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EXECUTIVE SUMMARY 

This  r e p o r t  desc r ibes  t h e  decay heat,  heat t r a n s f e r ,  and s h i e l d i n g  analy-  

ses conducted i n  suppor t  o f  performance t e s t i n g  o f  a R id i ha lgh ,  Eggers & Asso- 

c i a t e s  REA 2023 b o i l i n g  water  r e a c t o r  (BWR) spent f u e l  s to rage  cask. The cask 

t e s t i n g  program was conducted f o r  t h e  U.S. Department o f  Energy (DOE) Commer- 

c i  a1 Spent Fuel Management Program by t h e  P a c i f i c  Northwest Labora to ry  (PNL) 

and by General E l e c t r i c  a t  t h e  l a t t e r s '  M o r r i s  Opera t ion  (GE-MO) as r epo r t ed  i n  

Volume I. 

The analyses e f f o r t  cons i s t ed  o f  pe r fo rming  p r e t e s t  c a l c u l a t i o n s  t o  

1) s e l e c t  spent f u e l  f o r  t h e  t e s t ;  2) symmet r i ca l l y  l o a d  t h e  spent f u e l  assem- 

b l i e s  i n  t h e  cask t o  ensure l a t e r a l  symmetry o f  decay heat genera t ion  r a tes ;  

3) o p t i m a l l y  l o c a t e  temperature and dose r a t e  i n s t r u m e n t a t i o n  i n  t h e  cask and 

spent f u e l  assembl ies;  and 4) eva lua te  t h e  ORIGEN2 (decay hea t ) ,  HYDRA and 

COBRA-SFS (heat  t r a n s f e r ) ,  and QAD and DOT ( s h i e l d i n g )  computer codes. The 

emphasis o f  t h i s  second volume i s  on t h e  comparison o f  code p r e d i c t i o n s  t o  

exper imenta l  t e s t  da ta  i n  suppor t  o f  t h e  code e v a l u a t i o n  process. Code eva lu -  

a t i o n s  were accomplished by compari ng p r e t e s t  ( a c t u a l  l y  pre-1 ook, s i nce  some 

p r e d i c t i o n s  were no t  completed u n t i l  t e s t i n g  was i n  p rogress )  p r e d i c t i o n s  w i t h  

exper imenta l  cask t e s t i n g  da ta  r epo r t ed  i n  Volume I. No a t tempt  was made i n  

t h i s  s tudy t o  compare t h e  two heat  t r a n s f e r  codes because r e s u l t s  o f  o t h e r  

eva lua t i ons  have no t  been completed, and a comparison based on one da ta  se t  may 

1 ead t o  erroneous conc l  u s i  ons. 

A f t e r  t h e  cask t e s t  was completed, t h e  t e s t  da ta  were p rov i ded  t o  t h e  

analys ts .  Pos t - t es t  p r e d i c t i o n s  were then  performed, if needed, t o  1) improve 

p r e t e s t  p r e d i c t i o n s ;  2 )  i n v e s t i g a t e  e f f e c t s  o f  f u e l  assembly and cask basket 

e m i s s i v i t y  va lues;  and 3)  p r e d i c t  t h e  maximum heat  l o a d  t h e  cask can d i s s i p a t e  

i n  a v e r t i c a l  o r i e n t a t i o n  w i t h  bo th  he l ium and n i t r o g e n  b a c k f i l l  env i r on -  

ments. It i s  impo r tan t  t o  no te  t h a t  t h e  ana l ys t s  d i d  no t  have access t o  t h e  

t e s t  da ta  u n t i l  a f t e r  t h e i r  p r e t e s t  ( p re - l ook )  analyses had been completed. 

This approach ensured an unbiased e v a l u a t i o n  o f  each computer code. 

The REA 2023 spent f u e l  s to rage  cask c o n s i s t s  o f  a double  containment 

des ign w i t h  s i l i c o n e  rubber  O-r ings f o r  s e a l i n g  t h e  p r imary  l i d  o f  t h e  i n n e r  



c a v i t y  and a  welded f i n a l  c l osu re  on t h e  secondary cover. The cask has a  

smooth, pa in ted ,  s t a i n l e s s  s t e e l  o u t e r  s k i n ;  a  l e a d l s t a i n l e s s  s t e e l  gamma 

s h i e l d ;  and an e thy lene  g l yco l /wa te r  neu t ron  sh ie ld .  The f ue l  basket i s  

cons t ruc ted  o f  s t a i n l e s s  s t e e l  c l a d  Bora l  f o r  c r i t i c a l i t y  c o n t r o l ,  copper 

p l a t e s  f o r  heat conduct ion t o  t h e  cask w a l l ,  and s t a i n l e s s  s t e e l  f o r  s t r u c t u r a l  

s t reng th .  The loaded cask i s  approx imate ly  5  m (16 f t )  l o n g  and 2.25 m ( 8  f t )  

i n  diameter,  and weighs approx imate ly  100 t ons  when loaded w i t h  52 unconso l i -  

dated BWR spent f u e l  assemblies. The assembl ies were o f  t h e  General E l e c t r i c  

7x7 rod  des ign f rom Nebraska Pub1 i c  Power D i s t r i c t ' s  Cooper Nuclear  S ta t ion .  

The REA 2023 BWR spent f u e l  s to rage  cask des ign and manufac tu r ing  r i g h t s  have 

been acqu i red  by M i t s u b i s h i  o f  Japan, and t h e  cask model des igna t i on  has been 

changed t o  MSF I V .  

The ORIGEN2 computer code i s  a  general  purpose burnup and decay code fea- 

t u r i n g  ex tens i ve  da ta  1 i b r a r i e s  c o n t a i n i n g  i n f o r m a t i o n  on over  1,200 nuc l ides .  

The code i s  used w ide l y  i n  t h e  nuc lear  i n d u s t r y  t o  p r e d i c t  decay heat  genera- 

t i o n  r a t e s  of BWR and p ressu r i zed  water  r e a c t o r  (PWR) spent f u e l  assemblies. 

The code can be used t o  per fo rm t r ansmu ta t i on  c a l c u l a t i o n s  i n  s teps  of cons tan t  

power o r  cons tan t  neu t ron  f l u x  l e v e l .  The r e s u l t i n g  n u c l i d e  concen t ra t i ons  can 

be decayed w i t h  user-spec i  f i e d  t i m e  i n t e r v a l s .  

Th is  decay heat  a n a l y s i s  e f f o r t  i s  an ex tens ion  of s i m i l a r  analyses pe r -  

formed on p ressu r i zed  wate r  r e a c t o r  (PWR) assemblies and o t h e r  BWR assemblies. 

Resul ts  of t h e  ORIGEN2 p r e t e s t  decay heat  a n a l y s i s  a re  shown i n  F ig l l res  S.1 and 

S.2. I n  F i  gure S.1, p r e d i c t i o n s  o f  77 c a l o r i m e t r y  measurements of decay heat  

from 52 spent f u e l  assembl i e s  a re  compared t o  ca l  o r i m e t r y  data. On t h e  aver -  

age, p r e d i c t e d  va lues were 2.3 W (1.2%) g r e a t e r  than  measured values. The 

s tandard d e v i a t i o n  about t h e  average d i f f e r e n c e  between p r e d i c t e d  and measured 

values was f18.0 W (+6.2%). The s tandard d e v i a t i o n  o f  14 repea t  c a l o r i m e t e r  

measurements on one of t h e  52 assemblies used i n  t h e  cask performance t e s t  was 

f 14 W, which i nd i  cates t h a t  t h e  agreement between p red i  c t  i ons and measured da ta  

( + I 8  W )  i s  almost as good as t he  r e p e a t a b i l i t y  o f  t h e  measured data. A s t a t i s -  

t i c a l  a n a l y s i s  showed no s i g n i f i c a n t  t r e n d  i n  d i f f e r e n c e s  between p r e d i c t i o n s  

and measured da ta  w i t h  e i t h e r  burnup o r  decay t ime. 
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Comparisons o f  p r e d i c t e d  f u e l  assembly ax i  a1 decay heat  gene ra t i on  p ro -  

f i l e s  w i t h  a  measured average gamma a c t i v i t y  p r o f i l e  a r e  shown i n  F i g u r e  S.2. 

The p re -ca l  o r i m e t r y  p r e d i c t i o n  was made u s i n g  core-averaged a x i a l  burnup d i  s -  

t r i  b u t i  ons con ta ined  i n  Cooper r e a c t o r  o p e r a t i n g  h i  s t o r i e s .  Measured gamma 

data were ob ta ined  w i t h  an I O N - 1  d e t e c t o r  d iscussed i n  Volume I. Pos t - t es t  

ORIGEN2 p r e d i  c t  i ons were o b t a i  ned u s i  ng t h e  I O N - 1  measurements o f  gamma 

a c t i v i t y  as i n p u t .  

The p r e - c a l o r i m e t r y  p r e d i c t i o n  o f  t h e  r e l a t i v e  ax i  a1 decay heat  p r o f i  1  e  

depar ts  f rom t h e  measured gamma a c t i v i t y  p r o f i l e  near t h e  bot tom and t o p  of t h e  

a c t i v e  zone o f  t h e  f u e l  assembl i es. D i f f e r e n c e s  i nd i  c a t e  t h a t  t h e  assembl i es 

have exper ienced 1  oca l  i r r a d i  a t  i on condi  t i  ons t h a t  depar t  f rom c o r e  average 

cond i t i ons .  D i f f e r e n c e s  cou ld  be due t o  any one o r  a  combinat ion of 1) h i g h  

gado l in ium con ten t  i n  t h e  f u e l  i n  t h e  lower  r eg ion  o f  t h e  rods t o  suppress 

burnup i n  t h e  i n i t i a l  o p e r a t i n g  cyc l es ;  2) p a r t i a l  i n s e r t i o n  o f  c o n t r o l  rods 

d u r i n g  r e a c t o r  ope ra t i on ;  o r  3) a  r e a c t o r  power coastdown d u r i n g  t h e  l a s t  oper -  

a t i n g  cyc l e ,  which decreased t h e  steam v o i d  f r a c t i o n  i n  t h e  upper r e g i o n  o f  t h e  

r e a c t o r  co re  and r e s u l t e d  i n  h i g h e r  burnup i n  t h e  f u e l  near  t h e  t o p  o f  t h e  

assemblies. Recause a  l o n g  power coastdown was no t  ev i den t  i n  t h e  Cooper oper-  

a t i n g  h i  s t o r y ,  t h e  d i f f e r e n c e  between p re - ca l  o r i m e t r y  p r e d i c t i o n s  and ION-1 

gamma da ta  was p robab ly  due t o  e i t h e r  1 )  o r  2) o r  both. 

The ION-1 gamma a c t i v i t y  measurements f o r  each assembly were averaged t o  

produce t h e  composi te measured gamma a c t i v i t y  cu rve  shown i n  F i g u r e  S.2. Th i s  

curve was used t o  c a l c u l a t e  an a x i a l  node burnup d i s t r i b u t i o n .  Several  ORIGENZ 

cases were t hen  run  w i t h  t h e  same Cooper o p e r a t i n g  h i s t o r y ,  bu t  a t  va r i ous  spe- 

c i f i c  powers t h a t ,  when i n t e g r a t e d  over  t h e  i r r a d i a t i o n  t ime,  covered t h e  range 

o f  a x i a l  node burnup values. The a x i a l  decay heat  r a t e  p r o f i l e  i n  F i g u r e  S.2 

was then  developed. Di f f e rences  between t h e  pos t - ca l  o r i m e t r y  p r e d i  c t e d  a x i  a1 

decay heat  r a t e  p r o f i l e  and t h e  ION-1 gamma p r o f i l e  a re  smal l .  Decay heat  c a l -  

c u l a t i o n s  t e n d  t o  exaggerate h i g h  va lues and min im ize  low va lues because t h e  

r e l a t i o n s h i p  between burnup and decay heat i s  s l  i g h t l y  nonl  i near. 

The undocumented HYDRA s teady -s ta te  thermal  h y d r a u l i c s  computer code used 

t o  per fo rm heat t r a n s f e r  analyses i s  f u l  l y  th ree-d imens iona l  w i t h  u s e r - o r i e n t e d  

i n p u t .  The HYDRA code has been eva lua ted  s i n c e  1982 u s i n g  two s i n g l e  assembly 

v i i i  



s e t s  o f  e x p e r i m e n t a l  d a t a  and two s e t s  o f  m u l t i a s s e m b l y  d a t a  o f  wh ich  t h i s  REA 

cask t e s t  d a t a  i s  one m u l t i a s s e m b l y  d a t a  s e t .  Once HYDRA i s  e v a l u a t e d  and i f  

t h e  code pe r fo rms  s a t i  s f a c t o r i  l y ,  documenta t ion  i s  p lanned  d u r i  ng 1987. 

The g o v e r n i n g  e q u a t i o n s  i n  HYDRA t h a t  d e f i n e  t h e  c o n s e r v a t i o n  o f  mass, 

momentum, and energy a r e  s o l v e d  u s i n g  f i  n i t e - d i  f f e r e n c e  f o r m u l a t i o n s .  The 

e q u a t i o n s  a p p l y  t o  s i  ngle-phase,  compressi  b l e  f l o w .  The momentum e q u a t i o n  

i n c l u d e s  c o n v e c t i o n  o f  momentum, Darcy drag,  and o r i f i c e  drag,  and g r a v i t a -  

t i o n a l ,  p ressu re ,  and v i s c o u s  f o r c e  terms. Coupled hea t  t r a n s f e r  modes of 

conduc t ion ,  c o n v e c t i o n ,  and r a d i a t i o n  a r e  accounted f o r  i n  c o n j u n c t i o n  w i t h  

v o l u m e t r i c  hea t  g e n e r a t i o n .  Rod- to- rod and e n c l o s u r e  r a d i a t i o n  models can be 

c o n s t r u c t e d  by i n p u t .  There i s  a  s i g n i f i c a n t  degree o f  f l e x i b i l i t y  i n  s p e c i f y -  

i ng tempera tu re  boundary c o n d i t i o n s .  Output  c o n s i s t s  o f  s t e a d y - s t a t e  tempera-  

t u r e s ,  p ressu res ,  and v e l o c i t i e s .  

R e s u l t s  o f  t h e  HYDRA heat  t r a n s f e r  a n a l y s i s  a r e  i n d i c a t e d  i n  F i g u r e s  S.3, 

S.4, and S.5. I n  F i g u r e  S.3, HYDRA p r e t e s t  t e m p e r a t u r e  p r e d i c t i o n s  a r e  com- 

pared t o  measured peak tempera tu res  i n  t h e  fo rm o f  b a r  graphs. The t e s t  r u n  

d e s c r i p t o r s  on t h e  a b s c i s s a  a r e  c o n s i s t e n t  w i t h  t h o s e  s p e c i f i e d  i n  Volume I. 

The t o p  o f  each b a r  r e p r e s e n t s  t h e  peak f u e l  t e m p e r a t u r e  f o r  each run ;  t h e  b o t -  

tom of each b a r  i s  t h e  ambient  t empera tu re .  The peak t e m p e r a t u r e  was t a k e n  

f rom t h e  c e n t e r  r o d  o f  one o f  t h e  f o u r  centermost  assembl ies.  I n  a d d i t i o n ,  

p r e d i c t e d  and measured tempera tu re  d i f f e r e n c e s  between peak tempera tu res  and 

t h e  ambient  a r e  shown by t h e  l e n g t h  o f  each bar.  

Nonsymmet r y  between measured peak f u e l  - to-ambi e n t  t e m p e r a t u r e  d i  f fe rences  

averaged f3% i n  t h e  cask and f u e l  assembl ies.  T h i s  suggests  t h a t ,  i f  p r e d i c -  

t i o n s  o f  peak- to-ambient  t e m p e r a t u r e  d i f f e r e n c e s  t h r o u g h o u t  t h e  cask a r e  w i t h i n  

f 3 %  o f  measured va lues,  t h e  p r e d i c t i o n s  a r e  t h e  b e s t  t h a t  t h e y  can p o s s i b l y  be. 

P r e d i c t i o n s  f o r  3  o f  t h e  12 v e r t i c a l  runs  o f  F i g u r e  S.3 f a l l  w i t h i n  t h i s  range, 

and 9 o f  t h e  12 v e r t i c a l  runs  f a l l  w i t h i n  f6% o f  t h e  measured tempera tu re  d i f -  

fe rences.  O v e r a l l ,  t h i s  agreement i s  viewed as e x c e p t i o n a l  because t h e  p r e d i c -  

t i o n s  a r e  p r e - l o o k  and t h e  a n a l y s t  d i d  n o t  have access t o  t h e  d a t a  ( w i t h  t h e  

e x c e p t i o n  o f  ambient  t e m p e r a t u r e s )  u n t i l  a f t e r  t h e  p r e t e s t  p r e d i c t i o n s  were 

completed. However, as shown i n  F i g u r e  S.4, compar isons o f  l o c a l  t empera tu re  

d i  f f e r e n c e s  r e v e a l  y r e a t e r  d i  sagreenients between p r e d i  c t i  ons and data .  
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O r ~ e n t a t ~ o n V  V H H V V V V V H H V V V V V 
Load P P P P P P F F F F F F F F F F  
Back f~ l l  V N N H H H V V N N H H H H N V 

Notes O r ~ e n t a t ~ o n  V = Vert~cal. H - Hor~zontal.  Load P - Par t~a l  (28 assembl~es). F = Full (52 assembl~es). 
Back f~ l l  V = Vacuum, N = N~t rogen  H = Hellurn 

FIGURE S.3. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Peak Fuel Temperatures and 
Ove ra l l  Cask Temperature D i f f e r e n c e s  Compared t o  Data 

HYDRA p r e d i c t i o n s  o f  a x i a l  temperature p r o f i l e s  (F i gu re  S.4) f o r  f u l l  

load, v e r t i c a l ,  vacuum, n i t r o g e n ,  and he l i um  cases a re  a l l  r e l a t i v e l y  c l o s e  t o  

t e s t  data. The p r e d i c t e d  p r o f i l e s  f o r  t h e  vacuum and he l i um  runs, where con- 

v e c t i o n  was no t  dominat ing,  a re  i n  e x c e p t i o n a l l y  good agreement w i t h  t e s t  da ta  

(<30°C). The p r e d i c t e d  p r o f i l e  f o r  n i t r o g e n  shows t h e  e f f e c t s  o f  convec t i on  

and agrees w e l l  w i t h  da ta  i n  t h e  upper o n e - t h i r d  o f  t h e  f u e l  assembly, bu t  

dev ia tes  f r om  t e s t  da ta  by approx imate ly  30°C i n  t h e  l owe r  p a r t  o f  t h e  

assembly. However, peak c l a d  temperatures were p r e d i c t e d  e x c e p t i o n a l l y  w e l l  

(<lO°C). 

HYDRA p red i  c t  i ons o f  r a d i  a1 temperature p r o f  i 1 es a re  compared t o  da ta  i n  

F igu re  S.5. The i n d i c a t e d  e l e v a t i o n  was t h a t  of t h e  peak c l a d d i n g  tempera tu re  

i n  n i t rogen .  P r e d i c t i o n s  agree e x c e p t i o n a l l y  we1 1  (<20°C) w i t h  t e s t  data. 
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Temperature, OC 

FIGURE S.4. HYDRA Pre tes t  P red i c t i ons  o f  Center Assembly Ax ia l  
Temperature P r o f i  1 es Compared t o  F u l l  Load, V e r t i c a l  , 
Vacuum, Nitrogen, and H e l i  um Data 

The undocumented COBRA-SFS ( s e n t  - f u e l  - storage)  thermal hydraul  i cs com- 

p u t e r  code was a l s o  used t o  per form REA cask heat t r a n s f e r  analyses. L i k e  

HYDRA, COBRA-SFS has been evaluated s i nce  1982 w i t h  t h e  same f o u r  da ta  sets ,  

two s i  ng l  e assembly and two mu1 t i  assembly. Once COBRA-SFS has been eval  uated 

and i f  i t  performs s a t i s f a c t o r i l y ,  documentation i s  planned t o  be completed i n  

1986. 
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FIGURE S.5. HYDRA P re tes t  P r e d i c t i o n s  o f  Radi a1 (Diagonal  ) 
Temperature P r o f i l e s  Compared t o  F u l l  Load, 
V e r t i c a l ,  Vacuum, Ni t rogen,  and He1 ium Data 

COBRA-SFS p r e d i c t s  s teady-s ta te  three-d imensional  v e l o c i t y ,  p ressure ,  and 

temperature d i s t r i b u t i o n s  w i t h i n  spent f u e l  s to rage  systems. The code uses an 

i t e r a t i v e  procedure t o  so l ve  f i n i t e - d i f f e r e n c e  equa t ions  f o r  mass, momentum, 

and energy conse rva t i on  f o r  an i n t e r connec ted  a r r a y  o f  channels and s t r u c t u r a l  

members. It uses subchannel r ep resen ta t i ons  w i t h  a r b i t r a r y  f l o w  and thermal  

connect ions;  t h e r e f o r e ,  t h e  user  has a  g rea t  deal  o f  f l e x i b i l i t y  i n  model ing 

complex geometries. Al though COBRA-SFS assumes t h a t  t h e  f i l l  medium i s  

incompress ib le ,  i t  uses a  t h e r m a l l y  expandable model t o  produce buoyancy-dr iven 

c i r c u l a t i n g  f lows w i t h i n  t h e  system. Heat i s  t r a n s p o r t e d  th roughou t  t h e  system 

by conduc t ion  ( f l u i d - t o - f l  u i d  and s o l  i d- to - so l  i d)  , n a t u r a l  convec t ion ,  and 

p l a n e r  r a d i a t i o n  ( rod- to - rod ,  rod- to -sur face ,  and su r f ace - t o - su r f ace ) .  



COBRA-SFS p r e t e s t  p r e d i c t i o n s  of cask t e s t  da ta  are presented i n  F ig -  

ures S.6, S.7, and S.8. F igure  S.6 i n d i c a t e s  t h a t  p r e d i c t i o n s  f o r  4 of t h e  

12 v e r t i c a l  runs agree w i t h i n  f3% o f  measured peak fue l - to-ambient  temperature 

d i f f e rences .  Furthermore, t h e  o v e r a l l  temperature d i f f e r e n c e s  o f  7  of t h e  

12 v e r t i c a l  runs were p r e d i c t e d  w i t h i n  f6% o f  measured values. Th i s  agreement 

i s  considered t o  be excep t iona l  when cons ide r i ng  t h e  p re - look  na tu re  of t h e  

p r e d i c t i o n s  and t h e  comp lex i t i es  o f  t h e  REA cask and heat t r a n s f e r  mechanisms. 

Pretest Pred~ct lons 

RunNo 1 2 3 4  5;) 51) 6a 6t1 7 9 1 0  l l a  l l b  1 2  13 1 4  
O r ~ e n t a t ~ o n V  V H H V V V V V H H V V V V V 
Load P P P P P P F F F F F F F F F F  
B a c k f ~ l l  V N N H H H V V N N H H H H N V  

FIGURE S.6. COBRA-SFS P re tes t  Predi  c t i  ons o f  Peak Fuel Temperatures 
and Ove ra l l  Cask Temperature D i f f e rences  Compared t o  Data 

COBRA-SFS p r e d i c t i o n s  o f  a x i  a1 temperature p r o f i  1  es f o r  f u l l  1  oad, ve r -  

t i c a l ,  vacuum, n i t rogen ,  and he1 i um cases a re  shown i n  F i  gure S.7. COBRA-SFS 

p r e d i c t i o n s  compare t o  da ta  i n  a  manner s i m i l a r  t o  t h a t  o f  HYDRA. Peak f u e l  

c l add ing  temperatures were p r e d i c t e d  w i t h i n  15OC. The p r e d i c t e d  a x i a l  pro-  

f i l e s  f o r  t h e  vacuum and he l ium runs and h o r i z o n t a l  n i t r o g e n  runs, which a re  

x i i i  



r a d i a t i o n  and/or conduct i o n  domi nated, agree excep t i ona l  l y  we1 1 (<15OC) w i t h  

exper imenta l  p r o f i l e s .  The p r e d i c t e d  p r o f i  l e  i n  t h e  v e r t i c a l  n i t r o g e n  run  

shows t h e  e f f e c t  o f  convec t ion  and agrees reasonably w e l l  i n  t h e  cen te r  r eg ion  

of t h e  assembly. However, i t  d i f f e r s  f rom da ta  by as much as 30°C near t h e  

ends of t h e  assemblies. 

Temperature. "C 

FIGURE S.7. COBRA-SFS P re tes t  P r e d i c t i o n s  of Center Assembly Axi a1 
Temperature P r o f i l e s  Compared t o  V e r t i c a l ,  F u l l  Load, 
Vacuum, Ni t rogen,  and He1 ium Data 



COBRA-SFS p r e d i c t i o n s  of r a d i  a1 temperature p r o f i  1  es a re  compared t o  t e s t  

da ta  i n  F igu re  S.8. The i n d i c a t e d  e l e v a t i o n  was t h a t  o f  t h e  peak f u e l  c l add ing  

temperature i n  n i t rogen .  A1 1 p r e d i c t i o n s  agree excep t iona l  l y  we1 1 ( ~ 3 0 ° C )  w i t h  

exper imenta l  data. 

250  

Ver t~ca l  
Full Load 
Elevat~on 3 33 In 

Run Back f~ l l  COBRA SFS D,jta - 
---- 
-.-.- 

FIGURE S.8. COBRA-SFS P re tes t  P r e d i c t i o n s  o f  Radi a1 (Diagonal ) 
Temperature Pro f  i 1 es Compared t o  V e r t i  c a l  , F u l l  
~ o a d ,  Vacuum, Nitrogen, and He1 ium Data 

- 

Resul ts  o f  t h e  QAD (p r imary  gamma) and DOT (secondary gamma and neu t ron)  

s h i e l d i n g  analyses a re  shown i n  F igures  S.9 and S.10. S h i e l d i n g  p r e d i c t i o n s  

a re  compared t o  exper imenta l  gamma and neutron da ta  ob ta ined  on t h e  s i d e  o f  t h e  

REA cask. 

The QAD computer code used t o  p r e d i c t  gamma r a d i a t i o n  dose r a t e s  on t h e  

sur face  o f  t h e  cask c a l c u l a t e s  f as t -neu t ron  and gamma-ray pene t ra t i ons  th rough 



s h i e l d i n g  systems u s i  ng t h e  po i  n t - k e r n e l  method. The po i  n t - k e r n e l  method 

i n v o l v e s  r e p r e s e n t i n g  t h e  source volume by a  number o f  p o i n t  i s o t r o p i c  sources 

and computing l i n e - o f - s i g h t  d i s tances  f rom each source p o i n t  t o  p o i n t s  of 

i n t e r e s t .  Geometric and m a t e r i a l  a t t e n u a t i o n s  a re  determi  ned f r om d i s t ances  

th rough  t h e  s h i e l d i n g  reg ions  and a t t e n u a t i n g  c h a r a c t e r i s t i c s  of t h e  s h i e l d i n g  

ma te r i  a1 s. 

P r e d i c t e d  and measured gamma-ray dose r a t e s  a re  p resen ted  i n  F i g u r e  S.9. 

Over t h e  l e n g t h  o f  t h e  neu t ron  s h i e l d ,  p r e d i c t i o n s  agree w e l l  w i t h  measured 

data. Above and below t h e  ends o f  t h e  neu t ron  s h i e l d ,  dose r a t e  peaks a re  

unde rp red i c t ed  by a  f a c t o r  o f  two. Th i s  d i f f e r e n c e  i s  p robab ly  due t o  an 

- QAD/DOT Predlct~ons 

0 PNL Measurements 

h F u e l - 4  

Sh~eld -4 
40 Neutron S h ~ e l d  -4 

0 

FIGURE S.9. P red i c t ed  and Measured Gamma-Ray Dose Rates on S ide  
o f  F u l l y  Loaded Cask 
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i n c o r r e c t l y  assumed c o b a l t  content  (source s t r e n g t h )  i n  t h e  s t a i n l e s s  s t e e l  

assembly end f i t t i n g s  because t h e  exact  amount o f  c o b a l t  was unknown. 

The DOT computer code used t o  p r e d i c t  neut ron dose ra tes  on t h e  cask 

surface c a l c u l a t e s  neu t ron  and photon p a r t i c l e  f l u x e s  i n  two dimensions u s i n g  

t h e  method o f  d i s c r e t e  o rd ina tes  t o  so l ve  t h e  Boltzmann t r a n s p o r t  equat ion. 

Balance equat ions a re  so lved  f o r  t h e  f l o w  o f  p a r t i c l e s  moving i n  a  s e t  o f  

d i s c r e t e  d i r e c t i o n s  i n  each c e l l  o f  a  space mesh and i n  each group of a  m u l t i -  

group energy s t r u c t u r e .  Mesh spacing and d i s c r e t e  d i r e c t i o n s  a r e  se lec ted  by 

t h e  user, and a n i s o t r o p i c  cross sec t i ons  can be expressed i n  a  Legendre expan- 

s i o n  of a r b i t r a r y  order.  

The DOT neutron p r e d i c t i o n s  (F igu re  S . l O )  agree w e l l  w i t h  da ta  a long t h e  

neut ron s h i e l d  o f  t h e  cask. Agreement i s  no t  as good d i r e c t l y  above and below 

t h e  neut ron sh ie ld .  P r e d i c t i o n s  are as much as t h r e e  t imes as h i gh  as t h e  

ac tua l  measurements i n  these areas. Th is  d i f f e r e n c e  may be t h e  r e s u l t  o f  

i naccu ra te  neut ron source ra tes.  Adjacent t o  t h e  bot tom end of t h e  f ue l ,  

0 PNL Measurements 

- DOT Prediction 

Fuel , I  
60 b-~eutron s h 1 e l d - 1  

FIGURE S.10. P red i c ted  and Measured Neutron Dose Rates on Side o f  
F u l l y  Loaded Cask 
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p r e d i c t e d  dose r a t e s  a r e  a  f a c t o r  o f  two o r  t h r e e  h i g h e r  t h a n  measured dose 

r a t e s .  However, a d j a c e n t  t o  t h e  t o p  o f  t h e  f u e l ,  p r e d i c t e d  r a t e s  a r e  i n  good 

agreement w i t h  measured r a t e s .  T h i s  e f f e c t  i s  p r o b a b l y  due t o  an i n a c c u r a t e  

a x i a l  n e u t r o n  sou rce  d i s t r i b u t i o n .  

O v e r a l l ,  t h e  p r e d i c t i o n s  o f  b o t h  t h e  gamma and n e u t r o n  dose r a t e s  a r e  

c o n s i d e r e d  t o  be s a t i s f a c t o r y .  When c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  f a c t  t h a t  

t h e  cask must a t t e n u a t e  a  r a d i a t i o n  sou rce  s e v e r a l  o r d e r s  o f  magni tude,  and 

reduce t h e  l e v e l  t o  a  r e l a t i v e l y  l ow  va lue ,  agreement between p r e d i c t i o n s  and 

d a t a  w i t h i n  a  f a c t o r  o f  two o r  t h r e e  t i m e s  i s  r e l a t i v e l y  good. 

The r e s u l t s  o f  t h i s  s t u d y  l e d  t o  t h e  c o n c l u s i o n  t h a t  a l l  t h e  computer  

codes pe r fo rmed  s a t i s f a c t o r i l y .  P r e t e s t  p r e d i c t i o n s  compared s a t i s f a c t o r i l y  

w i t h  e x p e r i m e n t a l  da ta .  The o n l y  p o s t  - t e s t  p r e d i c t i o n s  t h a t  were w a r r a n t e d  

were i n  t h e  hea t  t r a n s f e r  area,  and t h e y  r e s u l t e d  i n  s l i g h t l y  enhanced p r e d i c -  

t i o n s .  No ma jo r  changes t o  t h e  codes themselves  were r e q u i r e d  t o  improve  com- 

p a r i s o n s  between p r e d i c t i o n s  and da ta ;  o n l y  changes t o  i n p u t  i n f o r m a t i o n ,  

e s p e c i a l  l y  geometry, were necessary  t o  improve h e a t  t r a n s f e r  p r e d i c t i o n s .  It 

i s  recommended t h a t  use o f  t h e s e  codes t o  s u p p o r t  spent  f u e l  s t o r a g e  sys tem 

t e s t i n g  be con t inued ,  t h a t  t h e i r  e v a l u a t i o n  be c o n t i n u e d ,  and t h a t  t h e  undocu- 

mented h e a t  t r a n s f e r  codes be documented i f  t h e y  p e r f o r m  s a t i s f a c t o r i l y ,  t o  

a1 low t h e i r  use f o r  f u t u r e  d e s i g n  and l i c e n s i n g  s a f e t y  ana lyses.  

x v i  i i 
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temperature 
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BWR SPENT FUEL STORAGE CASK PERFORMANCE TEST 

VOLUME I 1  

PRE- AND POST-TEST DECAY HEAT, HEAT TRANSFER, AND SHIELDING ANALYSES 

INTRODUCTION 

Implementat ion o f  spent f u e l  d r y  s to rage  systems may be r e q u i r e d  i n  t h e  

1  a t e  1980s because severa l  a t  - r e a c t o r  s to rage  poo l s  w i  11 a t t a i n  maxi mum capac- 

i t y  by t h a t  t i m e  (DOE 1985). The Nuclear Waste P o l i c y  Act (NWPA) o f  1982 

ass igns t h e  U.S. Department o f  Energy (DOE) t h e  respons i  b i  1  i t y  f o r  a s s i  s t i  ng 

u t i  1  i t  i e s  w i t h  t h e i  r spent f u e l  s to rage  problems. An a d d i t i o n a l  p r o v i  s i  on o f  

t h e  NWPA i s  t h a t  DOE s h a l l  p rov i de  gener i c  research and development (R&D) o f  

a1 t e r n a t i  ve spent f u e l  s to rage  systems t o  enhance u t i  1  i t y - p r o v i  ded a t  - r e a c t o r  

s to rage  c a p a b i l i t y .  As a  r e s u l t  o f  these  NWPA p r o v i s i o n s  and because some 

u t i l i t i e s  had expressed i n t e r e s t  i n  us i ng  l a r g e  metal  spent fue l  s to rage  casks, 

a  cask performance t e s t i n g  program us ing  a  R id iha lgh ,  Eggers & Assoc ia tes REA 

2023 b o i l i n g  water  r e a c t o r  (BWR) spent f u e l  s to rage  cask was performed f rom 

1983 th rough  1985 by P a c i f i c  Northwest Labora to ry  (PNL) and General E l e c t r i c  

(GE) a t  t h e  l a t t e r ' s  M o r r i s  Operat ion (GE-MO) f a c i l i t y  (McKinnon e t  a l .  1986a). 

An impo r tan t  f i r s t  a c t i v i t y  o f  t h e  REA BWR cask performance t e s t i n g  e f f o r t  

was t o  i d e n t i f y  a n a l y t i c a l  t o o l s  (computer codes) t o  a s s i s t  i n  p l ann ing  t h e  

t e s t  and t o  eva lua te  and b e t t e r  understand t h e  r e s u l t s .  Ana lys is  t o o l s  a re  

needed t o  e f f e c t i v e l y  s e l e c t  t e s t  cond i t i ons ,  i d e n t i f y  spent f u e l  assemblies, 

s e l e c t  spent f u e l  l o a d i n g  pa t t e rns ,  and determi  ne i nst rumenta t ion  p l  acements. 

