e s e  same nuclear  excurs ions  c a n  b e  tolerated if there  is de layed  

react ion of all t h e  remaining aluminum tha t  is heated above t h e  igni t ion temperature. 

T h e  following s e c t i o n s  conta in  a descr ipt ion of t h e  assumed propert ies  of the  v e s s e l  and coolan t  

system; t h e  model used  i n  es t imat ing  t h e  e f f e c t s  of t h e  “steam explosion,”  prompt Al-H,O reaction, and 

delayed Al-H,O reaction; and a d i s c u s s i o n  of t h e  rel iabi l i ty  of t h e  resul ts .  

Properties of the HFlR Pressure Vessel and Primary Coolant System 

Material, s t rength,  and dimensional  propert ies  of t h e  HFIR pressure  v e s s e l  and important components  

of t h e  primary coolant  system1 a r e  shown i n  T a b l e  11.5.2. Pressure-volume re la t ionships  for t h e  v e s s e l  

and coolant  s y s t e m  wil l  b e  deve loped  i n  t h e  following sec t ions .  
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T a b l e  ll.J.2. Properties of the HFlR Pressure Vessel  and Primary Coolant System 

Vessel 

~~~ 

Piping Heat Exchanger Tubing 

Material 
Nominal yield stress, De, psi  
Nominal ultimate stress, Do, psi  

Nominal ultimate strain, eo 
Operating temperature, T ~ ,  OF 

Operating pressure, Po,  psi  
Volume, v0, f t3  
Mean radius, R., in. 
Wall thickness, Xi, in. 
Length, f t  

0 
ASTM A212-B steel 
38,000 
70,000-85,000 

0.22 
150 
600 
668 
48.5 
3 

14 

304 s ta inless  steel 
30,000 
80,000 

0.65 
150 
600 
485 
5-10 
0.36-0.6 
400 

304L stainless steel  
25,000 
70.000 

0.22 
150 
600 
455 
0.295 
0.035 
270,000 

HFlR Pressure Vessel 

An equation of s t a t e  for the  A212-B HFIR pressure ves se l  that will underestimate the deformed volume 

at  a given pressure was chosen on the  bas i s  of experimental data '  of the  radial strain in hydrostatically 

loaded A335-22 s tee l  cylinders that  were rigidly fixed at both ends. A nominal-circumferentialystress- 

nominal-strain relationship.for the HFIR vesse l  was determined from the  measured relationship for the 

A33522 vesse l  by comparing published true-stress-true-strain data '  for the  two materials (Fig. 11. J.l) 

and assuming that the-nominal circumferential s t r e s s  is proportional t o  true stress. A true stress-strain 

formula for A212-B steel has  been  reported' for a heat of A212-B steel that had a nominal ultimate 

strength of 82,000 psi and a nominal ultimate strain of 0.19: 

cr= 155,000 . 
In our analysis we have assumed that the  A212-B steel h a s  the minimum nominal ultimate strength (70,000 

psi) and a nominal ultimate s t ra in  of 0.22. In terms of radial displacement the  assumed equation of s t a t e  

is: 

where 

P = the resist ing pressure, psi ,  

R = deformed radius, in. 

Parabolic deformation of the  ves se l  will furnish a lower estimate of the deformed volume, V ,  of the  

ves se l  for a given radial strain:' 

V 2 V o F  + 1 . 4 4 ( 7 1  . (2) 

- 
'M. A. Salmon et  al., Studies of Reactor Containment Structures, IITRI-578P22-14, pp. 18C, 229. 
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I 

I 

I '  I I I 1 . 1  

VI 
VI 
w 
Di I- VI 

20 I t 

A212-B STEEL 
0.245 /-- cr = 1556 

100 

A335-22 STEEL 

u = 1206 0.255 

80 

60 

\PR;/Xi vs. (R-Ri)/Ri 

HYDROSTATIC TEST DATA 40t \ 
PRi/Xi = 84.9 

ASSUMED 
FOR A212-B STEEL 

\ - 

TRUE STRAIN ( E )  OR MAXIMUM RADIAL DISPLACEMENT (R-Ri)/Ri 

Fig. II.J.l. T rue  Stress-Strain Relations for A335-22 and A212-B Steels and Nominal Circumferential Stress- 

Nominal Strain a s  Measured for an  A335-22 Cylinder and a s  Assumed for the HFIR Pressure Vessel .  Cyl indrical  

vessels with rigid ends. L / D  = 2. 

An expression for the resist ing pressure as a function of the incremental volume of the deformed vesse l ,  b 

vv, is obtained by combining Eqs. (1) and (2): 

where 

P *  = 5250 psi, 

X = 0.0624 ft-3,  

vv = v - v,, ft3. 

The strain energy in the ves se l  as a function of resist ing pressure i s  obtained as: 

(3) 

P 
P dV = P*vv  - - ft3-psi . (4 1 X' 

The bursting pressure and strain energy a t  rupture (eu = 0.22) as calculated with these  formulas are 

5250 ps i  and 200 Mwsec respectively. These  numbers are conservatively below those that are predicted 

for the actual HFIR pressure vesse l .  We have chosen to use  the ultimate strain of the model ves se l  s ince  

it is our contention that for the assumed type of accident the ves se l  will fail by a ductile mode. In the 

HFIR vesse l  the nozzles and piping are reinforced and located in such a way that gross ducti le deforma- 

tion without failure is to  be expected. 
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Primary Coolant System 

b Hydrostatic test data' are available for 304 s ta in less  s t ee l  cylinders having a length-to-diameter 

ratio of 3 (Fig. 11.5.2). These  data were assumed to apply to  the pipes in the primary coolant system 

because the nominal properties of the materials are essentially the same and the nominal-circumferential- 

stress-nominal-strain data a t  the  crown of the bulge in a hydrostatically deformed cylindrical vesse l  

are independent of end effects at th i s  length-to-diameter ratio. We have assumed these  same properties 

for the 304L s ta in less  steel hea t  exchanger tubing because these  tubes have greater wall-thickness-to- 

radius ratio and, therefore, greater bursting pressure than the 304 s ta in less  s t ee l  piping in the system 

(Table 11. J.3). 

- 

ORNL DWG 66-5016 

i 

140 

W 

2 
I- 

80 

60 

40 

20 
0 .  0.1 0.2 0.3 ' 0.4 0.5 0.6 

TRUE STRAIN ( E )  OR MAXIMUM RADIAL DISPLACEMENT (R-Ri)/Ri 

Fig. ll.J.2. True Stress-Strain Relat ion for 304 Stainless Steel and Nominal Circumferential Stress-Nominal 

Strain o s  Measured for a Vesse l  Having L/D = 3. ' 



232 

T a b l e  ll.J.3. Properties of the HFI R High-pressure Coolant System 

d 
u1 timate Bursting Incremental Strain Dimensions 

Inside Volume, 
W a l l  

P ressure ,a  Volumeb a t .  Energy a t  

4350ps i  435Opsi’ 
Strain, 

(M w sec )  
‘b 

Pa r t  of System 

(in.) (in.) (ft3) (psi)  (ft  3, 
vO Diameter 

Heat  exchanger tubing 0.555 0.035 455 

P ipe  10.02 0.365 55 

P ipe  13.13 0.438 50 

P ipe  15.0 0.500 40 

P ipe  16.88 0.562 150 
P ipe  18.81 0.593 190 
Heads, pumps 125 

Tota l  1065 

0.22 7350 3 2 
0.65 5000 28 2 1  
0.65 4590 42 32 

0.65 4590 34 25 
0.65 4580 128 96 
0.65 4350 247 186 
0.65 > 4500 50 38 

530 400 

aP = K < * ’ 2 5 X , / l ? . ,  K = 75,000 p s i  for pipe and tubing. 

‘E 

b 1 1  

= V - l € ,  I = 2.0 for pipe and tubing. 

= (0.889P v)(144)/0.7375 X lo6. 
0 

b 

T h e  following function has  been used t o  fit the  nominal-circumferentiaI-stress-nominal-strain test 

data: 

(7) = 75,000 (7)0‘125 . 

For long p ipes  the  deformed volume, V ,  as a function of radial  s t ra in  is given by: 

V = V ,  [+*(y,,]. 
An expression of the  incremental volume of the  primary coolant system, v a s  a function of the  re- 

P’ 
s i s t ing  pressure, P ,  is obtained by combining Eqs.  (5) and (6) and using the  da ta  in  Table  11. J.3: 

v = V - V 0 = C P 8 ,  
P 

.c = 4.14 x lo-’’ f t3/(psi l8  . 
The  s t ra in  energy in  the  primary coolant system as a function of res i s t ing  pressure is: 

P dV = 0.889 Pv ft3-psi . 
P’ 

(5) 

(7) 

The  bursting pressure and ultimate s t ra in  energy of the  primary coolant system are 4350 ps i  and 400 
Mwsec. By comparison, the  primary coolant sys tem would rupture a t  a lower pressure but requires more 

energy than the pressure ves se l .  . 
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The Effect of a "Steam Explosion" 

If there  is no metal-water react ion t h e  minimum energy yield of a nuclear  excursion to rupture t h e  
., 

HFIR pressure v e s s e l  c a n  b e  es t imated  using thermodynamics. It is assumed that  t h e  e f fec t  of t h e  nu- 

c lear  excursion is t o  ins tan taneous ly  h e a t  t h e  aluminum. T h e  aluminum t h e n  t ransfers  i t s  h e a t  to t h e  

water, making s team a t  a given temperature, and doing reversible  work o n  t h e  pressure  v e s s e l  in  t h e  

process .  

T h e  equat ion of s t a t e  of t h e  steam is descr ibed  by t h e  idea l  g a s  law with a compressibi l i ty  factor, 2: 

Pv = ZnsRT , (9) 

where P, v, T, and ns are  t h e  pressure,  volume, temperature, and number of moles of steam. 

T h e  s t r a i n  work i n  the  v e s s e l  [Eq. (4)l as  a function of r e s i s t i n g  pressure,  PI and volume of gas ,  v, 

is: , 

Es = s t ra in  work = P*v - P/h . 
Using the  f i rs t  law of thermodynamics and t h e  express ion  for Es, t h e  heat ,  Q, that  is transferred from 

the  aluminum t o  t h e  water  ini t ia l ly  a t  610°R t o  make s t e a m  (neglect ing t h e  original volume of the  water  

used  t o  make s team) is: 
, 

Q = n A u + E s  

= ns AHv + ns ep(T - 610) - Pv + E s  , 
AU = the  difference i n  internal energy between t h e  steam and water, 

= t h e  mean molal heat  capac i ty  of s team a t  cons tan t  pressure  
P 

over t h e  domain 610°R t o  T, Btu  lb-mole-' OR-', 

AHv = t h e  hea t  of vaporizat ion of water 2 18,900 Btu/lb-mole. 

T h e  heat  in  the  aluminum (5.98 lb-moles i n  t h e  fue l  p la tes )  as  a funct ion of temperature, T, is given 

by: 

MAl = 5.89[2970 + 7.2(T - 1080)I , 
1080 =< T < 1678 

= 5.89[11,900 + 7(T - 1678)I , 
1678 =< T < 6687 , (11) 

= 5.89[48,400 + 127,260 + 4.97(T - 6687)I , 
6 6 8 7 < T ,  

AHkl = heat  content of t h e  A1 above  610°R where t h e  heat  c a p a c i t y  of t h e  liquid and g a s  (7 and 

4.97 Btu  lb-mole-' OR-', respectively), t h e  hea t  of vaporizat ion (127,260), and other 

thermodynamic propert ies  a r e  t a k e n  from refs. 2 and 3. T h e  boi l ing point of aluminum at  

t h e  in i t ia l  p ressure  (600 p s i )  is 6687OR. 

If Q, is t h e  heat  re leased  i n  t h e  nuclear excursion,  hea t  is transferred only if t h e  temperature of t h e  

aluminum is greater than or e q u a l  to t h e  temperature of the  s team: 

Q = Q, - Q,1 * (12) 
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Using thermodynamic d a t a  and compressibi l i ty   factor^^-^ t h e s e  equat ions  were so lved  by i terat ion to 

determine t h e  s t ra in  work done  o n  t h e  v e s s e l  a s  a function of t h e  energy pulse  of t h e  excurs ion  and t h e  

f inal  s team (and aluminum) temperature. T h e  resu l t s  (Fig. 11. J.3) ind ica te  t h a t  a “steam explosion” 

c a u s e d  by a nuclear energy p u l s e  of 1600 Mwsec, or less, cannot  d o  t h e  minimum amount of work tha t  

is required t o  rupture the  v e s s e l .  A nuclear  excursion uf 600 Mwsec is required to depos i t  y3 t h e  ul t imate  

*I. F. El l io t  and Molly Gleiser ,  Thermochemistry for Steelmaking,  pp. 16, 17, 53, 162, 176, Addison-Wesley. 

3K. K. Kel ley,  Contr ibut ions to  t h e  D a t a  on Theore t ica l  Metallurgy, Bul le t in  584, Bureau of Mines, pp. 10, 80 

40. A. Hougen and K. M. Watson, Chemica l  P r o c e s s  P r i n c i p l e s  Charts ,  pp. 36, 37, 103, Wiley, 1946. 
(1960). 
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s t ra in  energy i n  t h e  vesse l .  F o r  t h e  1600-Mwsec energy pulse  t h e  maximum s t ra in  work corresponds to a 

f inal  steam-aluminum temperature  of 3500"R (2000OK). T h e  s t e a m  temperature for maximum s t ra in  work 

d e c r e a s e s  monotonically with a d e c r e a s e  i n  t h e  magnitude of t h e  energy pulse ,  approaching a minimum of 

1165OR (the c r i t i c a l  temperature of s team) for smal l  energy pulses .  T h e  assumption that  the  core  w a s  

heated uniformly w a s  appropriate for t h i s  ana lys i s ,  because  all port ions of a multiregion core  would b e  

heated t o  temperatures  i n  e x c e s s  of 350O0R b y  a n  energy pulse  greater  than  400 Mwsec. 

Nuclear Excursion and Prompt AI-H,O Reaction 

In est imat ing t h e  e f f e c t s  of a nuclear  excursion followed b y  a prompt Al-H,O reaction we have assumed 

that  t h e  effect  of the  nuclear excurs ion  is t o  rapidly hea t  the  aluminum i n  t h e  core. E a c h  pound-mole of 

aluminum that  is vaporized r e a c t s  instantaneously with water  ini t ia l ly  a t  610°R t o  form 5, mole of A1,0, 

and 7, moles of H, at 6687OR (the boi l ing point of aluminum at  t h e  in i t ia l  pressure)  and r e l e a s e  162,000 

Btu  of heat  (see T a b l e  11. J.4). T h i s  h e a t  is not avai lable  t o  vaporize more aluminum (because  of t h e  
/ 

Statea and Enthalpyb (cal per mole of Al) for Reac tan ts  and Products  

Reac tan ts  Products  AH,, Net  

(OK) A1 /,H,O) \AI20>  4% Reaction 

Temperature, 
T 3 3 Heat Absorbed by 

State H State H State H State H (cal per gram- 
mole of Al) 

339 
1900 
2000 
2100 
2 300 
2300 
3000 
3500 
3826 
3826 
4500 
5000 

240 
13,630 
14,330 ' 
15,030 
16,430 
16,430 
21,330 
24,830 
27,110 
97,810 
101,160 
103,650 

' 1,110 
40,020 
41.830 
43,680 
47,430 
47,430 
61,080 
71,180 
77;880 
77,880 
91,940 
102,520 

390 
23,180 
24.740 
26,320 
29,460 
42,460 
52,610 
59,860 
64.590 
64.590 
74,360 
81,610 

17,750 
18,970 
20,200 
22.700 
22.700 
31,740 
38,420 
42,890 
42,890 
51,920 
58,740 

-71,535 
-69,455 
- 67,345 
- 63,105 
- 50,105 
-35,815 
- 25,385 
- 18,465 ' 

- 89,165 
-73,715 
-62,135 

%olid (S), liquid ( I ) ,  g a s  (g), and temperature (T). 
bEnthalpy ( H )  with reference to an in i t ia l  s t a t e  of 298OK and 40 atm. 
'At 298OF the  assumed hea t s  of formation of water and Al ,03 are -68,317 and -400,400 ca l  per gram-mole of A1 

The hea t  l iberated in the reaction a t  932'K (the melting point of Al) is 113,600 ca lpe r  mole of Al, as- respectively. 
suming a l l  reac tan ts  and products are a t  th i s  temperature. 



violent mixing), but  rather i n c r e a s e s  t h e  temperature of t h e  react ion products. T h e  a n a l y s i s  presented in  

t h e  previous s e c t i o n  is repea ted  for t h e  steam-hydrogen mixture, but for t h i s  case it is assumed tha t  all 

of the  heat  of react ion (162,000 Btu per pound-mole of Al), t h e  h e a t  i n  t h e  A1,0, product above  610°R, 

and t h e  heat  i n  t h e  unvaporized aluminum and hydrogen above  a given temperature is ava i lab le  to form 

s team a t  that temperature. 

A uniform distribution of power i n  t h e  aluminum h a s  b e e n  assumed for t h e  ana lys i s .  F o r  nuclear ex- 

curs ions  be tween 150 and 400 Mwsec t h e  uniform dis t r ibut ion r e s u l t s  i n  a larger  to ta l  A1-H ,O react ion 

than a typical  dis t r ibut ion b e c a u s e  a larger f ract ion of t h e  aluminum is hea ted  above the  ignition t rmpera-  

ture  of 3500OR. All t h e  A l > i s  hea ted  above  the  ignition temperature by larger excurs ions  hut t h e  uniform 

power distribution t e n d s  t o  c a u s e  larger  prompt Al-H,O reac t ions  (Table  11. J.5). 

Mwsec of prompt Al-H,O react ion,  is required t o  depos i t  t h e  ultimate s t r a i n  energy of 200 Mwsec i n  t h e  

vesse l .  T h i s  excursion d e p o s i t s  a n  addi t ional  57 Mwsec of s t r a i n  energy i n  t h e  primary coolant  s y s t e m  

as t h e  pressure is equal ized (Table  11. J.5). T h e  magnitude of t h e  nuclear  excursion required t o  depos i t  

'/3 t h e  ultimate s t r a i n  energy of 56 Mwsec i n  t h e  v e s s e l  is 380 Mwsec. T h i s  excursion i n i t i a t e s  220 

Mwsec of prompt Al-H,O react ion and d e p o s i t s  21  Mwsec i n  t h e  primary coolant  sys tem a s  t h e  pressure  

is equal ized.  

R e s u l t s  of t h e  a n a l y s i s  (Fig. II.J.4) show tha t  a nuclear  excurs ion  of 610 Mwsec, which in i t ia tes  860 

Toble  ll.J.5. Consequences of a Nuclear Excursion and Prompt AI-H20 Reaction in the 

H FIR 'and In i t ia l  Conditions for o Delayed AI-H20 Reaction 

Based  on a flat  power distribution, init ial  p ressure  600 psi, 72.2 kg  aluminum in core 

Energy release,  Mwsec 
Nuclear ' 200 300 380 500 610 7 50 1000 
Prompt Al-H,O* 0 0 220 55 5 860 1250 '1950 
Potent ia l  delayed A1-H20b 1235 1235 1100 925 755 535 140 

Fraction of A1 vaporized 
F la t  power distribution 0 -0 0.10 0.25 0.39 0.57 0.88 
Six region distribution -0 0.056 0.12 0.26 0.37 0.51 0.74 

Effect of prompt reactions 
Strain work on vesse l ,  11.5 19  56 130 200e 300 460 

Mwsec 
Maximum pressure in  . 5185 5250 , 

I vessel,  p s i  

F ina l  pressure  in  3150 3500 
system, ' p s i  

Strain work on piping, ' 21 57 
Mwsec 

aResulting from A1 that is vaporized. 

bResuIting from AI above 3500°R but unvaporized. 
'After equalization of pressure in the v e s s e l  and piping following the nuclear.excursion and prompt A1-HZO reac- 

tion. 

dOne-thlrd ultimate strain energy of vesse l .  
eUltimate strain energy of vesse l .  

. 
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Delayed Metal-Water Reaction 

A model is developed t o  e s t i m a t e  the  pressure  t rans ien t  and s t ra in  energy depos i ted  i n  t h e  primary 

coolant  sys tem by  a de,ayed Ai-ii,O react ion that  fol lows a nuclear  excurs ion  and prompt Al-..,O reac t ion  

of any vaporized aluminum. The follo- $rig assumpt ions  a re  made: 

.. 

1. T h e  nuclear excursion and prompt Al-H,O reac t ion  depos i t  e i ther  the  ultimate s t r a i n  energy or ?3 

the  ultimate s t ra in  ir the  v e s s e l  but l e a v e  t h e  a:.minum that  is unvaporized above  t h e  ignition tempera- 

ture  of 3500OR. Immediately following t h e  prompt s t a g e  of t h e  conflagrat ion the  molten aluminum is 

dispersed  i n  the  water  as  small par t ic les  and t h e  pressure  in  l ~ ~ e  v e s s e l  and sys tem is equal ized.  T h e  

e l a s t i c  reduction of the  volume of t h e  v e s s e l  following relaxat ion of t h e  pressure  is negligible. S ince  t h e  

piping s- 

react ion is t o  c a u s e  s t r a i n  only i n  t h e  primary coolant  system. 

em wil l  f a i l  a t  a lower pressure  than  t h e  v e s s e l ,  t h e  net  e f fec t  of the  de layed  aluminum-water 

2. T h e  delayed metal-water reac t ion  proceeds  a t  a cons tan t  ra te  for a given assumed par t ic le  size. 

T h e  average rate ,  duration of t h e  react ion,  and t h e  fract ion of aluminum that  r e a c t s  a s  a function of t h e  

par t ic le  size are s h o w n  i n  T a b l e  II.J.6. T h e  flame temperature of t h e  react ion is about  3500OR ( s e e  

Appendix I). T h e  alumini- ]-water combustion reac t ion  cannot  b e  ini t ia ted a t  s ignif icant ly  lower tempera- 

t u r e s  and is diffusion-heat-transfer limited a t  higher temperatures. It is assumed that  t h e  A1,03 and the  

surp lus  heat  of reac t ion  form s team at 3500OR. If Po is t h e  average power of t h e  delayed metal-water re- 

\ 

T a b l e  ll.J.6. Extent  of React ion and Energy Re leases  a s  Funct ions o f  In i t ia l  Par t ic le  Diameter  

E* t P(O)* F0* 
(Mwsec) ' ( sec)  (Mwsec/sec) (Mwsec/sec) 

f (1 - 0  D O  
(cm) 

0.336 
0.35 
0.40 
0.45 
0.50 
0.60 
0.80 
1.00 
1.20 

, 1.50 
46.5 

1 
0.88 
0.58 
0.41 
0.3 
0.175 
0.074 
0.038 
0.022 
0.011 
0 

0 
0.12 

I 
0.42 ' 
0.59 
0.7 
0.825 ~ 

0.926 
0.962 
0.978 
0.989 
1 

0 
148 
520 
726 
863 
1018 
1141 
1188 
1206 
1220 
1235 

0 
0.88 
4 
7.12 
10.25 
16.50 

29 
41.50 
54 
102.50 

2900 

176 
169 
148 
131 
118 
99 
74 
59 
49 
40 
1.4 

0 
168 
130 
I02 
84.2 
61.7 
39.3 
28.6 
22.3 
11.9 
0.425 

L i s t  of symbols: 

Do Initial particle diameter, cm 

f Fraction of A1 not reac ted  
E Tota l  energy liberated, Mwsec 

t Time (or duration) of ignition reaction, sec 
P(0) Init ial  (or maximum) rate of energy generation, Mwsec/sec, based  on the hea t  re leased  in the  reaction a t  

3500°R (1940°K), 200,000 Btu per pound-mole of A1 ' - 
Po Average ra te  of energy r e l ease  during the ignition reaction \ 

*These  values differ from those  in Tab le  11.1.1, be ing  ad jus ted  to the ac tua l  HFlR A1 content of 72.2 kg. 
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action (in megawgtts based  on the  energy re lease  at  350O0R of 200,000 Btu per pound-mole of Al), then 

the production rate of hydrogen and steam is 0.00715P0 and 0.0160P0 lb-moles/sec respectively. 

minimum bursting pressure of a portion of t he  system, 4350 psi, the  energy stored by compression of the 

water in the  system (1700 ft3) is 10 Mwsec. 

., 

3. The work of compression of the  water in the  high-pressure cooling system is neglected. At the  

4. The pressure relief va lves  in the high-pressure system open at 1000 psi and discharge 600 gpm 

when the system pressure is 1100 psi. For a large nuclear excursion that will generate steam pressure 

at  l eas t  half the bursting pressure of the  vesse l ,  i t  is conservative but not unduly restrictive t o  assume 

that the relief system discharges water a t  a constant rate determined by the pressure developed by the  

nuclear excursion and prompt metal-water reaction; that  is, d v / d t  = 0.040P:’2 cfs where P ,  has  units 

of psi. 

Based on these  assumptions the  model may be  developed as follows: 

Gas-filled volume of vesse l  and primary coolant system: 

v = C P 8  + k , P : / ‘ t  + v1  , 

d v  dP 
- = 8 c P 7  - + k o P ; / ’  , 
dt  dt 

where 
3 v = volume of gas, ft , 

c = 4.14 1 0 - 2 7 ,  

P = resist ing pressure of system, psi, 

P ,  = steam and hydrogen pressure following nuclear excursion, psi, 

v1 = volume of g a s  formed in  prompt reactions, ft3, 

k ,  = 0.04, ( 

t = time s ince  beginning of metal-water reaction, sec. 

Ideal g a s  law:5 

Pv = (n, + n,)RT , 

where n,  and nh are pound-moles of H, and steam respectively. 

Rate  constants: 

&h - =  kh, ;  nh = k,t + n i  , 
dt 

&S - = k ,  ;.ns = k,t + n: , 
dt 

k ,  = 7.15 x Po , lb-moles H,/sec , 

k ,  = 1.60 x lo-’ Po , lb-moles steam/sec, 

> 51t is appropriate to use  the ideal g a s  law for this model because the gas  temperatures (=3500°R) are well above 
the critical temperatures. 