Once t e s t  da ta  a re  obtained, they  can be used t o  e s t a b l i s h  q u a l i f i e d  computer 

codes. These codes can then  be used t o  suppor t  des ign and l i c e n s i n g  e f f o r t s  

and t o  reduce t h e  need f o r  expensive, t ime-consuming t e s t s  and demonstrat ions.  

F i v e  comp'uter codes were se lec ted  t o  suppor t  t h e  REA BWR cask performance 

t e s t .  The codes were ORIGEN2 (decay hea t ) ,  HYDRA and COBRA-SFS (hea t  t r a n s -  

f e r ) ,  and QAD and DOT ( s h i e l d i n g ) .  

ORIGEN2 (Cro f  f 1980a ,b) was se lec ted  t o  p r e d i c t  spent f u e l  assembly decay 

heat  gene ra t i  on r a t e s  and r a d i  a t i  on source ra tes .  Because c a l  o r ime t  r y  o f  each 



BWR spent f u e l  assembly p laced i n  t h e  REA cask was performed, e v a l u a t i o n  of 

ORIGEN2 was p o s s i b l e  by comparing p r e - c a l o r i m e t r y  p r e d i c t i o n s  t o  c a l o r i m e t e r  

data.  Comparisons o f  ORIGEN2 p r e d i c t i o n s  w i t h  BWR da ta  r epo r t ed  i n  t h i s  s tudy 

a re  ex tens ions  o f  comparisons w i t h  p ressu r i zed  water  r e a c t o r  (PWR) da ta  

r epo r t ed  by S c h m i t t r o t h  (1984) and BWR da ta  r epo r t ed  by McKinnon e t  a l .  

(1986b). 

The undocumented heat t r a n s f e r  codes HYDRA and COBRA-SFS were chosen based 

on t h e i r  use o f  t h e  f i r s t  p r i n c i p l e s  o f  mass, momentum, and energy.  The codes 

have been eva lua ted  s i n c e  1982 us i ng  two s e t s  o f  s i n g l e  assembly da ta  and two 

s e t s  o f  mu l t iassembly  da ta  o f  which these  REA cask t e s t  da ta  a re  one m u l t i -  

assembly da ta  se t  (Creer  1984). I f  t h e  codes s a t i s f a c t o r i l y  p r e d i c t  t h e  f o u r  

se t s  o f  data ,  documentat ion i s  planned f o r  1986 and 1987. HYDRA and COBRA-SFS 

were used t o  s e l e c t  spent f u e l  assembl ies w i t h  t h e  des i r ed  decay heat  genera- 

t i o n  r a t e s  and t o  s e l e c t  thermocouple (TC) placements. Measured cask and spent 

f u e l  temperatures p rov i ded  a  database f o r  e v a l u a t i o n  o f  HYDRA and COBRA-SFS. 

No at tempt  was made i n  t h i s  s tudy t o  compare t h e  two heat  t r a n s f e r  codes, 

because r e s u l t s  o f  t h e  o t h e r  eva lua t i ons  have no t  been completed and a  com- 

pa r i son  based on one data s e t  may l ead  t o  erroneous conc lus ions .  

The QAD (Malenfant 1967) and DOT (Rhoads and Ch i l ds  1982) computer codes 

were s e l e c t e d  t o  p r e d i c t  gamma-ray and neu t ron  dose ra tes ,  r e s p e c t i v e l y ,  on t h e  

cask o u t e r  su r face .  P r e t e s t  dose r a t e  p r e d i c t i o n s  were used t o  p l a n  t h e  t e s t  

r e l a t i v e  t o  personnel  and s i t e  dose accumulat ions and t o  s e l e c t  sensor  l o c a -  

t i o n s  on t h e  cask o u t e r  sur face.  Measurements o f  gamma and neu t ron  dose r a t e s  

w i t h  p o r t a b l e  i n s t  ruments, thermol  uminescent dos imeters  (TLDs ), and t r a c k  e t c h  

dos imeters  (TEDs) were used t o  eva lua te  QAD and DOT. 

The REA BWR cask performance t e s t  i t s e l f  i s  documented i n  Volume I o f  t h i s  

r e p o r t  (McKi nnon e t  a1 . 1986a). Th i s  second volume documents analyses requ i  r e d  

t o  suppor t  t h a t  cask performance t e s t .  The o b j e c t i v e s  of t h e  analyses were t o  

1 )  per fo rm p r e t e s t  decay heat,  heat  t r a n s f e r ,  and s h i e l d i n g  analyses t o  s e l e c t  

t e s t  o p e r a t i n g  c o n d i t i o n s  and i d e n t i f y  i n s t r u m e n t a t i o n  p l  acements; 2 )  compare 

p r e t e s t  p r e d i c t i o n s  ( ac tua l  l y  pre-1 ook , s i n c e  some p red i  c t  i ons were pe r f  ormed 

when t e s t i n g  was i n  p rogress )  w i t h  t e s t  da ta  t o  eva lua te  t h e  codes; and 3)  p e r -  

fo rm p o s t - t e s t  ana lyses t o  improve p r e d i c t i o n s ,  i f  appropr ia te .  Emphasis o f  



t h i s  volume i s  on comparisons o f  p re -  and p o s t - t e s t  computer code p r e d i c t i o n s  

w i t h  exper imenta l  REA cask performance t e s t  da ta  f rom Volume I. Comparisons o f  

code p r e d i c t i o n s  w i t h  exper imenta l  da ta  r epo r t ed  i n  Volume I w i l l  be used, 

a long  w i t h  a d d i t i o n a l  f u t u r e  comparisons, t o  q u a l i f y  t h e  codes f o r  l a t e r  use i n  

des ign and l i c e n s i n g  s a f e t y  analyses o f  cand ida te  d r y  s to rage  systems. 

Sec t i on  2.0 o f  t h i s  r e p o r t  p resen ts  t h e  major  conc lus ions  drawn f rom t h i s  

work, as we1 1  as t h e  impor tan t  recommendations p e r m i t t e d  by t h e  r e s u l t s  and 

conc lus ions.  The REA BWR spent f u e l  s to rage  cask performance t e s t  i s  summar- 

i z e d  b r i e f l y  i n  Sec t ion  3.0. The decay heat,  heat  t r a n s f e r ,  and s h i e l d i n g  

analyses a re  d iscussed i n  d e t a i l  and r e s u l t s  compared t o  da ta  i n  Sec t ions  4.0, 

5.0, and 6.0, r espec t i ve l y .  





2.0 CONCLUSIONS AND RECOMMENDATIONS 

The m a j o r  c o n c l u s i o n s  and i m p o r t a n t  recommendations r e s u l t i n g  f r o m  t h i s  

s tudy  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  I n  genera l ,  a l l  t h e  codes performed w e l l  

and p r e - t e s t  p r e d i c t i o n s  compared s a t i s f a c t o r i  l y  w i t h  e x p e r i m e n t a l  data.  

S e l e c t e d  p o s t - t e s t  h e a t  t r a n s f e r  ana lyses  were pe r fo rmed  w i t h  improved i n p u t  

and r e s u l t e d  i n  s l i g h t l y  b e t t e r  p r e d i c t i o n s .  I n  a l l  cases, no m a j o r  changes t o  

t h e  codes themselves  were r e q u i r e d  t o  improve compar isons between p r e d i c t i o n s  

and data.  Changes t o  o n l y  i n p u t  i n f o r m a t i o n  were necessary  t o  improve h e a t  

t r a n s f e r  p r e d i c t i o n s .  The documented decay hea t  and s h i e l  d i  ng codes s h o u l d  be 

used f o r  d e s i g n  and l i c e n s i n g  s a f e t y  ana lyses  o f  d r y  s t o r a g e  systems. Once t h e  

hea t  t r a n s f e r  codes have been s u c c e s s f u l l y  e v a l u a t e d  and documented, t h e y  

s h o u l d  a l s o  be used f o r  t h e s e  ana lyses.  

2.1 CONCLUSIONS 

The f o l  l o w i n g  s p e c i f i c  c o n c l u s i o n s  r e s u l t e d  f r o m  t h e s e  ana lyses :  

ORIGEN2 Decay Heat A n a l y s i s  

a Decay h e a t  g e n e r a t i o n  r a t e s  o f  Cooper BWR spen t  f u e l  assemb l ies  can 

be p r e d i c t e d ,  u s i n g  ORIGEN2, w i t h i n  a  s t a n d a r d  d e v i a t i o n  o f  f18 W 

( f6.2%), wh ich  i s  r e l a t i v e l y  good because t h e  s t a n d a r d  d e v i a t i o n  o f  

c a l o r i m e t e r  r e p e a t a b i  1  i t y  measurements was f 14 W (25%). 

a On t h e  average, ORIGEN2 p r e d i c t i o n s  were 2.3 W (1.2%) h i g h e r  t h a n  

measured decay h e a t  v a l  ues. 

a Cyc le -by -cyc le  burnup va lues  must be used t o  a c c u r a t e l y  p r e d i c t  BWR 

spent  f u e l  assembly decay hea t  va lues.  

a D i f f e r e n c e s  between ORIGEN2 p r e d i c t i o n s  and c a l o r i m e t e r  decay heat  

measurements do n o t  appear t o  be dependent on t h e  magni tudes o f  decay 

h e a t  o u t p u t s  (240 W t o  397 W )  o f  spent  f u e l  assembl ies  cons idered.  

a P r e d i c t e d  a x i a l  decay h e a t  p r o f i l e s  a r e  i n  good agreement w i t h  

measured a x i  a1 gamma r a d i  a t  i on p r o f  i 1 es. Gad01 i n i  um c o n t e n t s ,  



c o n t r o l  r od  i n s e r t i o n s ,  and r e a c t o r  power coastdown h i s t o r i e s  must be 

known t o  a c c u r a t e l y  p r e d i c t  decay heat  p r o f i l e s  near  t h e  ends of  BWR 

spent f ue l  assembl i es. 

Resu l t s  and conc lus ions  o f  t h i s  s tudy  may no t  p e r t a i n  t o  spent fue l  

assembl ies w i t h  l o n g  coo l  i n g  t imes  where a c t i  n i de  decay heat  r a t e s  

a re  s i g n i f i c a n t  f r a c t i o n s  o f  t o t a l s .  

HYDRA Heat T rans fe r  Pred i  c t i  ons 

8 For  a  complex heat  t r a n s f e r  system such as t h e  REA cask, excep t i on -  

a l l y  good p r e d i c t i o n s  o f  o v e r a l l  thermal  performance can be ob ta i ned  

i n  s p i t e  o f  t h e  e f f e c t s  o f  u n c e r t a i n t i e s  i n  t h e  d e s c r i p t i o n  of t h e  

system on some of t h e  computat iona l  models. HYDRA p r e t e s t  ( p r e - l o o k )  

peak c l a d d i n g  temperature p r e d i c t i o n s  f o r  9 o f  t h e  12 v e r t i c a l  runs 

were p r e d i c t e d  w i t h i n  +6%, based on t o t a l  peak rod- to-ambient  temper- 

a t u r e  d i f f e rences .  

8 HYDRA p r e t e s t  p r e d i c t i o n s  o f  a x i a l  and r a d i a l  tempera tu re  p r o f i l e s  

f o r  he l i um  and vacuum b a c k f i l l s ,  and f o r  n i t r o g e n  b a c k f i l l s  i n  a  

h o r i z o n t a l  o r i e n t a t i o n ,  show good l o c a l  , as we1 1  as o v e r a l l ,  agree- 

ment ( g e n e r a l l y  w i t h i n  35OC) w i t h  t e s t  data.  

o HYDRA p r e t e s t  p r e d i c t i o n s  o f  v e r t i c a l  a x i  a1 tempera tu re  p r o f i l e s  f o r  

n i t r o g e n  b a c k f i l l s  show some disagreement (up t o  60°C) w i t h  data. 

The coarseness o f  t h e  HYDRA computat iona l  g r i d  made i t  necessary t o  

app ly  a  f i n e  mesh f ue l  tube  model (computer code) t o  p r e d i c t  1  oca l  

assembly temperatures u s i n g  HYDRA mass f l u x e s  and temperatures as 

i n p u t  data.  Momentum equa t ions  were no t  so l ved  i n  t h e  f u e l  t u b e  

model, and assumptions were made rega rd i  ng t h e  d i s t r i b u t i o n  o f  f l o w  

w i t h i n  assembl i e s l f u e l  tubes. Th is  approach i s  r espons ib l e  f o r  most 

o f  t h e  no ted  disagreement between p r e d i c t e d  and measured p r o f  i 1  es , 
b u t  had 1  i t t l e  i n f l u e n c e  on t h e  ab i  1  i t y  t o  p r e d i c t  peak c l a d d i n g  tem- 

pe ra tu res  where agreement was genera l  l y  w i t  h i  n  20°C. 

8 HYDRA p o s t - t e s t  p r e d i c t i o n s  showed improved agreement (up t o  15OC) 

w i t h  t h e  data. I n  p a r t i c u l a r ,  l o c a l  temperature d i f f e r e n c e s  were 

i rr~proved. 



a Most o f  t h e  d i f f e r e n c e s  between p re -  and p o s t - t e s t  HYDRA p r e d i c t i o n s  

and t e s t  da ta  r e s u l t e d  because t h e  ac tua l  geometry, e s p e c i a l l y  gap 

w id ths  and c h a r a c t e r i s t i c s  o f  c o n t a c t i n g  sur faces,  were unknown and, 

t he re fo re ,  cou ld  no t  be modeled exac t l y .  I n  t h e  basket,  a  s i g n i f i -  

can t  p a r t  o f  t h e  d i f f e r e n c e s  between p r e d i c t i o n s  and da ta  was caused 

by u n c e r t a i n t i e s  i n  basket thermocouple l o c a t i o n s .  Cons iderab le  

s c a t t e r  a l s o  e x i s t e d  i n  t h e  assembly cen te r  r od - t o -ou te r  r od  data,  

which r e s u l t e d  i n  v a r i a b l e  agreement between p r e d i c t i o n s  and data. 

a Accurate  temperature p r e d i c t i o n s  i n  a  h o r i z o n t a l  o r i e n t a t i o n  r e q u i  r e  

implementat ion o f  nonsymmetry between f u e l  assembl ies and basket f u e l  

tubes. P r e d i c t i o n s  o f  temperatures i n  a  h o r i z o n t a l  o r i e n t a t i o n  a re  

conse rva t i  ve l y  h i gh  (up t o  30°C), p a r t l y  because t h e  assembly- to- fue l  

t ube  con tac t  was no t  modeled i n  HYDRA. 

a Pre tes t  p r e d i c t i o n s  were based on a  p r e d i c t e d  a x i a l  decay heat  

p r o f i l e  t h a t  was no t  p r o t o t y p i c .  When a  measured a x i a l  gamma p r o f i l e  

was used i n  p o s t - t e s t  p r e d i c t i o n s ,  improved agreement w i t h  da ta  was 

obta ined,  as i n d i c a t e d  by improved p r e d i c t i o n s  f o r  nonconvect ing 

vacuum runs. 

With a  n i t r o g e n  b a c k f i l l  gas, HYDRA peak rod  temperature p r e d i c t i o n s  

a re  n o t  s i g n i f i c a n t l y  a f f e c t e d  (<lO°C) by f u e l  rod  o r  f u e l  tube  em i t -  

tances, w i t h i n  t h e  range o f  expected values. 

a E x i s t i n g  s tandard c o r r e l a t i o n s  f o r  cask surface-to-ambi en t  n a t u r a l  

and f o r c e d  convec t ion  heat t r a n s f e r  c o n s i s t e n t l y  underp red ic ted  t h e  

ac tua l  heat t r a n s f e r .  The r e s u l t i n g  c a l c u l a t e d  cask su r f ace  tempera- 

t u r e s  were h i g h  by 3°C t o  25OC. Use o f  s tandard c o r r e l a t i o n s  w i l l  

r e s u l  t i n  conservat  i v e l y  h i  gh p r e d i  c t i  ons o f  cask su r f ace  tempera- 

t u r e s  (and, hence, i n t e r n a l  temperatures)  under s tagnant  o r  f o r c e d  

convec t ion  atmospher ic cond i t i ons .  

COBRA-SFS Heat T rans fe r  Ana lys is  

a The agreement o f  COBRA-SFS p r e t e s t  (pre-1 ook) p r e d i c t i o n s  w i t h  da ta  

f rom 16 t e s t  runs i s  e x c e p t i o n a l l y  good f o r  d i f f e r e n t  f i l l  media, 

o r i e n t a t i o n s ,  and f u e l  load ings.  The most accu ra te  p r e d i c t i o n s  o f  



peak c l a d d i n g  temperatures were i n  t h e  v e r t i c a l  o r i e n t a t i o n  where 

7 of 12 runs were p r e d i c t e d  w i t h i n  f6% o f  measured peak-to-ambient 

temperature d i  f fe rences .  

8 COBRA-SFS p r e t e s t  p r e d i c t i o n s  o f  a x i a l  and r a d i a l  tempera tu re  p ro -  

f i l e s  f o r  he l i um  and vacuum b a c k f i l l s ,  and f o r  n i t r o g e n  b a c k f i l l s  i n  

a  h o r i z o n t a l  o r i e n t a t i o n ,  show good l o c a l ,  as w e l l  as o v e r a l l ,  agree- 

ment (genera l  l y  w i t h i n  35OC) w i t h  t e s t  data. 

COBRA p r e t e s t  p r e d i c t i o n s  o f  v e r t i c a l  ax i  a1 temperature p r o f i l e s  f o r  

n i t r o g e n  b a c k f i l l s  show some disagreement (up t o  50°C) w i t h  data. 

Th is  disagreement i s  mai n l y  a t t r i b u t e d  t o  t h e  one-dimensional models 

of momentum and heat  t r a n s f e r  used i n  t h e  reg ions  immed ia te ly  above 

and below t h e  f u e l  basket. 

8 COBRA-SFS p o s t - t e s t  p r e d i c t i o n s  showed improved agreement (up t o  

25OC) w i t h  t h e  data.  Both l o c a l  tempera tu re  d i f f e r e n c e s  and peak 

temperatures were general  l y  improved. 

Most of t h e  d i f f e r e n c e s  between p r e -  and p o s t - t e s t  COBRA-SFS p r e -  

d i c t i o n s  and t e s t  da ta  r e s u l t e d  because t h e  ac tua l  geometry, espec i -  

a l  l y  gap w id ths  and c h a r a c t e r i s t i c s  of c o n t a c t i  ng sur faces,  were 

unknown and, t h e r e f o r e ,  cou ld  no t  be modeled exac t l y .  I n  t h e  basket ,  

a  s i g n i f i c a n t  p a r t  of t h e  d i f f e r e n c e s  between p r e d i c t i o n s  and da ta  

was caused by u n c e r t a i n t i e s  i n  basket thermocouple l o c a t i o n s .  Con- 

s i d e r a b l e  s c a t t e r  a l s o  e x i s t e d  i n  t h e  assembly c e n t e r  r od - t o -ou te r  

r o d  data,  which r e s u l t e d  i n  v a r i a b l e  agreement between p r e d i c t i o n s  

and data. 

The b e n e f i t  o f  f u e l  assembly l fue l  tube  con tac t  i n  a  h o r i z o n t a l  

o r i e n t a t i o n  i s  on t h e  o rde r  o f  t h a t  f rom n a t u r a l  convec t i on  i n  a  

v e r t i c a l  o r i e n t a t i o n .  Thus, f u e l  assembly l fue l  t ube  con tac t  i s  

e f f e c t i v e  i n  reduc ing  peak c l a d d i n g  temperatures i n  a  h o r i z o n t a l  

o r i e n t a t i o n .  COBRA-SFS p r e d i c t i o n s  o f  temperatures i n  h o r i z o n t a l  

o r i e n t a t i o n s  a r e  c o n s e r v a t i v e l y  h i g h  (up t o  35OC) p a r t l y  because 

assembly- to- fue l  t ube  con tac t  was no t  modeled. 



Wi th  a  he1 i um b a c k f  i 11 gas, COBRA-SFS p r e d i  c t e d  peak r o d  tempera tu res  

a r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  (<15OC) by f u e l  r o d  o r  f u e l  t u b e  e m i t -  

t a n c e  va lues.  

0 M o d e l i n g  t h e  h e a t  t r a n s f e r  i n  t h e  open r e g i o n s  above and be low t h e  

f u e l  baske t  (upper  and l o w e r  p lenums) i s  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  

a x i a l  and r a d i a l  v a r y i n g  the rma l  c h a r a c t e r i s t i c s  o f  t h e  REA cask. 

The COBRA-SFS s i m p l i f i e d  upper  and l o w e r  p lenum h e a t  t r a n s f e r  models 

were n o t  a b l e  t o  p r e d i c t  t h e  r a d i a l  v a r i a t i o n s  i n  t h e  f u e l  t u b e  i n l e t  

t empera tu res  shown by t h e  data .  T h i s  had some e f f e c t  on t h e  a b i l i t y  

t o  p r e d i c t  a x i a l  t e m p e r a t u r e  p r o f i l e s ,  b u t  had l i t t l e  e f f e c t  on t h e  

a b i l i t y  t o  p r e d i c t  peak c l a d d i n g  tempera tu res  where agreement was 

g e n e r a l l y  w i t h i n  20°C. 

E x i s t i n g  s t a n d a r d  c o r r e l a t i o n s  f o r  cask s u r f a c e - t o - a m b i e n t  n a t u r a l  

and f o r c e d  c o n v e c t i o n  h e a t  t r a n s f e r  c o n s i s t e n t l y  u n d e r p r e d i c t e d  t h e  

a c t u a l  h e a t  t r a n s f e r .  The r e s u l t i n g  c a l c u l a t e d  cask s u r f a c e  tempera-  

t u r e s  were h i g h  by 3°C t o  25OC. Use o f  s tanddi-d c o r r e l a t i o n s  w i l l  

r e s u l t  i n  c o n s e r v a t i v e l y  h i g h  p r e d i c t i o n s  o f  cask s u r f a c e  tempera- 

t u r e s  (and, hence, i n t e r n a l  t e m p e r a t u r e s )  under  s t a g n a n t  o r  f o r c e d  

c o n v e c t i o n  a tmospher i c  c o n d i t i o n s .  

Cask Heat T rans fe r  Performance 

The copper  c o n d u c t i o n  p l a t e s  i n  t h e  REA cask b a s k e t  a r e  ve ry  e f f e c -  

t i v e  h e a t  t r a n s f e r  paths .  
\ 

The gaps between baske t  components and t h e  b a s k e t  and i n n e r  cask w a l l  

a r e  ve ry  i m p o r t a n t  t o  t h e  hea t  t r a n s f e r  per formance o f  t h e  REA cask. 

A n a l y s i s  o f  t h e  t e s t  d a t a  showed l i t t l e  e f f e c t  o f  p r e c i p i t a t i o n  o r  

s o l a r  i n s o l  a t i o n  on t h e  cask the rma l  performance.  The e x c l u s i o n  o f  

t h e s e  n a t u r a l  phenomena i n  t h e  h e a t  t r a n s f e r  code models d i d  n o t  

i n t r o d u c e '  d e t e c t a b l e  d i f f e r e n c e s  between p r e d i c t i o n s  and t e s t  da ta .  

The cask s u r f a c e  hea t  t r a n s f e r  d i s t r i b u t i o n  was a f f e c t e d  by t h e  

b a c k f i  11 medium i n  a  v e r t i c a l  o r i e n t a t i o n .  Fo r  vacuum, t h e  p r i m a r y  

mode o f  hea t  t r a n s f e r  was by r a d i a t i o n  i n  t h e  r a d i a l  d i r e c t i o n .  Wi th  

he l i um,  t h e  p r i m a r y  mode o f  h e a t  t r a n s f e r  was r a d i a l  c o n d u c t i o n  



r e s u l t i n g  f rom t h e  re1 a t i  v e l y  h i g h  he1 i urn thermal  c o n d u c t i v i t y .  I n  

c o n t r a s t ,  t h e  s i  gn i  f i cant  a x i  a1 convec t i  on i n  n i t r o g e n  caused a  

g r e a t e r  f r a c t i o n  of heat t o  be t r a n s f e r r e d  th rough  t h e  cask l i d .  

Therefore,  when d i s s i p a t i n g  t h e  same t o t a l  amount o f  heat ,  cask s i d e  

w a l l  temperatures were a  minimum w i t h  a  n i t r o g e n  b a c k f i  11 gas because 

s i d e  w a l l  heat  f l u x e s  were l e s s  t han  those  w i t h  vacuum o r  h e l i u m  

b a c k f i l l s .  

For bo th  n i t r o g e n  and he l i um  b a c k f i l l  gases, t h e  bes t -es t ima te  

p r e d i c t i o n s  o f  t h e  maximum a l l o w a b l e  u n i f o r m  heat  loads  t h a t  t h e  KEA 

cask can d i s s i p a t e  i n  a  v e r t i c a l  o r i e n t a t i o n  under assumed l i c e n s i n g  

c o n d i t i o n s  (s tagnan t ,  5Z°C ambient)  a re  750 Wlassernbly (39  kW t o t a l ) .  

The peak c l a d d i  ng temperature (380°C) w i  11 be t h e  1  i m i  t i n g  parameter 

w i t h  n i t r o g e n  because t h e  lower  e f f e c t i v e  conductance o f  t h e  basket  

r e g i o n  w i t h  n i t r o g e n  produces h i g h e r  f u e l  r o d  temperatures.  I n  con- 

t r a s t ,  t h e  h i g h e r  heat  t r a n s f e r  th rough  t h e  s i d e  w a l l s  o f  t h e  cask 

w i t h  he l i um  w i l l  cause h i g h e r  l i q u i d  neu t ron  s h i e l d  temperatures t o  

be t h e  l i m i t i n g  parameter. 

P r o v i d i n g  more f l o w  area near  t h e  t o p  and bot tom o f  t h e  f ue l  basket  

w i  11 reduce f l o w  res i s t ances  and i nc rease  convec t i on  heat  t r a n s f e r  i n  

t h e  REA cask. However, t h e  assoc ia ted  added l e n g t h  w i l l  r e s u l t  i n  

t h e  s i  gn i  f i  cant  d isadvantage t h a t  t h e  cask wei ght  w i  11 be i ncreased. 

QAD AND DOT S h i e l d i n g  Analyses 

a The QAD code g i ves  s a t i s f a c t o r y  o v e r a l l  b r e d i c t i o n s  o f  measured 

gamma-ray r a d i a t i o n  dose ra tes .  The code unde rp red i c t s ,  by as much 

as a  f a c t o r  o f  2, gamma-ray r a d i a t i o n  dose peaks; t h i s  underp red ic -  

t i o n  i s  though t  t o  be a  l i m i t a t i o n  o f  t h e  p o i n t - k e r n e l  method. 

S i x t y  percen t  o f  t h e  p r e d i c t e d  gamma-ray dose r a t e  on t h e  s i d e  o f  t h e  

REA cask . ( i  .em, mid-p lane)  i s  due t o  secondary gamma rays.  

Cobal t -60 i s  a  ma jo r  c o n t r i b u t o r  t o  p r e d i c t e d  gamma-ray dose r a t e s  on 

t h e  top,  bottom, and s i d e  (near  t h e  t o p  and bot tom) o f  t h e  cask. 

Thus, t h e  5 9 ~ o  con ten t  i n  t h e  handles,  plenum, t i e  p l a t e s ,  and end 

f i t t i n g s  needs t o  be a c c u r a t e l y  known. 



a The DOT code i s  conserva t i ve  i n  p r e d i c t i n g  neut ron r a d i a t i o n  dose 

ra tes ,  w i t h  c a l c u l a t e d  dose r a t e s  be ing  a  f a c t o r  o f  2  t o  4 h igher .  

The neut ron source s t reng ths  used i n  t h e  analyses are p o s s i b l y  high, 

and source codes such as ORIGEN2 and XSDRN (ORNL 1969) may be p re -  

d i c t i n g  h i gh  source s t reng ths  and source s t r e n t h  p r o f i l e s .  

RECOMMENDATIONS 

Based on t h e  r e s u l t s  and conc lus ions o f  these analyses, t h e  f o l l o w i n g  

recommendat i ons a re  o f f e r e d  : 

ORIGEN2 Decay Heat P red i c t i ons  

a ORIGEN2 should be used t o  p r e d i c t  decay heat genera t ion  r a t e s  of 

spent f u e l  assembl i e s  f o r  i n t e r i m  s torage system des ign and 1  i c e n s i n g  

s a f e t y  analyses. Th is  recommendation i s  based on t h e  r e s u l t s  of t h i s  

study and McKinnon e t  a l e  ' s  s tudy (1986b) f o r  BWR assemblies and 

S c h ~ i  t t r o t h ' s  s tudy (1984) f o r  PWR assernbl ies .  

a When ORIGEN2 i s  used t o  p r e d i c t  decay heat genera t ion  r a t e s  o f  BWR 

spent f u e l  assernbl i es ,  cyc le -by -cyc le  burnup values must be used t o  

ensure good accurac ies (f 10%). 

ORIGEN2 should be eva lua ted  f o r  p r e d i c t i n g  decay heat r a tes  of l ong  

cooled spent f u e l  because a c t i n i d e  decay heat  r a t e s  a re  s i  gni  f i cant  

f r a c t i o n s  o f  t o t a l s ,  whereas i n  10 t o  12 years  o r  l e s s  cooled f u e l ,  

f i s s i o n  products  account f o r  t h e  major p a r t  o f  t o t a l  decay heat  gen- 

e r a t i o n  ra tes.  

a Other decay heat codes should be used t o  p r e d i c t  c a l o r i m e t e r  data 

presented i n  t h i s  volume and i n  Volume I o f  t h i s  r epo r t ,  t o  eva lua te  

t h e i r  e f f e c t i v e n e s s  i n  p r e d i c t i n g  BWR spent f u e l  assembly decay heat 

ra tes.  

HYDRA Heat T rans fe r  Anal v s i  s  

a HYDRA should con t inue  t o  be used t o  p r e d i c t  temperatures i n  spent 

fue l  d r y  s to rage  systems and, once s u c c e s s f u l l y  eva lua ted  and docu- 

mented, should be used f o r  design and l i c e n s i n g  s a f e t y  analyses. 



HYDRA p r e d i c t i o n s  o f  d r y  s to rage  system temperatures w i t h i n  30°C can 

be obtained. Fur ther ,  i f  i t  i s  d e s i r a b l e  t o  improve t h i s  agreement, 

t h e  f o l l  owing, i n  o rde r  o f  importance, should be pursued: 

- System geometries, especi  a1 l y  gap w id ths  and c h a r a c t e r i  s t  i cs of 

c o n t a c t i n g  surfaces, must be b e t t e r  known. 

- The HYDRA computat ional  mesh should be made f i n e r ,  and t h e  f ue l  

tube  model e l  i m i  nated, o r  t h e  HYDRA/fuel tube  a n a l y s i s  techn ique  

should be improved t o  i n c l u d e  corresponding f u e l  tube/assembly 

mass f l uxes .  

- For  a  h o r i z o n t a l  o r i e n t a t i o n ,  f u e l  assembly- to- fue l  tube  con tac t  

should be modeled. 

- The e f f e c t s  o f  f ree-s t ream tu rbu lence  and mixed convec t ion  ( f r e e  

and fo rced)  ad jacen t  t o  t h e  e x t e r i o r  su r f ace  o f  t h e  cask shou ld  

be modeled. 

- V e l o c i t y  f i e l d s  should be measured i n  s imu la ted  casks, and HYDRA 

p r e d i c t i o n s  should be eva lua ted  w i t h  t h e  measured d i s t r i b u t i o n s .  

The heat  t r a n s f e r  data con ta ined  i n  t h i s  volume and i n  Volume I 

should be used t o  eva lua te  o t h e r  heat t r a n s f e r  codes. 

COBRA-SFS Heat T rans fe r  Ana lys is  

COBRA-SFS should con t i nue  t o  be used t o  p r e d i c t  temperatures i n  spent 

fue l  d r y  s to rage  systems and, once s u c c e s s f u l l y  eva lua ted  and docu- 

mented, should be used f o r  des ign and l i c e n s i n g  s a f e t y  analyses. 

COBRA-SFS p r e d i c t i o n s  o f  d r y  s to rage  system temperatures wi t h i  n  30°C 

can be obtained. Fur ther ,  i f  i t  i s  d e s i r a b l e  t o  improve t h i s  agree- 

ment, t h e  f o l l ow ing ,  i n  o rde r  o f  importance, should be pursued: 

- Geometries, espec ia l  l y  gap w id ths  and c h a r a c t e r i s t i c s  o f  con- 

t a c t i n g  sur faces,  must be b e t t e r  known. 

- I n  a  h o r i z o n t a l  o r i e n t a t i o n ,  f u e l  assembly- to- fue l  tube  con tac t  

should be modeled. 



- The e f f e c t s  o f  f ree-s t ream tu rbu lence  and mixed convec t ion  ( f r e e  

and f o r c e d )  ad jacen t  t o  t h e  e x t e r i o r  su r f ace  o f  t h e  cask should 

be modeled. 

- Two-dimensional momentum and heat t r a n s f e r  i n  t h e  reg ions  above 

and below t h e  basket should be modeled. Suggestions f o r  r e f i n e -  

ments i n c l u d e  r a d i  a1 l y  va ry i ng  i n l e t  cond i t i ons ,  mu1 t i  d i  men- 

s i o n a l  heat t r a n s f e r  between s o l i d  s t r u c t u r e s ,  and a  computed 

v e l o c i t y  f i e l d .  

- V e l o c i t y  f i e l d s  should be measured i n  s imu la ted  casks, and 

COBRA-SFS p r e d i  c t i  ons should be eval  uated w i t h  t h e  measured 

d i s t r i b u t i o n s .  

QAD and DOT Sh ie l d i ng  Analyses 

a QAD and DOT should con t inue  t o  be used t o  p r e d i c t  dose r a t e s  i n  spent 

f u e l  d r y  s to rage  systems. 

I f  b e t t e r  p r e d i c t i o n  accuracy i s  des i red,  magnitudes o f  source terms 

w i  11 need t o  be determined more accura te ly .  Space- and energy- 

dependent neut ron and gamma-ray source measurements a re  des i rab le .  

a One o r  two casks should be analyzed w i t h  a  Monte Car lo  code t o  

determine i f  more accura te  p r e d i c t i o n s  a re  p r a c t i c a l .  





3.0 BWR SPENT FUEL STORAGE CASK PERFORMANCE TEST 

T h i s  s e c t i o n  c o n t a i n s  a  b r i e f  summary o f  t h e  REA BWR cask per formance t e s t  

p r e s e n t e d  i n  d e t a i l  i n  Volume I o f  t h i s  r e p o r t  (McKinnon e t  a l .  1986a). The 

REA cask and Cooper r e a c t o r  BUR spent  f u e l  a r e  b r i e f l y  d e s c r i b e d  and t h e  t e s t  

m a t r i x  i s  p resented.  