:r 
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where 
- 
Po = average power of metal-water reaction, Mw, 
k = average hydrogen production rate, lb-moles/sec, 

k s  = average production r a t e  of s team at 3500OR by t h e  A1,0, react ion product and the  s u r p l u s  
h 

heat  of react ion,  

q = net heat  output of metal-water react ion (assumed zero  for react ion temperature of 3500"R 

b e c a u s e  t h e  surp lus  h e a t  is used  to make steam), 

n i l  n: = lb-moles of hydrogen and s team formed by nuclear  excurs ion  and prompt metal-water reac- 

. tion. 

Conservat ion of mass in  t h e  gas phase :  

Conservat ion of energy i n  t h e  g a s  phase :  

d dw 
- (nu) = Hhkh + Hsks  + q - - 
dt dt 

where 

d 
- (nu) = accumulation of m a s s  and internal  energy 
dt 

I 

(19) ' 

dT 

dt 
= ( khCt  + ksC",T + [ ( k h C t  + ksC",t + ntCh, + nsCsl- , 

, H = enthalpy at 3500°R, referred t o  537OR (including hea t  of vaporizat ion of t h e  steam), 

Btu/lb-mole, 

C = approximate h e a t  capac i ty  a t  c o n s t a n t  pressure  of a component of t h e  g a s  i n  t h e  v e s s e l  P 

H 
3500 - 537 ' 

- - Btu lb-mole-' OR-' , 

C v  = approximate h e a t  capac i ty  at cons tan t  volume of a component of t h e  gas i n  t h e  v e s s e l  

= C p  - ,R,  Btu lb-mole-' OR-', 

dw 
- = ra te  of work done by t h e  g a s  p h a s e  , 
dt 

P dv 8CP8 (dP /d t )  ( k o P t ' 2 )  
- - + PI  Btu/sec  , _ - - _  

J dt J J 

J = 5.4 f t3  psi/Btu. 

Using Eqs. (13) and (15) t h e  volume of g a s  in  t h e  v e s s e l  a t  any  t ime is: 

r 

(kht + k s t  + ni + nZ)RT 

P 
= C P 8  + k0P:'*t  + v1 , V =  

9 
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, 

Solving t h i s  equat ion  for T i n  terms of P and t ,  differentiating with respec t  t o  time, subst i tut ing dT/d t  

i n  Eq. (19), and co l lec t ing  terms,  one obtains:  

* 
P = 5 k P 1 1 2  = O.283P:I2, f t3 / sec  , 

R O 1  

9C: + 8R 
= 62.8 C ,  ft3/(psi)* , Y Z c  R 

6 = c:v, - = 6.09v1, f t 3  , 
R 

* C* - R = 12.10. C Y -  p 

F o r  the  case of no pressure  relief (ko = O), t h i s  equat ion h a s  t h e  solut ion 

where 

a = (Hhkh + Hsks + q)J = 5.12 x 103P0,  ft3 p s i  sec-' , 

F o r  t h e  case of s teady-s ta te  pressure  (dP/dt = 0, b e c a u s e  t h e  ra te  of i n c r e a s e  of g a s  volume matches 

the  flow of water from t h e  sys tem)  t h e  solut ion is: 

P = a / P  . 
T h e  general  solut ion of Eq. (16)  is: 

\ 

8 P a  an 8 !  + .(" - p P l )  c v ' c P  P:-" an 8 ! 
t = - Y E  

a - P P  
n=o Pn " ( 8  - n)! fi (rn + 8 - k) n=o P" ' l (8  - n)! fi (rn + 8 - k) 

k=O k=O 

Results of the Metal-Water Analysis Assuming No Pressure Rel ief .  - Using  Eq. ( 8 )  the  total  s t ra in  

work done on t h e  primary coolan t  system, E s ,  is a function of t h e  maximum pressure i n  t h e  t ransient :  

E s  = 0.889CP' . 
\ 

Equation (21) may b e  used to determine t h e  work done on  t h e  primary coolant  sys tem assuming n o  

pressure  relief: 
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Y 
9 

at =- (P9 - P i )  + 6(P - P1) . 
Multiplying through by 0.889 and converting to  Mwsec the  total  strain energy in the  primary coolant 

system is: 

E s  = E: + 0.127F0t - 0.000152v1(P - P I ) ,  (24 1 

where E: is the strain energy deposited in the primary coolant system by equalization of the pressure 

following the prompt reactions. For the nuclear excursion that depos i t s  200 Mwsec of strain energy 

in the vesse l  (610 nuclear, 860 prompt Al-H,O) the  initial volume of gas,  pressure, and strain energy 

in the primary coolant system are 212 ft3, 3500 psi, and 57 Mwsec respectively. A total  delayed Al- 

I 

H,O energy release of 2700 Mwsec is required to  deposit  the ultimate strain energy of 400 Mwsec in  

the  piping system. The  potential delayed Al-H,O reaction, determined by the aluminum above the  

ignition temperature but unvaporized, is only 755 Mwsec following a prompt Al-H,O reaction of 860 

Mwsec. 

The Allowable Steady-State Delayed Metal-Water Reaction. - T h e  allowable steady-state rate of the  delayed 

metal-water reaction is calculated using Eq. (22). The  effect  of th i s  simplification allows u s  to write: 
- * 

‘ p  - k P 3 I 2  = a = 5.12 x 103P0  . 
R o  

Solving for Po and substituting the bursting pressure of the primary coolant system (4350 psi): 

Po = 16 MW . 
Referring to  Table  11.1.6, the  system, with pressure relief, could sus ta in  a metal-water reaction of 

unlimited” duration if the diameter of the  molten aluminum spheres  is greater than 1.4 cm.  11 

The  General Case - Transient Delayed Metal-Water Reaction with Pressure Relief. - T h e  pressure  transient 

and the  strain energy in the  primary coolant system assuming pressure relief are calculated using Eq. 

(24) and reaction rates as a function of molten aluminum particle size from Table  11. J.6. Resul t s  of 

the  analysis, expressed in t e r m s  of strain energy in the  primary coolant system as a function of 

initial aluminum particle size, a re  shown in  Fig.  11. J.5. The  diameter of the particle that c a u s e s  

maximum strain work is about 0.6 cm; smaller particles do  not react so completely; pressure relief 

becomes important for larger. particles,  which react slowly. T h e  allowable delayed Al-H,O reactions 

to  cause  ultimate strain and v3 ultimate strain in the primary coolant sys tem are 4500 and 1250 Mwsec 

respectively. By comparison, only 755 and 1100 Mwsec of delayed Al-H,O reaction are potentially 

available for the  two cases .  

Comments on the Adequacy of the Model 

. 

The  model that  we have used for th i s  study assumed that reversible work is done by the  gaseous  

products of a nuclear excursion-metal-water reaction and considered essent ia l ly  only three factors that  

would tend to  negate the  effects, that is, the inherent internal energy of t he  gas,  strain work on the  ves- 

sel and piping system, and flow through the pressure relief system. There are many o the r  mechanisms 

. 

> 
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Fig. 4l.J.5. T h e  Effect  of Aluminum Par t ic le  S ize  and Magnitude of t h e  Prompt and  Delayed Energy R e l e a s e  on 
the Strain Energy Deposi ted in the  Primary Coolant  System. 

that  tend to  make th i s  model grossly conservative a s  it is applied to relatively slow reactions, such a s  

the delayed metal-water reaction, but before we d i s c u s s  these  we will d i scuss  the  adequacy of the  model 

for fas t  reactions by relating it t o  the results of high explosive tes t s .  

The  effect of exploding TNT in the  HFIR pressure ves se l  may be estimated by analogy with experi- 

mental results6 that were obtained by detonating’pentolite in water-filled cylinders that  were rigidly 

fixed at both ends  and which had no external restraining forces. Properties of a single t e s t  that is most 

readily related t o  the HFIR are: 

V e s s e l  dimensions:  

Material: 

P e n t o l i t e  charge: 4.96 lb, e n e r g y  r e l e a s e  10.6 Mwsec. g a s  r e l e a s e  0.25 lb-mole 

Maximum radial  deformation: 

20 in. ID x 40 in. long  X 1.030 in. wall 

212 f lange  s t e e l ,  .nominal  ul t imate  s t rength  76,200 psi ;  nominal ul t imate  s t ra in  0.27 

0.23 (no rupture) 

‘W. R. Wise, Jr., and  J. F. Proctor ,  Explos ion  Containment  L a w s  for N u c l e a r  R e a c t o r  Vesse ls ,  NOLTR-63-140, 
pp. 49, 71, 83 (1965). 
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At a nominal s t ra in  of 0.23 t h e  212 f lange steel h a s  approximately t h e  s a m e  nominal s t r e s s  th‘at w a s  

assumed for t h e  A 212-B steel i n  the  HFIR pressure vesse l .  Consequent ly  we have  assumed the same 

equat ion of s t a t e  [Eq. (l)]. Equat ions  (2), (3), and (4) are  also valid, but  t h e  va lues  of P* and h are  

changed t o  P* = 8330 psi ,  h = 5.73 ft-3. 

T h e  s t ra in  energy i n  the  v e s s e l  at t h e  measured radial  deformation (0.23) is 3.6 Mwsec for t h e  v e s s e l  

tha t  is tamped b y  air. T h e  effect of a water-filled pool in  tamping t h e  v e s s e l  is t o  increase  t h e  charge  

t o  c a u s e  the same deformation by at least a factor of 2 (ref. 6). Therefore, for the  water-filled, water- 

tamped v e s s e l  t h e  s t ra in  work eff ic iency of t h e  pentol i te  charge is approximately 3.6/(2)(10.6) = 0.17. 

A comparable s t ra in  work e f f ic iency  c a n  b e  derived by the  methods assumed for t h e  present  ana lys i s .  

T h e  total heat  i n  the g a s  phase,  Q, is 

._ 

Q = nCv (T  - 530) + E s  , (25) 

Q = 10.6 Mwsec = 10,000 Btu, 

n = moles of g a s  = 0.25 Ib-mole, 

Cv = heat  capac i ty  of t h e  g a s  at constant  volume 2 6.5 Btu lb-mole- OR- ’, 
T = absolute  temperature of gas, OR, 

E = P*v - P / h  2 nRT - P * / h  . 
By subst i tut ing Eq. (26) into Eq. (25) the  temperature of  the  g a s  is found to  b e  4460OR. The  s t ra in  

work efficiency ( E s / Q )  is then determined to  be 0.22, which is higher than that  expected for a pentol i te  

detonation in  a tamped vesse l .  It is observed tha t  for e i ther  case t h e  pentol i te  explosion is more eff ic ient  

in  producing s t ra in  energy than  the  “steam explosion” or Al-H,O reaction. 

T h e  s t ra in  work eff ic iency should scale directly. Therefore, the  pentol i te  charge required to  impart 

200 Mwsec of s t ra in  work t o  t h e  HFIR pressure v e s s e l  is approximately 500 lb or 1200 Mwsec of energy. 

On the  b a s i s  of experience with shock  loading of pressure v e s s e l s  it h a s  been  recommended6 that only 

one-third the  ultimate s t ra in  should b e  allowed in  ac tua l  v e s s e l s  as a factor  of safe ty  for nozz les  and 

weldments. B y  s u c h  a procedure t h e  maximum al lowable pentol i te  charge  would b e  about 330 Mwsec. 

W e  bel ieve that  it is unreal is t ic  t o  apply a factor of sa fe ty  of t h i s  magnitude for excurs ions  i n  the  HFIR 

v e s s e l  on the b a s i s  that  t h e  reac t ions  wil l  b e  much s lower than  for the  detonation of high explosive;  thus  

a smaller  fraction of the  total  energy wil l  appear i n  t h e  shock  wave (53% for pentolite) and nozz les  wil l  

not b e  exposed t o  the  same degree  of br i sance  and vibration. 

F a c t o r s  tha t  t end  to  m a k e  our  model grossly conservat ive for s low react ions,  tha t  is, those  that  t ake  

p lace  in  t i m e  per iods of a second or more such  as t h e  delayed Al-H,O reaction, a re  as follows: 

1. We have assumed no i n c r e a s e  of the s e n s i b l e  heat  content  of t h e  water in  t h e  pressure  v e s s e l .  

We know that  s team bubbles  wil l  rapidly c o l l a p s e  and  t ransfer  s e n s i b l e  hea t  to  the  water bu t  were not 

ab le  t o  find defensible  d a t a  on c o l l a p s e  r a t e s  at t h e  temperatures and pressures  of interest .  If all t h e  

heat  from a 1000-Mwsec energy pulse  were  t ransferred t o  the  water in  t h e  v e s s e l  the  temperature would 

increase  by only 20°F and the  s t r a i n  energy deposi ted in  the  sys tem would b e  negligible. 

2. W e  have not assumed dissolut ion of t h e  hydrogen in  water. T h e  solubi l i ty  of hydrogen in  water 

is such  tha t  all the  hydrogen from t h e  potential metal-water react ion could b e  dissolved.  

\ 
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APPENDIX K 

\ 

CONTAINMENT POTENTIAL OF THE HFIR BUILDING 

The Building 

T h e  type of acc ident  which is considered is that  i n  which the  2.67 x l o3  g-moles of aluminum i n  t h e  

reactor core  is rapidly and adiabat ical ly  heated to anext remely  high temperature as t h e  resul t  of a f a s t  

nuclear excursion. A portion of t h i s  heat  is t h e n  t ransferred to t h e  water  i n  and near  t h e  reactor core. 