3.1 CASK DESCRIPTION 

The REA 2023 BWR spent  f u e l  s t o r a g e  cask i s  shown i n  F i g u r e  3.1 and i s  

d i s c u s s e d  i n  d e t a i l  i n  REA's t o p i c a l  r e p o r t  s u b m i t t a l  t o  t h e  U.S. Nuc lea r  

R e g u l a t o r y  Commission (NRC) (REA 1983) and i n  Volume I o f  t h i s  r e p o r t .  The 

cask i s  o f  t h e  doub le  con ta inmen t  d e s i g n  w i t h  s i l i c o n e  e l a s t o m e r  O-r ings  t o  

sea l  t h e  i n n e r  c a v i t y  and a  sea l -we lded f i n a l  c l o s u r e  as a  secondary cover.  

The cask has a  smooth, p a i n t e d ,  o u t e r  s h e l l ,  an e t h y l e n e  g l y c o l l w a t e r  n e u t r o n  

s h i e l d ,  and a  l e a d  gamma s h i e l d .  The spen t  f u e l  baske t  i s  c o n s t r u c t e d  of 

s t a i n l e s s  s t e e l  c l a d  B o r a l  f o r  c r i t i c a l i t y  c o n t r o l ,  copper p l a t e s  t o  conduct  

hea t  t o  t h e  cask i n n e r  w a l l ,  and s t a i n l e s s  s t e e l  f o r  s t r u c t u r a l  s t r e n g t h .  The 

cask i s  -2.25 m ( 8  f t )  i n  d i a m e t e r  and 5  rn (16  f t )  l ong ,  and weighs % I 0 0  t o n s  

when loaded  w i t h  52 u n c o n s o l i d a t e d  BWR spent  f u e l  assembl ies.  

The i n n e r  cask con ta inmen t  she1 1  i s  1.91-cm- (0.75-i n.-) t h i c k  s t a i n l e s s  

s t e e l .  The cask i n n e r  bo t tom p l a t e ,  o u t e r  bo t tom p l a t e ,  and o u t e r  s h e l l  a r e  

5-cm- (2- in . - )  t h i c k  s t a i n l e s s  s t e e l .  Lead gamma s h i e l d i n g ,  10.8 cm (4.25 i n . )  

t h i c k  i n  t h e  s i d e w a l l ,  8.26 cm (3.25 in. )  t h i c k  i n  t h e  bot tom, and 7.62 cm 

(3.0 i n . )  t h i c k  i n  t h e  p r i m a r y  l i d ,  i s  p rov ided .  

Each o f  two 1.27-cm- (0.5-in.-) d i a m e t e r  d r a i n  l i n e s ,  wh ich  p e n e t r a t e  t h e  

c a v i t y  bo t tom p l a t e  and t h e  l ead ,  t e r m i n a t e s  a t  t h e  o u t e r  w a l l  of  t h e  cask,  

where t h e y  a r e  s e a l e d  by a  1.27-cm (0.5-in.) p i p e  p l u g  and a  1.91-cm (0.75-in.) 

p i p e  p l u g  i n  s e r i e s .  Bo th  p l u g s  a r e  recessed i n t o  t h e  5.08-cm- (2.0-in.-) 

t h i c k  o u t e r  shcell . 
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FIGURE 3.1. REA 2023 BWR Spent Fuel Storage Cask 

Near t h e  t o p  o f  t h e  cask, s l i g h t l y  below t h e  p r ima ry  cover ,  a  1.27-cm 

(0.5-in.) ven t l samp l i ng  l i n e  pene t ra tes  t h e  cask w a l l  and lead ,  and t e r m i n a t e s  

w i t h  a  dual  p l u g  arrangement a t  t h e  o u t e r  w a l l  o f  t h e  cask s i m i l a r  t o  t h a t  f o r  

t h e  d r a i n  l i n e s .  

The cask body has e i g h t  at tachment p o i n t s  o r  t r u n n i o n  suppor ts  f o r  b o l t - o n  

t runn ions .  Four o f  these  a re  l o c a t e d  near  t h e  t op ,  spaced 90 degrees apa r t ,  

and may be used f o r  l i f t i n g  t h e  cask w h i l e  i t  i s  i n  a  v e r t i c a l  p o s i t i o n .  Two 

t r u n n i o n  suppor ts ,  180 degrees apa r t ,  a re  l o c a t e d  a t  an e l e v a t i o n  s l i g h t l y  

above t h e  c e n t e r  o f  g r a v i t y  of t h e  cask when t h e  cask i s  v e r t i c a l .  These 

t r u n n i o n s  a re  used when l i f t i n g  t h e  cask i n  a  h o r i z o n t a l  p o s i t i o n  and f o r  

r o t a t i n g  t h e  cask f rom a  v e r t i c a l  t o  a  h o r i z o n t a l  p o s i t i o n ,  o r  v i c e  versa. The 

two t r u n n i o n  suppor ts  near  t h e  bot tom may be used when r o t a t i n g  t h e  cask, and 

can be used t o g e t h e r  w i t h  those  a t  t h e  t o p  f o r  suppo r t i ng  t h e  cask i n  a 

h o r i z o n t a l  p o s i t i o n  d u r i n g  t r a n s p o r t  o r  s to rage  on a  sk id .  



The n e u t r o n  s h i e l d  o u t e r  s h e l l  i s  a  0.64-cm- (0.25-in.-) t h i c k  s t a i n l e s s  

s t e e l  p l a t e  a p p r o x i m a t e l y  399 cm (157 in . )  long.  The s h i e l d  c o n t a i n s  15.24 cm 

( 6  in.)  o f  50/50 e t h y l e n e  g l y c o l  /wa te r  s o l u t i o n .  W i t h i n  t h e  n e u t r o n  s h i e l d  a r e  

t r u n n i o n  suppor ts ,  t o  wh ich t h e  t r u n n i o n s  may be e x t e r n a l l y  b o l t e d .  The 

n e u t r o n  s h i e l d  i s  d i v i d e d  i n t o  two s e c t i o n s .  When t h e  cask i s  p o s i t i o n e d  

v e r t i c a l l y ,  t h e  bo t tom s e c t i o n  (expans ion t a n k )  b e g i n s  0.64 cm (0.25 in . )  f rom 

t h e  cask bo t tom and extends up 4.44 cm (15.75 in.) .  The a d j o i n i n g  t o p  s e c t i o n  

( n e u t r o n  s h i e l d  c a v i t y )  i s  398 cm (156.75 in.)  l ong .  The o n l y  c o n n e c t i o n  

between t h e  two s e c t i o n s  i s  a  1.91-cm (0.75-in.) schedule  40 s t a i n l e s s  s t e e l  

s iphon  p ipe.  T h i s  p i p e  runs f r o m  t h e  t o p  o f  t h e  n e u t r o n  s h i e l d  c a v i t y  t o  t h e  

bot tom o f  t h e  expans ion t a n k  when t h e  cask i s  i n  e i t h e r  t h e  v e r t i c a l  o r  

h o r i z o n t a l  o r i e n t a t i o n .  The n e u t r o n  s h i e l d  c a v i t y  has t o p  and bo t tom fill and 

d r a i n  p lugs.  The expans ion tank  has a  bot tom d r a i n  p l u g  and a  l i q u i d  l e v e l -  

i n d i c a t i n g  p lug.  

The i n n e r  o r  p r i m a r y  l i d ,  wh ich i s  recessed i n t o  t h e  cask c a v i t y ,  has a  

bo t tom p l a t e  2.54 cm (1.0 i n . )  t h i c k ,  a  t o p  p l a t e  5.08 cm (2.0 in.)  t h i c k ,  and 

7.62 cm (3.0 in . )  o f  l e a d  between t h e  p l a t e s .  The l i d  i s  secured t o  t h e  cask 

body w i t h  36 h i g h - s t r e n g t h  b o l t s  3.18 cm (1.25 in . )  i n  d iameter .  S e a l i n g  i s  

accompl ished by two s i l i c o n e  e las tomer  O-rings. A h o l e  t h r o u g h  t h e  t o p  p l a t e  

and between t h e  O-r ings i s  tapped f o r  a  0.32-cm (1 /8- in . )  p i p e  p lug ,  wh ich 

permi t s  check ing  f o r  l e a k - t i  ghtness. 

The o u t e r  o r  secondary l i d ,  o f  5.08-cm- (2.0-in.-) t h i c k  s t a i n l e s s  s t e e l ,  

has a  s t a i n l e s s  s t e e l  a n g l e  welded around i t s  c i  rcurnference, t o  mate w i t h  a  

s i m i l a r  a n g l e  a t  t h e  t o p  o f  t h e  o u t e r  w a l l  o f  t h e  cask body. These ang les  a r e  

sealwelded, a f t e r  l o a d i n g ,  t o  p r o v i d e  h i g h  i n t e g r i t y ,  1  ong-term 1 eak 

t i g h t n e s s .  The ang les  a r e  o f  such s i z e  t h a t  t h e y  may be ground and rewelded 

t w i c e  be fo re  r e q u i  r i n g  rep1 acement. 

The basket  i s  f a b r i c a t e d  i n  f o u r  s e c t i o n s ,  wh ich a r e  l o c a t e d  i n  t h e  cask 

i n n e r  c a v i t y  as shown i n  F i g u r e s  3.2 and 3.3. Contact  i s  made w i t h  t h e  i n n e r  

w a l l  o f  t h e  cask, t h u s  m i n i m i z i n g  the rma l  r e s i s t a n c e .  Each basket  s e c t i o n  has 



FIGURE 3.2. REA 2023 Cask Basket f o r  52 BWR Fuel Assemblies 

t h i r t e e n  15.2-cm (6- in . )  square Brooks and Perk ins  f u e l  tubes, each of which 

con ta i ns  one BWR spent f u e l  assembly. These f u e l  tubes a re  e s s e n t i a l l y  

i d e n t i c a l  t o  t h e  f u e l  tubes c u r r e n t l y  l i c e n s e d  f o r  use i n  spent f u e l  s t o rage  

pools.  Each tube  c o n s i s t s  o f  c o n c e n t r i c  i n n e r  and o u t e r  square "shrouds" ,  

which i n t e g r a l  l y  encapsul a t e  Bora l  neu t ron  absorber  p l a t e s .  Bora l  i s  a  neu t ron  

po ison m a t e r i a l  c o n s i s t i n g  o f  boron ca rb i de  u n i f o r m l y  d i spe rsed  w i t h i n  a rnat r i  x 

of aluminum a1 l oy .  The Bora l  neu t ron  absorber  p l a t e s  ex tend  above and below 

t h e  a c t i v e  l e n g t h  o f  t h e  f u e l ,  a re  0.185 cm (0.073 in.)  t h i c k ,  and c o n t a i n  a  

1°Bo con ten t  o f  0.02 g/cm2 t o  p r o v i d e  adequate neu t ron  a t t e n u a t i o n .  

The o u t e r  s h e l l  o f  each basket s e c t i o n  and two i n t e r n a l  r i b s  a re  con- 

s t r u c t e d  of 0.64-cm- (0.25-in.-) t h i c k  copper p l a t e s  f o r  conduc t ion  o f  heat  ou t  

t o  t h e  i n n e r  w a l l  o f  t h e  cask (F i gu re  3.3). Other s t r u c t u r a l  members o f  t h e  

basket a r e  f a b r i c a t e d  f rom s t a i n l e s s  s t e e l .  The basket r e s t s  on t h e  bot tom o f  

t h e  cask, and has c u t o u t s  t o  pe rm i t  d ra inage  o f  water  and c i r c u l a t i o n  of gas. 
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FIGURE 3.3. P lan View o f  Q u a r t e r  Sec t ion  o f  REA 2023 BWR Cask 

3.2 COOPER BWR SPENT FUEL ASSEMBLIES 

A l l  52 BWR spent f ue l  assemblies used i n  t h e  cask performance t e s t  were 

from Nebraska Pub1 i c  Power Di s t r i c t  ' s  Cooper Nuc lear  S t a t i  on. The f u e l  assern- 

b l i e s  were o f  t h e  General E l e c t r i c  7x7 des ign as shown i n  F i gu re  3.4, w i t h  

des ign c h a r a c t e r i s t i c s  g iven  i n  Table 3.1. The upper and lower  t i e  p l a t e s  a r e  

304 s t a i n l e s s  s t e e l  cas t ings .  The lower  t i e  p l a t e s  have nose-pieces t h a t  

suppor t  t h e  f u e l  assembl i e s  i n  t h e  r eac to r .  The upper t i e  p l a t e s  have 1 i f t i  ng 

b a i l s  f o r  hand l i ng  t h e  f u e l  assemblies. 

Besides s tandard f u e l  rods, each assembly has e i g h t  f u e l  rods t h a t  a re  

used as t i e  rods t h a t  t h read  i n t o  t h e  lower  t i e  p l a t e  cas t ing .  The upper end 

o f  t h e  f u e l / t i e  rods extend th rough  and a re  fas tened  t o  t h e  upper t i e  p l a t e  

w i t h  s t a i n l e s s  s t e e l  nu ts  and l o c k i n g  tabs. These f u e l / t i e  rods suppor t  t h e  
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FIGURE 3.4. Cooper BWR Spent Fuel Assembly 

weight  o f  an assembly o n l y  d u r i n g  f u e l  hand l i ng  ope ra t i ons  when t h e  assembly 

hangs by t h e  b a i l .  The cen te r  r od  o f  each f u e l  assembly has been designed t o  

m a i n t a i n  t h e  p o s i t i o n  of t h e  f u e l  r o d  spacers. It i s  i n s e r t e d  i n t o  t h e  f u e l  

assembly and r o t a t e d  t o  l ock  t h e  spacers i n t o  t h e i r  r e s p e c t i v e  l o c a t i o n s .  The 

spacers have Inconel  sp r i ngs  t o  ma in ta i n  r od - t o - rod  spacing. The f u e l  rods 

were p ressu r i zed  w i t h  he l i um  and sealed by we ld i ng  end p l ugs  on each end. 



TABLE 3.1. Cooper BWR Spent Fuel Assembly Design Parameters 

Fuel  r o d  a r r a y  7x 7 

Ove ra l l  1 ength 4.47 m 175.83 in .  

Nominal a c t i v e  f u e l  l e n g t h  3.66 m 144 in .  

Fuel r od  p i t c h  1.87 cm 0.738 i n .  

Space between f u e l  rods 0.445 cm 0.175 i n  

Outs ide rod  d iameter  1.43 cm 0.563 i n .  

C l  add i  ng t h i c kness  0.081 cm 0.032 in .  

C l  add i  ng mate r i  a1 Z i  r c a l  oy-2 

Pel 1 e t  o u t s i d e  d iameter  1.24 cm 0.487 i n .  

Fuel  pe l  1 e t  ma te r i  a1 "O2 
P e l l e t  immersion d e n s i t y  10.42 g/cc  0.38 l b / i n .  3 

F i s s i o n  gas plenum l e n g t h  40.6 cm 16 i n .  

Helium f i l l  gas p ressure  1.0 atm 14.7 p s i a  

Z i  r c a l  oy-2 wei ght lassembly  48 kg 106 1b 

304 s t a i n l e s s  s t e e l  wei ght /assen~bly  8.6 kg 19 1b 

Spent fue l  assembly c h a r a c t e r i z a t i o n  cons i s t ed  o f  s i p p i n g  t e s t s ,  c a l o r i  - 
metry,  a x i  a1 r a d i a t i o n  scans, photography, and v ideo  scans. Ca lo r ime t r y  and 

s i p p i n g  t e s t s  were performed on a l l  52 spent f u e l  assembl ies p r i o r  t o  t h e i r  use 

i n  t h e  cask d u r i n g  t h e  performance t e s t .  Ca lo r ime t r y  wa te r  samples were taken  

a t  t h e  conc lus ion  o f  each c a l o r i m e t r y  run t o  assess f u e l  i n t e g r i t y .  Gas sampl- 

i n g  d u r i n g  cask performance t e s t i n g  a l s o  c o n t r i b u t e d  t o  t h e  f u e l  i n t e g r i t y  

i n f o r m a t i o n  base. Gamma/neut ron  scans a t  n i  ne p rese lec ted  a x i  a1 e l e v a t i o n s  

were performed on each fue l  assembly. The scans were performed w i t h  an 

ION- l / fo rk  measurement system p rov i ded  t o  GE-MO by Los Alamos Nat iona l  Labora- 

t o r y  (LANL) (Hal  b i  g and Cai ne 1985). Represen ta t i  ve photographs and v i  deo 

scans were ob ta ined  f o r  f i v e  f u e l  assemblies bo th  p r i o r  t o  and a t  t h e  

conc lus ion  o f  cask performance t e s t i n g .  



3.3 TEST MATRIX 

Cask performance t e s t i n g  cons i s t ed  o f  14 p r ima ry  runs conducted i n  t h e  

sequence shown i n  Table  3.2. The t e s t  runs were performed a f t e r  t h e  cask was 

vacuum-dried, b a c k f i l l e d  w i t h  hel ium, leak-checked, evacuated, b a c k f i l l e d  w i t h  

t h e  d e s i r e d  b a c k f i l l  gas, evacuated again,  and r e f i l l e d  w i t h  t h e  d e s i r e d  back- 

f i l l  gas. A t  any t i m e  t h e  f i l l  gas was changed, t h e  cask was evacuated, fi 1  l e d  

w i t h  t h e  new gas, evacuated again, and t hen  r e f i l l e d  w i t h  t h e  new gas t o  ensure 

p u r i t y ,  i.e., double b a c k f i l l e d  each t i m e  t h e  b a c k f i l l  gas was changed. Gas 

samples were taken  b e f o r e  and a f t e r  t h e  cask b a c k f i l l  gas was changed. The 

cask was always purged w i t h  n i t r o g e n  p r i o r  t o  a  vacuum run  t o  ensure t h a t  a  

vacuum/nit rogen atmosphere e x i s t e d  and t h a t  no r e s i d u a l  he1 i um was p resen t .  

TABLE 3.2. Test M a t r i x  

Run 
Number 

1 

Number o f  
Assembl i es 

28 

B a c k f i l l  

Vacuum 

N i t r ogen  

N i t r ogen  

He1 i um 

He1 i urn 

Vacuum 

N i t r ogen  

N i t r ogen  

N i t r ogen  

He1 i urn 

He1 i um 

He1 i um 

He1 i urn 

Vacuum 

Cask O r i e n t a t i o n  

V e r t i  c a l  

V e r t i c a l  

Hor i  z o n t a l  

H o r i z o n t a l  

Ver t  i c a l  

V e r t i c a l  

V e r t i c a l  

V e r t i c a l  

Hor i  z o n t a l  

H o r i z o n t a l  

V e r t i c a l  

V e r t i c a l  -1nsul a t ed  

V e r t i c a l  - I n s u l a t e d  

V e r t i c a l - I n s u l a t e d  

( a )  Two runs a t  d i f f e r e n t  env i  ronmental c o n d i t i o n s  were 
ob t  a i  ned. 

( b )  Repeat o f  Run 7 a f t e r  cask had been r o t a t e d  t o  s h i f t  
f ue l  assernbl i es. 



Cask tempera tu res  were reco rded  h o u r l y  u n t i l  s teady  s t a t e  was a t t a i n e d  

d u r i n g  each t e s t  run.  Gamma-ray and n e u t r o n  dose r a t e s  were o b t a i n e d  w i t h  t h e  

cask i n  a  h o r i z o n t a l  o r i e n t a t i o n  d u r i n g  b o t h  p a r t i a l  l o a d  and f u l l  l o a d  

t e s t i n g .  

The l o a d  p a t t e r n s  f o r  p a r t i a l  and f u l l  l o a d  t e s t i n g  a r e  shown i n  

F i g u r e  3.5. The l o a d  and assembly decay hea t  g e n e r a t i o n  p a t t e r n s  were s e l e c t e d  

t o  m a i n t a i n  q u a r t e r  symmetry f o r  t h e  conven ience o f  computer code s i m u l  a t  i ons .  

Quadrant #4 Quadrant # 1 

Top of Cask Daily Decay Rate (W/day) 

I Basket Location 
Identification 

Quadrant #3 Quadrant #2  

FIGURE 3.5. P a r t i a l  and F u l l  Load P a t t e r n s  





4.0 DECAY HEAT ANALYSIS 

The ORIGEN2 code (Crof f  1980a,b) was used t o  p r e d i c t  decay heat genera t ion  

r a t e s  of t h e  Cooper BWR spent f u e l  assemblies used i n  t h e  REA cask performance 

t e s t .  Resu l t s  o f  t h e  p re - ca lo r ime t r y  decay heat a n a l y s i s  are presented i n  t h i s  

sec t ion .  A b r i e f  d e s c r i p t i o n  o f  ORIGENZ, a  summary o f  t h e  i n p u t ,  and compari-  

sons o f  p r e d i c t i o n s  t o  ca l  o r i n i e t e r  da ta  a re  provided. Agreement between p re -  

c a l o r i m e t r y  p r e d i c t i o n s  and da ta  was s a t i s f a c t o r y ,  and no p o s t - c a l o r i m e t r y  

p r e d i c t i o n s  were warranted. 

4.1 ORIGEN2 COMPUTER CODE 

The ORIGEN2 code i s  w ide l y  used i n  t h e  nuc lea r  i n d u s t r y  t o  p r e d i c t  decay 

heat r a t e s  o f  spent f u e l  assembl i es. A general  purpose burnup and decay code, 

ORIGEN2 fea tu res  ex tens i ve  data l i b r a r i e s  c o n t a i n i n g  i n f o r m a t i o n  on over  

1200 nuc l ides .  The code can be used t o  perform t r ansmu ta t i on  c a l c u l a t i o n s  i n  

s teps  o f  cons tan t  power o r  cons tan t  neu t ron  f l u x  l e v e l .  The r e s u l t i n g  n u c l i d e  

concent r a t i o n s  can be decayed w i t h  user-spec i  f i e d  t i m e  i n t e r v a l s .  Output 

op t i ons  a re  a v a i l a b l e  f o r  decay heat r a t e  as we1 1  as spent fue l  con ipos i t ions 

and r a d i o a c t i v i t y .  

A s tandard ve r s i on  o f  t h e  ORIGENZ code was used t o  p r e d i c t  t h e  decay heat 

r a t e s  of t h e  52 Cooper BWR spent f u e l  assemblies used d u r i n g  REA cask per fo rm-  

ance t e s t i n g .  E i gh t  o f  t h e  52 assemblies p laced  i n  t h e  REA cask had c a l o r i -  

meter measurements and ORIGEN2 decay heat  p r e d i  c t i  ons performed under t h e  

sponsorship o f  t h e  E l e c t r i c  Power Research I n s t i t u t e  (EPRI). Resu l t s  us i ng  

these e i g h t  assembl i e s  were repo r t ed  e a r l i e r  (McKi nnon e t  a1 . 1986b), bu t  a re  

i nc l uded  here  f o r  completeness. The code was benchmarked t o  ensure t h a t  t h e  

p r e d i c t i o n s  a r e  what would be expected from t h e  code as i t  would be rece i  ved 

f rom t h e  Oak Ridge Nat iona l  Labora to ry  (ORNL) Rad ia t i on  S h i e l d i n g  I n f o r m a t i o n  

Center. 

ORIGEN2 r e s u l t s  a re  based on a  l a r g e  l i b r a r y  o f  one energy group cross 

sec t i ons  o f  t h e  nuc l ides .  These cross sec t i ons  a re  t h e  r e s u l t  o f  ex tens i ve  

c a l c u l a t i o n s  s t a r t i n g  w i t h  a  numerical  d e s c r i p t i o n  o f  t h e  cross s e c t i o n  o f  each 

i so tope  as a  f u n c t i o n  o f  neu t ron  energy. The b a s i c  c ross  s e c t i o n s  a re  averaged 



over  t h e  energy range o f  17 MeV t o  0  eV us i ng  a  computed neu t ron  energy spec- 

trum. Neutron spectrum c a l c u l a t i o n s  a re  done w i t h  a  compos i t i on  a p p r o p r i a t e  t o  

a  s p e c i f i c  r e a c t o r  co re  design and o p e r a t i n g  cond i t i on .  The use r  i s  p rov i ded  

w i t h  va r i ous  da ta  1  i b r a r i e s ,  each rep resen t i ng  a  r e a c t o r  t ype ,  co re  1  oadi  ng, 

and o p e r a t i n g  cond i t i on .  There i s  one BWR cross  s e c t i o n  l i b r a r y  f o r  a  2 3 5 ~ -  

enr i ched  core;  t h i s  a c t i n i d e  1  i bra ry  has t h e  numerical  des i  g n a t i o n  252. Asso- 

c i a t e d  w i t h  i t  are  a c t i v a t i o n  product  l i b r a r y  251 and f i s s i o n  p roduc t  l i b r a r y  

253, which were generated us i ng  t h e  same neu t ron  spectrum used t o  generate  

l i b r a r y  252. 

A spec ia l  concern i n  making decay heat r a t e  p r e d i c t i o n s  w i t h  ORIGENZ f o r  

BWR fue l ,  as opposed t o  PWR f u e l ,  i s  t h e  e f f e c t  o f  app rec i ab le  steam vo ids  on 

t h e  neu t ron  spectrum. The r a t i o  o f  p l u t on ium t o  uranium f i s s i o n s  and t h e  

a c t i n i d e  compos i t i on  a t  a  g iven  burnup a re  i n f l u e n c e d  by d i f f e r e n c e s  i n  t h e  

neut ron spectrum. Assembly decay heat r a t e s  a re  determined by t h e  d i f f e r e n t  

f i s s i o n  p roduc t  y i e l d s  o f  uranium and p l u ton ium and by t h e  mix o f  a c t i n i d e  i so- 

topes i n  t h e  spent f u e l .  A s e r i e s  o f  c a l c u l a t i o n s  was performed t o  eva lua te  

t h e  s e n s i t i  v i t y  of decay heat  r a t e s  t o  v a r i a t i o n s  o f  co re  steam v o i d  f r a c -  

t i ons .  A ve r s i on  o f  t h e  LEOPARD code (Bar ry  1963) was used t o  c a l c u l a t e  t h e  

e f f e c t  of u n i t  c e l l  steam v o i d i n g  on t h e  one group spectrum-averaged c ross  

sec t i ons  o f  t h e  i so topes  respons ib le  f o r  most o f  t h e  decay heat.  The change i n  

t h e  spectrum-averaged cross s e c t i o n  a t  a  g iven  v o i d  f r a c t i o n  r e l a t i v e  t o  t h e  

ORIGEN2 l i b r a r y  d e f a u l t  vo i d  f r a c t i o n  o f  31.6% was determined f o r  a  range of 

vo i d  f r a c t i o n s .  These r e l a t i v e  change f a c t o r s  were used t o  a l t e r  t h e  c ross  

s e c t i o n  o f  ORIGEN2 l i b r a r y  252 v i a  code i n p u t  f o r  a  s e r i e s  o f  ORIGEN2 cases, 

each rep resen t i ng  a  p a r t i c u l a r  core steam vo id  f r a c t i o n  i n  t h e  range o f  0% t o  

90%. As a  r e s u l t  o f  these s e n s i t i v i t y  c a l c u l a t i o n s ,  i t  was found t h a t  co re  

vo i d  v a r i a t i o n s  o f  0  t o  90% can cause t h e  decay heat  r a t e  t o  va ry  by 11% t o  

30%, depending on t h e  t i m e  out  o f  reac to r .  

The spectrum used i n  computing l i b r a r i e s  251, 252, and 253 was c a l c u l a t e d  

assuming a  General E l e c t r i c  BWR-6 assembly (8x8 r o d  a r r a y )  a t  31.6% co re  aver -  

age steam v o i d  f r a c t i o n  ( C r o f f  e t  a1 . 1978). The Cooper f u e l  assembl i es used 

i n  t h i s  s tudy were o f  an e a r l i e r  7x7 rod  design. The v o i d  f r a c t i o n  t h a t  has 

t h e  same hydrogen-to-uranium (H /U)  r a t i o  as t h e  31.6% used i n  c a l c u l a t i n g  t h e  



ORIGEN2 l i b r a r y  i s  36% f o r  t h e  7x7 rod  design. The H/U r a t i o  i s  a reasonable 

bas i s  t o  use t o  determine t h e  equ i va l en t  vo i d  f r a c t i o n  because i t  i s  a measure 

of t h e  r e l a t i v e  moderat ion and abso rp t i on  r a t e s  t h a t  determine t h e  form of t h e  

neu t ron  spectrum. The Cooper BWR assembl i e s  had o p e r a t i n g  v o i d  f r a c t i o n s  of 

39% t o  40% vo id ,  which i s  c l o s e  t o  t h e  36% e q u i v a l e n t  vo i d  f r a c t i o n  of t h e  

1 i bra ry .  Therefore,  no c o r r e c t i o n s  f o r  vo i d  f r a c t i o n  were made. 

4.2 ORIGEN2 INPUT SPECIFICATIONS 

Features o f  Cooper f u e l  assemblies were shown i n  Table 3.1. Fuel assembly 

burnup da ta  a re  l i s t e d  i n  Table 4.1. Because t h e  f r a c t i o n  o f  decay heat  from 

neu t ron  a c t i v a t i o n  o f  t h e  assembly s t r u c t u r a l  m a t e r i a l s  i s  l e s s  than  5% of t h e  

t o t a l  decay heat,  gener i c  va lues g iven  by C r o f f  e t  a l .  (1978) were used. The 

two elements t h a t  c o n t r i b u t e  t h e  major  share o f  a c t i v a t i o n  h e a t i n g  a re  c o b a l t  

and gadol in ium. A va lue  o f  1573 ppm was assumed f o r  t h e  gado l in ium concen- 

t r a t i o n  i n  t h e  uranium fue l .  The c o b a l t  con ten t  o f  t h e  s t a i  n l ess  s t e e l  was 

assumed t o  be 800 ppm. The Z i  r c a l o y - 2  c l add ing  was assumed t o  c o n t a i n  10 ppm 

coba l t ,  and t h e  uranium ox ide  was assumed t o  c o n t a i n  1 ppm coba l t .  

Assembly burnup va lues l i s t e d  i n  Table 4.1 were determined f rom two d i f -  

f e r e n t  accoun t ing  methods. One method, r e f e r r e d  t o  as Form 30 Repor t ing,  i s  

used t o  meet f u e l  s t o rage  requi rements  and l i s t s  o n l y  t h e  f i n a l  t o t a l  burnup. 

The o t h e r  method, r e f e r r e d  t o  as Cycle Summary Repor t ing,  con ta i ns  end-of -cyc le  

(EOC) burnup values. Form 30 t o t a l  burnup va lues were cons idered t o  be t h e  

best  f i n a l  burnup values p r i o r  t o  making any c a l o r i m e t r y  measurements. How- 

ever, p r i o r  t o  c a l o r i m e t r y  i t  was a n t i c i p a t e d  t h a t  i n d i v i d u a l  c y c l e  burnup 

values would be requ i  r e d  f o r  accura te  ORIGENZ decay heat p r e d i c t i o n s ,  and 

Form 30 r e p o r t s  do no t  c o n t a i n  EOC burnup values. Consequently, t h e  Form 30 

t o t a l  burnup values were used t o  a d j u s t  t h e  Cyc le  Summary EOC burnup values by 

m u l t i p l y i n g  each Cyc le  Summary EOC burnup va lue  by t h e  r a t i o  o f  Form 30 d i s -  

charge burnup t o  Cycle Summary d ischarge  burnup. Burnup values i n  Table 4.1 

r e f l e c t  t h i s  adjustment.  

A l l  assemblies were i n i t i a l l y  en r i ched  t o  2.5 w t %  2 3 5 ~  averaged over  a l l  

rods i n  each assembly. S e n s i t i v i t y  s t u d i e s  were conducted u s i n g  ORIGENZ w i t h  



Assembly 
No. 

CZ147 

CZ 148 
CZ182 
CZ195 
~ ~ 2 0 5 ( ~ )  
~ ~ 2 0 9 ( ~ )  
cz211 
CZ222 
CZ225 
CZ239 
CZ246 
~ ~ 2 5 9 ( ~ )  
CZ264 
CZ277 
C Z 286 
CZ296 
CZ302 
CZ308 
CZ311 
CZ315 
CZ318 
CZ337 
CZ342 
CZ346 
CZ348 
CZ351 
CZ355 

TABLE 4.1. Cooper Fuel  Assembly Burnup Data 

EOC 1 

6.773 
5.887 

10.710 
5.999 

10.298 
10.651 

6.770 
10.728 
10.672 
10.500 
10.964 

6.026 
5.938 
6.012 

11.071 
5.964 

11.637 
11.826 
11.236 
11.415 
11.387 
10.861 
11.396 
11.651 
11.063 
10.741 
11.654 

EOC 2 

10.381 
10.126 
18.421 
10.319 
17.712 
18.320 
10.339 
18.452 
18.355 
18.059 
18.858 
10.365 
10.213 
10.341 
19.042 
10.258 
20.016 
20.340 
19.325 
19.634 
19.585 
18.681 
19.600 
20.039 
19.028 
18.475 
20.046 

A d j u s t e d  Burnup, GWd/MTU 

EOC 3 EOC 4 EOC 5 

13.490 21.231 23.421 
13.220 20.883 23.049 
20.412 ( a )  
12.622 21.395 23.523 
20.699 
21.430 
13.462 21.197 23.387 
21.519 
21.455 
21.175 
22.052 
12.920 21.431 23.596 
12.782 21.404 23.601 
12.885 21.427 23.599 
22.218 
13.323 20.971 22.547 

22.174 
21.780 
22.322 
22.565 
22.537 
21.594 
22.788 
21.920 
22.169 
21.287 
21.468 

- -  - 

EOC 6 

26.709 
26.310 
24.464 
26.392 
22.563 
23.726 
26.668 
23.759 
23.489 
24.742 
24.065 
26.466 
26.496 
26.478 
24.9 16 
26.388 
26.594 
23.983 
25.314 
24.526 
24.902 
23.806 
24.680 
25.203 
24.773 
23.859 
23.620 

EOC 7 

( a )  I f  t h e  end-of  - c y c l e  burnup d i d  n o t  i n c r e a s e  from one c y c l e  t o  t h e  n e x t ,  t h e  
assembly was o u t - o f - r e a c t o r  f o r  t h e  c y c l e ;  t h i s  c o n d i t i o n  i s  denoted by a 
b lank  e n t r y .  

( b )  Burnup ca1,cul a t  i ons f o r  these  assembl i es were per formed p r e v i  o u s l y  under  
E l e c t r i c  Power Research I n s t i t u t e  sponsorsh ip  (McKinnon e t  a l .  1986b). 



Assembly 
No. 

CZ357 
~ ~ 3 6 9 ( ~ )  
CZ370 
CZ372 
CZ379 
CZ398 
CZ415 
CZ416 
~ ~ 4 2 9 (  b, 

CZ430 
CZ433 
CZ460 
CZ466 
CZ468 
CZ472 
CZ473 
CZ498 
CZ508 
~ ~ 5 1 5 ( ~ )  
~ ~ 5 2 6 (  b, 
~ ~ 5 2 8 (  b, 
CZ531 
CZ536 
CZ542 
CZ545 

EOC 1 

. TABLE 4.1. (con td )  

Adjusted Burnup, GWd/MTU 

EOC 2 EOC 3 EOC 4 EOC 5 EOC 6 

19.153 22.060 ( a  25.023 
19.197 21.678 23.660 
19.799 21.946 26.342 
19.008 21.708 
19.165 21.907 24.286 
19.300 22.212 24.499 
19.020 21.726 25.863 
19.904 22.906 25.051 
18.711 21.610 24.842 
18.531 21.626 24.176 
19.522 19.522 21.639 
18.804 21.938 24.570 
18.940 22.148 24.290 
19.143 21.603 24.823 
18.587 21.272 23.173 
19.444 22.448 24.840 
18.666 21.362 23.584 
21.273 21.921 24.014 
18.924 21.637 25.737 
18.814 21.548 24.788 
18.913 21.604 25.715 
18.758 21.471 24.036 
18.913 21.604 
19.108 22.062 24.717 
19.454 22.675 24.856 

EOC 7 

27.140 
26.576 

( a )  I f  t h e  end-of -cyc le  burnup d i d  no t  inc rease  f rom one c y c l e  t o  t h e  next ,  t h e  
assembly was ou t -o f - r eac to r  f o r  t h e  cyc le ;  t h i s  c o n d i t i o n  i s  denoted by a 
b lank ent ry .  

( b )  Burnup c a l c u l a t i o n s  f o r  these assemblies were performed p r e v i o u s l y  under 
E l e c t r i c  Power Research I n s t i t u t e  sponsorship (McKi nnon e t  a1 . 1986b). 



d i f f e r e n t  enr ichments t o  ensure t h a t  c a l c u l a t e d  decay heat r a t e s  based on 

s i  ng l  e  average assembly enr ichments c l o s e l y  approx i  mated average decay heat 

r a tes  f rom ORIGEN2 based on i n d i v i d u a l  r od  enr ichments i n  t h e  assemblies. 

The Cooper r e a c t o r  power h i s t o r y  f o r  t h e  f i r s t  seven o p e r a t i n g  cyc l es  i s  

shown i n  F i gu re  4.1. The s p e c i f i c  powers a re  presented i n  Appendix A and a re  

based on a des ign core  power o f  22.1 MW/MTU when t h e  r e a c t o r  i s  operated a t  i t s  

f u l l  thermal  power o f  2381 MWTh. 

Power h i s t o r i e s  f o r  t h e  assembl i e s  were determined f rom burnup h i s t o r i e s  

shown i n  Table 4.1, and f rom t h e  r e a c t o r  power h i s t o r y  shown i n  F i g u r e  4.1 and 

Appendix A. Assembly power h i s t o r i e s  w i t h i n  a  r e a c t o r  o p e r a t i n g  c y c l e  were 

c a l c u l a t e d  by m u l t i p l y i n g  r a t i o s  o f  i nc rementa l  burnup f o r  t h e  c y c l e  t o  t h e  

core average inc rementa l  burnup f o r  t h a t  c y c l e  by t h e  co re  average power h i s -  

t o r y .  The r e s u l t i n g  s p e c i f i c  power h i s t o r y  used as i n p u t  t o  ORIGEN2 i s  shown 

i n  F i gu re  4.2 f o r  assembly CZ205. The i n p u t  f i l e  f o r  t h e  ORIGEN2 p r e d i c t i o n  of 

t h e  decay heat  f rom CZ205 i s  presented i n  Appendix 0 .  

I n  t h e  implementat ion o f  t h e  ORIGEN2 code used t o  per fo rm t h e  c a l c u l a -  

t i o n s ,  t h e  da ta  a r rays  were dimensioned t o  pe rm i t  o n l y  52 i r r a d i a t i o n  and decay 

steps. To meet t h e  52-step l i m i t a t i o n ,  t h e  Cycle 1 o p e r a t i n g  h i s t o r y  c o n s i s t -  

i n g  of 14 i r r a d i a t i o n  s teps  was co l l apsed  t o  7 i r r a d i a t i o n  steps. A s e n s i t i v -  

i t y  c a l c u l a t i o n  was done t o  determine t h e  e f f e c t  o f  t h i s  approx imat ion.  The 

l a s t  o p e r a t i n g  c y c l e  was e l im ina ted ,  and t h e  ope ra t i ng  hi;tory was run bo th  

w i t h  and w i t h o u t  t h e  co l l apsed  f i r s t  cyc le .  It was found t h a t  t h e  e f f ec t  was 

l ess  than  0.2% on t h e  decay heat r a t e  p r e d i c t i o n .  

4.3 ORIGEN2 PREDICTIONS COMPARED TO DATA 

This  s e c t i o n  p resen ts  comparisons o f  ORIGEN2 p r e d i c t i o n s  t o  c a l o r i m e t e r  

decay heat gene ra t i  on r a t e  measurements. A1 so i n c l u d e d  a re  comparisons of c a l -  

c u l  a ted  t o  measured f u e l  assembly ax i  a1 decay heat gene ra t i  on p r o f  i 1 es. Both 

decay heat magnitudes and a x i a l  p r o f i l e s  a re  needed as i n p u t  t o  heat  t r a n s f e r  

computer codes, as d iscussed i n  Sec t ion  5.0. 



0 
0 200 400 600 800 1000 1200 1400 

Time (days) 
Cooper Station Operating History (Cycles 1 to 3) 

1400 1600 1800 2000 2200 2400 2600 2800 3000 
Time (days) 

Cooper Station Operating History (Cycles 4 to 7) 

F IGURE 4.1. Cooper Nuc lea r  S t a t i o n  O p e r a t i n g  H i  s t o r y  



Time (days) 

FIGURE 4.2. Assembly CZ205 O p e r a t i n g  Hi s t o r y  

4.3.1 Decay Heat Genera t i on  Rates  

Compari sons o f  p r e d i c t e d  w i t h  measured decay hea t  g e n e r a t i  on r a t e s  a r e  

p r e s e n t e d  i n  F i g u r e  4.3 and Appendix C f o r  77 measurements o f  decay h e a t  r a t e s  

o f  52 Cooper spen t  f u e l  assembl i es. ORIGENZ p r e d i c t i o n s  were pe r fo rmed  b e f o r e  

c a l o r i n i e t r y  was conducted,  t o  f a c i  1  i t a t e  unb iased  compar isons o f  p r e d i c t i o n s  

w i t h  data. P r e d i c t e d  decay hea t  r a t e s  were o b t a i n e d  f o r  t h e  fi r s t  day of each 

month f o r  t h e  p e r i o d  March 1, 1984, t h r o u g h  December 1, 1985. These decay h e a t  

r a t e s  were c o r r e c t e d  t o  t h e  days on which  c a l o r i m e t r y  measurements were p e r -  

formed. I n t e r p o l a t i o n s  o f  p r e d i c t e d  va lues  t o  t h e  e x a c t  measurement d a t a  (day 

o f  t h e  measurement) were done f o r  measurement da tes  between two  ORIGEN2 p r e d i c -  

t i  on dates .  E x t  rap01 a t i  on o f  p r e d i c t e d  v a l u e s  t o  measurement d a t e s  beyond 

December 1, 1985, was a l s o  necessary.  F o r  measurement da tes  i n  December 1984, 

p r e d i c t e d  decay r a t e s  f o r  November 1984 were a p p l i e d  t o  December 1, 1984, p r e -  

d i c t i o n  values.  Fo r  May 1985 measurements dates ,  p r e d i c t e d  decay h e a t  r a t e s  

were d e t e r m i  ned by f i t t i n g  a  second-order  po lynomi  n a l  t o  t h e  p r e d i  c t e d  decay 

heat  r a t e s  f o r  September 1, October  1, November 1, and December 1, 1984, and 



Measured Decay Heat, W 

FIGURE 4.3. Comparisons o f  P r e d i c t e d  t o  Measured Decay 
Heat Genera t i  on Rates 

e x t e n d i n g  t h e  c u r v e  t h r o u g h  May 1985. A1 1  c u r v e  f i t s  were e x c e l  l e n t  and s h o u l d  

n o t  add t o  u n c e r t a i n t i e s  o f  ORIGENZ p r e d i c t i o n s .  

On t h e  average, p r e d i c t i o n s  were 2.3 W g r e a t e r  t h a n  measured va lues 

(Appendix C ) .  The s t a n d a r d  d e v i a t i o n  about  t h e  average d i f f e r e n c e  between 

p r e d i c t e d  and measured va lues  was f18 W. The average pe rcen tage  d i f f e r e n c e  

between p r e d i c t i o n s  and measurements was 1.2%, w i t h  p r e d i c t i o n s  b e i n g  h i g h e r  

t h a n  measured values.  The s t a n d a r d  d e v i a t i o n  about  t h e  average pe rcen tage  d i f -  

f e r e n c e  was *6.2%. A s t a t i s t i c a l  a n a l y s i s  showed no s i g n i f i c a n t  c o r r e l a t i o n  

between t h e  pe rcen tage  d i f f e r e n c e  and e i t h e r  burnup o r  decay t ime. 

The s t a n d a r d  d e v i a t i o n  o f  14 r e p e a t  c a l o r i m e t e r  measurements per formed 

under  EPRI sponsorshop on assembly CZ205 used i n  t h e  cask performance t e s t  was 

+14 W, wh ich  i n d i c a t e s  t h a t  t h e  agreement between p r e d i c t i o n s  and d a t a  ( i18 W )  

i s  a lmost  as good as t h e  r e p e a t a b i l i t y  o f  t h e  t e s t  d a t a  i t s e l f .  The source o f  

assembly- to-assembly v a r i a t i o n  i s  e l i m i n a t e d  when t h e  14 r e p e a t e d  measurements 

o f  CZ205 a r e  ana lyzed  s e p a r a t e l y .  The average pe rcen tage  d i f f e r e n c e  between 

p r e d i c t i o n s  and measurements o f  t h e  decay hea t  o f  assembly CZ205 i s  3.3% w i t h  a  

s t a n d a r d  d e v i a t i o n  of k4.3% about  t h i s  average. 



4.3.2 Axi  a1 Decay Heat Genera t i on  P r o f  i 1  es 

Comparisons o f  p r e d i c t e d  a x i a l  decay hea t  g e n e r a t i o n  p r o f i l e s  w i t h  a  

measured average gamma a c t i v i t y  p r o f i l e  o f  t h e  f u e l  assemb l ies  a r e  shown i n  

F i g u r e  4.4. The p r e - c a l o r i m e t r y  p r e d i c t i o n  was made u s i n g  co re -ave raged  a x i  a1 

burnup d i s t r i b u t i o n s  f r o m  Cyc les  6  and 7 c o n t a i n e d  i n  Cooper r e a c t o r  o p e r a t i n g  

h i s t o r i e s .  Measured gamma d a t a  were o b t a i n e d  w i t h  t h e  ION-1 d e t e c t o r  d i scussed  

i n  S e c t i o n  3.2 and Volume I (McKi nnon e t  a1 . 1986a). P o s t - t e s t  ORIGEN2 p r e -  

d i c t i o n s  were o b t a i  ned u s i n g  t h e  ION-1 measurements o f  gamma a c t  i v i  t y  as i n p u t  . 
The p r e - c a l  o r i m e t r y  p r e d i c t i o n  o f  t h e  r e 1  a t i  ve a x i a l  decay h e a t  p r o f i l e  

d e p a r t s  f rom t h e  measured gamma a c t i v i t y  p r o f i l e  near  t h e  b o t t o m  of t h e  a c t i v e  

zone o f  t h e  f u e l  assembl ies .  The d i f f e r e n c e  i s  an i n d i c a t i o n  t h a t  t h e  assem- 

b l  i es have e x p e r i e n c e d  1  o c a l  i r r a d i  a t  i o n  c o n d i t i o n s  t h a t  d e p a r t  f r o m  c o r e  a v e r -  

age c o n d i t i o n s .  The d i f f e r e n c e  c o u l d  be due t o  any one o r  a  c o m b i n a t i o n  of  

t h r e e  f a c t o r s :  1) h i g h  g a d o l i n i u m  c o n t e n t  i n  t h e  f u e l  i n  t h e  l o w e r  r e g i o n  of  

t h e  rods t o  suppress  burnup i n  t h e  i n i t i a l  o p e r a t i n g  c y c l e s ;  2)  p a r t i a l  i n s e r -  

t i o n  o f  c o n t r o l  rods  d u r i n g  r e a c t o r  o p e r a t i o n ;  o r  3) a  r e a c t o r  power coastdown 

d u r i n g  t h e  l a s t  o p e r a t i n g  c y c l e ,  wh ich  decreased t h e  steam v o i d  f r a c t i o n  i n  t h e  

upper  r e g i o n  o f  t h e  r e a c t o r  c o r e  and r e s u l t e d  i n  h i g h e r  burnup i n  t h e  f u e l  n e a r  

t h e  t o p  of t h e  assembl ies .  Because a  l o n g  power coastdown was n o t  e v i d e n t  i n  

t h e  Cooper o p e r a t i n g  h i s t o r i e s ,  t h e  d i f f e r e n c e  between p r e - c a l o r i m e t r y  p r e d i c -  

t i o n s  and ION-1 gamma d a t a  was p r o b a b l y  due t o  f a c t o r  1 )  o r  2)  o r  bo th .  

The ION-1 gamma a c t i v i t y  measurements f o r  each assembly were averaged t o  

produce t h e  compos i te  gamma a c t i v i t y  c u r v e  shown i n  F i g u r e  4.4. T h i s  c u r v e  was 

used t o  c a l c u l a t e  an a x i a l  node burnup d i s t r i b u t i o n .  Severa l  ORIGEN2 cases 

were t h e n  r u n  w i t h  t h e  same Cooper o p e r a t i n g  h i s t o r y ,  b u t  a t  v a r i o u s  s p e c i f i c  

powers t h a t ,  when i n t e g r a t e d  o v e r  t h e  i r r a d i a t i o n  t ime ,  cove red  t h e  range o f  

a x i a l  node burnups. The a x i a l  decay h e a t  r a t e  p r o f i l e  i n  F i g u r e  4.4 was t h e n  

developed. O i  f f e r e n c e s  between t h e  p o s t  - c a l  o r i m e t  ry p r e d i  c t e d  decay hea t  r a t e  

p r o f i l e  and t h e  ION-1 gamma p r o f i l e  a r e  sma l l .  Decay h e a t  c a l c u l a t i o n s  t e n d  t o  

exaggera te  h i g h  va lues  and m i n i m i z e  l ow  va lues  because t h e  r e l a t i o n s h i p  between 

burnup and decay h e a t  i s  s l i g h t l y  n o n l i n e a r .  
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FIGURE 4.4. Comparisons o f  t h e  Pre-Cal o r i m e t  ry P r e d i c t e d  Ax i  a1 Decay 
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Measu r e d  Gamma A c t  i v i  t y  





5.0 HEAT TRANSFER ANALYSES 

The undocumented HYDRA and COBRA-SFS codes were used t o  p r e d i c t  tem- 

pera tu res  i n  t h e  spent f u e l  asserr~bl ies and cask d u r i n g  t h e  performance t e s t .  

Resu l t s  o f  t h e  p re -  and p o s t - t e s t  analyses a re  presented i n  t h i s  s e c t i o n  and 

compared t o  exper imenta l  cask performance t e s t i n g  da ta  ob ta i ned  by McKinnon 

e t  a l .  (1986a). B r i e f  d e s c r i p t i o n s  o f  each code and summaries o f  t h e  i n p u t  a re  

a1 so i n c l  uded. 

E f f e c t s  o f  f u e l  r od  emiss i  v i t i e s  a re  examined, and bes t -es t imate  p r e d i c -  

t i o n s  of t h e  maximum heat  t h a t  can be d i s s i p a t e d  by t h e  REA cask i n  a  v e r t i c a l  

o r i e n t a t i o n  w i t h  n i t r o g e n  and he1 i um backf  i 1 1  gases a re  prov ided.  

5.1 HYDRA ANALYSIS 

The HYDRA computer code was used t o  s imu la te  t h e  REA cask under per fo rm-  

ance t e s t i n g  cond i t i ons .  A d e s c r i p t i o n  o f  HYDRA i s  presented, f o l l owed  by a  

d e s c r i p t i o n  o f  i t s  a p p l i c a t i o n  i n  s i m u l a t i n g  t h e  REA cask. I nc l uded  i n  t h i s  

s e c t i o n  a r e  a  d i scuss ion  o f  t h e  computat iona l  model o f  t h e  cask, a  comparison 

o f  p r e t e s t  ( a c t u a l l y  p re - look ,  s i n c e  some p r e d i c t i o n s  were performed w h i l e  t h e  

cask t e s t  was i n  p rogress )  HYDRA p r e d i c t i o n s  t o  data, and a  p o s t - t e s t  

re -eva l  ua t  i on o f  se l ec ted  components o f  t h e  model . 
5.1.1 HYDRA Computer Code 

HYDRA i s  a  f u l l y  three-d imensional  thermal  h y d r a u l i c  computer code w i t h  

use r -o r i en ted  i n p u t .  The govern ing equat ions t h a t  d e f i n e  t h e  conserva t ion  o f  

mass, momentum, and energy a re  so lved  u s i n g  f i n i t e - d i f f e r e n c e  f o rmu la t i ons .  

The equa t ions  app ly  t o  s ingle-phase, compress ib le  f low. The momentum equa t ion  

i nc l udes  convec t ion  o f  momentum, Darcy drag, and o r i f i c e  drag, and g r a v i -  

t a t i o n a l ,  pressure,  and v iscous f o r c e  terms. The g r a v i t a t i o n a l  vec to r  i s  

i n p u t  i n  t h r e e  s i n g l e  valued components t o  a l l o w  a computat iona l  model t o  be 

r e o r i e n t e d  i n  space by merely changing t h e  components. Coupled heat  t r a n s f e r  

modes o f  conduct ion,  convect ion,  and r a d i a t i o n  a re  accounted f o r  i n  con junc t i on  

w i t h  vo l ume t r i c  heat  generat ion.  Rod-to-rod r a d i  a t i  on and enc l  osu r e  r a d i  a t  i on 

models can be cons t ruc ted  by i npu t .  There i s  a  s i g n i f i c a n t  degree of 



f l e x i  b i  1  i t y  i n  s p e c i f y i n g  temperature boundary cond i t i ons .  HYDRA o b t a i n s  a  

s t eady -s ta te  s o l u t i o n  by a  technique u s i  ng a  pseudo t r a n s i e n t  u n t i  1  converged. 

Two coo rd i na te  systems a re  ava i  1  ab le  i n  HYDRA. I n  Ca r t es i an  coord ina tes ,  

t h e r e  i s  complete freedom i n  s p e c i f y i n g  t h e  shape o f  t h e  boundary. I n  a  

second, more spec i  a1 i zed arrangement, a  Ca r t es i an  coord i  na te  system i s  bounded 

by a  c y l i n d r i c a l  c o o r d i n a t e  system. Th is  arrangement i s  o f t e n  found i n  d r y  

s to rage  casks where t h e  i n t e r i o r  of t h e  cask lends i t s e l f  t o  model ing w i t h  a  

Ca r t es i an  g r i d ,  w h i l e  t h e  cask body i s  more r e a d i l y  modeled w i t h  a  c y l i n d r i c a l  

g r i d .  The mornentum/conti nu i  t y  equat ions a re  so l  ved o n l y  i n  t h e  Ca r tes i  an 

p o r t i o n  o f  t h e  g r i d .  The thermal  s o l u t i o n  i s  ob ta i ned  i n  bo th  t h e  Ca r tes i an  

and c y l  i n d r i  c a l  domai ns. 

Both f l u i d  and thermal  p r o p e r t i e s  can be s p a t i a l l y  and tempera tu re  depen- 

dent. The thermal c o n d u c t i v i t y  and permeabi 1  i t y  may a1 so be an i  s o t r o p i  c. 

Furthermore, t h e  thermal  c o n d u c t i v i t y  w i t h i n  a  computat iona l  g r i d  can be con- 

s t r u c t e d  t o  represen t  a  composi te o f  va r i ous  m a t e r i a l s .  The composi te thermal  

c o n d u c t i v i t y  i s  based on e i t h e r  a  s e r i e s  o r  p a r a l l e l  thermal  r e s i s t i v e  pa th  

u s i  ng t h e  anal  ogy between t h e  heat  t r a n s f e r  pa th  and t h e  equ i  va l  e n t  e l e c t  r i  c a l  

c i  r c u i t .  Complex composi tes can be addressed by combi n i  ng s e r i e s  and p a r a l  1  e l  

networks e i t h e r  th rough  i n p u t  o r  preprocess ing.  Rad ia t i on  between p a r a l  l e l  

sur faces separated by a t h i n ,  t r anspa ren t  m a t e r i a l  i s  i n c l u d e d  i n  t h e  s p e c i f i -  

c a t i o n  of f i l m  res is tances .  

5.1.1.1 Governing Equat ions i n  HYDRA 

HYDRA so lves  t h e  equa t ions  t h a t  desc r i be  t h e  conse rva t i on  o f  mass, momen- 

tum, and energy w i t h i n  t h e  domain o f  i n t e r e s t .  The equa t ions  a re  as f o l l o w s :  

Mass 



Momentum 

a A  A A A A 
*A 

- (m) = @S ( p g  - VP - Dm t v * ~ v - )  - V- ( -m)  
a t  

Energy 

I n  t h e  momentum equa t ion ,  D; i s  a  d r a g  t e r m  t h a t  i n c l u d e s  Darcy d r a g  and 

o r i f i c e  drag.  An e q u a t i o n  o f  s t a t e ,  e.g., t h e  p e r f e c t  gas law, i s  r e q u i r e d  f o r  

c l o s u r e .  

I n  t h e  energy e q u a t i o n ,  4 i s  used t o  r e p r e s e n t  h e a t  sources due t o  h e a t  

g e n e r a t i o n  and the rma l  r a d i a t i o n .  Heat t r a n s f e r  by r a d i  a t i  on, e i t h e r  rod -  

t o - r o d  o r  between t h e  s u r f a c e s  o f  an enc losu re ,  i s  computed by t h e  f o l l o w i n g  

e x p r e s s i o n  : 

where Hij i s  a  the rma l  connec to r  t h a t  i s  based on geometry and emi t tances .  

5.1.1.2 HYDRA I n p u t  S p e c i f i c a t i o n s  

A l l  a p p l i c a t i o n s  f o r  wh ich  HYDRA i s  i n t e n d e d  can he s p e c i f i e d  t h r o u g h  

i n p u t .  The i n p u t  f i t s  i n t o  one of t h e  f o l l o w i n g  e i g h t  c a t e g o r i e s :  

c o n t r o l s  (program execu t ion ,  u s e r  i n t e r f a c e )  

convergence enhancement 

geometry ( compu ta t i ona l  g r i d )  

m a t e r i  a1 p r o p e r t i e s  and c o r r e l  a t i  ons 

h e a t  r a t e s  

r a d i a t i o n  

boundary c o n d i t i o n s  

i n i t i a l  c o n d i t i o n s .  



The l a s t  s i x  ca tego r i es  d e f i n e  t h e  problem and t h e  f i r s t  two c a t e g o r i e s  p e r m i t  

t h e  use r  t o  c o n t r o l  execut ions.  Through u i e r  i n t e r f a c e  c o n t r o l  fea tu res ,  a  

v a r i e t y  o f  d i a g n o s t i c  i n f o r m a t i o n  can be prov ided.  Th is  a l l ows  t h e  user  t o  

r e a d i l y  c o n f i r m  t h e  accuracy o f  t h e  prob lem d e f i n i t i o n  and t o  m o n i t o r  t h e  

progress of a  s imu la t i on .  

5.1.1.3 HYDRA S o l u t i o n  Technique 

A  HYDRA s i m u l a t i o n  begins by r ead ing  an i n p u t  f i l e  t h a t  desc r ibes  t h e  

a p p l i c a t i o n .  The i n i t i a l  c o n d i t i o n s  e s t a b l i s h  t h e  s t a r t i n g  p o i n t .  I n  genera l ,  

t h e  c l o s e r  t h e  i n i t i a l  c o n d i t i o n s  approximate t h e  s teady -s ta te  s o l u t i o n ,  t h e  

e a s i e r  i t  i s  t o  o b t a i n  a  converged s o l u t i o n .  It may be b e n e f i c i a l  t o  beg in  a  

s t eady -s ta te  s i m u l a t i o n  by us i ng  a  s o l u t i o n  t ape  f rom a  r e l a t e d  problem. 

The s o l u t i o n  o f  t h e  coupled s e t  o f  conse rva t i on  equa t ions  proceeds sequen- 

t i a l l y  th rough  a  number o f  pseudo t i m e  s teps d e f i n e d  by i n p u t .  A t  t h e  o u t s e t  

of a  psuedo t i m e  step, r a d i a t i o n  heat t r a n s f e r  i s  computed u s i n g  temperatures 

from t h e  p rev i ous  t i m e  s tep,  o r  t h e  i n i t i a l  temperatures a t  t h e  o u t s e t  of a  

s imu la t i on .  The r a d i a t i o n  heat  t r a n s f e r  i s  added t o  t h e  source t e r m  i n  t h e  

energy equat ion.  Temperatures a re  computed w i t h i n  t h e  Ca r tes i an  p o r t i o n  of t h e  

g r i d  u s i n g  t h e  heat  sources and mass f l u x e s  f rom t h e  p rev i ous  t i m e  s tep ,  o r  t h e  

i n i t i a l  mass f l u x e s  a t  t h e  ou t se t  o f  a  s imu la t i on .  I f  an o u t e r  c y l i n d r i c a l  

g r i d  i s  coupled t o  an i n n e r  Ca r t es i an  g r i d ,  t h e  heat  t r a n s f e r  a t  t h e  g r i d  

boundary i s  computed u s i n g  new temperatures f rom t h e  Ca r tes i an  g r i d  and t h e  

g r i d  boundary temperatures f rom t h e  p rev i ous  pseudo t ime  step. Heat t r a n s f e r  

f rom t h e  Ca r tes i an  g r i d  i s  t r e a t e d  as a  source t e rm  on t h e  i n s i d e  c y l i n d r i c a l  

boundary f o r  t h e  computat ion o f  temperatures i n  t h e  o u t e r  c y l i n d r i c a l  p o r t i o n  

o f  t h e  g r i d .  New t i m e  temperatures on bo th  s i des  o f  t h e  g r i d  i n t e r f a c e  

boundary a r e  t hen  used t o  update t h e  g r i d  boundary temperatures.  

The momentum equa t ions  a re  so l ved  f o r  t h e  approximate o r  " t i l d e "  phase 

mass f l u x e s  i n  t h e  t h r e e  coo rd i na te  d i r e c t i o n s .  The t i l d e  phase mass f l u x e s  

a re  used i n  t h e  c o n t i n u i t y  equa t ion  t o  compute t h e  p ressure  f i e l d .  The new 

t i m e  pressures a re  t h e n  used t o  update t h e  t i l d e  phase mass f l u x e s  t o  t h e  new 

t i m e  l e v e l .  



The energy e q u a t i o n  and t h e  t h r e e  momentum e q u a t i o n s  a r e  each s o l v e d  

i m p l i c i t l y  and a r e  t h u s  f r e e  o f  t h e  common e x p l i c i t  t i m e - s t e p  l i m i t a t i o n s  and 

i n s t a b i  1  i t i  es. However, t h e  e x p l  i c i  t coup l  i ng o f  r a d i a t i o n  t o  t h e  energy  

equa t ion ,  t h e  e x p l i c i t  c o u p l i n g  o f  t h e  h e a t  t r a n s f e r  ac ross  t h e  C a r t e s i a n /  

c y l  i n d r i  c a l  i n t e r f a c e ,  and t h e  e x p l  i c i  t coup l  i ng o f  t empera tu res  and mass 

f l u x e s  between t h e  energy  and mass t r a n s f e r  e q u a t i o n s  i n t r o d u c e  1  i m i t a t i o n s  on 

t h e  pseudo t i m e - s t e p  s i z e .  These l i m i t a t i o n s  a r e  d e a l t  w i t h  a u t o m a t i c a l l y  by 

HYDRA t h r o u g h  a p p r o p r i a t e  i n p u t  c o n t r o l  . 
HYDRA w r i t e s  t h e  c u r r e n t  s o l u t i o n  t o  a  t a p e  when t h e  number o f  pseudo t i m e  

s t e p s  p r e s c r i b e d  by i n p u t  have been completed.  T h i s  t a p e  may be used t o  

c o n t i n u e  t h e  s i m u l a t i o n .  A  number o f  c r i t e r i a  a r e  e v a l u a t e d  t o  j udge  whether  

o r  n o t  convergence has been ach ieved.  

5.1.2 HYDRA Computa t iona l  Model 

The a n a l y s i s  o f  t h e  REA cask r e q u i r e s  s p e c i f i c a t i o n  o f  t h e  geometry and 

m a t e r i a l  p r o p e r t i e s  f o r  t h e  cask i n t e r i o r  and cask body, and s p e c i f i c a t i o n  o f  

t h e  the rma l  c o n n e c t i o n  o f  t h e  o u t e r  cask s u r f a c e  t o  t h e  ambient .  S p e c i f i c  

d e t a i  1s o f  t h e  cask were p r o v i d e d  i n  a s - b u i l t  d rawings p r o v i d e d  by REA. A 

b r i e f  d e s c r i p t i o n  o f  t h e  cask was p r e s e n t e d  i n  S e c t i o n  3.0. A d e t a i l e d  p h y s i -  

c a l  d e s c r i p t i o n  o f  t h e  cask i s  i n c l u d e d  i n  Volume I o f  t h i s  r e p o r t  (McKinnon 

e t  a1 . 1986a ). 

5.1.2.1 HYDRA Geomet ry Model 

The REA cask s i m u l a t i o n  was per formed u s i n g  two r e l a t e d  c o m p u t a t i o n a l  

models. W i th  t h e  cask i n  t h e  v e r t i c a l  o r i e n t a t i o n ,  q u a r t e r  symmetry was 

invoked.  The compu ta t i ona l  g r i d  arrangement i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  

a x i s  o f  t h e  cask i s  shown i n  F i g u r e  5.1 f o r  q u a r t e r  symmetry. The 

c o r r e s p o n d i n g  g r i d  d imens ions a r e  g i v e n  i n  Tab le  5.1. I n  t h e  r e c t a n g u l a r  

p o r t i o n  o f  t h e  q u a r t e r  symmetry g r i d ,  t h e  g r i d  d imens ions i n  t h e  x-  and 

y - d i r e c t i o n s  a r e  symmetr ic .  I n  t h e  cask body, t h e  r a d i a l  g r i d  d imens ions a r e  

s p e c i f i e d ,  and t h e  a n g u l a r  g r i d  d imensions a r e  genera ted  i n t e r n a l l y  by HYDRA. 

W i t h  t h e  cask i n  t h e  h o r i z o n t a l  o r i e n t a t i o n ,  h a l f  symmetry was invoked.  

To o b t a i n  t h e  hal f -symmetry g r i d ,  t h e  quar ter -symmetry  g r i d  was f o l d e d  o v e r  t h e  

quadrant  a x i s .  The c o m p u t a t i o n a l  g r i d  arrangement i n  t h e  p l a n e  p e r p e n d i c u l a r  
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FIGURE 5.1. HYDRA Quarter-Symmetry Computat ional  G r i d  Arrangement i n  
t h e  Plane Perpend icu la r  t o  t h e  Ax is  o f  t h e  Cask 

t o  t h e  l o n g i t u d i n a l  a x i s  of t h e  cask i s  shown i n  F i g u r e  5.2 f o r  h a l f  symmetry. 

The I - d i  r e c t i o n  g r i d  arrangement i s  i d e n t i c a l  t o  those  g iven  i n  Table  5.1 f o r  

q u a r t e r  symmetry. The g r i d  dimensions i n  t h e  J - d i r e c t i o n  a r e  i d e n t i c a l  t o  t h e  

I - d i  r e c t i o n  when viewed f r om t h e  1  i ne o f  symmetry between t h e  g r i d s  a t  J = 1 4  

and J = 15. The r a d i a l  g r i d  dimensions f o r  t h e  c y l i n d r i c a l  p o r t i o n  o f  t h e  g r i d  

are,  o f  course, i d e n t i c a l  f o r  q u a r t e r  and h a l f  symmetry. A l l  o f  t h e  REA cask 

s i m u l a t i o n s  cou ld  have been performed w i t h  t h e  half-symmet r y  g r i d .  The q u a r t e r  

symmetry was used when p o s s i b l e  t o  reduce computat iona l  expense. 



TABLE 5.1. HYDRA Computa t iona l  G r i d  Dimensions i n  t h e  X - D i r e c t i o n  

D e s c r i  p t i  on 

Boundary g r i d  i n s u l a t e d  by symmetry 

Open channel  

Wal l  : baske t ,  f u e l  t u b e  

Fue l  assembly 

Wa l l :  f u e l  tube,  copper, f u e l  t u b e  

Fue l  assembly 

d la l l :  a d j a c e n t  f u e l  t u b e s  

Fue l  assembly 

Wal l  : a d j a c e n t  f u e l  t u b e s  

Fue l  assembly 

Fue l  assembly 

Fue l  assembly 

W a l l :  f u e l  t ube ,  baske t  

Open channel  

15 - - Boundary g r i d  f o r  cask i n t e r i o r  

D e s c r i p t i o n  

Roundary g r i d  f o r  i n s i d e  o f  cask body 

Copper s h e l l  of b a s k e t  

I n n e r  cask w a l l  and l e a d  

Ou te r  cask body w a l l  

Neut ron s h i e l d  

Ou te r  n e u t r o n  s h i e l d  con ta inmen t  

Roundary g r i d  f o r  s i d e  o f  cask- to-ambi  e n t  

The compu ta t i ona l  g r i d  arrangement i n  t h e  p l a n e  p a r a l l e l  t o  t h e  l o n g i -  

t u d i n a l  a x i s  d f  t h e  cask i s  shown i n  F i g u r e  5.3. The g r i d  d imens ions f o r  t h e  

a x i a l  d i  r e c t i o n  a r e  g i v e n  i n  T a b l e  5.2. A x i a l  g r i d  d imens ions a r e  c o n t i n u o u s  

between t h e  i n t e r i o r  and t h e  cask body. The same a x i a l  g r i d  arrangement was 

a p p l i e d  t o  b o t h  q u a r t e r  and h a l f  symmetry. 