T h e  resul t ing s team which is formed t h e n  c a u s e s  a n  increase  i n  pressure  i n  t h e  reactor  v e s s e l .  T h e  

s i tuat ion is complicated by t h e  fac t  tha t  a t  temperatures  above approximately 2050OK aluminum may reac t  

with s team, t h u s  producing addi t ional  heat  which will,  i n  turn, generate  more s team. It h a s  been  shown 

(see Appendix I) that ,  a t  temperatures  below t h e  boi l ing point of aluminum, t h i s  react ion proceeds relat ively 

slowly. However, for that  amount of aluminum which vaporizes ,  it wil l  b e  assumed tha t  t h e  Al-H,O reac- 

t ion t a k e s  p lace  instantly. In addition t o  t h e  hea t  evolved, 1.5 moles of H, is generated per mole of A1 

reacted,  and t h i s  is'available t o  i n c r e a s e  the  pressure  i n  t h e  reactor  v e s s e l .  

It is c lear  tha t  no damage c a n  resu l t  t o  t h e  bui lding u n l e s s  t h e  pressure  v e s s e l  or some portion of t h e  

primary cool ing sys tem fails as a resu l t  of t h e  energy pulse .  T h e  condi t ions under which t h i s  c a n  occur  

have  b e e n  d i s c u s s e d  i n  Appendix J, which concludes  that  a to ta l  prompt energy r e l e a s e  of about 1500 

Mwsec is required t o  c a u s e  rupture of t h e  v e s s e l .  

T h e  reactor  bay, which cons t i tu tes  t h e  secondary  containment of t h e  HFIR, conta ins  a volume of 

4.5 x l o 5  ft3. Under t h e  normal condi t ions - 25OC temperature and 60% relat ive humidity - t h e  bay con- 

t a i n s  5.428 x lo5  moles of a i r  and 1.07 x lo4  moles of water vapor. 

Assuming val idi ty  of the  perfect g a s  law and a molar heat  capac i ty  a t  cons tan t  volume of 4.91 cal 

mole-' OC-', t h e  quantity of heat  required to r a i s e  the  temperature of t h e  bui lding atmosphere by  l 0 C  is 

5.535 x lo5  x 4.91 = 2.718 x lo6  cal or 11.4 Mwsec . 
L e t  N o  = 5.535 x l o5  b e  the  original number of moles of g a s  in  t h e  building, p ,  = 14.7 p s i  be  i t s  

pressure,  and T o  = 298OK i t s  temperature. T h e n  i f ,  a t  constant  volume, t h e  temperature is raised by a n  

amount ATOC and t h e  number of moles  of gas or vapor is increased by a n  amount AN, it  fol lows that  t h e  
' pressure wil l  b e  increased  by a n  amount 

\ 

D r 
A P = o  ( T o  A N + N o  A T + A N A T ) .  

N o  To 

It h a s  b e e n  determined that  no dis tor t ion of t h e  bui lding wal l s  wil l  occur  for v a l u e s  of AP 0.8 psi ,  

and i t  is es t imated  that  no s e r i o u s  disruption of t h e  building wal l s  would occur  a t  twice  t h i s  pressure 

difference; nevertheless ,  t h e  former figure wil l  b e  used. Upon put t ing hp = 0.8 p s i  into Eq. (1) and solv-  

ing for AT we obtain 

1 - 3.320 x lo-' AN 

1 + 1.807 x AN 
~ AT = 16.21 



thus, if AN is zero the maximum permissible temperature increase is 16.2loC, whereas, i f  AN = 3.01 x l o 4  
moles, no temperature increase can  be  tolerated without some distortion of the building. T h i s  relation is 

shown in Fig. II.K.l. 

It is now necessary t o  consider the amounts of heat and vapor which could b e  supplied to the building 

atmosphere. .The temperature of the steam formed in the reactor ves se l  will depend upon the  total amount 

of energy transferred and upon the amount of water which is heated. Clearly, the more moles of water 

that receive a given quantity of heat, the  lower will b e  the  temperature of the  steam. For example, t o  

heat the  entire contents of the  reactor ves se l  from i t s  original temperature, 63OC, t o  the boiling point a t  

40 atm pressure, 252OC, requires about 1.47 x lo4 Mwsec of energy. On the other hand, the  minimum 

amount of water which can  be heated by transfer of energy from the aluminum is restricted by the fact 

that the steam cannot be generated a t  a higher temperature than  the aluminum. 

~ 

Because  the actual course of events  within the  core  during and immediately following a severe nuclear 

excursion is unpredictable, i t  is necessary to  es tab l i sh  some criterion for determination of t he  steam 

temperature, which, in  turn, permits calculation of the amount of steam generated. The  work which can  

be  done by the  steam is proportional t o  the  product, N T ,  of the  number of moles of steam produced and 

its absolute temperature. Since the  ability to  perform work is directly related t o  the  potential for damag- 

ing the pressure vesse l ,  choice of a steam temperature which maximizes NT will give pessimistic results. 

It has  been  found that for nuclear excursions in  which l i t t le or no vaporization of the aluminum occurs 

(i.e., <225 Mwsec) and thus which do not c a u s e  rapid metal-water reactions, the appropriate value of T 

is 932OK. Here i t  is assumed that t he  aluminum solidifies and g ives  up its latent heat of fusion to  the 

steam. 

For those  cases where considerable vaporization of the  aluminum h a s  occurred, the  value of T which 

maximizes NT varies depending upon the  total  energy input; however, the maximum value of NT differs 

little from that obtained by se t t ing  T = 2000°K. 

By using these  values for t he  temperature and quantity of steam formed, together with the  heat of 

reaction of t h e  fast Al-H,O reaction and the  quantity of hydrogen which results from th is  reaction, it is 

possible ' to compute the  composition, pressure, and heat content of the  gaseous  mixture in  the  reactor 

vessel .  T h e  procedure is presented in some de ta i l  in Appendix J. 

If the  maximum pressure reached is insufficient to rupture the  system, then there is no damage to the 

building. On the  other hand, i f  t he  internal pressure is great enough to  rupture the system, the  steam 

or steam-hydrogen mixture will e s c a p e  from the  ves se l  and may transfer heat to the building atmosphere. 

There are three mechanisms by which heat will be  lost from the  gases  before they reach the atmos- 

phere: (1) the  work required to  actually rupture the vesse l ,  (2) the work of expansion performed by the  

gas  a s  i t  l eaves  the vesse l ,  and (3) the  quenching action in the reactor pool. 

. The first of these  has  been  estimated to  b e  approximately 200 Mwsec. Th i s  is the  s t ra in  energy re- 

quired to  rupture the vessel .  The  effectiveness of the  second mechanism depends to  a large extent upon 

the mode of failure of the vessel .  If, for example, a small  nozzle fails, virtually all the energy can  b e  

expended in a relatively slow expansion as the pressure in  the  ves se l  is gradually released. On the  

other hand, if the  failure took the form of a very large tear  or rupture, &e g a s  would undergo a very nearly 
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Fig. II.K.l. Moles of Steam vs  Temperature Rise Required-to Increase 

iilding Pressure by 0.8 psi. 

free expansion and, therefore, would do l i t t le work. Although it is believed that the mode of failure would 

most probably take  the form of a relatively small opening, th i s  is not completely certain, and therefore it 

is impossible to  take credit for th i s  type of energy loss.  

The reactor ves se l  is located in the reactor pool, which contains approximately 80,000 gal of water, 

normally at about 35OC. The amount of heat required to  raise the temperature of th i s  water on the average 

of l 0 C  is 1265 Mwsec. The top of the reactor ves se l  is 17 ft below the surface of the water, and the 

center line of the reactor core is 27.5 ft below the reactor surface. Consequently, any escaping steam 

or hydrogen has  to  pas s  through a t  l eas t  17 ft of water before reaching the atmosphere of the building. 

During th i s  process, some of the energy contained in the hot gases  will be  lost  to the pool water. The  

exact amount of energy which will be  lost  in th i s  way depends upon the manner in which the gases  are 

conveyed through the water. If g a s  is broken up into many small bubbles, the heat transfer may be almost 

complete. On the other hand, if the gas  emerges in the form of a few large bubbles, there will be consider- 

ably less heat l o s s  to  the pool. Because it is not possible to predict the exact course of the bubble 

emission, the extremely conservative assumption that no heat is lost to  the pool will be adopted. 

Under normal conditions, the HFIR building operates a t  a temperature of 25OC and a relative humidity 

of approximately 60%. Th i s  means that the air in the building normally contains 1.07 x lo4  moles of water 
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vapor and could accommodate 7.3 x l o 3  additional moles before reaching the dew point.’ The  amount of 

moisture whichcan be accommodated by the air in the building is shown as a function of temperature in 

Fig. II.K.2. Because of this,  little, if any, of the steam will condense, and consequently its heat of 

vaporization is not available to  ra i se  the temperature of the building atmosphere. 

The  quantities of steam and hydrogen which are available as a result of various nuclear excursions 

have been calculated on the b a s i s  of information given in Appendix J. 

In the following analysis it is assumed that each  nuclear excursion considered is sufficient to  rupture 

the pressure vesse l  and that all the available energy is used to instantly heat the air in the building, thus 

causing a s tep  increase in pressure. The  building overpressure as a function of the  nuclear excursion is 

shown in Fig. II.K.3. 

Because of the fact  that the SBHE system is removing air from the reactor bay, t h i s  overpressure can  

persist for only a short time. The  SBHE system exhausts air from the bay a t  a rate given by 

E @ )  = 2.65 x lo4  d K  
L 
. 

where p is the pressure in the reactor bay in  p s i  and p,, is a base  pressure equal to  14.258 psi. In addi- 

tion to  the l o s s  through the SBHE system, there will b e  leakage from the building through various open- 

ings. T h i s  c a n  be  represented as 

L(p)  = K ’  \lp-p, moles/min , 

where p a  is the ambient pressure and K ’  is a “leakage” constant which depends on the characterist ics of 

the building. It is convenient to set K ’ =  2.65 x lo4 a = Ka, where a is a constant. Then  the rate of loss 

from the building is just  

‘A  10°F increase in temperature would raise this value to 1.78 X lo4 moles. 

0 t .  2 3 4 5 
g-moles OF WATER VAPOR ( x ~ o - ~ )  

Fig. ll.K.2. Moles of Water Vapor Which Can  B e  Accommodated by the Air  

in the HFlR Reactor Bay. 
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This  integral has  been evaluated numerically between pi, the initial overpressure, and p a ,  the ambient 

pressure at which leakage to the environment ceases .  The  fraction of the building content which reaches 
I 

the environment is given in Fig. II.K.4 as a function of the constant, a, and of the magnitude of the nu- 

clear excursion. To clarify the significance of the  parameter a, it can  be eas i ly  deduced that a = 1 
represents a building leak rate of approximately 3.37% per minute a t  a Ap of 0.5 psi. An infinite value of 

a signifies that all the  overpressure e scapes  by leakage and none through the SBHE system. 

In order t o  estimate the consequences of re leases  of th i s  type, it is merely necessary to  apply the 

appropriate factor from Fig. II.K.4 to  the doses  to  b e  expected from a ground-level release following a 

100% meltdown. These  values have been  calculated and appear in Fig. 11.29.2. 

The values given therein for ground-level doses  are based upon the mos t  representative conditions 

(i.e., a wind speed of 100 m/min and C stabil i ty conditions). It is assumed that a 100% meltdown occurs 

and that all  the noble gases  and 50% of the  iodines are released from the  vicinity of the fuel. It is further 

assumed that the  iodine is attenuated by  a factor of 3 due to washout and disposition on various surfaces. 
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Moreover, t h e  v a l u e s  given i n  t h i s  figure a re  b a s e d  upon a relat ively s low re lease  ra te  from t h e  building, 

and thus  include decay  during the  r e l e a s e  period. T o  correct  t h i s  decay  term for a rapid re lease  it is 

necessary t o  multiply the  noble-gas d o s e s  by -10 and the  iodine d o s e s  by a factor  of -3.5. T h u s  t h e  

d o s e s  t o  b e  expected from a rapid r e l e a s e  at ground leve l  following a 10% meltdown are  as follows: 

. 

c 

Noble-gas gamma 
Internal I, dose 

T h e s e  v a l u e s  contain some degree 

Exclusion Area Downwind Site 

Boundary (2.8 km) Boundary (4.0 km) 

dose 31 rads 16 rads 
1350 rems 721 rems  

of uncertainty. For  example, a wind speed  of 50 m/nin rather 

than  100 m/min would increase  them by a factor  of 2, whereas  a wind speed  of 200 m/min would d e c r e a s e  

them by a l ike amount. There  is a l s o  probably room for argument concerning the  va lue  of t h e  re lease  

factor of 1 / ,  deposition factor  of $, and t h e  choice  of C stabi l i ty  conditions. Nevertheless ,  t h e s e  va lues  

a re  believed to  b e  representat ive of the  magnitude of t h e  d o s e s  to  b e  expected. 