F I G U R E  5.2. HYDRA H a l f  -Symmetry Computa t iona l  G r i  d Arrangement i n  
t h e  P lane  P e r p e n d i c u l a r  t o  t h e  A x i s  o f  t h e  Cask 

I t  s h o u l d  be no ted  t h a t  i n  t h e  X - Y  p l a n e  o f  t h e  HYDRA g r i d  ( F i g u r e s  5.1 

and 5.2), t h e  f u e l  assemb l ies  a r e  r e p r e s e n t e d  by e i t h e r  one o r  t h r e e  compu- 

t a t i o n a l  c e l l s  ( f o u r  g r i d  l i n e s  d e f i n e  a c e l l  ). T h i s  coarseness o f  t h e  compu- 

t a t i o n a l  g r i d  i n  t h e  X-Y  p l a n e  p r e s e n t s  a  p rob lem w i t h  r e s p e c t  t o  p r e d i c t i o n s  

of l o c a l  t empera tu res  w i t h i n  t h e  f u e l  t u b e s / f u e l  assembl ies .  To r e s o l v e  t h i s  

problem, a  f i n e  mesh f u e l  t u b e  model was a p p l i e d .  The a p p l i c a t i o n  o f  t h e  f u e l  

t u b e  model was necessary  o n l y  because o f  t h e  c o a r s e  g r i d .  I f  s u f f i c i e n t  g r i d  



FIGURE 5.3. HYDRA Axi  a1 Compu ta t i ona l  
G r i d  Arrangement 



TABLE 5.2. HYDRA Computational G r i d  Dimensions i n  t h e  Axi a1 Di r e c t i o n  

D e s c r i p t i o n  

Boundary g r i d  f o r  bot tom o f  cask t o  ambient 

Cask bot tom ( o u t e r )  

Lead 

Cask bot tom ( i n n e r )  

Pa r t  i a1 l y  open g r i  d  be1 ow basket 

Bottom nozz le  

Bottom nozz le  

Heat gene r a t i o n  r e g i  on (Bora l  and neu t ron  s h i  e l  d i  ng 

beg in  a t  bot tom o f  g r i d )  

Heat gene ra t i  on r e g i  on 

Bo ra l  ends a t  t o p  o f  g r i d  

Neutron s h i e l d  ends a t  t o p  o f  g r i d  
Top o f  f u e l  assembly i n c l u d i n g  t i e  p l a t e  

Fuel tubes end a t  t o p  of g r i d  

Open g r i d  above f u e l  tubes 

L i d  bot tom 

Lead i n  l i d  

L i d  t o p  

L i d  t o p  
Boundary g r i d  f o r  t o p  of cask t o  ambient 



r e s o l u t i o n  e x i s t e d  t o  s a t i s f a c t o r i  l y  d e f i n e  l o c a l  t empera tu res ,  t h e n  t h e  s o l u -  

t i o n  of t empera tu res  f r o m  HYDRA wou ld  be adequate. However, such r e s o l u t i o n  i n  

t h e  REA cask, w i t h  i t s  l a r g e  number o f  f u e l  assembl ies,  wou ld  r e q u i r e  a  mesh 

c o n t a i n i n g  s u b s t a n t i a l l y  more c e l l s  t h a n  a r e  i n  t h e  c u r r e n t  model. Comparison 

o f  p r e d i c t e d  and measured tempera tu res  i s  an e v a l u a t i o n  o f  t h e  e f f e c t i v e n e s s  of 

t h i s  method. 

The f u e l  t u b e  model r e l i e s  on a  d e r i v a t i v e  computer  program o f  HYDRA t o  

s o l v e  t h e  energy e q u a t i o n  f o r  t h e  l o c a l  t empera tu res  w i t h i n  a  f u e l  t u b e l f u e l  

assembly. The f u e l  t u b e  program uses a p p r o p r i a t e  coa rse  mesh tempera tu res  

and mass f l u x e s  f r o m  HYDRA as boundary c o n d i t i o n s  f o r  t h e  s o l u t i o n  o f  l o c a l  

t empera tu res  w i t h i n  t h e  s p e c i f i e d  f u e l  tube.  The f u e l  t u b e  program does n o t  

s o l v e  t h e  momentum equa t ion .  However, t h e  t o t a l  mass f l u x e s  can be r e d i s t r i -  

bu ted  l o c a l l y  by s p e c i f y i n g  r e l a t i v e  f l o w  r e s i s t a n c e s .  

Thermal and f l u i d  p r o p e r t i e s  a r e  i n p u t  t o  t h e  f u e l  t u b e  program i n  much 

t h e  same way as i n  HYDRA. The c o m p u t a t i o n a l  g r i d  i n  t h e  f u e l  t u b e  program f o r  

t h e  c u r r e n t  a n a l y s i s  i n c l u d e s  a  5x5 mesh i n  each assembly, as shown i n  F i g -  

u r e  5.4. Ad jacen t  t o  t h e  f o u r  faces  o f  each assembly, gaps between t h e  faces 

and t h e  f u e l  t u b e  w a l l s  a r e  r e p r e s e n t e d  by one c e l l .  The a x i a l  g r i d  used i n  

t h e  f u e l  t u b e  model i n c l u d e s  t h e  g r i d s  f r o m  K = 4 t o  K = 29 shown i n  F i g u r e  5.3 

and d e f i n e d  i n  T a b l e  5.2. F u r t h e r  g r i d  r e s o l u t i o n  i s  p o s s i b l e ;  however, 

numer i ca l  i n v e s t i g a t i o n s  w i t h  g r i d s  h a v i n g  more c e l l s  i n  e i t h e r  t h e  t r a n s v e r s e  

o r  a x i a l  d i r e c t i o n s  show l i t t l e  o r  no e f f e c t  on p r e d i c t e d  tempera tu res .  

5.1.2.2 HYDRA M a t e r i a l  P r o p e r t i e s  and C o r r e l a t i o n s  

Thermal c o n d u c t i v i t i e s  o f  t h e  c o n s t i t u e n t  m a t e r i a l s  o f  t h e  cask were 

o b t a i n e d  f r o m  Tou louk ian  and Ho (1970). The the rma l  p r o p e r t i e s  o f  t h e  e t h y l e n e  

g l y c o l  were o b t a i n e d  f rom Curme and Johnston (1952). We1 1  - e s t a b l  i shed rnater i  a1 

p r o p e r t i e s  and m a t e r i a l  p r o p e r t y  c o r r e l a t i o n s  used by HYDRA f o r  p r e t e s t  p r e d i  c -  

t i o n s  o f  t h e  REA cask a r e  g i v e n  i n  T a b l e  5.3. Emi t tances  of f u e l  t ubes  and t h e  

p a i n t e d  cask o u t e r  s u r f a c e  were measured by T a y l o r  (1983, 1984). The r e m a i n i n g  

emi t tances  a r e  e s t i m a t e d  values.  Some compu ta t i ona l  c e l l s  i n c l u d e  a  compos i te  



FIGURE 5.4. Fuel  Tube Model Computat ional  G r i d  f o r  Assemblies A y  Ey 
F, G, and J 

o f  severa l  m a t e r i a l s .  F o r  these  c e l l s  a p p r o p r i a t e  e f f e c t i v e  thermal  conduc- 

t i v i t i e s  a re  def ined.  A n i s o t r o p i c  e f f e c t i v e  thermal  c o n d u c t i v i t i e s  a r e  

computed i f  necessary. 

The Nusse l t  number c o r r e l a t i o n  f o r  t h e  neu t ron  s h i e l d  was ob ta ined  f r om 

Cat ton (1978). The c o r r e l a t i o n  i s  

NU = 0.22 A - ~ ~ ~  [ (P r  ~ a ) l ( O . 2 + P r ) l  0.28 (5 .5)  

where A  i s  t h e  area, Pr i s  t h e  P rand t l  number, and Ra i s  t h e  Ray le i gh  number. 



TABLE 5.3. HYDRA M a t e r i a l  P r o p e r t i e s  

Thermal c o n d u c t i v i t y ,  w / c m 2 ~ c  

B o r a l  0.6770 - (0.6670-10-3)*T 

Copper 4.0500 - (0.8000-10-3)*T 

Lead 0.3920 - (0.1333.10-3)*T 

S t a i n l e s s  s t e e l  0.09215 + (0.1465.10-3)*T 

A i  r 0.688.10-4 + (0,634.10-6)*T 

N i t r o g e n  0.768.10-4 + (0.609.10-6)*T 

He1 i urn 0.600.10-3 + (0.300-10-5)*T 

S p e c i f i c  hea t ,  W*sec/qm°C 

N i t r o g e n  

Idel i um 

V i s c o s i t y  , gm/cm=9sec 

N i t r o g e n  

He1 i um 

Erni t t a n c e  

Fue l  rods  0.8 

Fue l  t ubes  ( s t a i  n l  ess s t e e l  ) 0.2 (Measu r e d )  

O the r  s t a i n l e s s  s t e e l  s u r f a c e s  0.2 

Copper 0.5 

Lead 0.6 

O u t s i d e  s t a i n l e s s  s t e e l  s u r f a c e s  0.3 

O u t s i d e  p a i n t e d  s u r f a c e  0.78 (Measured) 

The c o r r e l a t i o n s  f o r  t h e  n a t u r a l  c o n v e c t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t s  on 

t h e  o u t e r  cask s u r f a c e  were o b t a i n e d  f r o m  Sissorn and P i t t s  (1972).  F o r  f l a t  

h o r i z o n t a l  s u r f a c e s  t h e  c o r r e l a t i o n  i s  

Nu = 0.14 (Gr P r )  113 

where Gr i s  t h e  Grasho f f  number. 



For  f l a t  v e r t i c a l  su r faces  t h e  c o r r e l a t i o n  i s  

Nu = 0.13 (Gr p r ) ' I 3  

When t h e  cask i s  i n  a  h o r i z o n t a l  o r i e n t a t i o n ,  n a t u r a l  convec t i on  o f f  t h e  

h o r i z o n t a l  c y l i n d e r  i s  computed w i t h  Equa t ion  (5.7). 

Many o f  t h e  REA cask t e s t  runs were conducted ou tdoors  where t h e  cask was 

sub jec ted  t o  v a r i a b l e  wind speed. Under t hese  c o n d i t i o n s  t h e  o u t s i d e  hea t  

t r a n s f e r  c o e f f i c i e n t  was computed f rom f o r c e d  convec t ion  c o r r e l  a t  i o n s  d e f i n e d  

i n  Welty, Wicks, and Wi lson (1969). For  cask su r f ace  o r i e n t a t i o n s  t h a t  were 

s i m i l a r  t o  a  c y l i n d e r  i n  c ross  f l ow ,  t h e  f o l l o w i n g  c o r r e l a t i o n  was used: 

where Re i s  t h e  Reynolds number. Fo r  su r faces  t h a t  looked  l i k e  f l a t  p l a t e s ,  

t h e  equa t ion  

NuL = 0.0360 Pr ReL 0.800 

was used. Equa t ion  (5.9) f o l l o w s  f r om t h e  Reynolds analogy i n t e g r a t e d  t o  

o b t a i n  an average Nusse l t  number. The s k i n  f r i c t i o n  c o r r e l a t i o n  used i n  t h e  

Reynolds analogy was t h a t  f o r  t u r b u l e n t  f l o w  over  a  f l a t  p l a t e :  

Fo r  t h e  cask i n  a  v e r t i c a l  o r i e n t a t i o n ,  Equa t ion  (5.8) was a p p l i e d  t o  t h e  

b a r r e l  o f  t h e  cask u s i n g  a  s i g n i f i c a n t  l e n g t h  o f  D = 220 cm (86.6 i n . ) ,  and 

Equat ion (5.9) was a p p l i e d  t o  t h e  ends o f  t h e  cask w i t h  a  s i g n i f i c a n t  l e n g t h  o f  

L = 195 cm (76.8 i n . ) .  For  t h e  cask i n  a  h o r i z o n t a l  o r i e n t a t i o n ,  Equa t ion  

(5.9) was a p p l i e d  t o  t h e  e n t i r e  o u t s i d e  su r f ace  u s i n g  a  s i g n i f i c a n t  l e n g t h  o f  

L  = 330 cm (129.9 i n . ) .  



Heat t r a n s f e r  f rom t h e  o u t s i d e  su r f ace  o f  t h e  cask i n v o l v e s  bo th  convec- 

t i  on and r a d i a t i o n .  Thermal r a d i a t i o n  heat t r a n s f e r  f r om  t h e  o u t s i d e  su r f ace  

was computed u s i n g  a  heat  t r a n s f e r  c o e f f i c i e n t  def ined as 

where a i s  t h e  Stefan-Boltzmann constant ,  c i s  t h e  su r f ace  emi t tance,  Ts i s  t h e  

l o c a l  su r f ace  temperature,  and Ta i s  t h e  ambient temperature.  The t o t a l  

o u t s i d e  heat  t r a n s f e r  c o e f f i c i e n t  i s  

where hc i s  t h e  convec t i ve  heat  t r a n s f e r  c o e f f i c i e n t  and h r  i s  t h e  r a d i a t i o n  

heat  t r a n s f e r  c o e f f i c i e n t .  

For  runs 12, 13, and 14, t h i n  b l anke t  i n s u l a t i o n  was wrapped around t h e  

o u t s i d e  of t h e  cask. With t h e  cask i n  t h e  v e r t i c a l  o r i e n t a t i o n ,  t h e  i n s u l a t i o n  

covered t h e  neut ron s h i e l d  and expansion chamber. The thermal  r e s i s t a n c e  o f  

t h e  m a t e r i a l  i s  known but ,  i n  app l y i ng  more than  one l a y e r ,  t h e  t o t a l  thermal  

r es i s t ance  was no t  def ined.  For  t hese  cases, t h e  o u t s i d e  heat  t r a n s f e r  c o e f f i -  

c i e n t  on t h e  b a r r e l  was no t  used. Ins tead,  measured cask su r f ace  temperatures 

were a p p l i e d  d i  r e c t l y ,  be ing  s p e c i f i e d  through i npu t .  

I n  a  v e r t i c a l  o r i e n t a t i o n ,  t h e  cask res ted  on a  wooden spacer i n  t h e  shape 

o f  a  l a r g e  r i n g  t h a t  c rea ted  an unvented a i r  space below t h e  cask. The cask 

and spacer were mounted on a  depressed-center r a i l  car.  Thus, t h e  thermal  con- 

n e c t i o n  between t h e  bottom su r f ace  o f  t h e  cask and t h e  ambient was c l u t t e r e d  by 

t h e  i n t e r v e n i n g  s t r u c t u r e .  An e f f e c t i v e  heat t r a n s f e r  c o e f f i c i e n t  was devel  - 
oped t h a t  approx imate ly  accounted f o r  t h i s  s t r u c t u r e .  

5.1.2.3 Spent Fuel Heat Generat ion Rates 

The measured and p r e d i c t e d  decay heat genera t ion  r a t e s  o f  t h e  Cooper BWR 

spent f u e l  ass~ernblies were d iscussed i n  Sec t i on  4.0. For  t h e  p a r t i a l  l oad  

runs, t h e  decay heat r a t e s  were p rov ided  based on measured values f o r  Novem- 

ber  19, 1984. For  t h e  f u l l  l o a d  runs, t h e  decay heat  r a t e s  were based on 

values f o r  January 13, 1985. Decay heat values a p p l i c a b l e  t o  each run were 



determined by a d j u s t i n g  measured va lues by t h e  p roduc t  o f  t h e  d a i l y  decay r a t e  

p r e d i c t e d  by ORIGEN2 and t h e  number o f  days between t h e  re fe rence  da te  and t h e  

da te  t h a t  steady s t a t e  was achieved f o r  t h e  run. 

The f u e l  assembly l o a d  p a t t e r n s  were p r e v i o u s l y  i n d i c a t e d  i n  F i g u r e  3.6 

(Sec t ion  3.3) f o r  bo th  p a r t i a l  and f u l l  l oad  runs. Assemblies a r e  i d e n t i f i e d  

a long  w i t h  f u e l  tubes, quadrants,  heat  gene ra t i on  r a t e s  on re fe rence  dates,  and 

t h e  d a i l y  decay r a t e  p r e d i c t e d  by ORIGEN2 (Sec t ion  4.3). For  t h e  a n a l y s i s  of 

t h e  runs w i t h  t h e  cask i n  t h e  v e r t i c a l  o r i e n t a t i o n ,  t h e  assembly hea t  genera- 

t i o n  r a t e s  were averaged based on q u a r t e r  symmetry. Fo r  example, t h e  heat  

genera t ion  r a t e s  o f  assembl ies 1-5, 2-5, 3-5, and 4-5 were averaged. For  t h e  

a n a l y s i s  o f  t h e  runs w i t h  t h e  cask i n  t h e  h o r i z o n t a l  o r i e n t a t i o n ,  t h e  assembly 

heat  gene ra t i  on r a t e s  were averaged based on ha1 f symmetry across t h e  v e r t i  c a l  

midplane. For  example, t h e  heat genera t ion  r a t e s  o f  assembl ies 1-J and 4-5 

were averaged. 

The a x i a l  d i s t r i b u t i o n  o f  heat was e s t a b l i s h e d  based on t h e  p r e -  

c a l o r i m e t r y  ORIGENZ p r e d i c t i o n  shown i n  F i g u r e  4.4 ( S e c t i o n  4.3). Th i s  cu rve  

i s  a  p r e d i c t i o n  based on core-average a x i a l  burnup, and a  s i n g l e  cu r ve  was 

a p p l i e d  f o r  a l l  o f  t h e  assemblies. 

5.1.2.4 Model ina U n c e r t a i n t i e s  

A number o f  model ing u n c e r t a i n t i e s  e x i s t  because o f  t h e  c o n s t r u c t i o n  of 

t h e  cask and basket,  and o t h e r  aspects o f  t h e  performance t e s t .  The hea t  

t r a n s f e r  f r om  t h e  o u t s i d e  su r f ace  t o  t h e  ambient i s  d i f f i c u l t  t o  p r e d i c t  accur-  

a t e l y .  A v a i l a b l e  heat  t r a n s f e r  c o r r e l a t i o n s  do no t  account f o r  t h e  non idea l  

environment under which t h e  cask t e s t  was performed. W i t h i n  t h e  cask, t h e  

f o l l o w i n g  des i  gn f e a t u r e s  i n t r o d u c e  f u r t h e r  u n c e r t a i n t y  i n t o  t h e  a n a l y s i s :  

The l e a d  i n  t h e  cask body, l i d ,  and bottom, was s u b j e c t  t o  sh r inkage  

as i t  coo led  f rom t h e  mo l ten  pour. Th is  l e f t  gaps t h a t  c o u l d  no t  be 

measured. For  t h e  p r e t e s t  ana l ys i s ,  these  gaps were ass igned a  va l ue  

o f  0.051 cm (0.020 in . ) .  

The assembly o f  t h e  basket quadrants  i n t o  t h e  cask l e f t  a  gap of 

unknown, v a r i a b l e  t h i c k n e s s  between t h e  copper s h e l l  o f  t h e  basket  



and t h e  i n n e r  w a l l  o f  t h e  cask body. Fo r  t h e  p r e t e s t  ana l ys i s ,  t h i s  

gap was assigned a  u n i f o r m  va lue  o f  0.056 cm (0.022 in.) .  

The thermal  r es i s t ance  between t h e  copper conduc t ion  s t r i p s  i n  t h e  

basket and t h e  copper s h e l l  o f  t h e  basket i s  i n f l u e n c e d  by unknown 

gaps and con tac t  res is tances .  A s i m i l a r  problem e x i s t s  a t  t h e  

con tac t  o f  t h e  basket suppor t  s t r u c t u r e  w i t h  t h e  copper s h e l l  of t h e  

basket. REA used a  l a b o r a t o r y  model t o  measure t h e  con tac t  

r e s i s t a n c e  o f  a  p r o t o t y p i c  s e c t i o n  o f  t h e  copper- to-copper con tac t .  

However, t h e  t o t a l  thermal  r e s i s t a n c e  i nc l udes  t h e  e f f ec t s  of 

i n t e r m i t t e n t  gaps a long  t h e  con tac t  sur face.  The gaps may no t  be as 

severe i n  t h e  l a b o r a t o r y  model. The gaps a re  a l l u d e d  t o  i n  t h e  

des i  gn drawi  ngs suppl  i e d  by REA. 

The basket quadrants c o n s i s t  o f  13 f u e l  tubes. A t o l e r a n c e  i s  

s p e c i f i e d  f o r  s t r a i g h t n e s s  o f  t h e  i n d i v i d u a l  tubes. A s - b u i l t  des ign  

drawings and measurements suggest t h a t  t h e  f u e l  tubes a re  no t  i n  good 

thermal  con tac t  w i t h  ad jacen t  tubes o r  conduc t ion  s t r i p s .  

Fuel assembl i e s  f i t  i n t o  f u e l  tubes w i t h  nominal gaps of 2 cm 

(0.79 in . ) .  It i s  assumed i n  t h i s  a n a l y s i s  t h a t  t h e  gap i s  u n i f o r m l y  

d i s t r i b u t e d ;  t h a t  i s ,  t h e r e  i s  a  gap o f  about 1 cm (0.39 i n . )  between 

t h e  o u t e r  row o f  rods and t h e  ad jacen t  f u e l  tube  w a l l  on each face  o f  

t h e  assembly. I n  r e a l i t y ,  because t h e  f u e l  assembly i s  no t  f i x e d  i n  

place, i t  can t i l t  t o  one s i d e  o r  another  and can s h i f t  as t h e  r e s u l t  

o f  cask-hand1 i ng a c t i v i t i e s .  The f u e l  assembly l o c a t i o n  a f f e c t s  t h e  

heat d i s t r i b u t i o n  throughout  t h e  basket.  The p r e c i s e  l o c a t i o n  i s  

unknown and va r i ab l e .  

The bot tom o f  t h e  cask i s  no t  f l a t .  Measurements i n d i c a t e  t h a t  t h e  

gap between t h e  bot tom o f  t h e  basket  and t h e  bot tom su r f ace  o f  t h e  

cask c a v i t y  inc reases  f r om t h e  center .  The ac tua l  f l o w  area below 

t h e  basket  i s  no t  w e l l  def ined.  Th i s  f l o w  area i s  very impor tan t  i n  

de te rmin ing  t h e  t o t a l  r e s i s t a n c e  t o  n a t u r a l  c i r c u l a t i o n .  The f low 

area determined f r om measurements i s  g r e a t e r  than  what would be 

a v a i l a b l e  i f  t h e  bot tom o f  t h e  cask were f l a t .  



M a t e r i a l  p r o p e r t i e s  a re  g e n e r a l l y  we1 1  known, e x c l u d i n g  t h e  e f f e c t i v e  

thermal  c o n d u c t i v i t y  i n  t h e  neu t ron  s h i e l d .  However, one p r o p e r t y  t h a t  i s  no t  

so w e l l  known i s  emi t tances.  O f  t h e  va lues g iven  i n  Table  5.3, o n l y  t h e  f u e l  

tubes and p a i n t e d  s u r f a c e  emi t t a n c e s  were measured. Emi t t a n c e s  a r e  p a r t i  cu- 

l a r l y  impo r tan t  i n  t h e  vacuum and n i t r o g e n  cases where r a d i a t i o n  heat  t r a n s f e r  

i s  of t h e  same o rde r  o f  magnitude as conduc t ion  heat t r a n s f e r  i n  t h e  gas. 

S o l a r  i n s o l a t i o n  da ta  were no t  used i n  t h e  ana l ys i s .  The da ta  i n d i c a t e d  

i n s o l a t i o n  d u r i n g  t h e  day, bu t  no t  r a d i a t i o n  l o s s  a t  n i g h t .  

5.1.3 HYDRA P r e d i c t i o n s  Compared t o  Data 

I n  t h i s  sec t i on ,  HYDRA p r e t e s t  and p o s t - t e s t  p r e d i c t i o n s  o f  REA cask tem- 

pe ra tu res  a re  compared t o  measured t e s t  data.  The p r e t e s t  p r e d i c t i o n s  were 

developed w i t h o u t  any p rev ious  rev iew o f  t h e  data, except t h a t  a c t u a l  t e s t  

boundary c o n d i t i o n s  were app l ied .  The measured boundary c o n d i t i o n s  a re  c a v i t y  

pressure,  ambient temperature,  and wind speed. The da te  o f  t h e  r un  e s t a b l i s h e d  

t h e  heat  gene ra t i on  r a t e .  Comparisons o f  p r e t e s t  p r e d i c t i o n s  w i t h  da ta  p r o -  

v ided  i n f o r m a t i o n  t h a t  j u s t i f i e d  changes t o  t h e  cask d e s c r i p t i o n  and t o  va r i ous  

code i n p u t  models. The subsequent p o s t - t e s t  p r e d i c t i o n s  d i s p l a y  improved 

agreement w i t h  data. Some disagreement between p r e d i c t i o n s  and da ta  remains 

unresolved. Some p a r t i c u l a r  i ssues  a re  t h e  s u b j e c t  o f  s p e c i a l  s t u d i e s  t h a t  

q u a n t i f y  p o s s i b l e  causes o f  t h e  disagreement. 

To ach ieve meaningfu l  agreement between p r e d i c t i o n s  and data, t h e  f o l  1 ow- 

i n g  t h r e e  i n g r e d i e n t s  must be r e l i a b l e :  

cask d e s c r i p t i o n  

computer model 

data. 

I n  t h e  comparison o f  p r e t e s t  p r e d i c t i o n s  w i t h  data,  d e f i c i e n c i e s  were found i n  

each of t hese  groups. The REA cask /baske t / f ue l  assembly i s  a  complex system. 

Cons iderab le  u n c e r t a i  n t y  e x i s t s  r ega rd i  ng t h e  d e s c r i p t i o n  o f  a  number o f  fea -  

t u r e s  o f  t h i s  system. Changes t o  t h e  cask d e s c r i p t i o n  t h a t  cou ld  be j u s t i f i e d  

on t h e  bas i s  o f  comparisons o f  p r e d i c t i o n s  w i t h  da ta  were implemented i n  t h e  

computer model i n  t h e  p o s t - t e s t  ana l ys i s .  However, t h e r e  was no a r t i f i c i a l  

a t tempt  t o  computat iona l  l y  r e s o l v e  d i f f e r e n c e s  between p r e d i c t e d  and measured 

temperatures.  



5.1.3.1 HYDRA P r e t e s t  P r e d i c t i o n s  

I n  t h i s  s e c t i o n  HYDRA p r e t e s t  p r e d i c t i o n s  and t h e  exper imenta l  da ta  a re  

presented and compared. P r e t e s t  analyses were conducted f o r  t h e  16 experimen- 

t a l  runs i d e n t i f i e d  i n  Table 5.4. The r e s u l t s  a re  presented i n  t h i s  s e c t i o n  

and i n  Appendix D i n  t h e  fo rm o f  a x i a l  and r a d i a l  temperature p r o f i l e s .  It i s  

emphasized t h a t  t h e  p r e t e s t  p r e d i c t i o n s  were developed w i t h o u t  p rev ious  rev iew 

of t h e  exper imenta l  data. 

An impo r tan t  p a r t  o f  t h e  a n a l y s i s  o f  cask performance i s  t h e  accura te  p re -  

d i c t i o n  of peak rod  temperatures.  I n  F i g u r e  5.5, HYDRA p r e t e s t  p r e d i c t e d  peak 

temperatures and measured peak temperatures a re  compared i n  t h e  f o rm  o f  bar  

graphs. The run  d e s c r i p t o r s  on t h e  absc issa a re  c o n s i s t e n t  w i t h  t hose  spec i -  

f i e d  i n  Table  5.4. The tops  o f  each bar  represen t  peak temperatures,  and t h e  

bottoms represen t  ambient temperatures.  Peak temperatures were taken  f rom t h e  

cen te r  rod  o f  one o f  t h e  cen te r  f o u r  assemblies (assembly 25). I n  a d d i t i o n ,  

p r e d i c t e d  and measured temperature d i f f e r e n c e s  between peak temperatures and 

t h e  ambient a re  shown by t h e  l e n g t h  o f  each bar. 

F i g u r e  5.6 shows asymmetry between cen te r  r o d  temperatures o f  o u t e r  assem- 

b l i e s  1A and 2A, a t  an e l e v a t i o n  o f  3.33 m. The assemblies a re  i d e n t i f i e d  i n  

F i g u r e  3.6 o f  Sec t i on  3.0, and t h e  e l e v a t i o n  i s  f r om  t h e  bot tom of t h e  cask. 

As f r a c t i o n s  o f  measured peak-to-ambi en t  temperature d i f fe rences ,  t h e  asymme- 

t r i c a l  temperature d i f f e r e n c e s  average 23% f o r  t h e  12 v e r t i c a l  runs. Th is  sug- 

gests t h a t ,  i f  p r e d i c t i o n s  o f  t h e  peak-to-ambient temperature d i f f e r e n c e  a re  

w i t h i n  f 3% o f  measured values, p r e d i  c t i o n s  a re  re1 a t i  v e l y  good. P r e d i c t i o n s  

f o r  3 o f  t h e  12 v e r t i c a l  runs f a l l  w i t h i n  t h i s  range. Nine of t h e  12 v e r t i c a l  

runs f a l l  w i t h i n  f6X o f  measured temperature d i f f e rences .  

On an o v e r a l l  bas is ,  t h i s  agreement i s  cons idered t o  be e x c e p t i o n a l l y  

good. As w i l l  be seen, however, comparisons of l o c a l  temperature d i f f e r e n c e s  

reveal  g r e a t e r  disagreement between p r e d i c t i o n s  and data. Comparisons o f  

p r e d i c t e d  temperatures w i t h  measured temperatures on t h e  su r f ace  and th roughou t  

t h e  i n t e r n a l s  o f  t h e  cask serve t o  c o n f i r m  t h e  v a l i d i t y  o f  va r ious  components 

of t h e  i n p u t  model and t o  improve t h e  unders tanding o f  t h e  cask performance. 

Th is  process w i l l  c o n t r i b u t e  t o  t h e  r e l i a b i l i t y  o f  f u t u r e  cask performance 

p r e d i c t i o n s .  



TABLE 5.4. REA Cask Run M a t r i x  

Run Run 
No. ~ e s c r i p t o r ( ~ )  

1 VPV 

2 VPN 

3  HPN 

4  HPH 

5  a  VPH 

5b VPH 

6a ( b  VFV 

6b VFV 

7 VF N  
8 ( ~ )  VFN 

9 HFN 

10 H  FH 

1 l a  VF H 

l l b  VFH 

1 2 ( d )  VFH 

1 3 ( d )  VFN 

1 4 ( d )  VFV 

Date o f  C a v i t y  Ambient W i  nd 
Steady Pressure ,  Temperature,  Speed, I n s o l a  i o n ,  
S t a t e  atm "C rn/sec W/m 5 

( a )  D e s c r i p t o r  i d e n t i f i c a t i o n :  o r i e n t a t i o n / l o a d / b a c k f i  11 
V = v e r t i c a l  P  = p a r t  l o a d  V = vacuum 
H  = h o r i z o n t a l  F  = f u l l  l o a d  N  = n i t r o g e n  

H  = h e l i u m  
( b )  Run conduc ted  i n d o o r s .  
( c )  T h i s  r u n  was n o t  s i m u l a t e d .  
( d )  Run conduc ted  i n d o o r s  w i t h  cask i n s u l a t e d .  
( e )  F o r  t h e  vacuum runs,  t h e  p r e s s u r e  i s  r e p o r t e d  i n  mm Hg. 



Pretest P r e d ~ c t ~ o n s  

R u n N o  1 2 3 4 5a 5b  6a 6b 7 9 1 0  l l a  l l b  12  1 3  14 
O r ~ e n t a t ~ o n V  V H H V V V V V H H V V V V V 
Load P P P P P P F F F F F F F F f F  
Backf~ l l  V N N H H H V V N N H H H H N V 

Notes Orlentatton V = Ver t~cal .  H = Hor~zontal,  Load P = Parttal ( 2 8  assernbltes), F = Full (52  assernbl~es). 
Backflll V = Vacuum N = N~trogen.  H = Hellurn 

F I G U R E  5.5. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Peak Temperatures and O v e r a l l  
Temperature D i f f e r e n c e s  Compared t o  Data 

1 2 5a 5b  6a 6 b  7 l l a l l b 1 2  13 14 

Run Number 

F I G U R E  5.6. Asymmetry o f  Measured Peak Temperatures 
i n  Outer  Assembl ies 1A and 2A 



The v a l i d i t y  o f  t h e  computat iona l  models and an unders tand ing  of cask per -  

formance can be assessed by segmenting t h e  hea t  t r a n s f e r  pa th  i n t o  i t s  va r i ous  

components and c l o s e l y  exami n i  ng each component. Begi nn i  ng a t  t h e  thermal  

boundary, i.e., t h e  ambient, and moving toward t h e  cask cen te r ,  t h e  components 

are:  

su r f  ace-to-ambi en t  

cask body 

f u e l  basket 

f ue l  assembly. 

Each o f  these  components i s  reviewed i n  t h e  f o l l o w i n g  sec t i ons .  However, 

before examining comparisons o f  p r e d i c t i o n s  t o  da ta  i n  these  components, gen- 

e r a l  observa t ions  about t h e  p r e d i c t i o n s  and da ta  a re  app rop r i a t e .  These gen- 

e r a l  observa t ions  i d e n t i f y  some o f  t h e  i ssues  t h a t  a r e  addressed i n  t h e  

f o l l o w i n g  sec t i ons .  From conc lus ions  drawn f rom comparisons o f  p r e d i c t i o n s  

w i t h  data,  changes a r e  recommended f o r  t h e  p o s t - t e s t  a n a l y s i s .  

5.1.3.1.1 General Observat ions.  P r e d i c t i o n s  f o r  s e l e c t e d  runs a re  

compared t o  da ta  i n  F i gu res  5.7 t o  5.14. These i l l u s t r a t i o n s  b r i n g  t o g e t h e r  

r e s u l t s  r e p r e s e n t i n g  cask o r i e n t a t i o n ,  heat  load, and b a c k f i  11 gas. The a x i  a1 

temperature p r o f i l e s  represen t  t h e  cen te r1  i ne i n  cen te r  assembly 2J. The 

r a d i a l  tempera tu re  p r o f i l e s  represen t  t h e  d iagona l  o f  quadrant  2 f r om  t h e  cask 

c e n t e r l i n e  t o  t h e  ambient, taken  a t  an e l e v a t i o n  o f  3.33 m above t h e  o u t s i d e  

bot tom o f  t h e  cask. F i gu res  5.7 and 5.8 a p p l y  t o  t h e  v e r t i c a l  p a r t  l o a d  runs. 

F igures  5.9 and 5.10 app ly  t o  t h e  v e r t i c a l  f u l l  l o a d  runs. F i gu res  5.11 and 

5.12 app l y  t o  t h e  h o r i z o n t a l  f u l l  l o a d  runs. Each s e t  o f  f i g u r e s  con ta i ns  p re -  

d i c t i o n s  and da ta  f o r  each b a c k f i l l  gas. I n  a d d i t i o n ,  F i gu res  5.13 and 5.14 

compare p r e d i c t i o n s  and da ta  f o r  t h e  v e r t i c a l  and h o r i z o n t a l  f u l l  l o a d  n i t r o g e n  

runs. 

I n  every  case, su r f ace  temperatures a re  overp red ic ted .  Th i s  i s  seen i n  

t h e  i 1  l u s t r a t i  ons showing t h e  r a d i a l  tempera tu re  p r o f i  1  es. The e f f e c t  of t h e  

o u t s i d e  s u r f a c e  heat  t r a n s f e r  c o e f f i c i e n t  w i l l  be e l i m i n a t e d  i n  t h e  f o l l o w i n g  

sec t i ons  by comparing i n  terms of tempera tu re  d i f f e rences .  
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FIGURE 5.7. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Cen te r  Assembly 25 Center1  i ne 
Ax i  a1 Temperature P r o f  i 1 es Compared t o  P a r t  Load, V e r t i c a l  , 
Vacuum, N i t r o g e n ,  and He1 ium Data  

Temperature p r e d i c t i o n s  f o r  v e r t i c a l  vacuum and he1 ium runs  ( F i  gures 5.7 

and 5.9) a r e  i n  e x c e l  l e n t  agreement (10°C) w i t h  e x p e r i m e n t a l  da ta .  P r e d i c t e d  

t e m p e r a t u r e  magni tudes and a x i a l  p r o f i l e s  b o t h  ag ree  w e l l  w i t h  t e s t  da ta .  