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/ .  Since it h a s  b e e n  determined t h a t  the  maximum poss ib le  nuclear excursion is less than 300 Mwsec, 

premature fa i lure  of t h e  pressure  v e s s e l  would resul t  in  a n  overpressure i n  t h e  bui lding of only 0.5 ps i ;  

and the  appropriate fac tor  to apply t o  t h e  ground-level re lease ,  under t h e  assumption that  all of t h e  over- 

pressure is re leased  to t h e  atmosphere, is 0.035. Upon adding t o  t h i s  96.5% of t h e  s t a c k  r e l e a s e  d o s e s ,  

also given i n  Fig. 11.29.2, t h e  d o s e s  t o  b e  expec ted  become t h e  following: 

Exclusion Area Downwind Site 
Boundary (2.8 km) Boundary (4.0 km) 

Noble-gas gamma dose 18 rads 13 rads 
Internal I 2  dose 50 rems 27 rems  

_I 

T h e  foregoing e s t i m a t e s  a r e  bel ieved t o  b e  conservat ive by  a factor  of a t  least 5. T h i s  is b e c a u s e  

of t h e  tac i t  assumptions:  (1) t h a t  no energy is l o s t  from t h e  hot g a s e s  i n  p a s s i n g  through t h e  pool, (2) 

t h e  temperature of the  hot g a s e s  h a s  a va lue  which maximizes their  energy content, and (3) all the  vapor- 

ized  aluminum r e a c t s  instant ly  with steam. Nevertheless ,  i t  seems c l e a r  tha t  no acc ident  will produce 

catastrophic  off-area consequences.  ', 

, The Reactor Pool 

T h e  HFIR pool is not a n  integral  part of t h e  reactor  bui lding i n  t h e  s e n s e  tha t  damage t o  the pool 

wil l  resul t  i n  damage t o  t h e  reactor  building. T h e  only conceivable  way tha t  t h e  reactor  pool could suf- 

fer s ignif icant  damage would b e  as t h e  resul t  of a severe  shock  wave. There  d o e s  not appear  t o  b e  any 

mechanism which could  generate  s u c h  a shock  wave; however, it  is poss ib le  t o  es t imate  t h e  magnitude 

of the  T N T  explosion n e c e s s a r y  t o  do so. - In a s e r i e s  of t e s t s  performed on  a scale model of t h e  Air F o r c e  Nuclear Engineering T e s t  Reactor,2 

it w a s  found tha t  a 1000-Mwsec T N T  explosion w a s  required t o  produce s ignif icant  damage t o  the  north 

or shielding wal l  of t h i s  reactor. T h i s  wal l  is adjacent  to t h e  reactor  v e s s e l ,  which is a rectangular tank 

33% x 201/2 in. i n  c r o s s  sect ion.  T h e  wal l  is 16 f t  thick and constructed of reinforced bary tes  concrete. 

T h e  HFIR pressure v e s s e l  is separa ted  from t h e  12-ft-thick reinforced concre te  pool wal l  by 5 
f t  of water. If i t  is assumed3 that  t h e  shock  wave is reduced by  r1.13, where r is t h e  d i s t a n c e  from t h e  

explosion center  to t h e  wall, and that  t h e  dam:ge is inversely proportional to t h e  m a s s  of the  wall, t h e n  

t h e  HFIR pool could withstand a T N T  explosion equivalent  t o  

\ 

without suffering s ignif icant  damage. 

*W. E. Baker and J. D. Patterson 11, Blast Effects Test of a One-Quarter Scale Model of the Air Force Nuclear 
Engineering Test Reactor, BRL-1011, Aberdeen Proving Ground, Aberdeen, Md. (March 1957). 

3R. H. Cole, Underwater Explosions, Princeton University Press (1948). 
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Even though some cracks  might appear in the concrete and water be  lost thereby, t h i s  would occur 

after the  accident was over and would not contribute significantly to  the consequences. T h e  main problem 

would be  loss of shielding, which would make recovery operations difficult. 

It is worth noting that a n  Atomics International report4 based on these  t e s t s  indicates that  the energy 

release rate from a reactor excursion would be  considerably less than that f r o m  a n  explosive. Moreover, 

pressures escaping  from the surface of the pool were all quite low (0.6 ps i  in the  c a s e  of t he  1000-Mwsec 

sca l e  test) ,  which indicates that even for explosive-type re leases  there would be  no b las t  effects in the 

building. 

It is concluded, therefore, tha t  no conceivable nuclear accident in the  HFIR could significantly 

damage the reactor pool structure. 

4 Summary Report  on R. M. Pa r sons  Reques t  for Engineering Information Rela t ive  to the Model B l a s t  Study of 
WADC Nuclear Engineering T e s t  Facil i ty,  Atomics International (Feb. 10, 1956). 

APPENDIX L 

DETAILED DISCUSSIONS OF QUESTIONS 54, 55, AND 58 

’ 54. Reanalyze transient previously d i scussed  (1.3% Ak) without control rod action. What 
is the extent of the  metal-water reaction? Could boiling l ead  to a more rapid rate of 

increase  of the  reactivity? 

Several of t he  t rans ien ts  previously analyzed with the  analog computer were reanalyzed, using a more 

sophisticated analog model. The  new model includes an  expression for steam void feedback, based on a 

corre.lation proposed by Griffith, Clark, and Rohsenow,’ which is applicable for subcoolings as low as 

-2O0F for the HFIR. To obtain some degree of space  dependence the core was  divided into five axial  

regions in addition to  the  hot spot and hot streak “cores.” Proper weighting factors for coefficients were 

applied in each  of the  five regions. 

The  above correlation implies that the vpid fraction is proportional t o  the difference between the actual 

heat flux and incipient-boiling heat flux and inversely proportional t o  the subcooling and the square of 

the heat transfer coefficient. Thus,  the  void fraction is approximately proportional t o  the  inverse of the  

. coolant velocity and the subcooling. This implies that  for a high-velocity, large subcooling reactor such  

as the  HFIR, the steam void reactivity feedback will be  small compared to  that for the  lower-coolant- 

velocity reactors. 

Resul t s  f rom the  above analog s tudies  indicate that when the HFIR is operating a t  10% normal flow, 

reactivity feedback from steam formation, prior t o  the  peak in power, is appreciable; under full flow con- 

1 Griffith, Clark, and Rohsenow, Void Volumes in Subcooled Boiling Systems, Technical Report No. 12, M.I.T. 
(1958). 
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d i t ions  t h e  corresponding feedback is qui te  small. According to the  ca lcu la ted  resu l t s ,  t h e  grea tes t  

feedback i n  t h e  la t ter  case c o m e s  from fuel  p la te  expansion.  

A summary of the  l a t e s t  ana log  ca lcu la t ions  made is given i n  T a b l e  II.L.l. In t h e s e  ca lcu la t ions  

more severe  a c c i d e n t s  t h a n  t h e  1.3% A k / k ,  30-msec ramp were considered,  and i n  some cases safety rod 

act ion w a s  omitted. If one  a s s u m e s  that  t h e  model is reasonably correct  and that  some local melting c a n  

b e  tolerated without destroying t h e  mechanical integri ty  of t h e  rest  of t h e  element, a s  w a s  t h e  case in 

t h e  S P E R T  exper imentszo3  with 5- and 4.6-msec per iods,  then  i t  c a n  b e  concluded tha t  t h e  HFIR c a n  

withstand t h e  1.3% A k / k ,  30-msec ramp acc ident  with only a small amount of melting and no metal-water 

reaction. T h i s  a s s u m e s  that  t h e  safe ty  rods work. Referring to case 8, T a b l e  II.L.l,  t h e  ca lcu la ted  

metal hot spot  temperature is only 2150°F, and t h i s  d o e s  not consider  a s ignif icant  increase  i n  radial  

conduction away from t h e  hot spot  a f te r  i t  is film blanketed. Since t h e  ignition temperature  for t h e  metal- 

water react ion is considered to b e  about 3000°F, no signif icant  react ion would t a k e  place,  u n l e s s  auto- 

ca ta ly t ic  e f f e c t s  resul ted i n  t h e  generat ion of larger amounts  of nuclear  energy. T h i s  la t ter  considerat ion 

is d i s c u s s e d  later. 

A s  s ta ted  previously t h e  main react ivi ty  feedback mechanism for t h e  full-flow case is fue l  p la te  ex- 

pansion, which r e s u l t s  i n  water  expulsion. T h u s  i t  w a s  not expec ted  that  small i n c r e a s e s  i n  safe ty  rod 

differential worth and rod accelerat ion would s ignif icant ly  d e c r e a s e  p la te  temperatures  ( s e e  cases 8, 14, 
and 17). However, to prevent a poss ib ly  large amount of core  melting af ter  the  ini t ia l  peak,  it is neces-  

sa ry  for t h e  s a f e t y  rods  t o  c a n c e l  out most of t h e  react ivi ty  addition soon after (- 10 msec) t h e  peak i n  

power, so that shutdown will not depend on  core  disassembly.  Our present  ana log  model d o e s  not include 

any type of core  d isassembly  and t h u s  cannot  i n  i tself  predict what wil l  happen without s a f e t y  rod act ion.  

Furthermore, t h e  s team void feedback correlat ion is not appl icable  for bulk boi l ing of the  coolant. Even  

so, ca lcu la t ions  were made, and some of t h e  resu l t s  a r e  given in  T a b l e  II.L.l. A s  indicated by a com- 

par ison of cases 8 and 9, t h e  peak  power w a s  only s l igh t ly  higher than achieved with s a f e t y  rod action. 

T h e  equilibrium power leve l  achieved following t h e  peak  w a s  500 Mw and w a s  achieved,  following a d ip  

t o  100  Mw, about 70 msec after t h e  peak  i n  power. At ful l  flow, 600 p s i  and 500 Mw, there  would b e  very 

l i t t le ,  if any, bulk boi l ing e v e n  with good hea t  t ransfer  to t h e  water, assuming no flow instability. Of 

course  a t  t h i s  power leve l  all h e a t  t ransfer  s u r f a c e s  would b e  film blanketed, caus ing  melting of t h e  

fuel  p la tes ,  a t  which time, if not before, the  coolant  pressure  drop would s w e e p  t h e  fue l  from the  core  

region. T h e  rate  of temperature r i se  of t h e  cent ra l  portion of t h e  c o r e  at 500 Mw would b e  about 15OF/ 

msec. Thus ,  i n  30 msec, about  t h e  time required t o  s w e e p  t h e  molten metal  out  of t h e  core ,  t h e  tempera- 

ture  increase  of t h e  aluminum, assuming that  i t  is s t i l l  i n  contact  with t h e  fuel, would b e  about 450°F, 
which is not enough t o  in i t ia te  t h e  metal-water reaction. 

It is of interest  to consider  what is happening i n  t h e  core  regions containing posi t ive void coeff ic ients ,  

which include t h e  flux trap, control region, and perhaps  a smal l  portion of the  fuel  region adjacent  to t h e  

flux trap. T h e  flux t rap and control region react ivi ty  feedback  a r e  specif ical ly  included i n  t h e  analog 

2F. Schroeder (ed.), SPERT Project Quarterly Technical Report, April-June 1962, IDO-16806 (Sept. 21, 1962). 
3F. Schroeder (ed.), SPERT Project Quarterly Technicif Report, July-September 1962, IDO-16829 (Feb. 28, 

1963). T 



Table II.L.l. HFlR Analog Calculations 

Negative ' 
Meat Surface .- Bulk 

Temperature, Temperature, Temperature, 
Safety . .  ' Feedback , Plate Plate Bulk 

B A b  from "Oid Integrated Temperature, Temperature, Temperature. T~~~ to 8 ,e 3 d Differential Peak Moderator Feedback Power Hot Spot 
Worth Reactivity Ramp Power , F " ~ I  Plate (Peak Power) (Mwsec) ( M ~ x )  

(OF) 
3 ;  $; (MW) and Voids (% Ak/k )  
l&> 9 6  

. .  
Case 2? System Reactivity Accident Target Target . Target 

Region Region -Peak Power Average Average Average 
(Midcore) (Outlet) (msec) (Max) (Max) (Max) 

(OF) (OF) . (OF) 
(Max) (Peak Power) 
(OF) (OF) (Peak Power) 

(Mw) (% Ak/k) 

I 10% 10 8.3$/in., 4g 1.3% ' 30 msec 750 0.35 0 '  2200 1075 210 68 
2 . 10% 10 8.3q/in., 4g 1.3% 30msec  620 0.35 0.15 ' 1350 700 190 55 
3 10% 10 8.3q/in., 4g 1.3% Step 1100 0.45 0 2900 1475 225 50 
4 10% 10 8.3$/in., 4g 1.3% Step 740 0.3 0.2 1400 760 195 35 

6 10% 10 None 1.3% 30msec  780 0.6 0.5 1500 775 200 
7 100% 100 8.3q/in., 4g 1.3% 30msec 1400 0.50 0 56 3600 1100 300 50 

5 10% 10 8.3p/in., 4g 2.0% Step 1940 1.1 0.9 1750 97 5 190 28 

8 100% 100 8.3q/in., 4g 1.3% 30 msec 1320 0.55 Small 44 2900 1000 290 48 
9 100% 100 None 1.3% 30 msec 1450 0.6 Small 46 3000 1050 . 275 48 

10 100% 100 None 1.3% 30 msec in, 800 0.3 Small 26 1600 620 225 40 
30 msec out 

11 100% 100 8.3$/in., 6g 1.0% Step 660 0.22 Small 32 2200 650 250 34 
12 100% 100 8.3$/in., 6g 1.05% 30 msec 660 0.23 Small 32 2000 650 240 50 
13 100% 100 8.3q/in., 6g . 1.25% 60 msec 700 0.30 Small 34 2000 670 250 65 
14 100% 100 8.3$/in., 6g 1.3% 30 msec 1250 0.50 Small 44 2800 950 280 50 540 260 130 
15 100% 100 8.3$/in., 6g 1.5% 30 msec 1820 0.70 Small 48 3200 1150 300 45 580 270 135 ;. 
16 100% 100 8.3$/in., 6g 2.0% 60msec  2100 575 620 280 135 

Conditions: 1. End of cycle 
2. Mode 1 operation 
3. Five axial regions 
4. 6 = 0 a t  hot spot f o r  q > q,,.., 
5. Temperatures above 1200°F (melting point for aluminum) must be canected for heat of fusion as follows: T(actual) = T(calcd) - 750°F. if T(ca1cd) > 1950'F; T(actual) = 1200°F, if 1200 

. 

n c d c d )  =< 1950°F. . 

, 
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model up to  the point where boiling begins. Since the initiation of boiling in these  regions would lag 

behind that in  the  fuel regions (see cases 14, 15, and 16), and s ince  boiling in the  fuel region was not 

included in the  analog model as a feedback mechanism, there was no reason to  b e  concerned with boiling 

in these  other regions. An exception to  th i s  lack of concern is associated with flow blockage and other 

extraordinary methods of generating voids in  the positive coefficient regions. The  worst such  case ap- 

peared to  be  total  flow blockage to the target region. In terms of reactivity addition th i s  accident was 

less severe than the  1.3% A k / k ,  30-msec ramp case. 

Another possibility is that the  coolant temperature in the target region would be  considerably higher 

than nominal, perhaps as a result  of undetected, partial blockage of flow to  the flux trap region. In such 

a case a transient induced by other means could cause  voids through subcooled boiling and f i l m  blanket- 

ing on the target rods; t h i s  could occur before void formation in  the fuel region. Suppose that the initiat- 

ing accident in i tself  is trivial, but that  the  sl ightest  increase in  power init iates subcooled boiling in the 

target. Since about 1.3% Ak/k  is the  maximum reactivity that could be  added by boiling in  the flux trap, 

and s ince  all the high-velocity coolant would have t o  b e  removed to  achieve the 1.3% &/k,  th i s  accident 

would be  mild compared t o  the  1.3% A k / k ,  30-msec ramp accident. If t h i s  sort of feedback accompanied 

a void insertion accident, the Iota1 reactivity addition would be no greater than 1.3% A k / k ,  but the addi- 

tion rate would be  greater than the addition rate associated with the initiating void by itself. However, 

s ince  it is postulated that the target boiling condition ex is ted  as a result of reduced coolant velocity in 

the target, the initiating void would enter more slowly than usually anticipated for t h e  maximum reactivity 

insertion case. 

It is of some interest t o  consider the  case of the  1.3% A k / k ,  30-msec ramp accident and the  target 

boiling condition occurring simultaneously. Without target boiling, the amount of energy generated in the 

target during the  t h e  that i t  t akes  to  insert the  optimum void is 0.06 Mwsec, which will vaporize less 

than 0.1 lb  of water. T h e  optimum void represents about 3.6 lb  of water; therefore, the maximum re- 

activity addition would be about 0.05% A k / k .  Actuallponly a small fraction of the  0.06 Mwsec would be 

transferred to  the coolant during the fas t  transient because  of the relatively long t i m e  constant in the  

target rods. Since the  total  reactivity addition cannot exceed 1.3% A k / k ,  the  effect of boiling in the 

target is quite negligible. 

I 

From an economic point of view, flow blockage t o  the  flux trap region is of great concern because of 

the possibility of distributing megabucks worth of transplutonium isotopes throughout the primary system. 

For th i s  reason, a special  coolant inlet t o  the flux t rap  was  provided which minimizes the possibility of 

flow blockage and gas  void transport. 

In the above and previous d iscuss ions  concerning optimum void entrance and residency in the flux 

trap target, the  consequences of target melting were ignored. It is obvious of course that s ince  the 

optimum void associated with the  high-velocity coolant in the target occupies all the  forced convection 

coolant space,  there is essent ia l ly  no means for cooling the target rods once the void is in  place. The  

amount of energy required to  raise the  target rod temperature to  the melting temperature is about 1.4 

Mwsec, and t o  complete melting start ing from the nominal s ta te ,  it is 2.5 Mwsec. By the t i m e  the peak 

in power occurs for the 1.3% A k / k ,  30-msec ramp case, the  energy generated in  the target is only 0.5 

'' 
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Mwsec. Since the individual rods are supported ins ide  a “cold” tube it is not likely that they would col- 

lapse  before water would return to the target area and cool the target rods. However, should the target 

rods either melt’or crumple to the bottom of the  grid support, and then if by some mechanism the  optimum 

void were to  ex is t  in the  “empty” flux trap, the net change in reactivity from the voided (1.3% A k / k )  
maximum fission target condition would be  about +1.0% A k / k ,  making the  total  reactivity addition from 

the nominal condition 1.3 + 1.0 =.2.3% Ak/k .  If instead of the  maximum fission target the maximum 

poison target (essentially no fissioning) is in  the flux trap when the postulated sequence t akes  place, 

the corresponding change in reactivity would b e  1.0 + 0.9 = 1.9% A k / k ,  and the  total  change from the  

nominal condition would be  about 1.3 + 1.9 = 3.2% A k / k .  

The  rates and t i m e s  at which the  above additional reactivit ies could be  added are  of course depend- 

ent on many factors. Suppose that gas  bubbles of unknown origin are entering the flux trap in such a way 

as t o  maintain the optimum void whether the  target is in place or not. T h e  minimum ramp insertion t ime,  

assuming that the  target could vanish in  zero time, would b e  about 30  msec. The  rate at which the tar- 

get would actually slump t o  the bottom of the region should be  slow compared to  the coolant velocity. 

Furthermore, there should b e  no slumping at  all un less  the  target is overheated, which i t  would not be  

unless  the coolant velocity were considerably below normal; all of which means that slumping of the  

target would take place very slowly relative to the 3 0  msec, and the initiating void would have to  enter 

more slowly also. In the  case of the  maximum poison target the  heat geneiation rate in  the  target is only 

about 10% of that of the maximum fission target for which the  coolant system is designed. Thus  it is 

barely conceivable that the maximum poison target could slump. Another point t o  consider is that for 

reduced flow in the target region the  pressure drop across the target rods is very small, reducing the 

likelihood of slumping. Furthermore, t he  grid beneath the  target is such  that the  target could not be  

completely removed f r o m  the  flux t r ap  region unless  it were molten to  the  point that  it could b e  extruded 

throughthe ‘/,-in.-diam holes in the grid. It is much more likely that t hese  holes would b e  plugged with 

the  colder,non-“fuel”-bearing portions of t he  rod assemblies,  which are located below the  “hot” portion. 

Assuming th i s  to b e  the  case, the  flux trap would still contain a minimum of 15 vol % of aluminum. Th i s  

assumes that all the  target completely slumps to  the  extreme bottom. In actuality, much of the  aluminum, 

in the  form of “cold” flow-tube structural material, would remain solid for quite some t ime ,  preventing 

the entire mass of aluminum from slumping. Thus  a more rea l i s t ic  volume percent of aluminum in the 

“active” flux trap region would be about 30%, which is about the  same as when the  target is not damaged. 

The  reason for t h i s  is that a non-“fueled” portion of the  target rods ex tends  severa l  inches  above the  

top of the  fuel region, and the  entire ax ia l  support for the  rods is at t h e  bottom of the target assembly 

below the  fue l  region. Thus  when melting or slumping occurs, the upper “cold” material is forced into 

the “active” flux trap region. Therefore, it is really quite improbable that reactivit ies significantly in 

excess  of the  1.3% Ak/k  could b e  added by a slump-type “removal” of t he  target. 

If on the other hand the tandem grid beneath the  target were t o  melt  or otherwise become disassembled, 

and the  control rods were inoperable, and somehow voids were continuously swept into or otherwise 

secured in  the flux trap region, and if we assume that the  coolant velocity in  the  flux trap region h a s  

been enhanced as a result of the  removal of the  tandem orificing grid, then presumably 3.2% Ak/k  could 

. 
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b e  added i n  a period of time less t h a n  30 msec. T h i s  of course,  in  accordance with our ca lcu la t iona l  

model, would resu l t  i n  melting of t h e  core ,  with or without rod action. Such a n  acc ident  is considered . 
incredible; however, t h e  c o n s e q u e n c e s  a r e  d i s c u s s e d  i n  Appendix H. 

Getting back  t o  t h e  subjec t  of boi l ing i n  regions containing posi t ive void coeff ic ients ,  i t  is of inter- 

est t o  once  aga in  (response 51) cons ider  t h e  void coeff ic ient  i n  t h e  fuel  region as a funct ion of radial  

position. 

Although t h e  overal l  void coeff ic ient  i n  the  fue l  region is strongly negative, there  is a narrow region 

adjacent  t o  t h e  flux t rap  tha t  h a s  a small posi t ive coeff ic ient .  At the  beginning of a fuel  c y c l e  t h e  power 

dens i ty  i n  t h i s  region is about t h e  same as  e l sewhere  i n  t h e  inner e lement  and a portion of t h e  outer 

element. However, as t h e  fue l  c y c l e  proceeds,  nonuniform burnup of t h e  fuel  reduces  t h e  relat ive power 

dens i ty  adjacent  t o  t h e  flux t rap,  making the  posi t ive void effect less important. But  e v e n  for the  c l e a n  

core  condition t h e  pos i t ive  void effect  is so smal l  as to b e  negligible. If t h e  en t i re  posi t ive void region 

were voided, t h e  addi t ional  react ivi ty  would b e  only 0.0002 A k / k .  Therefore, boi l ing i n  t h i s  region would 

not s ignif icant ly  i n c r e a s e  t h e  ra te  or total  react ivi ty  addition. 

- . 

Another type of boi l ing is that  a s s o c i a t e d  with waterlogging and subsequent  burst ing or expansion 

of t h e  target  tubes,  resul t ing from s t e a m  formation within t h e  tubes.  To examine t h i s  possibi l i ty  it is 

necessary  f i rs t  to def ine t h e  amount of water  i n  t h e  tube. In principle there  is no room for water i n  t h e  

t u b e s  except  a t  t h e  ends ,  where there' a re  void s p a c e s  for t h e  f i ss ion  gases. Water i n  t h e s e  regions 

would b e  at about t h e  same temperature  a s  t h e  bulk coolan t  and t h u s  would have no tendency t o  boil be- 

fore t h e  bulk coolant  did. T h e  differential p ressure  required t o  b h s t  a target  tube is about  1500 ps i ,  

which means that  t h e  internal  pressure  would b e  about  2000 ps i ,  and t h e  change  i n  internal  volume would 

b e  about 40%. If it is assumed t h a t  t h e  increased  volume is filled with saturated s team at 2000 p s i  

(Tsat = 636OF), t h e  amount of water  involved would b e  3.0 x l b  or 8.6 x lo-* in.3. If t h i s  water 

* were located between t h e  p e l l e t s  and t h e  tube wall, t h e  diametral  c learance  necessary  for.the water 

would have to b e  about 0.011 in. Normally t h i s  c l e a r a n c e  is less than  0.0005 in. a t  room temperature, 

s i n c e  t h e  tube is hydrostat ical ly  co l lapsed  on t h e  p e l l e t s  during fabrication, and during operation the  

difference i n  thermal expansion be tween t h e  pe l le t  and tube  br ings t h e  two i n  contact .  

Water might also b e  loca ted  a t  t h e  end in te r faces  of ad jacent  pel le ts .  If all t h e  water  were located 

here, t h e  accumulated s p a c i n g  be tween t h e  p e l l e t s  would have  t o  b e  about 1.7 in., or 0.049 in. per pellet. 

Normally t h i s  s p a c i n g  is less by  a factor  of 20. 

If by some means  t h e  above  amount of water  did get  trapped i n  t h e  target  rods and resul ted in  rupture 

of t h e  tubes,  t h e  momentary s team volume resul t ing from adiaba t ic  expansion of t h e  sa tura ted  s team t o  

wet steam a t  600 p s i  would b e  about 2.6 per target  rod, or 81 in.3 for all 31 rods. T h i s  amounts to 

about 0.7% void and about  0.04% Ak/k  per rod. For 31 rods t h e  increase  in  react ivi ty  would b e  about 

1.1% Ak/k .  

T h e  amount of energy per rod required i n  t h e  above  case to burst  a target  rod during a t ransient  would 

b e  equal  t o  t h e  c h a n g e  i n  internal  energy a s s o c i a t e d  with t h e  generation of 3.0 x 

s team at 2000 p s i  p ressure  from t h e  s a m e  number of pounds of sa tura ted  water  at 600 p s i  (the water would 

normally b e  somewhat subcooled), p l u s  t h e  s t ra in  energy i n  t h e  tube  wall: 

l b  of saturated 

- 
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AU + s p  dv = 1.8 Btu  + 0.1 B t u  = 2.0 x Mwsec per rod . 