Comparisons o f  p r e d i c t e d  r a d i a l  vacuum and he1 i u m  tempera tu res  ( F i g u r e s  5.8 and 

5.10) a r e  a l s o  i n  e x c e l  l e n t  agreement w i t h  data .  
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FIGURE 5.8. HYDRA P r e t e s t  Pred i  c t  i ons o f  Radi a1 (Di  agonal ) 
Temperature P r o f i l e s  Compared t o  Pa r t  Load, 
~ e r t i  c a l  , Vacuum,   it rogen, and He1 i um ~ a t a  a t  
3.33 rn E l e v a t i o n  

Both vacuum and he1 ium 1  ack s i  gn i  f i cant  convec t ion  because o f  t h e i  r 

re1 a t i  ve l y  1  ow dens i t y .  The vacuum runs were a c t u a l  l y  u l t  ra - low p ressure  

n i t r o g e n  (-1 mn Hg). The thermal  c o n d u c t i v i t y  o f  n i t r o g e n  a t  t h i s  low p ressure  

i s  approx imate ly  equal  t o  t h e  va lue  near  atmospher ic p ressure  except  i n  t h e  

narrowest  gaps. The thermal  c o n d u c t i v i t y  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by low 

pressures,  p rov i ded  t h a t  c o n t r o l l i n g  gap w id ths  exceed t h e  mo lecu la r  mean f r e e  

pa th  of n i t r o g e n  molecules.  

Temperature p r e d i c t i o n s  f o r  t h e  v e r t i c a l  n i t r o g e n  runs (F igures  5.7 and 

5.9) a re  i n  some disagreement (up t o  60°C) w i t h  data.  Th is  i s  most apparent 

f o r  run  2, t h e  p a r t i a l  l oad  case (F i gu re  5.7). A x i a l  tempera tu re  da ta  f o r  t h i s  

run a r e  skewed by convect ion,  caus ing a  d i s t i n c t  peak i n  measured tempera tu re  

near t h e  t o p  o f  t h e  a c t i v e  r eg ion  o f  assembly 25. Comparison o f  t h e  shape o f  
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FIGURE 5.9. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Center Assembly 25 Center1 i ne 
A x i a l  Temperature P r o f i  l e s  Compared t o  F u l l  Load, V e r t i c a l  , 
Vacuum, N i t rogen ,  and He1 ium Data 

t h e  p r e d i c t e d  assembly c e n t e r l  i ne a x i a l  temperature p r o f i l e  w i t h  da ta  i n d i c a t e s  

t h a t  a  problem e x i s t s  i n  t h e  computat iona l  t rea tment  o f  convect ion.  Compari - 
sons o f  p r e d i c t e d  r a d i a l  temperature p r o f i l e s  w i t h  da ta  f o r  run  2 (F i gu re  5.8) 

i n d i c a t e  t h a t  most o f  t h e  disagreement between p r e d i c t e d  and measured tempera- 

t u r e s  i s  con f i ned  t o  t h e  temperature d i f f e r e n c e  between t h e  f u e l  tube  w a l l  and 

t h e  assembly c e n t e r l  i ne. Typ i ca l  v e l o c i t y  p r o f i  l e s  p r e d i c t e d  t o  e x i s t  i n  t h e  

REA cask f o r  severa l  t e s t  runs a re  presented i n  Table  5.5. 



TABLE 5.5. Typ i ca l  Predi  c t e d  Vel o c i  t y  Magnitudes 

Peak Ve loc i t y ,  cm/sec 
Run Support  

Run No. ~ e s c r i ~ t o r ( ~ )  Assembly Fuel Tube Channel 

2  VPN 11.69 0.13 21.62 

5 VPH 6.56 4.14 9.71 

7  VF N 8.77 - - 31.02 

l l a  VFH 5.20 - - 9.65 

9  HFN 0.53 - - 2.93 

10 HFH 0.07 - - 4.11 

( a )  D e s c r i p t o r  i d e n t i f i c a t i o n :  o r i e n t a t i o n / l o a d / b a c k f i  11 
V = v e r t i c a l  P = p a r t  l oad  N = n i t r o g e n  
H = h o r i z o n t a l  F = f u l l  l oad  H = he l i um 

V e r t ~ c a l  
Ful l  Load 

E l e v a t ~ o n  3 33 m 

R u n  B a c k f ~ l l  Pretest 

N - 
" ---- 
H -.-.- 

FIGURE 5.10. HYDRA Pre tes t  P r e d i c t i o n s  o f  Radia l  (Diagonal ) 
Temperature Pro f  i 1 es Compared t o  F u l l  Load, 
V e r t i c a l  , Vacuum, N i t rogen ,  and He1 ium Data a t  
3.33 m E l e v a t i o n  



Although not  so pronounced, s i m i l a r  r e s u l t s  a re  observed f o r  run  7, t h e  

v e r t i c a l ,  f u l l  load, n i t r o g e n  run (F igures  5.9 and 5.10). These r e s u l t s  sup- 

p o r t  t h e  conc lus ion  t h a t  t h e  disagreement i s  r e l a t e d  t o  convect ion. For  run  2, 

t h e  open f u e l  tubes p e r m i t t e d  gas c i r c u l a t i o n  i n  f u e l  assemblies t h a t  i s  p re -  

d i c t e d  t o  be about one and one-half t imes t h a t  f o r  run 7. Because t h e  p re -  

d i c t e d  assembly mass f l u x  i s  g rea te r  f o r  run  2, t h e  problem w i t h  t h e  convec t ion  
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FIGURE 5.11. HYDRA Pre tes t  P r e d i c t i o n s  o f  Center Assembly 25 Center-  
l i n e  A x i a l  Temperature P r o f i l e s  Compared t o  F u l l  Load, 
Ho r i zon ta l  , Ni t rogen,  and He1 i um Data 



model i s  m r e  pronounced, Also, r e s u l t s  f o r  t h e  o the r  b a c k f i  11 gases suggest 

t h a t  t h e  conduct ion and r a d i a t i o n  models a re  per fo rming  adequately.  For bo th  

t h e  he l ium and vacuum cases, convec t ion  i s  a  l e s s  s i g n i f i c a n t  heat  t r a n s f e r  

mode. For these cases, t h e  agreement between p r e d i c t i o n s  and da ta  i s  r e l a -  

t i  ve l y  good. 

Temperatures f o r  t h e  h o r i z o n t a l  runs i n  n i t r o g e n  and he1 ium a re  shown i n  

F igures  5.11 and 5.12. P red i c t i ons  o f  bo th  temperature p r o f i l e s  agree w e l l  

w i t h  data. However, t h e  p r e d i c t e d  temperature magnitudes a re  g r e a t e r  than  t e s t  

data. P r e d i c t i o n s  i n  he l i um are  o n l y  s l i g h t l y  h i g h e r  than  da ta  (15OC), bu t  

p r e d i c t i o n s  w i t h  n i t r o g e n  a re  s i g n i f i c a n t l y  h i g h e r  than  da ta  (40°C), 

Hor~zon ta l  
Ful l  Load 

E leva t~on  3 33 r n  

Run B a c k f ~ l l  
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H -.-.- 

Ethy lene Glycol Water  

FIGURE 5.12. HYDRA Pre tes t  P r e d i c t i o n s  o f  Radia l  (Diagonal ) 
Temperature P r o f i  1  es Compared t o  F u l l  Load, 
~ o r i z o n t a l ,  N i t rogen,  and Hel ium Data a t  
3.33 m  E l e v a t i o n  



Temperature, O C  

FIGURE 5.13. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Center  Assembly 25 Center1 i ne 
A x i a l  Temperature P r o f i l e s  Compared t o  F u l l  Load, V e r t i c a l  
and H o r i z o n t a l  , N i t r ogen  Data 

The f u e l  assembl ies were modeled w i t h  a  s i n g l e  c e l l  i n  t h e  X - Y  p l ane  and, 

the re fo re ,  l o c a l  a x i a l  o r  t r a n s v e r s e  c i  r c u l a t i o n  i s  neglected.  Neg lec t i ng  

l o c a l  c i r c u l a t i o n  may be a t  l e a s t  p a r t i a l l y  r espons ib l e  f o r  t h e  obse rva t i on  

t h a t  p r e d i c t i o n s  f o r  t h e  h o r i z o n t a l  n i t r o g e n  run  a re  i n  g r e a t e r  disagreement 

w i t h  data t han  p r e d i c t i o n s  f o r  t h e  h o r i z o n t a l  he1 ium run. Wi th  he1 ium, t h i s  

l o c a l  c i r c u l a t i o n  i s  l e s s  s i g n i f i c a n t .  
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FIGURE 5.14. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Rad ia l  (Diagonal  ) 
Temperature P r o f i l e s  Compared t o  F u l l  Load, 
V e r t i c a l  and H o r i z o n t a l  , N i t r ogen  Data a t  
3.33 m E l e v a t i o n  

Fuel  assembly o r i e n t a t i o n  may a l s o  c o n t r i  b u t e  t o  t h e  disagreement between 

p r e d i c t i o n s  and da ta  f o r  t h e  h o r i z o n t a l  runs. When t h e  cask i s  i n  a  h o r i z o n t a l  

o r i e n t a t i o n ,  each assembly r e s t s  aga ins t  a  f u e l  tube  w a l l .  Contact  of an 

assembly w i t h  t h e  w a l l  reduces temperatures i n  t h e  assembly. Because t h e  f u e l  

assembly i s  modeled i n  t h e  cen te r  o f  t h e  f u e l  tube, t h e  the rma l  r e s i s t a n c e  of 

t h e  gas between t h e  assembly and ad jacen t  f u e l  t ube  w a l l s  e l eva tes  p r e d i c t e d  

temperatures and d i s t o r t s  t h e  p r e d i c t e d  heat  t r a n s f e r  d i s t r i b u t i o n  i n  t h e  

basket. The r e l a t i v e l y  h i g h  thermal  c o n d u c t i v i t y  o f  he l i um  r e s u l t s  i n  t h e  gap 

t h i ckness  be ing  l e s s  s e n s i t i v e  t han  t h e  low c o n d u c t i v i t y  o f  n i t r o g e n  o r  vacuum. 

Also, t h e  h i g h  c o n d u c t i v i t y  o f  he1 ium overshadows r a d i a t i o n  heat  t r a n s f e r  and 

n a t u r a l  convect ion.  



The e f f e c t  o f  o r i e n t a t i o n  on temperatures i n  n i t r o g e n  i s  presented i n  

F igures  5.13 and 5.14. P r e d i c t i o n s  o f  temperature magnitudes a re  c l o s e r  t o  

data i n  a  v e r t i c a l  o r i e n t a t i o n  than  i n  a  h o r i z o n t a l  o r i e n t a t i o n ,  bu t  h o r i z o n t a l  

p r o f i l e s  a r e  p r e d i c t e d  much b e t t e r  than v e r t i c a l  p r o f i l e s .  Th is  aga in  

i n d i c a t e s  t h a t  convect ion was not  modeled as accu ra te l y  as conduct ion and 

r a d i a t i o n .  A1 so, f u e l  assembly o r i e n t a t i o n  may be impo r tan t  i n  p r e d i c t i n g  

temperatures i n  a  h o r i z o n t a l  o r i e n t a t i o n  where f u e l  assemblies con tac t  basket 

fue l  tubes. No t i ce  t h a t  measured peak temperatures a r e  approx imate ly  t h e  same 

i n  both v e r t i c a l  and h o r i z o n t a l  o r i e n t a t i o n s ,  b u t  t h e i r  l o c a t i o n s  a re  no t  

(1.45 m versus 3.33 m). Th is  would i n d i c a t e  t h a t ,  i n  n i t r ogen ,  t h e  con tac t  i n  

a  h o r i z o n t a l  o r i e n t a t i o n  i s  almost enough t o  make up f o r  h i g h e r  convec t ion  i n  a  

v e r t  i ca l  o r i  e n t a t i  on (McKi nnon e t  a1 . 1986a). 

5.1.3.1.2 Surface-to-Ambient. The cask o u t e r  sur face- to-ambient  heat 

t r a n s f e r  was eva lua ted  by comparing da ta  and p r e d i c t i o n s  f o r  four  of t h e  

30 thermocouples a t tached  t o  t h e  o u t e r  cask sur face.  The f o u r  thermocouples 

used i n  t h e  comparison were l o c a t e d  a t  c i r c u m f e r e n t i a l  o r i e n t a t i o n s  of -45" and 

135' and a t  e l eva t i ons  o f  1.45 and 3.33 m. These l o c a t i o n s  were cons idered 

l e s s  1  i k e l y  t o  be i n f l u e n c e d  by end e f f e c t s .  

The p r e d i c t e d  su r f ace  temperatures f o r  t h e  f o u r  l o c a t i o n s  were averaged, 

as were t h e  measured su r f ace  temperatures a t  these  l oca t i ons .  Di f ferences 

between averaged su r f ace  temperatures and t h e  ambient temperature a re  shown i n  

F igures  5.15 and 5.16. F i gu re  5.15 shows t h e  temperature d i f f e r e n c e s  on t h e  

same sca le  as F igu re  5.5, thereby  demonstrat ing t h e  r e l a t i v e  magnitude of t h e  

surface-to-ambient temperature d i f f e r e n c e  t o  t h e  t o t a l  temperature d i f f e rence  

f rom peak -to-ambi ent. F i g u r e  5.16 compares measured and p r e d i c t e d  sur face-  

to-ambient temperature d i f f e r e n c e s  w i t h  a l l  values re ferenced t o  zero. The 

r e s u l t s  f r om i n s u l a t e d  cask runs 12, 13, and 14 a re  no t  inc luded.  I n  those  

p r e t e s t  s imu la t i ons ,  t h e  measured su r f ace  temperatures were used as boundary 

cond i t i ons  t o  ,avoid u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  i n s u l a t i o n  m a t e r i a l .  

Ra t ios  o f  p r e d i c t e d  temperature d i f f e r e n c e s  t o  measured temperature d i  f - 
ferences a re  an i n d i c a t i o n  o f  how w e l l  t h e  sur face- to-ambient  heat  t r a n s f e r  

i s  modeled by convent iona l  c o r r e l a t i o n s  de f i ned  i n  t h e  computat ional  model 

d e s c r i p t i o n .  I n  a l l  cases, t h e  r a t i o  i s  above u n i t y ,  w i t h  t h e  range be ing  
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FIGURE 5.15. HYDRA P r e t e s t  P r e d i c t i o n s  o f  Cask Outer  Surface- 
to-Ambient Temperature D i f f e r e n c e s  Compared t o  
Data and Peak-to-Ambient Temperature D i f f e r e n c e s  

1.25 ( r un  l l b )  t o  3.06 ( r un  5a), which i n d i c a t e s  conven t i ona l  c o r r e l a t i o n s  

r e s u l t  i n  c o n s e r v a t i v e l y  h i g h  p r e d i c t e d  cask su r f ace  temperatures.  It shou ld  

be noted t h a t  t h e  gross disagreement i n  t e s t  5a i s  due t o  a p p l i c a t i o n  of a  

r epo r t ed  zero  wind speed when t h e  a c t u a l  va lue  may have been 3.4 mlsec 

(7.5 mph). The anemometer may have been s tuck  because o f  an accumulat ion of 

f r ozen  r a i n  (McKinnon e t  a l .  1986a). The r e v i s e d  wind speed i s  based on da ta  

from a  weather s t a t i o n  near t h e  t e s t  s i t e .  Poss ib l e  reasons f o r  t h e  r e l a t i v e l y  

l a r g e  and v a r i a b l e  disagreements a re  d iscussed i n  t h e  paragraphs t h a t  f o l  low. 

The reasons focus on a c t u a l  c o r r e l a t i o n s  used f o r  t h e  t e s t ,  f l o w  f i e l d  charac-  

t e r i  s t i  cs , and m i  xed convect ion.  

The c o r r e l a t i o n s  f o r  t h e  heat  t r a n s f e r  c o e f f i c i e n t s  used i n  t h e  p r e t e s t  

analyses (Sec t i on  5.1.2.2) a r e  based on i d e a l i z e d  c o n d i t i o n s .  It i s  apparent  

t h a t  t e s t  c o n d i t i o n s  depar ted s i g n i f i c a n t l y  f r om  i d e a l i z e d  c o n d i t i o n s .  The 

l a b o r a t o r y - d e r i  ved c o r r e l a t i o n s  app ly  s t r i c t l y  t o  l o n g  c y l  i n d e r s  and f l a t  
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FIGURE 5.16. HYDRA Pre tes t  Predi  c t i o n s  o f  Cask Outer Surface-to-Ambi en t  
Temperature D i f f e rences  Compared t o  Data 

p l a t e s  w i t h  sharp l e a d i n g  edges. The he igh t - to -d iameter  aspect r a t i o  of t h e  

cask i s  2 t o  1, and t h e  l e a d i n g  edge seen by t h e  wind was b l u n t .  The wind 

d i r e c t i o n  and speed were v a r i a b l e  so t h a t  t h e  f r e e  stream about t h e  cask was 

unsteady, nonuniform, and t u r b u l e n t .  

The presence o f  t h e  r a i l  c a r  and o t h e r  t e s t  s i t e  s t r u c t u r e s  (cha in  l i n k  

fences and b u i l d i n g s )  may have c o n t r i b u t e d  t o  t h e  v a r i a b l e  c o n d i t i o n s  o f  t h e  

f r e e  stream. Not on l y  does t h e  r a i l  ca r  p e r t u r b  t h e  f l o w  f i e l d ,  hu t  wind d i r -  

ec ted  over  t h e  end o f  t h e  r a i l  c a r  produces an e n t i r e l y  d i f f e r e n t  f l o w  f i e l d  

than t h a t  r e s u l t i n g  f rom a  wind d i r e c t e d  a t  t h e  side. The wind speeds used 

were averages o f  24 h o u r l y  wind speeds. A t ime-averaged wind speed may no t  be 

appropr ia te .  To accu ra te l y  p r e d i c t  cask su r f ace  temperatures, t ime-averaged 

e f f e c t i v e  mixed heat t r a n s f e r  c o e f f i c i e n t s  a re  needed. The e f f e c t  o f  t h e  r a i l  

ca r  a l s o  i n f l u e n c e d  zero wind speed runs t h a t  r equ i red  a p p l i c a t i o n  o f  n a t u r a l  

convec t ion  c o r r e l a t i o n s .  As a i r  r i s e s  about t h e  r a i l  car,  i t  pours over t h e  

edges, cables,  and o t h e r  appurtenances, and r o l l s  a long  t h e  cask sur face.  

An i n d i c a t i o n  t h a t  mixed convec t ion  i s  i n v o l v e d  i n  t h e  heat  t r a n s f e r  i s  

shown i n  F igu re  5.17. The r a t i o  o f  t h e  p r e d i c t e d  surface-to-ambi en t  tempera- 

t u r e  d i f f e r e n c e  t o  t h e  measured va lue  i s  p l o t t e d  aga ins t  wind speed. There i s  
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FIGURE 5.17. R a t i o  of HYDRA P r e t e s t  P r e d i c t e d  t o  Measured Cask Outer  
Surface-to-Ambi en t  Temperature D i f f e r e n c e  Versus 
Measured W i  nd Speed 

a  vague t r e n d  toward g r e a t e r  disagreement a t  l ower  wind speeds. I n c l u s i o n  of a  

n a t u r a l  convec t ion  component cou ld  improve t h e  p r e d i c t i o n s .  A r ev i ew  of t h e  

p e r t i n e n t  1  i t e r a t u r e  (Leung 1975; Oosthui  zen and Leung 1978) suggests t h a t  a  

mean Nusse l t  number f o r  mixed convec t ion  be computed acco rd i ng  t o  

The exponent n i s  un ique  t o  each a p p l i c a t i o n .  

One a d d i t i o n a l  i s s u e  rega rd i ng  p r e d i c t e d  s u r f a c e  temperatures i s  t h a t  

i n s o l a t i o n ,  o r  s o l a r  ga in ,  was neglected.  F i g u r e  5.18 shows t h e  r a t i o  o f  p r e -  

d i  c t e d  t o  measured s u r f  ace-to-ambi e n t  temperature d i f f e r e n c e s  p l o t t e d  agai  n s t  

i n s o l a t i o n .  I f  i n s o l a t i o n  were impo r tan t ,  t h e  r a t i o  would i n c r e a s e  f o r  

i n c r e a s i n g  va lues o f  i n s o l a t i o n .  Because no i nc rease  i s  ev i den t ,  i t  was con- 

c luded t h a t  t h e  e x c l u s i o n  o f  i n s o l a t i o n  i n  t h e  model was app rop r i a t e .  Ev i  - 
den t l y ,  t h e  s o l a r  ga in  d u r i n g  t h e  day was approx imate ly  equal  t o  t h e  r a d i a t i o n  

l o s s  a t  n i g h t .  
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FIGURE 5.18. R a t i o  o f  HYDRA Pre tes t  P red i c ted  t o  Measured Cask Outer 
Surface-to-Ambi en t  Temperature D i  f f e r e n c e  Versus 
Measured So la r  I n s o l  a t  i o n  

Reviews o f  p r e d i c t i o n s  and data suppor t  t h e  conc lus ion  t h a t  t h e  su r f ace -  

to-ambi en t  heat t r a n s f e r  cannot be modeled accu ra te l y  by conven t iona l  c o r r e -  

1  a t ions .  Convent ional  c o r r e l a t i o n s  r e s u l t  i n  c o n s e r v a t i v e l y  h i gh  cask su r f ace  

temperature p red i c t i ons .  Lack ing a  meani ng fu l  improved c o r r e l a t i o n ,  measured 

surface temperatures were used i n  t h e  pos t  - t e s t  a n a l y s i s  t o  conven ien t l y  

eva lua te  p r e d i c t i o n s  o f  t h e  o t h e r  cask component temperature d i f fe rences  

discussed i n  t h e  f o l l o w i n g  sect ions.  

5.1.3.1.3 Cask Body. The cask body heat t r a n s f e r  i s  eva lua ted  from 

sur face temperatures and temperatures a t  s i x  i n t e r n a l  1 o c a t i  ons on t h e  basket 

d iagonal  (F i gu re  5.19) a t  two a x i a l  e l eva t i ons .  I n  t h e  basket,  i n t e r s t i c e s  

e x i s t  between t h e  corners o f  ad jacen t  f u e l  tubes and a t  t h e  corners between 

f u e l  tubes and adjacent  basket suppor t  s t r uc tu res .  Temperatures were measured 

i n  t h e  i n t e r s t i c e s  on t h e  d iagonal  o f  quadrant 2  a t  numerous e l e v a t i o n s  

(McKinnon e t  a l .  1986a). The s i x  temperatures used t o  eva lua te  t h e  cask body 

heat t r a n s f e r  were taken  f rom t h e  i n t e r s t i c e  a t  t h e  ou t s i de  corner  o f  assembly 

2E and f rom t h e  two i n t e r s t i c e s  a t  t h e  d iagonal  co rners  o f  assembly 25 ( c e n t e r  

basket node and basket node 25) a t  e l e v a t i o n s  o f  1.45 m and 3.33 m. The 
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F IGURE 5.19. I d e n t i f i c a t i o n  o f  Assembl i e s  and Basket Nodes 
on t h e  Quadrant Diagonal  

temperatures measured i n  t h e  i n t e r s t i  t i  a1 l o c a t i o n s  on t h e  d iagona l  co rners  of 

assembly 25 a re  used t o  eva lua te  t h e  cask body heat  t r a n s f e r  because t h e  copper 

conduct ion s t r i p s  t h a t  connect these  l o c a t i o n s  t o  t h e  cask body a re  w e l l  known 

and represen t  a  smal l  thermal  res is tance .  The i n t e r s t i t i  a1 l o c a t i o n s  a re  

r e f e r r e d  t o  th roughou t  t h e  remainder o f  t h i s  s e c t i o n  as basket nodes. Basket 

node 2E i s  no t  as open as i t  appears. De ta i  1s o f  t h e  suppor t  s t r u c t u r e  a re  

p r o p r i e t a r y  and have no t  been i n c l u d e d  i n  F i gu re  5.19. 

Temperature d i f f e r e n c e s  between basket  node 2E and t h e  cask s u r f a c e  a t  t h e  

lower  e l e v a t i o n  o f  1.45 m a re  shown i n  F igures  5.20 and 5.21. F i g u r e  5.20 

shows tempera tu re  d i f f e r e n c e s  on t h e  same s c a l e  as F i gu re  5.5, the reby  demon- 

s t r a t i n g  r e l a t i v e  magnitudes o f  cask body temperature drops t o  t o t a l  tempera- 

t u r e  drops. F i gu re  5.21 compares measured and p r e d i c t e d  cask body tempera tu re  

drops w i t h  a l l  va lues re fe renced  t o  zero. P red i c t ed  tempera tu re  drops a re  
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equal t o  o r  l e s s  than  (by up t o  20°C) measured temperature drops f o r  t h e  ve r -  

t i c a l  runs. Th is  t r e n d  i s  t y p i c a l  a t  a l l  s i x  o f  t h e  a forement ioned l o c a t i o n s .  

Accurate p r e d i c t i o n s  o f  heat t r a n s f e r  th rough  t h e  cask body a re  d i f f i c u l t  

because o f  a  number o f  u n c e r t a i n t i e s  t h a t  e x i s t  i n  t h e  d e s c r i p t i o n  of t h e  cask 

between t h e  r e l e v a n t  i n t e r n a l  basket nodes and t h e  cask o u t e r  sur face.  These 

u n c e r t a i n t i e s  i n c l u d e :  

con tac t  o f  t h e  copper conduct ion s t r i p s  and basket  suppor t  s t r u c t u r e  

w i t h  t h e  copper s h e l l  o f  t h e  basket  

con tac t  o f  t h e  copper she1 1  o f  t h e  basket w i t h  t h e  s t a i n l e s s  s t e e l  

i n n e r  w a l l  of t h e  cask body 

gaps between t h e  l e a d  and s t a i n l e s s  s t e e l  making up t h e  cask body 

e convec t ion  i n  t h e  e thy l ene  g l y c o l  /water  neu t ron  s h i e l d  

basket node therrnocoupl e  1  oca t  i ons. 

Contact  of t h e  copper conduc t ion  s t r i p s  and basket suppor t  s t r u c t u r e  w i t h  

t h e  copper s h e l l  o f  t h e  basket i s  i n c l u d e d  i n  t h e  d i s c u s s i o n  o f  t h e  cask body 

heat t r a n s f e r  because t h e  thermal  r e s i s t a n c e  o f  these  con tac t s  l i e s  between 

a v a i l a b l e  i n t e r n a l  and cask o u t e r  su r f ace  thermocouple l o c a t i o n s .  The a v a i l -  

ab le  measured temperature drop th rough  t h e  cask body depends on t h e  thermal  

r e s i s t a n c e  of these  con tac t s  as w e l l  as t h e  thermal  r e s i s t a n c e  o f  t h e  compo- 

nents o f  t h e  a c t u a l  cask body. S p e c i f i c  d e t a i l s  o f  t h e  con tac t  of t h e  copper 

conduc t ion  s t r i p s  and basket  suppor t  s t r u c t u r e  w i t h  t h e  copper s h e l l  o f  t h e  

basket a re  p r o p r i e t a r y  i n f o rma t i on .  Whi le  t hese  d e t a i l s  cannot be d iscussed,  

they  were a v a i l a b l e  f o r  t h e  thermal ana l ys i s .  The thermal  model was developed 

f rom a s - b u i l t  drawings, t h e  r e s u l t s  o f  a  bench sca le  t e s t  conducted by REA, and 

o t h e r  p e r t i n e n t  hea t  t r a n s f e r  data. A l though t h e  model i s  suppor ted by t h i s  

in fo rmat ion ,  t h e  c o n t a c t  thermal  r e s i s t a n c e  i s  s t i l l  no t  w e l l  known and i s  

sub jec t  t o  1  oca l  v a r i  a t i  ons due t o  c o n s t r u c t i o n  d i  f f e rences  and thermal  

expans i on. 

Good con tac t  o f  t h e  copper s h e l l  o f  t h e  basket w i t h  t h e  s t a i n l e s s  s t e e l  

i n n e r  w a l l  o f  t h e  cask body was p rec luded  by t h e  design, which s p e c i f i e d  d i f -  

f e r e n t  r a d i i  o f  t h e  mat ing  surfaces. The basket i s  assembled i n  f o u r  quadrants  



t h a t  a r e  p l a c e d  i n  t h e  cask and f o r c e d  outward  a g a i n s t  t h e  i n n e r  w a l l  of t h e  

cask. The r e s u l t  i s  an i r r e g u l a r  c o n t a c t  between t h e  baske t  and cask body. 

A l though  t h e r e  i s  undoub ted ly  some p r e s s u r e d  c o n t a c t  between t h e  baske t  and 

cask, most o f  t h e  i n t e r f a c e  i s  p o t e n t i a l l y  s u b j e c t  t o  t h i s  gap. The cask 

per formance i s  computed on t h e  b a s i s  o f  t h e  average gap w i d t h .  Us ing  a  f e e l e r  

gauge h a v i n g  b lades  30.5 cm ( 1 2  in . )  l ong ,  t h e  gap was measured a t  28 c i r cun i -  

f e r e n t i a l  l o c a t i o n s  around t h e  t o p  o f  t h e  cask, t h e  o n l y  access p o i n t .  The gap 

v a r i e s  i n  w i d t h  f r o m  near  z e r o  t o  above 0.254 cm (0.100 in. ) .  The average mea- 

su red  gap w i d t h  i s  n e a r l y  equa l  t o  t h e  average gap w i d t h  computed f r o m  geo- 

m e t r i c  a n a l y s i s  o f  t h e  m a t i n g  s u r f a c e s  based on d e s i g n  d imens ions.  T h i s  gap 

w i d t h  i s  0.056 cm (0.022 in . )  and was t h e  gap w i d t h  s p e c i f i e d  i n  t h e  p r e t e s t  

a n a l y s i s .  Much of t h e  d a t a  was o b t a i n e d  f r o m  quadran t  2  (see F i g u r e  3.6) where 

t h e  average measured gap w i d t h  was 0.147 cm (0.058 in.).  T h i s  i s  an upper  

bound f o r  t h e  s p e c i f i c a t i o n  o f  t h e  gap w i d t h  i n  t h e  p o s t - t e s t  a n a l y s i s .  

The l e a d  gap i n  t h e  cask body i s  a n t i c i p a t e d  t o  e x i s t  based on exper ience .  

When t h e  m o l t e n  l e a d  i s  poured i n t o  t h e  annu lus  formed by t h e  s t a i n l e s s  s t e e l  

l i n e r s ,  i t  s h r i n k s  as i t  coo ls ,  l e a v i n g  a  gap on t h e  o u t e r  su r face .  No mea- 

surements were made o f  t h e  average gap; a  v a l u e  o f  0.0501 cm (0.020 in . )  was 

used i n  t h e  p r e t e s t  a n a l y s i s .  Based on e x p e r i e n c e  t h a t  i n c l u d e s  d e s t r u c t i v e  

t e s t i n g ,  i t  i s  s p e c u l a t e d  t h a t  t h e  gap may be as l a r g e  as 0.127 crn 

(0.050 in.).  Thus, a  range o f  va lues i s  a v a i l a b l e  f o r  t h e  p o s t - t e s t  a n a l y s i s .  

Each of t h e  above-mentioned gaps and c o n t a c t s  i s  n o t  w e l l  d e f i n e d ,  

a l t h o u g h  r e a l i s t i c  ranges i n  t h e i r  va lues  can be suppor ted.  An a d d i t i o n a l  

f a c t o r  t h a t  makes t h e i r  e x a c t  s p e c i f i c a t i o n  even more u n l i k e l y  i s  t he rma l  

expans ion e f f e c t s .  Thermal expans ion may cause some gaps t o  c l o s e  and o t h e r s  

t o  open. I n  t h e  baske t ,  t h e r m a l  expans ion  may cause w a r p i n g  o f  c o n s t r a i n e d  

components, t h e r e b y  t i  g h t e n i  ng some c o n t a c t s  and open ing  o t h e r s .  Thus, t h e s e  

gaps and c o n t a c t s  most l i k e l y  r e s u l t  i n  s i g n i f i c a n t  l o c a l  v a r i a t i o n s  o f  t he rma l  

r e s i s t a n c e s .  

An e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  i s  ass igned  t o  t h e  n e u t r o n  s h i e l d  

l i q u i d .  The c o n d u c t i v i t y  i s  computed f r o m  E q u a t i o n  (5.5) o f  S e c t i o n  5.1.2.2. 



The c o n d i t i o n s  f o r  which Equat ion (5.5) were developed a r e  o n l y  approximated by 

t h e  neu t ron  s h i e l d ;  however, t h e  assoc ia ted  smal l  temperature d i f f e r e n c e  i s  

p robab ly  no t  s i g n i f i c a n t .  

A t  basket nodes 25 and 2E, t h e  temperature g rad ien t s  a re  r e l a t i v e l y  l a rge ,  

t h e  thermocouples c o u l d  no t  be a t tached  t o  t h e  basket,  and t h e  thermocouples 

cou ld  move l a t e r a l l y  as a  r e s u l t  o f  cask hand l i ng  a c t i v i t i e s .  The l a c k  of 

p r e c i s e l y  known l a t e r a l  l o c a t i o n s  i n  r eg ions  o f  h i g h  tempera tu re  g r a d i e n t s  

i n t r oduces  bo th  u n c e r t a i n t y  and s c a t t e r  i n t o  t h e  data. Th i s  problem does no t  

e x i s t  f o r  t h e  c e n t e r l i n e  basket node where t h e  tempera tu re  g r a d i e n t  shou ld  be 

near zero. 

I n  s p i t e  o f  these  u n c e r t a i n t i e s ,  comparisons o f  p r e d i c t e d  and measured 

temperatures show some c o n s i s t e n t  t r e n d s  t h a t  l e d  t o  new s p e c i f i c a t i o n s  of sorne 

cask body parameters f o r  t h e  p o s t - t e s t  ana lys is .  The r a t i o  o f  t h e  p r e d i c t e d  

and measured cask body temperature d i f f e r e n c e  i s  used t o  d e r i v e  an improved 

d e s c r i p t i o n  o f  t h e  cask body heat t r a n s f e r  parameters d iscussed above. The 

product  of t h i s  r a t i o  and t h e  o v e r a l l  r a d i a l  thermal  conductance used i n  t h e  

p r e t e s t  a n a l y s i s  y i e l d s  a  new cask body r a d i a l  thermal  conductance t h a t  

approximates t h e  measured cond i t i ons .  It i s  o n l y  a  f i  r s t  approx imat i  on because 

o f  t h e  temperature dependence o f  t h e  conductance, and because a  change i n  t h e  

r a d i a l  conductance i s  a r r i v e d  a t  w i t h o u t  i n c l u s i o n  o f  t h e  mu l t i d imens iona l  

na tu re  of t h e  cask and t h e  cask model. None o f  t h e  disagreement between p re -  

d i c t i o n s  and da ta  i s  ass igned t o  t h e  thermocouple l o c a t i o n  o r  t h e  c o n t a c t  o f  

t h e  copper conduc t ion  s t r i p s  and basket suppor t  s t r u c t u r e  w i t h  t h e  copper s h e l l  

of t h e  basket.  Furthermore, ad justment  o f  parameters w i t h o u t  cause cannot be 

j u s t i f i e d .  The va lues o f  any rede f i ned  cask parameters must f a l l  w i t h i n  t h e  

range of measurements o r  exper ience. 