T h e  amount of energy generated in  a s ingle  maximum f i s s i o n  target  rod during t h e  f i rs t  30 msec  (react ivi ty  

inser t ion time) of t h e  ini t ia t ing acc ident  is 0.06/31 = 2 x 

retained i n  t h e  pel le t  during t h e  t rans ien t  and t h e n  t ransferred t o  t h e  coolant ,  t h e  t u b e  would not burst  

i n  time t o  s ignif icant ly  enhance  the  ra te  of react ivi ty  addition. Before t h e  peak i n  power is reached i t  

is poss ib le  tha t  t h e  tube  would burst ,  but by t h i s  t ime there  would b e  no coolant  water  t o  d isp lace ,  s i n c e  

the  optimum void ini t ia t ing t h e  acc ident  would already have  d isp laced  t h e  water. 

Mwsec. Since most of t h i s  h e a t  would b e  

1 

In t h e  above d i s c u s s i o n  s e v e r a l  pract ical  a s p e c t s  were ignored for t h e  s a k e  of inves t iga t ing  what 

appeared to b e  extreme cases. A more rea l i s t ic  a n a l y s i s  s h o w s  tha t  a diametral  c l e a r a n c e  of 0.011 in. 

between the  pe l le t  and tube  would resul t  i n  melting of t h e  pel le t ,  whereupon t h e  pel le t  would slump unt i l  

making contact  with t h e  tube wal l ,  t h u s  re legat ing t h e  leaking water  t o  t h e  void s p a c e s  at t h e  end of t h e  

target  rods. B e c a u s e  of t h e  small exposed  pe l le t  h e a t  t ransfer  a r e a  a s s o c i a t e d  with t h i s  water, s team 

formation during t h e  t ransient  would b e  negligible. If t h e  ini t ia l  power leve l  were low enough so that  t h e  

pel le t  did not qu i te  m e l t ,  then  water  leaking i n  would f lash  and prevent further leakage.  

A more pract ical  case to cons ider  is that  i n  which a previously waterlogged target  rod is inser ted 

into t h e  reactor  and rather  quickly t a k e n  t o  power, i n  which case it might b e  further assumed tha t  t h e  

sys tem is simultaneously subjec ted  to our maximum react ivi ty  inser t ion accident ,  By t h i s  method i t  

should b e  poss ib le  t o  burst  t h e  tube, but only a f te r  t h e  coolant  h a s  been  voided, a s  d i s c u s s e d  above. 

Therefore, t h e  acc ident  is not enhanced b y  waterlogging. On t h e  other  hand, s u p p o s e  that  t h e  reactor 

is taken  t o  power by normal means. At about 50 Mw, water  i n  t h e  target  tube  would begin  t o  boi l  without 

t h e  p e l l e t s  melting, and somewhere be tween 50 and 100 Mw enough s team would b e  generated to further 

insu la te  t h e  pel le t ,  c a u s i n g  it t o  melt. At t h i s  point  t h e  molten metal might dis integrate ,  c a u s i n g  a s team 

explosion. T h e  amount of energy i n  t h e  pe l le t  above  636OF would b e  about 3.2 x IO-’ Mwsec per rod, 

which is about t e n  t imes  tha t  required t o  burst  t h e  tube. T h i s  would c r e a t e  t h e  optimum void almost  

instantaneously,  making t h e  s imultaneous inser t ion of t h e  maximum credible  acc ident  meaningless .  Ac- 

cording to our present  analog model, s u c h  a n  acc ident  would c a u s e  c o r e  damage e v e n  with s a f e t y  rod 

action. However, it  is shown i n  Appendix H tha t  s u c h  a n  acc ident  could not lead  to rupture of t h e  primary 

containment system. 

If a s team explosion d u e  to dis integrat ion of t h e  molten metal did not occur, but ra ther  steam formed 

at a somewhat lower rate, t h e  near ly  ins tan taneous  expans ion  upon rupture of t h e  ta rge t  t u b e  would in- 

c r e a s e  react ivi ty  i n  t h e  amount of 0.04% Ak/k per rod, or about  1.1% Ak/k for all 31 rods. According to 

t h e  ana log  ca lcu la t ions  (case 11, T a b l e  II.L.l), t h i s  would not c a u s e  melting of t h e  fuel  p l a t e s  provided 

that  t h e  safe ty  rods  functioned. 

T h e  maximum react ivi ty  addition a s s o c i a t e d  with removal of water  from t h e  control region and t h e  re- 

movable beryllium reflector region is only about  0.5% Ak/k (see Fig.  II.L.l). Furthermore, t h e  h e a t  

generation r a t e s  i n  t h e s e  regions a r e  relatively low, making t h e  s team formation r a t e s  under flow block- 

a g e  condi t ions very low. 
It is concluded on the  b a s i s  of t h e  preceding d i s c u s s i o n s  that  t h e  only type  of boi l ing accompanying 

t h e  maximum react ivi ty  inser t ion acc ident  that  c a n  e n h a n c e  t h e  c o n s e q u e n c e s  of t h e  acc ident  is a s s o c i a t e d  
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with a waterlogged ta rge t  rod. Furthermore, t h e  rod must b e  waterlogged at low power, and with t h i s  ac- 

complished, t h e  ensuing  acc ident  is ini t ia ted by  tak ing  t h e  reactor to  power ei ther  slowly or rapidly. In  

e i ther  event ,  t h e  acc ident  could b e  more severe  than  our maximum postulated react ivi ty  inser t ion acc ident  

if all 31 rods ruptured s imultaneously,  but c a n  b e  e a s i l y  contained within t h e  primary system. 

55. Propose and examine mechanisms and acc ident  conditions which might l ead  to the 
' insertion of greater amounts of reactivity than 1.3% b. If reactivity insertions 

worse than tha t  of Question 54 are found to b e  possible,  what are the consequences 
to the  reactor facil i ty for the limiting insertion? Some poss ib le  examples of sources  

of reactivity insertion might b e  as follows: 

A. If target overheats due to error or malfunction, could target failure of any kind, 

coupled with voiding (partial or complete), l ead  to  larger reactivity insertion? 

T h i s  quest ion w a s  d i s c u s s e d  under Quest ion 54. T h e  conclusion is that  i f  the  p e l l e t s  become molten, 

or nearly so (as a resul t  of poor "bond" between pel le t  and tube), and are  exposed t o  t h e  target  coolant  

i n  s u c h  a way as t o  d is in tegra te  t h e  molten material or otherwise quickly t ransfer  t h e  pel le t  heat  to a 

portion of t h e  water, a s team explosion could occur  tha t  would introduce t h e  1.3% Ak/k  i n  a period of t ime 

shorter  than  30 msec. It is further concluded on  t h e  b a s i s  of information presented i n  Appendix H that  

t h i s  accident  c a n  b e  contained within t h e  primary system. 

B. Could target become waterlogged, then fa i l  under steam pressure  during a 

transient induced by other causes?  If so, what might the reactivity be?  
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Th i s  is d iscussed  in part under Question 54. In addition, we might assume that a transient is initiated 

by some means other than a void insertion in the  flux trap. Such an event might b e  the  failure of the inner 

control cylinder drive bracket. We have previously shown in  response 47 that failure of the  drive bracket 

alone is a less severe  transient than the void insertion accident. If the excursion adds  enough energy to 

the target, the target rods could burst, adding about 0.04% Ak/k  per rod on a very f a s t  t i m e  scale, that is, 

fast  compared to  0.03 sec. Th i s  could cause  a further increase in power and, depending on how many rods 

burst simultaneously, could cause  melting of the  core, even with safety rod action. Of course the proba- 

bility of having a large number of target rods burst a t  t he  same time is very sma l l .  

C. If target coolant is closer to boiling than anticipated, could transient originating 
from another source lead to significantly greater energy release than that of 

Pa r t  I?  

This  is d iscussed  in  part in Question 54. There is a l so  the possibility that an  initiating accident 

other than the  flux trap voiding could cause  boiling in  the target region, in  which case the two would be  

additive. However, as indicated in  the answer to Question 54, the rate a t  which steam c a n  be generated 

in the  target region is so  slow relative to  a significant initiating accident that the  additive effect is 

negligible. 

D. If flux trap is devoid of target, and flow is sharply reduced in that area, could 
sudden incidence of boiling or voiding lead to large reactivity insertion? 

Th i s  question is discussed in part under Question 54. In addition, consider inadvertent operation of 

the reactor without a target in the flux trap. The  quickest  way available to  introduce the optimum void 

is with the  maximum coolant velocity. The  ramp time would be  considerably greater than 30 msec, because  

removal of the  target eliminates the high-velocity coolant stream, and the  maximum reactivity addition 

would b.e 3.2% A k / k  instead of the 1.3% a k / k  associated with the  target in place. Such a n  accident 

might initiate a metal-water reaction, but as d i scussed  elsewhere there is enough negative reactivity 

feedback from fuel plate expansion and moderator expansion (steam explosions very likely) t o  prevent 

rupture of the primary system. Of course precautions are taken  against  ever operating the reactor without 

a target or an  equivalent thereof in  the flux trap, 

E. If a local meltdown in a section of the core occurs, how large must the hole get 
before one s tops gaining reactivity? How much reactivity is involved? What is 
the increase in  power level  a t  the edge of the region devoid of fuel, a s  a func- 
tion of hole size? How great is the tendency to spread a s  a consequence? To 
what extent may such a mechanism lead to autocatalytic effects  and transients 

start ing in  this  manner or from other sources? Are there other autocatalytic ef- 
f ec t s  from fuel movement? 

Le t  i t  first b e  assumed that the melting under question does  not result in water expulsion as well as 

fuel plate expulsion, but that  water replaces the  molten metal as rapidly as it is removed; otherwise 

there would b e  a decrease  in  reactivity rather than a n  increase until such t i m e  as the water could return. 

For a very idealized model, removal of fuel plate and replacement with water will add a maximum of 2.6% 
A k / k ,  and the assoc ia ted  optimum volume of removed metal is 30% of the total  fuel volume (see Fig. 

II.L.2). ,If the melting under question is localized, a flux trap effect would be  created that might tend to 

propagate the melting at the edges  of the hole as a result  of flux peaking assoc ia ted  with the  locally 

c 
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added water. If only o n e  fuel  p l a t e  were involved, t h e  peaking would b e  very small and i t  is not l ikely 

that  melting would b e  self-propagating. ,The  increase  necessary  for self-propagation would depend of 

course  on  t h e  magnitude of fue l  segregat ion,  if any, a s s o c i a t e d  with t h e  melted spot  and upon other  

s imilar  factors. Supposing, however, that  t h e  hole  d o e s  grow; i t  might cont inue until the  optimum hole  

size formed. T h e  size of t h e  optimum hole  is a funct ion of t h e  competing e f f e c t s  of moderation and ab- 
sorption i n  t h e  water  cavity; it is something less than 6 c m  i n  diameter, which if spherical  would repre- 

s e n t  about 0.2% of t h e  core  volume and t h u s  only about  0.03% hk/k .  T h e  reactivity would d e c r e a s e  if 

t h e  hole  grew bigger, which i t  probably would, b e c a u s e  t h e  power densi ty  a t  the e d g e s  of the  hole  is 

nearly doubled for h o l e s  la rger  than t h e  optimum. 

T h e  only way in  which a la rge  amount of molten metal could b e  removed quickly from t h e  core  would 

b e  for t h e  melting to  t a k e  place a t  t h e  out le t  end of t h e  core, where t h e  metal could b e  eas i ly  swept  

away. In t h i s  case, however, t h e  react ivi ty  d e c r e a s e s  immediately b e c a u s e  t h e  length of the  core  is 

simply being decreased  without decreas ing  the  e f fec t ive  metal-to-water ratio. T h u s  it  d o e s  not seem 

l ikely tha t  local melting could s ignif icant ly  enhance  t h e  consequences  of a reactivity accident. 