There a re  seven runs (F i gu re  5.21) i n v o l v i n g  n i t r o g e n  b a c k f i  11 w i t h  t h e  

cask i n  t h e  v e r t i c a l  o r i e n t a t i o n  (1, 2, 6a, 6b, 7, 13, 14). For  these  runs, 

t h e  average r a t i o  o f  t h e  p r e d i c t e d  cask body temperature drop t o  t h e  da ta  i s  

0.75. For t h e  f i v e  runs  w i t h  he l ium b a c k f i l l  and t h e  cask i n  t h e  v e r t i c a l  

o r i e n t a t i o n  (5a, 5b, l l a ,  l l b ,  12), t h e  average r a t i o  f o r  a l l  t h e  da ta  examined 

i s  0.84. These average va lues a re  based on a l l  t h e  a v a i l a b l e  da ta  f r om  t h e  s i x  

basket TC l o c a t i o n s  i d e n t i f i e d  above. 



Computa t iona l l y ,  t h e  r a d i a l  t he rma l  r e s i s t a n c e  o f  t h e  cask body i n c l u d e s  

t h e  components i d e n t i f i e d  i n  F i g u r e  5.22. The r a d i a l  t he rma l  r e s i s t a n c e  i s  

computed by summing t h e  r e s i s t a n c e  o f  t h e  v a r i o u s  components as 

where r i s  t h e  r a d i u s ,  k  i s  t h e  the rma l  c o n d u c t i v i t y ,  h  i s  t h e  h e a t  t r a n s f e r  

c o e f f i c i e n t ,  and L i s  t h e  cask l e n g t h .  

To deve lop an improved d e s c r i p t i o n  o f  t h e  cask body parameters,  t h i s  

r e s i s t a n c e  was computed f o r  bo th  n i t r o g e n  and he1 ium b a c k f i  11 s. The r e s i s t a n c e  

i s  independent o f  b a c k f i  11 gas except  f o r  t h e  gap between t h e  copper she1 1  of  

t h e  basket  and t h e  i n n e r  w a l l  o f  t h e  cask body. Fo r  n i t r o g e n ,  t h e  improved 

r e s i s t a n c e ,  R i ,  t h a t  shou ld  b r i n g  t h e  p r e d i c t e d  cask body tempera tu re  drop up 

t o  t h e  measured tempera tu re  drop i s  Ri , N ~  = (1/0.75) RN and f o r  he l i um,  
2 

Ri ,He = (110.84) R,,,. TO s a t i s f y  bo th  equa t ions ,  t h e  gap w i d t h  between t h e  

copper s h e l l  and t h e  s t a i n l e s s  s t e e l  l i n e r  i s  r e d e f i n e d  as 0.10 cm (0.040 in . )  

f r o m  0.056 cm (0.022 in.) .  It i s  a l s o  necessary  t o  c o n s i d e r  ad jus tmen t  o f  t h e  

common r e s i s t a n c e s  o f  t h e  l e a d  gap and n e u t r o n  s h i e l d .  The e q u a t i o n s  a r e  

s a t i s f i e d  w i t h o u t  changing t h e  l e a d  gap, and a  v a l u e  of  0.05 cm (0.020 in.)  

l n s ~ d e  R a d ~ u s  
of Cask Body 

Copper Shell / 
of Basket ( 0  635)  

BBsket to Cask Gap (0 056) \ Lead (10 795) SS ( 5  0 8 )  ~e;tron S h ~ e l d  (1  5 24) \ .  
Ins~tlrx ss L ~ n e r  Lead S'hrlnkage 

( 1  905)  Gap ( 0  051  ) 

FIGURE 5.22. Components o f  Cask Body 



was used f o r  t h e  l ead  gap i n  t h e  p o s t - t e s t  ana lys is .  The e f f e c t i v e  conduc t i v -  

i t y  of t h e  neu t ron  s h i e l d  i s  reduced t o  0.18 W/cm°C (10.4 B t u / h r / f t ° C )  from 

0.20 W/cm°C (11.1 B t u / h r / f t ° C )  t o  be c o n s i s t e n t  w i t h  t h e  p r e d i c t e d  tempera tu re  

drop and heat  t r a n s f e r  th rough  t h e  body. These va lues a r e  a r r i v e d  a t  by com- 

par i sons  o f  p r e d i c t i o n s  t o  da ta  and a re  j u s t i f i e d  because t hey  f a l l  w e l l  w i t h i n  

p r e v i o u s l y  suggested ranges. 

5.1.3.1.4 Fuel  Basket. Basket temperatures were measured a t  two e l eva -  

t i o n s ,  1.45 and 3.33 m above t h e  bot tom o f  t h e  cask, i n  t h e  i n t e r s t i c e s  between 

f u e l  tubes on t h e  d iagona l  o f  quadrant 2  (F i gu re  5.19). The e v a l u a t i o n  of t h e  

heat t r a n s f e r  i n  t h e  basket i s  based on comparisons o f  t hese  measured tempera- 

t u r e s  w i t h  p r e d i c t e d  temperatures a t  t h e  same 1 o c a t i  ons. D i f f e r e n c e s  between 

temperatures i n  v a r i o u s  basket  nodes and temperatures i n  basket  node 2E a re  

compared. Basket node 2E temperatures a re  used as re fe rences  because t h e y  a re  

t h e  lowest  measured temperatures on t h e  basket  d iagonal .  

Temperature d i f f e r e n c e s  between basket node 26 and basket node 2E a t  an 

e l e v a t i o n  o f  1.45 m a r e  shown i n  F igures  5.23 and 5.24. F i g u r e  5.23 shows tem- 

p e r a t u r e  d i f f e r e n c e s  on t h e  same sca le  as F i gu re  5.5, t he reby  i n d i c a t i n g  t h e  

r e l a t i v e  magnitude o f  temperature d i f f e r e n c e s  i n  t h e  basket t o  t o t a l  tempera- 

t u r e  d i  f fe rences .  F i  gure 5.24 compares p r e d i c t e d  and measured tempera tu re  d i  f - 
ferences w i t h  a1 1 va lues  re fe renced  t o  zero. These i 11 u s t  r a t i  ons exempl i fy t h e  

i n f o r m a t i o n  ob ta i ned  f rom t h e  two e l e v a t i o n s  i n  t h e  va r i ous  basket  nodes. 

The r a t i o  o f  p r e d i  c t e d  and measured temperature d i f f e r e n c e s  between t h e  

basket nodes i s  an i n d i c a t i o n  o f  how w e l l  t h e  HYDRA models s i m u l a t e  t h e  thermal  

r es i s t ance  and t h e  heat  t r a n s f e r  th roughou t  t h e  basket  m a t r i x .  For basket  

nodes 2 G  and 2E a t  an e l e v a t i o n  o f  1.45 m, t h e  r a t i o s  l i e  between 0.87 ( r u n  6b) 

and 1.38 ( r u n  2). The average r a t i o  a t  t h i s  l o c a t i o n  f o r  a l l  t h e  v e r t i c a l  runs 

i s  1.09. Comparisons o f  t h e  temperature d i f f e r e n c e  between t h e  same i n t e r -  

s t i t i a l  l o c a t i o n s ,  bu t  a t  an e l e v a t i o n  o f  3.33 m, y i e l d  r a t i o s  o f  p r e d i c t e d -  

to-measured temperature d i f f e r e n c e s  t h a t  average 1.42. A t  t h i s  l o c a t i o n ,  t h e  

r a t i o s  va ry  f rom 1.14 t o  1.64. Greater  disagreement a t  t h e  h i g h e r  e l e v a t i o n  

does no t  appear t o  be r e l a t e d  t o  convect ion.  The most severe disagreements a re  

w i t h  he1 ium b a c k f i  11 f o r  which convec t ion  i s  o f  secondary importance. The f u e l  

assembly o r i e n t a t i o n ,  which i s  somewhat random, would no t  c o n s i s t e n t l y  skew t h e  
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r e s u l t s  i n  t h i s  fash ion.  A common ad justment  o f  des ign  parameters o r  em i t -  

tances would no t  y i e l d  b e t t e r  agreement a t  bo th  l o c a t i o n s .  Remaining p o s s i -  

b i l i t i e s  t h a t  may l e a d  t o  g r e a t e r  disagreements a t  t h e  h i g h e r  e l e v a t i o n s  a re  

l o c a l  v a r i a t i o n s  i n  t h e  basket c o n s t r u c t i o n  and skewed p o s i t i o n i n g  of t h e  

thermocouple i n  basket node 26. Because t h e  f u e l  tubes may no t  be p r e c i s e l y  

s t r a i g h t ,  t h e  gap between ad jacen t  tubes may vary  w i t h  e l e v a t i o n .  

P red i c t ed  and measured temperatures a t  o t h e r  basket l o c a t i o n s  were com- 

pared. These compari sons i nvo l  ved tempera tu re  d i f f e r e n c e s  between t h e  cask 

c e n t e r l i n e  and basket node 2E, and between basket nodes 25 and 2E ( F i g -  

u r e  5.19). Again, t h e  r a t i o s  o f  p r e d i c t e d  and measured tempera tu re  d i f f e rences  

were used t o  i n d i c a t e  t h e  l e v e l  o f  agreement. For  t h e  two e l e v a t i o n s  i n  t h e  

c e n t e r l i n e  and 25 basket  nodes, t h e  average r a t i o  was 1.08. O f  46 da ta  com- 

par i sons ,  44 l i e  w i t h i n  a  range o f  0.73 t o  1.33. The agreement here  and a t  t h e  

lower  e l e v a t i o n  i n  basket  node 26 ( F i g u r e  5.24) suppor ts  t h e  conc lus i on  t h a t  

t h e  disagreement a t  t h e  h i g h e r  e l e v a t i o n  i n  basket node 26 i s  due t o  l o c a l  

u n c e r t a i n t i e s  t h a t  cannot be addressed i n  t h e  computat i  onal  model. The 

u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  basket  make accura te  p r e d i c t i o n s  of basket  

temperatures d i f f i c u l t  as d iscussed below. 

The con tac t  o r  l a c k  o f  con tac t  between t h e  components of t h e  f u e l  basket  

i s  an impo r tan t  u n c e r t a i n t y  i n  t h e  basket  m a t r i x .  When t h e  f u e l  tubes  a r e  

packed i n t o  t h e  basket assembly, t h e  c o n t a c t  between tubes may be ex t reme ly  

va r i ab l e .  A rev iew o f  as-bui 1  t drawings, i n c l u d i n g  nominal d imensions o f  a1 1  

components, suggests t h a t  f o r  t h e  f u e l  basket  t o  occupy t h e  i n n e r  cask c a v i t y ,  

t h e  average s e p a r a t i o n  o f  t h e  f u e l  tubes i s  about 0.23 cm (0.091 in.) .  The 

f u e l  tubes have "beads" a t  r e g u l a r  a x i a l  i n t e r v a l s  on t h e  o u t s i d e  sur face.  

These beads a re  e l e v a t e d  0.13 cm (0.050 in . )  and cover  approx imate ly  10% o f  t h e  

o u t e r  su r f ace  area o f  each f u e l  tube. The beads a re  s taggered so t h a t  t hey  

cover  about 20% o f  t h e  area between ad jacen t  f u e l  tubes. For  t h i s  p o r t i o n  o f  

t h e  su r face ,  t h e  average sepa ra t i on  o f  t h e  f u e l  tubes i s  0.10 cm (0.040 in . ) .  

Due t o  t h e  t o l e r a n c e  on s t r a i g h t n e s s  and i n  c o n s i d e r a t i o n  o f  t h e  assembly 

techn ique  t h a t  f o r ces  t h e  quadrants o f  t h e  basket outward a g a i n s t  t h e  i n s i d e  

sur face of t h e  cask body, t h e r e  undoubted ly  i s  some good c o n t a c t  between f u e l  

tubes. Thus, t h e  sepa ra t i on  between sur faces  i n  t h e  basket may vary  f rom near  



zero t o  va lues i n  excess o f  0.23 cm (0.091 in.). Whi le  l o c a l  v a r i a t i o n s  may 

e x i s t  w i t h  regard  t o  t h e  ac tua l  basket heat t r a n s f e r  network,  g l oba l  agreement 

between p r e d i c t i o n s  and da ta  i s  ob ta ined  by us i ng  an average gap sepa ra t i ng  t h e  

ad jacen t  basket components. The va lue  used i n  t h e  p r e t e s t  a n a l y s i s  was 0.127 

cm (0.050 in . )  and t h e  gap was modeled as a  g a s - f i l l e d  gap w i t h  no con tac t  of 

t h e  ad jacen t  components. 

Typ i ca l  j u n c t i o n s  i n  t h e  f u e l  basket m a t r i x  a re  shown i n  F i g u r e  5.25. The 

heat  t r a n s f e r  conductance th rough  a  j u n c t i o n  i s  cons ide rab l y  l e s s  than  t h a t  of 

t h e  f u e l  tube. The added j u n c t i o n  thermal  r e s i s t a n c e  has a  g rea t  i n f l u e n c e  on 

t h e  heat  t r a n s f e r  d i s t r i b u t i o n  th rough  t h e  basket.  A t  t h e  same t ime,  t h e r e  i s  

some u n c e r t a i n t y  about how these  j u n c t i o n s  should  be modeled when o n l y  one com- 

p u t a t i  onal c e l l  i s  ava i  l a b l e  per  j u n c t i  on. I n d i  v i d u a l  components o f  t h e  j u n c -  

t i ons cannot be modeled; ins tead ,  composite thermal  p r o p e r t i e s  a re  requ i  red. 

The composi te thermal r es i s t ance  t h a t  i s  used t o  represen t  t h e  j u n c t i o n  

accounts f o r  t h e  p a r a l l e l / s e r i e s  thermal  paths. But i t  a l s o  a t tempts  t o  

account f o r  two-dimensional  heat  t r a n s f e r  around t h e  co rne r  o f  a  f u e l  tube  

where a  l a r g e r  normal area f o r  t h e  heat  t r a n s f e r  across t h e  gap i s  a v a i l a b l e .  

Th is  comp lex i t y  makes accura te  f o r m u l a t i o n  o f  t h e  j u n c t i o n  models d i f f i c u l t .  

I n  a d d i t i o n  t o  these  u n c e r t a i n t i e s  o f  t h e  basket model, accura te  p r e d i c -  

t i o n s  of basket temperatures a re  a f f e c t e d  by t h e  p r e d i c t e d  heat  t r a n s f e r  d i s -  

t r i b u t i o n  i n t o  and ou t  o f  t h e  basket. The f u e l  assembl ies a re  modeled i n  t h e  

cen te r  of t h e  f u e l  tubes. Th is  e s t a b l i s h e s  t h e  p r e d i c t e d  d i s t r i b u t i o n  o f  heat 

i n t o  t h e  basket. The ac tua l  o r i e n t a t i o n  o f  t h e  fue l  assembl ies i s ,  i n  genera l ,  

noncentered and v a r i a b l e ,  and s u b j e c t  t o  change between runs. Therefore,  t h e  

ac tua l  d i s t r i b u t i o n  o f  heat i n t o  t h e  basket i s  no t  r e a d i l y  p r e d i c t a b l e .  

A c o n s i s t e n t  ad justment  t o  basket  thermal  r es i s t ances  cou ld  no t  be 

j u s t i f i e d  because o f  t h e  comp lex i t y  o f  t h e  basket m a t r i x ,  and because o f  t h e  

u n c e r t a i n t y  of t h e  heat  t r a n s f e r  d i s t r i b u t i o n  i n t o  t h e  basket.  Therefore,  t h e  

p o s t - t e s t  a n a l y s i s  was performed w i t h  t h e  i d e n t i c a l  basket  model used i n  t h e  

p r e t e s t  ana l ys i s .  
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FIGURE 5.25. Typ i ca l  Junc t i ons  i n  t h e  Fuel Basket 

5.1.3.1.5 Fuel  Assembly. Fuel  assembly heat  t r a n s f e r  p r e d i c t i o n s  were 

eva lua ted  by c o n s i d e r i n g  heat t r a n s f e r  paths f r om  c e n t e r  rods t o  ad jacen t  bas- 

k e t  nodes and c e n t e r  rods t o  o u t e r  rods. Temperature d i f f e r e n c e s  between t h e  

cen te r  rod  o f  assembly 26 and basket node 2G ( F i g u r e  5.19) a t  an e l e v a t i o n  of 

1.45 m a re  shown i n  F igures  5.26 and 5.27. F i g u r e  5.26 shows tempera tu re  d i f -  

ferences on t h e  same sca le  as F i gu re  5.5, the reby  demons t ra t ing  t h e  r e l a t i v e  

magnitude o f  l o c a l  assembly tempera tu re  d i f f e r e n c e s  t o  t o t a l  tempera tu re  d i f  - 
ferences. F i  gure 5.27 compares p red i  c t e d  and measured tempera tu re  d i  f fe rences  

w i t h  a l l  va lues re fe renced  t o  zero. Both f i y u r e s  exemp l i f y  t h e  i n f o r m a t i o n  

ob ta ined  f r om o t h e r  basket nodes and t h e i r  r e s p e c t i v e  f u e l  assembly cen te r  r o d  

temperatures.  Comparisons were a l s o  developed f rom da ta  t aken  a t  t h e  3.3341 

e leva t i on .  
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Rat i os o f  p r e d i  c t e d  t o  measured c e n t e r  r o d - t o - b a s k e t  node t e m p e r a t u r e  

d i f f e r e n c e s  i n d i c a t e  how we1 1  t h e  HYDRA model r e p r e s e n t s  t h e  t h e r m a l  r e s i s t a n c e  

and t h e  h e a t  t r a n s f e r  i n  t h e  spent  f u e l  assembl ies.  Because r a d i a t i o n  i s  an 

i m p o r t a n t  mode o f  h e a t  t r a n s f e r ,  t h e  vacuum cases w i l l  be c o n s i d e r e d  f i r s t .  

Fo r  t h e  c e n t e r  r o d  and t h e  basket  node o f  assembly 26, a t  an e l e v a t i o n  of 1.45 

m, r a t i o s  o f  p r e d i  c ted- to-measured t e m p e r a t u r e  d i f f e r e n c e s  f o r  t h e  vacuum cases 

( r u n s  1, 6a, 6b, 14) average 1.11, w i t h  t h e  range b e i n g  1.04 t o  1.18. Fo r  a l l  

s i m i  1  a r  l o c a t i o n s  f o r  wh ich  compar isons were made, t h e  average r a t i o  remained 

1.11 and t h e  range was 1.02 t o  1.26. 

These r e s u l t s  suggest  t h a t  enhanc ing t h e  e f f e c t i v e  t h e r m a l  conductance 

between t h e s e  p o i n t s  by a  f a c t o r  o f  1.11 i s  a p p r o p r i a t e .  I f  t h i s  i s  accom- 

p l i s h e d  by t h e  r a d i a t i o n  component o f  h e a t  t r a n s f e r ,  t h e  e m i t t a n c e  would  be 

i n c r e a s e d  f o r  t h e  rods  and /o r  s t a i n l e s s  s t e e l  f u e l  t u b e  s u r f a c e s .  Fue l  r o d  

e m i t t a n c e s  were assumed t o  be 0.8, and i n c r e a s i n g  t h i s  v a l u e  i s  q u e s t i o n a b l e .  

Emi t tances  o f  t h e  s t a i n l e s s  s t e e l  f u e l  t u b e s  were measured, and chang ing  mea- 

su red  e m i t t a n c e s  t o  g e t  p r e d i c t i o n s  t o  match d a t a  i s  a l s o  q u e s t i o n a b l e .  The 

coarseness o f  t h e  g r i d  p r o b a b l y  c o n t r i b u t e s  t h e  most t o  t h e  d isagreement .  

Because a  change i n  e m i t t a n c e s  cannot  be j u s t i f i e d ,  and because i t  was n o t  

p r a c t i c a l  t o  r e f i n e  t h e  compu ta t i ona l  g r i d ,  t h e  p o s t - t e s t  a n a l y s i s  was 

conducted w i t h  t h e  p r e t e s t  r a d i  a t  i on model and emi t t a n c e  v a l  ues. 

Disagreements between p r e d i c t i o n s  and d a t a  f o r  c e n t e r  t o  b a s k e t  node 

tempera tu re  d i f f e r e n c e s  i n  t h e  n i t r o g e n  runs (2, 3, 7, 9, 13) a r e  obv ious.  

These d i sag reemen ts  between t h e  c e n t e r  r o d  and b a s k e t  node t e m p e r a t u r e s  a r e  

most l i k e l y  due t o  t h e  coa rse  g r i d  and t h e  use o f  a  f u e l  t u b e  model. D i s -  

agreements e x i s t  f o r  b o t h  v e r t i c a l  and h o r i z o n t a l  runs,  b u t  f o r  d i f f e r e n t  

reasons. I n  t h e  h o r i z o n t a l  runs  ( 3  and 9 ) ,  t h e  f u e l  assemb l ies  r e s t  a g a i n s t  

t h e  f u e l  tubes.  The a c t u a l  t he rma l  r e s i s t a n c e  between t h e  o u t e r  rows o f  rods  

and f u e l  t ubes  i s  s i g n i f i c a n t l y  l e s s  t h a n  t h e  t h e r m a l  r e s i s t a n c e  i n  t h e  HYDRA 

model, wh ich  i s  based on a  nominal  gap o f  0.56 cm (0.22 in. ) .  A lso ,  t r a n s v e r s e  

c o n v e c t i v e  c i r c u l a t i o n  i n  t h e  h o r i z o n t a l  f u e l  t u b e s  c o u l d  c o n t r i b u t e  t o  an 

enhanced e f f e c t i v e  t h e r m a l  conductance o f  t h e  gas. The c o a r s e  g r i d  p r e c l u d e s  

con iputa t ion  of t h i s  e f f e c t .  



I n  t h e  v e r t i c a l  o r i e n t a t i o n  ( runs  2, 7, and 13), t h e  v e r t i c a l  f l o w  r e s i s -  

tance  i n  t h e  assembly i s  more than  an o rde r  o f  magnitude g r e a t e r  t han  t h e  ve r -  

t i c a l  f l o w  r e s i s t a n c e  i n  t h e  nominal channel between t h e  o u t e r  row of rods and 

t h e  f u e l  tube  w a l l ,  i .e., w a l l  channel. A composi te f l o w  r e s i s t a n c e  i s  used i n  

t h e  HYDRA model. The f u e l  tube  model used t o  d e f i n e  l o c a l  fue l  assembly tem- 

pe ra tu res  i n c l u d e d  t h e  assumption t h a t  t h e  b u l k  a x i a l  f l o w  s p l i t s  between t h e  

assembly and t h e  ad jacen t  w a l l  channels accord ing  t o  t h e  r a t i o  o f  f l o w  r e s i s -  

tances. Th is  appa ren t l y  i s  n o t  t h e  case because da ta  comparisons suggest t h a t  

t h e  buoyancy-dr i  ven f l o w  i n  t h e  f u e l  assemblies i s  s u b s t a n t i a l  l y  g r e a t e r  than  

what i s  p r e d i c t e d  by t h e  f l o w  s p l i t  approach. I n  t h i s  a p p l i c a t i o n ,  t h e  f a c t  

t h a t  t h e  f u e l  tube  model does no t  so l ve  t h e  momentum equa t ions  may be a  s i g -  

n i f i c a n t  shortcoming. S o l u t i o n  o f  t h e  momentum equa t ions  would y i e l d  f l ows  

d i s t r i b u t e d  i n  c o n s i d e r a t i o n  o f  t h e  f o r ces  d r i v i n g  t h e  f l o w  as w e l l  as f l ow 

res is tance .  Al though t h e  a x i a l  f l o w  r e s i s t a n c e  o f  t h e  assembl ies i s  much 

g r e a t e r  t han  t h a t  o f  ad jacen t  w a l l  channels, t h e  p r ima ry  d r i v e r  o f  t h e  f l ow i s  

t h e  heat  generated i n  t h e  assemblies. 

Shape o f  a x i  a1 c e n t e r l  i ne temperature p r o f  i 1  es p r e d i c t e d  by HYDRA reason- 

ab ly  match shapes o f  d i  s t  r i  b u t i  ons o f  a x i  a1 assembly c e n t e r l  i ne tempera tu re  

da ta  f o r  t h e  n i t r o g e n  runs (F igures  5.7 and 5.9). Th is  suggests t h a t  a  s i g -  

n i f i c a n t  a x i a l  mass f l u x  e x i s t s  w i t h i n  t h e  assembly. Such a  mass f l u x  i s  

approximated by t h e  b u l k  f low. Therefore,  t h e  assumption o f  a  u n i f o r m l y  

d i s t r i b u t e d  f low i s  a p p l i e d  t o  t h e  f u e l  t ube  model i n  t h e  p o s t - t e s t  ana l ys i s .  

Al though convec t ion  i s  l e s s  impor tan t  i n  he l i um  and vacuum runs, t h e  un i fo rm 

f l o w  assumption i n  t h e  f u e l  tube  model i s  a l s o  a p p l i e d  t o  these cases i n  t h e  

p o s t - t e s t  ana lys is .  

I n  assembl ies 1F and 26, rod- to - rod  temperature d i f f e r e n c e s  were rnea- 

sured. The o u t e r  r od  thermocouples were p laced  so t h a t ,  when t h e  cask i s  

h o r i z o n t a l ,  t h e  o u t e r  rod  thermocouples a re  on t h e  s i d e  o f  t h e  assembl ies t h a t  

i s  aga ins t  t h e  f u e l  tube  wa l l s .  These thermocouples a re  a t  an e l e v a t i o n  o f  

3.33 m. The o u t e r  r od  thermocouple i n  assembly 1F i s  a t  an e l e v a t i o n  of 

3.63 m. The rods i n  ques t i on  a r e  shown i n  F i g u r e  5.28, which p o r t r a y s  t h e  

quarter-symmetry v iew a p p l i c a b l e  t o  t h e  v e r t i c a l  o r i e n t a t i o n .  F i g u r e  5.28a 

shows t h e  r e l a t i o n s h i p  o f  t h e  f u e l  tubes t o  t h e  copper s t r i p s .  F i g u r e  5.28b 
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shows t h e  HYDRA computat iona l  g r i d  i n  t h i s  v i c i n i t y .  Note t h a t  assembl ies 1F 

and 26 a re  no t  a c t u a l l y  ad jacen t  t o  one ano ther  as shown i n  F i g u r e  5.28. 

Al though these  a re  t h e  ac tua l  assembl ies i n  which t h e  rod  tempera tu res  were 

measured, computat iona l  l y  t h e r e  i s  no d i s t i n c t i o n  between assembl ies I F  and 2F 

o r  1 G  and 2G i n  q u a r t e r  symmetry. 

m .  

Temperature d i f f e r e n c e s  f rom t h e  cen te r  rods t o  t h e  o u t e r  rods a re  shown 

i n  F i gu res  5.29 and 5.30. Agreement i n  a  vacuum b a c k f i l l  i s  reasonably  good. 

Disagreements between p r e d i c t e d  and measured temperature d i f f e r e n c e s  i n  n i t r o -  

gen and he l i um  a re  seen t o  be q u i t e  l a r g e  on a f r a c t i o n a l  b a s i s  f o r  some o f  t h e  
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cases. Disagreements a re  a1 so q u i t e  v a r i a b l e ,  i n  t h a t  p r e d i c t e d  tempera tu re  

d i f f e r e n c e s  range f rom 0.24 t o  2.50 t imes  t h e  measured tempera tu re  d i  f ferences. 

Some exper imenta l  c o n d i t i o n s  c o n t r i b u t e  t o  t h e  d i  sagreement between t h e  

p r e d i c t i o n s  and t h e  da ta  f o r  t h e  temperature d i f f e r e n c e s  between t h e  cen te r  r o d  

and o u t e r  rod. The most pronounced problem may be t h e  f u e l  assembly o r i e n t a -  

t i o n .  The f u e l  assembly o r i e n t a t i o n  i s  no t  o n l y  unknown bu t  a l s o  v a r i a b l e .  

Evidence o f  t h i s  i s  shown i n  t h e  f u l l  l o a d  he l i um  runs, l l a  and l l b .  The mea- 

sured cen te r  r od - t o -ou te r  r od  temperature d i f f e r e n c e  i n  assembly 26 i s  g r e a t e r  

f o r  run  l l b  t h a n  f o r  l l a  (F i gu re  5.30). Because run  l l a  i n v o l v e s  lower  tem- 

pe ra tu res  ( o u t s i d e  run )  than  l l b  ( i n s i d e  run ) ,  t h e  oppos i t e  t r e n d  i s  expected. 

The measured va lues cou ld  r e s u l t  f rom a  change i n  f u e l  assembly o r i e n t a t i o n .  

From run  10 t h e  cask was l i f t e d  t o  t h e  v e r t i c a l  p o s i t i o n ,  and assembly 2 G  c o u l d  

have t i p p e d  away f rom t h e  f u e l  tube  w a l l .  The reduced heat  t r a n s f e r  from t h e  

exposed s i d e  o f  t h e  assembly where t h e  o u t e r  r od  thermocouple i s  l o c a t e d  would 

cause t h e  measured temperature d i f f e r e n c e  t o  drop as i t  d id .  F o l l o w i n g  run  

l l a ,  t h e  r a i l  c a r  was p u l l e d  i n t o  t h e  cask r e c e i v i n g  area. The movement cou ld  

have caused t h e  assembly t o  t i p  back aga ins t  t h e  f u e l  t ube  w a l l .  Th is  would 

e x p l a i n  t h e  l a r g e r  measured temperature d i f f e r e n c e  f o r  r un  l l b .  These da ta  

suggest how impo r tan t  f u e l  assembly o r i e n t a t i o n  may be when comparing p r e d i c -  

t i o n s  and da ta  on t h i s  sca le .  The cask was moved between runs 2  and 3; 4 and 

5a; 5b and 6a; 6a and 6b; 7 and 9; 10 and l l a ;  and l l a  and l l b .  Each t i m e  i t  

was moved, t h e  f u e l  assembly o r i e n t a t i o n s  th roughou t  t h e  cask may have changed. 

Th is  undoubted ly  i s  r espons ib l e  f o r  much o f  t h e  s c a t t e r  seen i n  t h i s  and 

precedi  ng da ta  compari sons. 

The coarseness o f  t h e  HYDRA computat iona l  g r i d  i s  p robab ly  t h e  major  con- 

t r i b u t o r  t o  t h e  observed disagreement between p r e d i c t e d  and measured tempera- 

t u r e  d i f f e r e n c e s  f rom t h e  cen te r  rods t o  t h e  o u t e r  rods. The g r i d  appears 

coarse when f ocus ing  on rod - t o - rod  temperature d i f f e r e n c e s  t h a t  a re  essent i a1 l y  

be ing  d e f i n e d  , f r om  w i t h i n  t h e  same HYDRA computat iona l  g r i d  v i a  t h e  f u e l  tube  

model. The fue l  t ube  w a l l  temperatures de f ined  by HYDRA a r e  used as boundary 

temperatures i n  t h e  f u e l  tube  model. I n  t h e  X - Y  ( o r  1 , J )  p lane  of t h e  coarse 

g r i d ,  most of t h e  f u e l  tube  w a l l s  a re  represen ted  by one c e l l  and, t h e r e f o r e ,  

by o n l y  one temperature.  Any temperature g rad ien t  i n  t h e  w a l l  i s  n o t  seen by 



t h e  f u e l  t u b e  model. I n  some cases, t h e  n e g l e c t  o f  t h e  g r a d i e n t  i n  t h e  

boundary tempera tu res  causes d i s t o r t i o n  and e l e v a t i o n  o f  t h e  p r e d i c t e d  l o c a l  

t empera tu res  w i t h i n  t h e  f u e l  assembly. 

R e f e r  t o  F i g u r e  5.28 t o  observe t h e  e f f e c t  o f  t h e  t e m p e r a t u r e  g r a d i e n t  i n  

t h e  f u e l  t u b e  w a l l .  Fo r  J  = 7  and I = 5, 6, and 7, t h e  p r e d i c t e d  tempera tu res  

f r o m  HYDRA a r e  g e n e r a l l y  r e l a t e d  as i n  F i g u r e  5.31. The f u e l  t u b e  model f o r  

assembly 2G uses t h e  t e m p e r a t u r e  o f  (1,J)  = (6,7) as a  boundary c o n d i t i o n .  I n  

e f f e c t ,  t h i s  boundary c o n d i t i o n  f a i l s  t o  account  f o r  t h e  t e m p e r a t u r e  g r a d i e n t  

i n  t h e  w a l l .  Because t h e  boundary t e m p e r a t u r e  used by t h e  f u e l  t u b e  model i s  

t o o  h i g h  a t  eve ry  p o i n t  except  i n  t h e  c e n t e r  o f  t h e  w a l l ,  t h e  hea t  t r a n s f e r  t o  

t h e  w a l l  i s  a r t i f i c i a l l y  reduced. T h i s  i s  one o f  t h e  reasons t h a t  p r e d i c t e d  

t e m p e r a t u r e  d i f f e r e n c e s  f r o m  t h e  c e n t e r  r o d - t o - o u t e r  r o d  i n  assembly 2G a re ,  

g e n e r a l l y ,  w e l l  below t h e  measured d i f f e r e n c e s .  

F a i l u r e  t o  account  f o r  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  w a l l  s h o u l d  n o t  

have such an o b v i o u s l y  n e g a t i v e  impact  on t h e  p r e d i c t i o n  of l o c a l  t empera tu res  

i n  eve ry  case. Cons ide r  t h e  w a l l  between assembl ies  1F and 26, i .e., a t  I = 5  

and J = 5, 6, and 7  i n  F i g u r e  5.28. T h i s  w a l l  c o n t a i n s  copper,  so t h e  temper-  

a t u r e  g r a d i e n t  i s  moderated. More i m p o r t a n t ,  t h e  t e m p e r a t u r e  g r a d i e n t  i s  some- 

what un i fo rm.  There fore ,  t h e  w a l l  t e m p e r a t u r e  a t  (1,J)  = (5,6) i s  v e r y  c l o s e  

t o  an average w a l l  t e m p e r a t u r e  as seen by t h e  assembly. T h i s  t e m p e r a t u r e  

p r o b a b l y  i s  a  reasonab le  boundary c o n d i t i o n  f o r  t h e  f u e l  t u b e  model. 