Nearly any-movement of t h e  fuel  which d e c r e a s e s  t h e  metal-to-water ratio without completely remov- 

i n g  fuel from t h e  core will i n c r e a s e  reactivity. Thus ,  p ressure  i n c r e a s e s  i n s i d e  t h e  core  which tend to 

e longate  and/or spread t h e  c o r e  out  radially could i n c r e a s e  t h e  reactivity provided that  t h e  driving force not 

only did not expel  water  but a l lowed water  to enter ,  o r  if water  l a t e r  returned to an enlarged, but not  d i s a s -  

sembled, core. During a f a s t  t ransient ,  expansion of t h e  fuel p l a t e s  and water  genera tes  pressures  tha t  ac- 

ce le ra te  water  ou i  of the  c o r e  and apply ax ia l  and radial  forces  on the fuel  and s i d e  p la tes .  T h e s e  forces  

were calculated for severa l  t r a n s i e n t s  i n  which essent ia l ly  n o  s team w a s  formed. Resul t s  of t h e s e  ca lcu la t ions ,  

which a r e  presented a t  the  end of t h i s  appendix (p. 264), ind ica te  t h a t  for t h e  maximum reactivity inser t ion 
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acc ident  the  maximum differential p r e s s u r e  generated a t  t h e  horizontal midplane of t h e  core  is about  20 

psi .  F o r  a 1.5%, 30-msec ramp acc ident  t h e  corresponding maximum pressure  is 28 p s i ,  and for a 2.0%, 

30-msec ramp acc ident  the  p r e s s u r e  is 80 ps i .  T h e s e  p r e s s u r e s  a r e  not suff ic ient  to c a u s e  s igni f icant  

deflection of t h e  s i d e  p la tes ,  but they could  resul t  i n  some axia l  displacement  of t h e  fuel  p la tes ,  par- 

ticularly i n  the  la t te r  case s i n c e  t h e  fuel  p l a t e s  would b e  molten before t h e  p r e s s u r e  peaked.  T h e  ex- 

tension of the  fuel p l a t e  i n  t h i s  case would not c a u s e  an i n c r e a s e  i n  reactivity b e c a u s e  t h e  same f o r c e s  

that  expel  t h e  metal, preferentially expel  water. However, a f te r  t h e  core  cooled down the  return of water  

to  t h e  core  would resul t  i n  a more reac t ive  c o r e  than previously ex is ted ,  exc lus ive  of the  ini t ia t ing ac- 

cident. Of course  i f  the  in i t ia t ing  react ivi ty  p e r s i s t e d  a t  t h i s  time, t h e  core  would already have  ex- 

per ienced a s team explosion,  which probably would d i s a s s e m b l e  t h e  core, making t h e  return of water  of 

no consequence.  Under t h e  worst  p o s s i b l e  (and very unrea l i s t ic )  condi t ions,  assuming t h a t  t h e  fuel  

p l a t e s  a re  uniformly extended a n  optimum d i s t a n c e  (about 35% of t h e  length of t h e  core), t h e  react ivi ty  

addition would b e  about 6% h k / k  (see Fig. II.L.2). T h i s  a s s u m e s  of course  that  enough water  could re- 

turn to the  core, which i t  could  not do because  of t h e  excursion t h a t  would t a k e  p l a c e  af ter  only a small 

par t  of t h e  water  returned. T h e  con5lusion of t h e  t rans ien t  would h a v e  to b e  d isassembly  by melting and 

a s team explosion. 

Greater p r e s s u r e s  than t h o s e  mentioned above  c a n  b e  generated by s team explosions,  which, accord- 

i n g  to r e s u l t s  obtained from t h e  s-, 4.6-, and 3.Zmsec S P E R T  I des t ruc t ive  

conducted by TRW Systems,  

Since s u c h  an explosion would c r e a t e  acce lera t ing  p r e s s u r e s  of severa l  hundred or  thousand p s i  i n  t h e  

fuel  element, it is not l ikely that  t h e  core  could  remain c r i t i ca l  and intact .  Furthermore, it is very prob- 

and experiments  

will probably occur  when a rather l a r g e  fraction of t h e  core  becomes molten. 

a b l e  t h a t  by the  time enough molten metal  w a s  formed to  s i g i f i c a n t l y  add react ivi ty  by its removal and 

replacement with water, a steam explosion would occur  tha t  would effect ively d i s a s s e m b l e  t h e  core, pre- 

vent ing t h e  above more reac t ive  c o r e  from being created. A s  d i s c u s s e d  i n  another  sec t ion  t h e  s team ex- 

p los ions  can b e  tolerated without rupture of t h e  primary system. 

F. What pressures  might be  generated from loca l  fuel melting> How much fuel failure 

is required to generate pressures  which could move significant amounts of fuel in- 

ward (and thus  gain reactivity), or which could interfere with control rod action? 

Does this allow for pressures  from a “steam explosion” or a “water hammer”? 

How much reactivity could b e  gained by inward motion of the fuel into the flux 

trap? Ho,w much pressure  would it take  to produce such motion? Could flow 

blockage l ead  to such ef fec ts?  

According to t h e  d a t a  presented  i n  ANL-7152’ and the  5- and 4.6-msec S P E R T  I tests,’,’ small  

amounts of molten aluminum will not d i s in tegra te  and c a u s e  a s team explosion. However, a s  ind ica ted  

by t h e  3.2-msec S P E R T  I t e s t 4 t 5  and t h e  TRW experiments, when perhaps  severa l  percent  of the  c o r e  

4F. Schroeder (ed.), S P E R T  Projec t  Quarterly Technical Report, October-December 1962, IDO-16890 (May 17, 
1963). 

5F. Schroeder (ed.), S P E R T  Projec t  Quarterly Technical Report, January-March 1963, IDO-16893 (May 20, 1963). 

6Thompson, Ramo, and Wooldridge Systems, Kinetic S tudies  of Heterogeneous Water Reac tors  Quarterly P rogres s  

’Argonne National Laboratory, Reac tor  Development Program Progress  Report, January 1966, ANL-7 152 (Feb. 

Report for Per iod  Ending June 3 0 ,  1965, USAEC Report STL 372-22 (July 30, 1965). 

24, 1966). _ -  
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becomes molten a s team explosion will occur. T h e  p o s s i b l e  resu l t s  of  such  an explosion a r e  the  

expulsion of water  and fuel o u t  t h e  e n d s  of t h e  core, t h e  dkrection of least res i s tance ,  and the  movement 

of t h e  inner s i d e  p l a t e  of the inner  fuel  e lement- into t h e  flux t rap region and t h e  outer  s i d e  p l a t e  of t h e  

outer  e lement  into t h e  control region. F o r  static loading the col laps ing  p r e s s u r e  for the inner  s i d e  plate ,  

neglect ing t h e  additional support of the ' fuel  p la tes ,  is about 4000 ps i ,  and t h e  outer  s i d e  p la te  h a s  a 

burst ing pressure  of about 400 psi ;  under static condi t ions t h e  outer  s i d e  p l a t e  would begin to  interfere  

with t h e  movement of the  shim-regulating rod a t  a pressure  j u s t  under t h e  burst ing pressure,  because  

elastic st ra in is not  suff ic ient  to c a u s e  interference. During a s team explosion t h e  acce lera t ing  p r e s s u r e s  

within t h e  element  would h a v e  to  b e  considerably greater  than t h o s e  above  to  c a u s e  t h e  s a m e  d isp lace-  

ment b e c a u s e  water  i n  t h e  flux t rap  and i n  t h e  central  region would also have  to b e  accelerated. B e c a u s e  

of t h e  difference i n  the  s t a t i c  fa i lure  p r e s s u r e s  it is more l ikely t h a t  interference i n  t h e  control region 

would occur  than a co l lapse  of t h e  inner  e lement  inner  s i d e  plate. T h i s  would b e  of little consequence  

b e c a u s e  a s team explosion la rge  enough to rupture t h e  outer  e lement  ou ter  s i d e  p l a t e  would d isassemble  

t h e  core. 

1 .  

_ -  

Movement of t h e  inner  s i d e  p l a t e  of the  inner  e lement  into t h e  flux t rap  i n c r e a s e s  reactivity in  two 

w a y s  under cer ta in  conditions: (1) by d isp lac ing  water  from t h e  flux trap, provided that  t h e  ini t ia t ing 

acc ident  w a s  not an optimum void i n  t h e  target; and (2) by decreas ing  t h e  metal-to-water ratio in  the  inner 

fuel element, provided tha t  water  is ava i lab le  to fill t h e  larger  coolant  volume. 

, 

If t h e  inner  s i d e  p l a t e  moves  i n  enough to c o l l a p s e  t h e  target  to t h e  so l id  condition, the  maximum re- 

act ivi ty  addition would b e  approximately 7% 'Ak/k (see Fig. II.L.3). Since  t h e  only mechanism ava i lab le  

for co l laps ing  the  s i d e  p l a t e  is a s team explosion, which will permanently d isassemble  t h e  c o r e  axial ly  

in  preference to  t h e  radial  direct ion and will a t  t h e  s a m e  time crea te  a much larger  negat ive reactivity 

feedback than  c a n  b e  compensated by inward radial  displacement  of t h e  s i d e  plate ,  it appears  that  s u c h  

movement of the  s i d e  p l a t e  is of no concern. 

G. Are there any conditions in which water returning to a region after an explosion 

could lead  to large reactivity inser t ions?  For  example, if fuel and water were 

expelled from a region due to melting, could water which rushed in  thereafter 

cause  a reactivity excursion? 

/- 

T h i s  quest ion is d i s c u s s e d  under  Quest ion 55E. !.' 

58. Are the  answers to these  questions changed i f  no control rod motion occurs?  

F o r  the maximum reactivity inser t ion acc ident  and worse acc idents ,  the  safety rods do l i t t l e  more than 

maintain t h e  reactor down o n c e  t h e  self-shutdown mechanisms terminate the  accident. Without safety 

rod act ion t h e  reactor  will tend to  l e v e l  off a t  a power of about 500 Mw i n  t h e  1.3% Ak/k accident ,  in  

which case t.he fuel pl 'ates would melt  and would be,  driven out  of t h e  c o r e  region i n  about 30 msec. 

During t h i s  time not enough energy would b e  generated, e x c e p t  local ly  perhaps,  to in i t ia te  t h e  metal- 

water  reaction. I t  is also p o s s i b l e  that  a 'steam explos ion  would a s s i s t  t h e  disassembly.  

In more s e v e r e  acc idents ,  d i sassembly  by a steam explosion would occur  so quickly that  inser t ion 

of t h e  safe ty  rods would b e  u s e l e s s .  A s  explained i n  another  sect ion t h e  primary system is capable  of 

withstanding t h i s  means  of shutdown. 
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Fig. ll.L.3. React ivi ty  vs Inward Radial  Movement of Inner Element Inner 

Diameter (Water Content of Inner Element Increases Correspondingly). 

a 
Pressure Generated by Expulsion of Water Result ing from Water and Fuel  P l a t e  Expansion 

I t  is assumed that  t h e  forces  r e s i s t i n g  expuls ion of water  from a coolant  channel  a r e  iner t ia l ,  fluid 

friction, and compression of f luid i n  t h e  “external” system. Neglect ing compressibi l i ty  of fluid within 

the  channel ,  t h e  equation for t h e  p r e s s u r e  generated by a sec t ion  of  channel  of length ln is 

a(t) 4f v2(t)(L - ZZn) - Zn(t) A 
P ’  Pn = p(L - E l n )  - + P+- x a  

g 2gD V 
where 

p = densi ty  of t h e  fluid, 

L = e f f e c t i v e  length of channel ,  

Zn = incremental length of channel ,  

a = accelerat ion of interface,  

g = gravitational accelerat ion,  

v = velocity of interface, 

f = friction factor, 

I 

D =hydraul ic  diameter of coolant  channel ,  

A = cross-sect ional  flow area of all coolant  channels ,  

V = effect ive v e s s e l  volume/2, 

a = compressibility factor for water. 

If t h e  friction factor, f, is considered t o  b e  inversely proportional to  t h e  Reynolds  number, so tha t  

the  fluid friction term is proportional to  the  f i r s t  power of  t h e  coolant  veloci ty ,  then the total pressure  a t  

the  core  horizontal midplane is e q u a l  to  t h e  summation of t h e  individual P,’s; t h a t  is, they c a n  b e  super- 

imposed. Therefore, 

P 

t 

‘Response SSE, as indicated in p. 261. 
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The change  i n  length, AIfl ,  of an incremental length In  is obtained from 

Aln(t) = l,law[Tw(t = t ' )  - Tw(t  = O)] + 3aA1[TAl(t = t ' )  - TAl(t  = O ) I l ,  

where 
AIn = i n c r e a s e  i n  I n  due to expansion of p l a t e  and water  ih length I n  only, 

Tw = water temperature as a function of time, 

T A 1  = fuel p l a t e  temperature as  a function of time, 

aw = volumetric coeff ic ient  of expansion for water, 

aAl  = l inear  coeff ic ient  of expansion for Al. 

B a s e d  on t h e  analog ca lcu la t ions ,  the  ra te  of temperature r i se  of both t h e  fuel p la te  and coolant  can  

be  represented by a n  eyponent ia l  and  a delay time,,  as shown i n  F i g s .  II.L.4-II.L.6: 

where t h e  t imes t for t h e  water  and A1 a r e  different by t h e  differences i n  de lay  t imes,  and t h e  periods, r, 
a r e  also different. Taking  the f i rs t  and second der iva t ives  of t h i s  equat ion y i e l d s  t h e  velocity and ac- 

celerat ion terms. 

Making t h e  above subst i tut ions, ,  

where / 

p = viscosi ty  of water, 

f = 16/Re. 

T h e  resu l t s  of t h e  ca lcu la t ions  a r e  presented  i n  F igs .  II.L.7-II.L.10. They indica te  that  the  peak  

e 
1 

pressures  a t  the horizontal midplane a r e  approximately 20, 28, and  80 p s i  for t h e  1.3, 1.5, and 2.0% A k / k ,  

30-msec ramp acc idents  respect ively.  F igure  ILL.  10 shows the  pressure  resul t ing from a 5-msec period 

i n c r e a s e  in  p l a t e  temperature only, without limit. 
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Fig. ll.L.4. Power and .Temperature vs  T ime for 1.3% h / k ,  30-msec Romp 

React ivi ty  Addition; End of Cycle. 
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Fig. ll.L.5. (a) Power vs  Time for 1.5% h / k ,  30-msec Ramp React ivi ty  Addition; End of Cycle. ( b )  Tempera- 
tures vs  Time for 1.5% b k / k ,  30-msec Ramp React ivi ty  Addition; End of Cycle. 
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Fig. ll.L.6. (a) Power vs T ime for 2% Ak/k ,  30-msec Romp Reoct ivi ty  Addition; End of Cycle. ( b )  Temperatures 

vs Time for 2% Ak/k ,  30-msec Ramp Reoct ivi ty  Addition; End of Cycle.  
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