FIGURE 5.31. General Re1 a t i o n s h i p  Between Node 
Temperatures f o r  J  = 7  and I = 5, 



The same arguments app ly  t o  assembly IF. I n  genera l ,  t h e  temperature 

g rad ien t s  i n  t h e  w a l l s  pe rpend i cu l a r  t o  t h e  copper s t r i p s  a r e  more severe f o r  

assembly IF .  The a x i a l  temperature g rad ien t s  i n  t h e  w a l l s  a re  no t  l a rge ,  and 

t h e  g rad ien t s  a re  u n i f o r m  as i n  t h e  copper. Therefore,  t h e  problems w i t h  t h e  

f u e l  tube  model shou ld  no t  f u l l y  extend i n  t h e  a x i a l  d i r e c t i o n .  I n  t h e  vacuum 

and h o r i z o n t a l  cases, p r e d i c t e d  a x i a l  temperature d i f f e r e n c e s  a r e  g r e a t e r  than  

p r e d i c t e d  t r a n s v e r s e  temperature d i f f e rences .  I f  ax i  a1 components of tempera- 

t u r e  d i f f e r e n c e s  a re  somewhat accura te  and i f  t h e  disagreement i s  l a r g e l y  due 

t o  problems i n  t h e  t r ansve rse  d i r e c t i o n ,  t h e  e l e v a t i o n  d i f f e r e n c e  of t h e  t h e r -  

mocouples tends t o  moderate t h e  apparent disagreement. 

The d i s t r i b u t i o n  o f  acceptab le  and unacceptab le  boundary c o n d i t i o n s  i n  t h e  

f u e l  tube  model moderates t h e  f i n a l  induced e r r o r  t h a t  i s  due t o  f a i l u r e  t o  

p r o p e r l y  account f o r  t h e  temperature g r a d i e n t  i n  t h e  wa l l .  The heat  t r a n s f e r  

t o  some p o r t i o n s  o f  t h e  boundary i s  l e s s  than  what i t  shou ld  be. The l o c a l  

temperatures a re  p robab ly  e l eva ted  o n l y  s l i g h t l y  t o  compensate f o r  t h i s .  

Nevertheless,  f u t u r e  a p p l i c a t i o n  o f  t h e  f u e l  tube  model shou ld  i n c l u d e  tem- 

pe ra tu re  g rad ien t s  i n  t h e  wa l l s .  

A second element o f  t h e  f u e l  tube  model t h a t  needs t o  be addressed i s  

r a d i a t i o n .  C u r r e n t l y ,  t h e  o u t e r  r od - t o - f ue l  t ube  r a d i a t i o n  i s  one-dimensional .  

A two-dimensional  r a d i a t i o n  model i s  e s s e n t i a l  t o  t a k e  advantage o f  any 

improvements i n  t h e  boundary cond i t i ons .  

5.1.3.2 HYDRA Post-Test P r e d i c t i o n s  

The p o s t - t e s t  a n a l y s i s  i s  presented i n  two pa r t s .  I n  t h e  f i r s t  p a r t ,  

j u s t i f i a b l e  changes t o  va r i ous  cask parameters a re  implemented u n i  versa1 l y  i n  

t h e  i n p u t  models f o r  a  s e l e c t  group o f  runs. For  each o f  these  runs a  new 

temperature f i e l d  i s  computed and t h e  p r e t e s t  and p o s t - t e s t  tempera tu re  d i s -  

t r i  b u t i  ons a re  compared t o  data. Comparisons demonst r a t e  improved o v e r a l l  

p r e d i c t i o n s  as we1 1  as improvements i n  p r e d i c t i o n s  o f  l o c a l  tempera tu re  d i  f -  

ferences. The second p a r t  o f  t h e  p o s t - t e s t  a n a l y s i s  i s  an i n v e s t i g a t i o n  o f  

s p e c i f i c  problems t h a t  were i d e n t i f i e d  by comparisons o f  p r e t e s t  p r e d i c t i o n s  

w i t h  data.  These problems were no t  s u f f i c i e n t l y  r eso l ved  such t h a t  they can be 

addressed u n i v e r s a l  l y  i n  t h e  p o s t - t e s t  ana l ys i s .  The problems a re  s t u d i e d  f o r  



se lec ted  runs t o  e s t a b l i s h  t h e  magnitude o f  t h e i  r c o n t r i b u t i o n s  t o  d i f f e rences  

between p r e d i c t e d  and measured temperatures.  

Wi th  un l  i m i t e d  man ipu la t i on  o f  t h e  i n p u t  models, t h e  disagreement between 

p r e d i c t i o n s  and da ta  c o u l d  be min imized f o r  every  run. I n  genera l ,  t h i s  would 

r e q u i r e  a  un ique cask d e s c r i p t i o n  f o r  each run. By us i ng  r e s t r a i n t  i n  a  

w i l l i n g n e s s  t o  ass ign  new va lues t o  t h e  cask d e s c r i p t i o n  and by r e q u i r i n g  t h a t  

any change be adopted u n i v e r s a l l y  f o r  every  run, i t  w i l l  be seen t h a t  some d i s -  

agreements a re  no t  comp le te ly  reso lved  i n  t h e  p o s t - t e s t  ana l ys i s .  Th is  i s  a  

r e s u l t  o f  t h e  f a c t  t h a t  t h e  i n p u t  models f o r  t h e  va r i ous  runs represen t  t h e  

bes t  i n f o r m a t i o n  a v a i l a b l e .  Only i n  those  cases where a  change can be 

reasonably j u s t i f i e d  was t h e  change a c t u a l l y  implemented. 

5.1.3.2.1 Uni versa1 Adjustment t o  I n p u t  Model s. The re1  a t i  v e l y  few 

changes implemented i n  t h e  i n p u t  models f o r  t h e  p o s t - t e s t  a n a l y s i s  a re  

reviewed, f o l l  owed by comparisons o f  r e v i s e d  p r e d i c t i o n s  t o  data. 

For  t h e  pos t  - t e s t  ana l ys i s ,  measured e x t e r i o r  su r f ace  temperatures of t h e  

cask a re  en te red  d i r e c t l y  i n  t h e  i n p u t  models. Th is  e l i m i n a t e s  t h e  need t o  

p rov i de  c o r r e l a t i o n s  f o r  heat  t r a n s f e r  c o e f f i c i e n t s  f rom t h e  cask o u t e r  su r face  

t o  t h e  ambient, and f a c i l i t a t e s  comparisons i n  o t h e r  reg ions  of t h e  cask. 

Al though t h i s  a c t i o n  g i ves  a  c o r r e c t  su r f ace  temperature,  t h e r e  i s  one f i n a l  

note. P r o v i d i n g  t h e  measured su r f ace  temperatures as i n p u t  i s  no t  t h e  same as 

p r o v i d i n g  " c o r r e c t "  heat  t r a n s f e r  c o e f f i c i e n t s .  To a c c u r a t e l y  p r e d i c t  t h e  

sur face temperatures,  heat  t r a n s f e r  c o e f f i c i e n t s  and t h e  cask thermal  model 

both must be co r rec t .  

Comparisons o f  p r e t e s t  p r e d i c t i o n s  and da ta  i n d i c a t e d  t h a t  t h e  modeled 

thermal r e s i s t a n c e  o f  t h e  cask body needed t o  be increased.  To accompl ish 

t h i s ,  t h e  gap between t h e  copper s h e l l  o f  t h e  basket  and t h e  i n s i d e  su r f ace  o f  

t h e  cask body was inc reased  f rom 0.056 cm (0.022 in . )  t o  0.10 cm (0.039 in.). 

The gap due t o  l ead  shr inkage  was rounded o f f  f rom 0.051 cm (0.020 in . )  t o  0.05 

cm (0.020 in.). The e f f e c t i v e  c o n d u c t i v i t y  o f  t h e  neu t ron  s h i e l d  was ad jus ted  

f rom 0.20 t o  0.18 W/cm°C (11.6 t o  10.4 B t u / h r / f t ° F )  t o  be c o n s i s t e n t  w i t h  t h e  

o v e r a l l  p r e d i c t e d  temperature drop and heat  t r a n s f e r .  



Two very  general  changes were made t o  t h e  i n p u t  model f o r  t h e  cask i n t e r -  

na ls .  The a x i a l  d i s t r i b u t i o n  o f  assembly decay heat  gene ra t i on  used i n  t h e  

p r e t e s t  a n a l y s i s  was a  p r e d i c t i o n  based on core-average a x i a l  hurnup. The 

a x i a l  d i s t r i b u t i o n  o f  gamma r a d i a t i o n  was measured f o r  a  number o f  t h e  t e s t  

assembl i es. The exper imenta l  l y  measured re1 a t  i ve ax i  a1 gamma d i  s t  r i  b u t  i on 

a p p l i e d  i n  t h e  p o s t - t e s t  a n a l y s i s  i s  shown i n  F i g u r e  4.4 o f  Sec t i on  4.3.2. 

The second change rega rd i ng  t h e  cask i n t e r n a l s  i s  very  impor tan t .  Th i s  

change addresses t h e  assumption o f  t h e  f l o w  s p l i t  i n  t h e  f u e l  tube  model. 

P r e t e s t  p r e d i c t i o n s  were based on t h e  assumption t h a t  t h e  bu l  k a x i  a1 f l ow  

w i t h i n  a  f u e l  t ube  p r e d i c t e d  by t h e  HYDRA model w i l l  d i v i d e  between t h e  

assembly and t h e  ad jacen t  w a l l  channels accord ing  t o  t h e  r e l a t i v e  a x i a l  f l ow 

res is tance .  For  t h e  n i t r o g e n  runs, t h i s  assumption y i e l d s  p r e d i c t e d  c e n t e r l i n e  

a x i a l  temperature d i s t r i b u t i o n s  t h a t  a re  i n  cons ide rab le  d i  sagreement w i t h  

data. As a  r e s u l t  o f  t h i s  observa t ion ,  t h e  f l o w  s p l i t  i s  removed f o r  t h e  p o s t -  

t e s t  runs. Th is  i s s u e  i s  one o f  t h e  s u b j e c t s  o f  t h e  nex t  s e c t i o n  i n  which 

speci  a1 cases a re  eva luated.  

The changes desc r i bed  above were implemented un i  versa1 l y  i n t o  t h e  i n p u t  

models f o r  f i v e  s e l e c t e d  runs:  2, 6b, 9, l l a ,  and 13. Run 2  ( p a r t i a l  load,  

v e r t i c a l ,  n i t r o g e n )  was s e l e c t e d  because t h e  p r e t e s t  p r e d i c t i o n s  a re  i n  t h e  

g rea tes t  d isagreement w i t h  data. Runs 6b ( f u l l  load, v e r t i c a l ,  vacuum), l l a  

( f u l l  l oad ,  v e r t i c a l ,  he1 ium),  and 13 ( f u l l  load, v e r t i c a l ,  i n s u l a t e d ,  

n i t r o g e n )  p r o v i d e  a  r e p r e s e n t a t i o n  o f  t h e  t h r e e  b a c k f i l l  media. Run 9 ( f u l l  

load, h o r i z o n t a l  , n i t r o g e n )  represen ts  t h e  h o r i z o n t a l  runs. Together,  t h i s  

se l ec ted  group o f  runs i s  r e p r e s e n t a t i v e  o f  t h e  complete t e s t  m a t r i x .  

A x i a l  and r a d i a l  temperature p r o f i l e s  f o r  p o s t - t e s t  runs a re  shown i n  t h e  

f i g u r e s  o f  Appendix D. The r e s u l t s  o f  t h e  p o s t - t e s t  a n a l y s i s  o f  these  runs a re  

summarized i n  F i gu re  5.32, where p o s t - t e s t  p r e d i c t i o n s  a re  compared t o  p r e t e s t  

p r e d i  c t i  ons and t h e  data. Temperature d i  f f e rences  r e p r e s e n t i  ng t h e  f o u r  com- 

ponents o f  t h e  hea t  t r a n s f e r  pa th  f rom assembly 2G-to-ambient shown i n  F i g -  

u r e  5.19, a long  w i t h  temperature d i f f e r e n c e s  between assembl i e s  25 and 2G, a re  

shown. Represen ta t i ve  a x i a l  and r a d i a l  temperature p r o f i  l e s  a r e  shown i n  F i g -  

u res  5.33 and 5.34 f o r  each b a c k f i l l  gas w i t h  t h e  cask i n  a  v e r t i c a l  

o r i e n t a t i o n .  
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FIGURE 5.32. HYDRA P r e t e s t  and Post-Test P r e d i c t i o n s  of Ove ra l l  
and Component Temperature Di f ferences a t  1.45 m 
E l e v a t i o n  Compared t o  Data 

The p o s t - t e s t  p r e d i c t i o n s  shown i n  F i gu re  5.32 demonstrate improved 

agreement w i t h  t h e  data. The average r a t i o  o f  t h e  pred ic ted- to-measured t o t a l  

temperature d i f f e r e n c e s  f o r  t h e  f o u r  v e r t i c a l  runs i s  1.12 f o r  t h e  p r e t e s t  

p r e d i c t i o n s  and 1.05 f o r  t h e  p o s t - t e s t  runs. Local  temperature d i f f e r e n c e s  a re  

s im i  l a r l y  improved. 

There i s  s t i l l  some disagreement between p r e d i c t i o n s  and da ta  f o r  t h e  two 

n i t r o g e n  runs ( 2  and 13) (F i gu re  5.32). Th is  r e s u l t s  i n  s p i t e  o f  t h e  f a c t  t h a t  

t h e  bu lk  f l o w  i s  no t  d i v i d e d  i n  t h e  f u e l  t ube  model. Al though t h e  p r e d i c t i o n  

of t h e  peak-to-ambient temperature d i f f e r e n c e  i s  worse f o r  run  13, l o c a l  tern- 

pe ra tu re  d i f f e r e n c e s  a re  general  l y  improved as seen by comparing t h e  p o s t - t e s t  

a x i a l  p r o f i l e  o f  F i g u r e  5.33 w i t h  t h a t  o f  t h e  p r e t e s t  a x i a l  p r o f i l e  o f  F i g -  

u r e  5.9 o f  Sec t ion  5.1.3. The b i gges t  d iscrepancy occurs  i n  t h e  temperature 

d i f f e r e n c e  between t h e  assembly 25 c e n t e r l i n e  and ad jacen t  basket  node a t  e l e -  

v a t i o n  3.33 m (F i gu re  5.34). The d i scuss ion  o f  t h e  f u e l  tube  heat t r a n s f e r  i n  

t h e  next  s e c t i o n  l ooks  f u r t h e r  a t  t h i s  problem. 
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FIGURE 5.33. HYDRA Post-Test P r e d i c t i o n s  o f  Center  Assembly 
25 Center1 i ne Axi  a1 Temperature P r o f  i 1 es Com- 
pared t o  Pa r t  and F u l l  Load, V e r t i c a l ,  Vacuum, 
N i t rogen ,  and Hel ium Data 

The r e s u l t s  demonstrate a s i g n i f i c a n t  improvement i n  p r e d i c t i o n s  o f  tem- 

pe ra tu res  f o r  , t h e  h e l i u m  run  ( F i g u r e  5.32). Only s l i g h t  improvement i s  

observed f o r  t h e  h o r i z o n t a l  run. The e c c e n t r i c i t y  o f  t h e  assembl ies i s  s t i l l  

no t  modeled. Th i s  i s s u e  i s  a l s o  addressed i n  t h e  nex t  sec t i on .  



FIGURE 5.34. HYDRA Post-Test P r e d i c t i o n s  o f  Radi a1 (Diagonal  ) 
T e m ~ e r a t u r e  P r o f i l e s  Com~ared t o  Pa r t  and F u l l  
~ o a d ,  V e r t i c a l  , Vacuum,  it rogen, and He1 i um 
Data a t  3.33 m E l e v a t i o n  

The vacuum run, 6b, o f  F i g u r e  5.32 a l s o  shows on l y  s l i g h t  o v e r a l l  improve- 

ment as a  r e s u l t  of t h e  p o s t - t e s t  ana l ys i s .  P red i c t ed  temperature d i f f e r e n c e s  

th rough  t h e  basket and cask body a re  l e s s  than  measured values. Several  

e f f e c t s  cou ld  l e a d  t o  t h i s  r e s u l t .  The vacuum run  i s  low-pressure (-1 mm Hg) 

n i t r ogen .  It i s  assumed t h a t  t h e  thermal  c o n d u c t i v i t y  of t h e  gas i s  g e n e r a l l y  

unaf fected a t  t h i s  low pressure.  It may be t h a t  i n  t h e  narrowest  gaps t h e  

c o n d u c t i v i t y  i s  reduced. The r a d i a t i o n  models may l e a d  t o  some of t h e  d i s -  

agreement. Fuel  assembly o r i e n t a t i o n  may a f f e c t  t h e  amount of heat  a c t u a l l y  

be ing  t r a n s f e r r e d  th rough  t h e  cask body on t h e  d iagonal  o f  t h e  quadrant.  Th i s  

t h i r d  cause i s  a  more l i k e l y  source o f  t h e  disagreement because t h e  f i r s t  two 

I e f f e c t s ,  c o n d u c t i v i t y  and r a d i a t i o n ,  a re  no t  suppor ted by t h e  r e s u l t s  f o r  o t h e r  

vacuum runs i n  t h e  p r e t e s t  ana l ys i s .  



5.1.3.2.2 Spec ia l  Stud ies.  I n  t h i s  s e c t i o n  t h e  r e s u l t s  o f  some s p e c i a l  

s t u d i e s  a r e  reviewed. I n  p rev ious  s e c t i o n s  d i scuss ions  a re  p resen ted  r e g a r d i  ng 

c e r t a i n  f e a t u r e s  o f  t h e  model. It was specu la ted  t h a t  t hese  f ea tu res  were 

i n v o l v e d  s i g n i f i c a n t l y  i n  t h e  disagreement between t h e  p r e d i c t i o n s  and data.  

These s p e c i a l  s t u d i e s  q u a n t i f y  p o s s i b l e  e f f e c t s .  Spec i f  i c a l  l y ,  these  s t u d i e s  

address t h e  f o l l  owing model f ea tu res :  

e c c e n t r i c i t y  o f  f u e l  assembl ies i n  h o r i z o n t a l  runs 

w a l l  temperature g rad ien t s  i n  t h e  f u e l  tube  model 

f low s p l i t s  i n  t h e  f u e l  tube  model. 

I t  has been p o i n t e d  ou t  p r e v i o u s l y  t h a t  t h e  f u e l  assembl ies were modeled 

i n  t h e  cen te r  o f  t h e  f u e l  tube  f o r  t h e  h o r i z o n t a l  runs. Because t h e r e  i s  

n o t h i n g  t o  suppor t  t h e  assemblies, t h e  assembl ies w i l l  a c t u a l l y  r e s t  on t h e  

f ue l  tube  w a l l  when t h e  cask i s  i n  t h e  h o r i z o n t a l  o r i e n t a t i o n .  It was 

specula ted t h a t  t h e  disagreement between p r e d i c t i o n s  and da ta  f o r  t h e  

h o r i z o n t a l  runs was a t t r i b u t e d  t o  t h i s  d i f f e r e n c e  between t h e  model and t h e  

ac tua l  c o n d i t i o n s .  

A model was used t h a t  moved t h e  assembl ies aga ins t  t h e  bot tom w a l l s  of 

fue l  tubes w i t h  t h e  cask i n  a  h o r i z o n t a l  o r i e n t a t i o n .  The model p r o v i d e d  no 

d i  r e c t  con tac t  o f  t h e  rods and wa l l s .  The composi te t r a n s v e r s e  thermal  

conductance o f  an assembly, which i s  based on t h e  rod  p i t c h ,  i s  a p p l i e d  w i t h i n  

t h e  r eg ion  occupied by t h e  assembly, i n c l u d i n g  t h e  r e g i o n  ad jacen t  t o  t h e  

w a l l .  T h i s  computat iona l  d isp lacement  o f  an assembly removes t h e  0.56-cm 

(0.22-in.) gap between t h e  o u t e r  su r f ace  o f  t h e  assembly and l owe r  f ue l  t ube  

w a l l .  Th i s  d isp lacement  r equ i r es  t h e  gap above t h e  assembly t o  be i nc reased  t o  

1.12 cm (0.44 in . ) .  The assembly i s  assumed t o  remain cen te red  between t h e  

fue l  t ube  s i d e  w a l l s .  These computat iona l  changes a p p l i e d  o n l y  t o  t h e  the rma l  

aspects o f  t h e  model, i.e., energy equa t ion  on ly .  

With t h e  p r e s c r i b e d  change o f  p o s i t i o n  o f  a l l  t h e  f u e l  assembl ies,  a  new 

temperature f i ' e l d  was p r e d i c t e d  f o r  run 9 ( h o r i z o n t a l ,  f u l l  load, n i t r o g e n ) .  

The r e s u l t s  d i d  no t  conform comple te ly  w i t h  expec ta t i ons .  The p r e d i c t e d  peak 

temperature dropped by 10°C f rom t h e  p o s t - t e s t  p r e d i c t i o n  ; however, t h e  peak 



temperature i s  s t i l l  o ve rp red i c t ed  by 25OC. None o f  t h e  measured asymmetry of 

temperatures i n  assembl i e s  was p red i c t ed .  These comparisons suggest t h a t  t h e  

thermal  behav io r  o f  t h e  cask i n  t h e  h o r i z o n t a l  o r i e n t a t i o n  i s  i n f l uenced  by 

some a d d i t i o n a l  phenomena. 

One p o s s i b l e  cause o f  t h e  asymmetry i n  t h e  h o r i z o n t a l  o r i e n t a t i o n  i s  t h a t  

t h e  weight  o f  t h e  basket and assembl ies f o r c e s  a t  l e a s t  p a r t i a l  c l o s u r e  of t h e  

gap between t h e  copper s h e l l  o f  t h e  basket and t h e  i n n e r  w a l l  o f  t h e  cask a l ong  

t h e  lower  suppo r t i ng  su r face .  The gap a l ong  t h e  t o p  su r f ace  would open as a  

r e s u l t .  Th is  p o s s i b l e  e f f e c t  was q u a n t i f i e d  by implement ing a  c i  rcumferen- 

t i a l l y  v a r y i n g  gap i n t o  t h e  i n p u t  model f o r  r un  9. The baske t - t o - i nne r  w a l l  

gap was v a r i e d  f rom 0.02 cm (0.008 i n . )  a t  t h e  bot tom t o  0.18 cm (0.071 i n . )  a t  

t h e  top.  The new p r e d i c t e d  temperatures show a  f u r t h e r  r e d u c t i o n  o f  t h e  peak 

temperature and about 14OC asymmetry between assembl ies 1 A  and 2A (see F i g -  

u r e  3.6 of Sec t i on  3.3 f o r  asserr~bly l o c a t i o n s ) .  These r e s u l t s  i d e n t i f y  t h i s  as 

a  p o s s i b l e  exp lana t i on  o f  t h e  disagreement between t h e  p r e t e s t  p r e d i c t i o n s  and 

data, and agree w i t h  t h e  exper imenta l  f i n d i n g s  o f  McKinnon e t  a l .  (1986). 

The f a i l u r e  o f  t h e  f ue l  tube  model t o  account f o r  t h e  l a t e r a l  tempera tu re  

g rad ien t  i n  t h e  w a l l s  o f  t h e  f u e l  t ube  was i n d i c a t e d  i n  Sec t i on  5.1.3.1.5. I t  

was specula ted t h a t  t h i s  i s  a  f a c t o r  i n  t h e  disagreement between p r e d i c t i o n s  

and da ta  f o r  cen te r  r o d  t o  o u t e r  r od  temperature d i f f e r e n c e s .  To exped ien t l y  

eva lua te  t h e  p o t e n t i a l  impact o f  t h e  w a l l  temperature g rad ien t ,  a 1  i n e a r  

g rad ien t  was def ined.  F i g u r e  5.31 i s  r ec rea ted  i n  F i g u r e  5.35 t o  compare an 

approx imat ion o f  t h e  ac tua l  w a l l  temperature d i s t r i b u t i o n  w i t h  a  1  i n e a r  tem- 

pe ra tu re  d i s t r i b u t i o n .  A 1  i near g r a d i e n t  p robab ly  p rov i des  boundary temper- 

a tu res  t h a t  a re  t o o  low because most o f  t h e  temperature drop w i l l  a c t u a l l y  

occur a t  t h e  j u n c t i o n .  Therefore,  a p p l i c a t i o n  o f  t h e  l i n e a r  temperature d i s -  

t r i b u t i o n  w i l l  o v e r p r e d i c t  t h e  e f f e c t  o f  t h e  w a l l  temperature g rad ien t .  

Test runs 2, 6b, and 7 were re -eva lua ted  w i t h  t h e  1  i n e a r  w a l l  temperature 

g rad ien t .  The temperature change was on t h e  o rde r  o f  -2OC f o r  t h e  peak. The 

e f f e c t  on t h e  p r e d i c t e d  temperature d i f f e r e n c e  between t h e  cen te r  r o d  and t h e  
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FIGURES 5.35. Approximate Wall Temperature Grad ien ts  f o r  
Nodes J = 7 and I = 5, 6, 7 

o u t e r  rod was a l s o  q u i t e  smal l .  Therefore,  i t  appears t h a t  f u e l  t ube  tem- 

pe ra tu re  g rad ien t s  a re  no t  o f  major  impor tance i n  p r e d i c t i n g  assembly peak 

temperatures.  

I n  t h e  p o s t - t e s t  a n a l y s i s  t h e  assumption o f  t h e  f l o w  s p l i t  was removed 

from t h e  f u e l  t u b e  model. The a x i a l  mass f l u x e s  p r e d i c t e d  by HYDRA were 

assigned t o  t h e  assembl ies and t h e  ad jacen t  w a l l  channels. The p o s t - t e s t  

a n a l y s i s  r e s u l t s  as r epo r t ed  i n  t h e  p rev ious  s e c t i o n  ( F i g u r e  5.33) i n d i c a t e  

t h a t ,  f o r  t h e  n i t r o g e n  runs, t h e r e  i s  s t i l l  some disagreement between p r e d i c -  

t i o n s  and data,  p r i m a r i l y  a t  t h e  h i g h e r  e l e v a t i o n s  i n  t h e  f u e l  assembly. These 

rernai n i  ng disagreements cannot be r e s o l  ved w i t h o u t  s o l u t i o n  o f  t h e  momentum 

equat ions i n  a  f i n e  mesh. The bu l k  f l o w  p r e d i c t e d  by HYDRA and t h e  d i s t r i b u -  

t i o n  o f  f l o w  i n  t h e  f u e l  t ube  model remain i n  ques t ion .  Never the less,  t h e  

f o l l o w i n g  paragraphs r e f e r  t o  c a l c u l a t i o n s  t h a t  were performed t o  q u a n t i f y  

e f f e c t s  t h a t  may c o n t r i b u t e  t o  t h e  disagreement between t h e  HYDRA p o s t - t e s t  

p r e d i c t i o n s  and data.  

Spacers were modeled i n  t h e  f u e l  tube  model t o  p r o v i d e  t r a n s v e r s e  m i x i n g  

of t h e  f low. Transverse f l o w  and m i x i n g  would occur  i f  gas were t o  f l o w  around 

i n s t e a d  o f  th rough  t h e  spacers. Th i s  f l o w  would c a r r y  heat  outward from t h e  

c e n t r a l  p o r t i o n  o f  t h e  assembly, and hea t  would be g i ven  up t o  t h e  f u e l  t ube  

w a l l .  The cooled gas would m i g r a t e  back i n t o  t h e  assembly above t h e  spacer. 



Although t h i s  process i s  merely specu la ted  t o  occur, t h e  p o t e n t i a l  e f f e c t  on 

t h e  heat  t r a n s f e r  was q u a n t i f i e d  w i t h  t h e  f u e l  t ube  model u s i n g  t h e  HYDRA 

p r e d i c t i o n s  f o r  run  2 ( v e r t i c a l ,  p a r t i a l  load, n i t r o g e n ) .  The spacers were 

modeled w i t h  an a x i a l  f l o w  r e s i s t a n c e  t h a t  i s  t e n  t imes  t h e  f l o w  r e s i s t a n c e  o f  

t h e  sur roundings.  The bu l k  f l o w  was ass igned t o  t h e  rema in ing  reg ions  of t h e  

assembl i e s  and ad jacen t  channels. Th is  causes t h e  f u e l  t ube  model t o  d e f i n e  

l o c a l  mass f l u x e s  t h a t  c i rcumvent  t h e  spacers. I n  s p i t e  o f  t h i s  p r e s c r i b e d  

f low f i e l d ,  t h e  a x i a l  l o c a t i o n  and t h e  magnitude o f  t h e  peak temperature were 

no t  s i g n i f i c a n t l y  changed. The o v e r a l l  shape o f  t h e  a x i a l  temperature prof  i l e  

was a l s o  unchanged. However, l o c a l  peaks i n  t h e  a x i a l  temperature p r o f i l e  

occur where f l o w  i s  reduced th rough  t h e  spacers. 

The l a c k  o f  response o f  t h e  p r e d i c t e d  temperatures t o  t h e  model ing of t h e  

spacers may be due, i n  p a r t ,  t o  t h e  f a c t  t h a t ,  f o r  t h e  n i t r o g e n  runs, a  l a r g e  

f r a c t i o n  o f  t h e  temperature drop f rom t h e  cen te r  r o d  t o  t h e  f ue l  tube  w a l l  

occurs i n  t h e  gap between t h e  assembly and t h e  w a l l .  Hence, t h e  spacers were 

removed f rom t h e  model and t h e  thermal  conductance across t h e  gap was i nc reased  

by a  f a c t o r  o f  3. Th i s  reduced t h e  p r e d i c t e d  peak temperature f o r  run  2  t o  

120°C compared t o  t h e  p r e t e s t  ana l ys i s ,  p o s t - t e s t  ana l ys i s ,  and t h e  measured 

va lue o f  151, 134, and 115OC, r e s p e c t i v e l y .  Therefore,  enhancement of t h e  gap 

conductance reduced o v e r p r e d i c t i o n  o f  t h e  measured peak temperature t o  5OC. 

However, a t  l ower  e l e v a t i o n s  t h e  c e n t e r l i n e  temperature i s  ove rp red i c t ed  by as 

much as 10°C. Th i s  i n d i c a t e s  t h a t  t h e  bu l k  mass f l u x e s  may be unde rp red i c t ed  

by HYDRA, p o s s i b l y  due t o  i n a p p r o p r i a t e  composi te a x i a l  f l o w  r e s i s t a n c e  o r  t h e  

coarseness o f  t h e  computat iona l  g r i d .  

To i n v e s t i g a t e  t h e  e f f e c t  of t h e  bu lk  mass f l u x  on t h e  peak temperature 

and t h e  shape o f  t h e  a x i a l  temperature p r o f i l e ,  t h e  composi te a x i a l  f l o w  r e s i s -  

tance  modeled i n  HYDRA was reduced. Th i s  a c t i o n  a1 lowed t h e  p r e d i c t e d  mass 

f l u x  t o  i nc rease  f o r  r un  2 by about 40%. The enhanced gap conductance was 

r e t a i n e d  i n  t h e  f u e l  tube  model. Wi th  t h e  a d d i t i o n a l  b u l k  mass f l u x  and 

enhanced gap conductance, very good agreement between t h e  p r e d i c t i o n s  and t h e  

da ta  f o r  t h e  a x i a l  temperature p r o f i l e  was ob ta ined  except a t  t h e  upper end o f  

t h e  assembly. 



Th i s  e v a l u a t i o n  o f  f u e l  t u b e l f u e l  assembly heat t r a n s f e r  has i d e n t i f i e d  

severa l  c o n t r i b u t i n g  i tems t h a t  would have t o  be i n v e s t i g a t e d  f u r t h e r  t o  

es tab l  i s h  a  more re1 i a b l e  p r e d i c t i o n  o f  temperatures.  These i tems i nc l ude ,  bu t  

a re  no t  n e c e s s a r i l y  l i m i t e d  t o :  

f u e l  tube  w a l l  temperature g rad ien t s  

a f u e l  basket  thermal  model 

assembly- to- fue l  t ube  r a d i a t i o n  

a e f f e c t  o f  noncentered f u e l  assembl ies on bo th  heat  t r a n s f e r  and mass 

f l u x  

s o l u t i o n  o f  t h e  momentum equa t ion  i n  t h e  f u e l  tube  model 

low m i x i n g  due t o  spacers 

a f u e l  tube  b u l k  mass f l u x .  

The above f a c t o r s  a r i s e  p r i m a r i l y  because o f  t h e  r e l a t i v e l y  coarse computa- 

t i o n a l  mesh employed and t h e  use o f  a  one-dimensional  assembly- to- fue l  t ube  

r a d i a t i o n  model. The recommended approach f o r  f u t u r e  a p p l i c a t i o n s  i s  t o  use an 

a p p r o p r i a t e l y  f i n e  mesh and a two-dimensional  assembly- to- fue l  t u b e  r a d i a t i o n  

model . 
5.1.4 Paramet r i c  Analyses 

I n  t h i s  s e c t i o n  t h e  r e s u l t s  o f  two pa rame t r i c  analyses a re  presented. The 

analyses e v a l u a t e  t h e  s e n s i t i v i t y  o f  t h e  p r e d i c t e d  temperatures i n  t h e  cask t o  

changes i n  f u e l  r od  and f u e l  tube  emi t tances and u n i f o r m  f u e l  assembly heat  

gene ra t i  on r a tes .  

5.1.4.1 Emi t tance  E f f e c t s  

Emi t tances o f  f ue l  rods and t h e  f u e l  tube  su r f ace  were changed t o  d e t e r -  

mine t h e i  r e f f e c t  on p r e d i c t e d  temperatures.  The a n a l y s i s  was performed u s i n g  

t h e  i n p u t  model f o r  r un  13 ( i n s u l a t e d ,  v e r t i c a l ,  f u l l  load, n i t r o g e n ) .  E f f e c t s  

on p r e d i c t e d  temperatures o f  changes i n  erni t tances a re  an i n d i c a t i o n  o f  how 

impor tan t  thermal  r a d i  a t  i o n  i s  w i t h  n i t r o g e n  backf  i 11 gas. 



The p r e t e s t  and p o s t - t e s t  analyses were performed w i t h  a  f u e l  r od  emi t -  

tance  o f  0.8. The p r e d i c t e d  peak temperature f o r  r un  13 i n  t h e  p o s t - t e s t  i s  

225OC. The f u e l  r od  emi t tance  was changed t o  0.6 i n  t h e  i n p u t  model. Wi th  

t h i s  s i n g l e  change, t h e  new p r e d i c t e d  peak tempera tu re  was 2 2 9 " ~ .  P red i c t ed  

temperature p r o f i l e s  across cen te r  assembly 25 a r e  shown i n  F i g u r e  5.36. Th i s  

represen ts  a  12% i nc rease  i n  t h e  temperature drop f rom t h e  cen te r  r o d  t o  t h e  

w a l l  node. 

The o t h e r  emi t tance  t h a t  was changed i s  t h e  f u e l  tube  su r f ace  emi t tance.  

Whi le  t h e  r od  em i t t ance  was r e s e t  t o  0.8, t h e  f u e l  tube  emi t tance  was r a i s e d  

f rom 0.2 t o  0.3 f o r  a l l  t h e  f ue l  tube  sur faces,  bo th  i n s i d e  f a c i n g  t h e  assembly 

and o u t s i d e  f a c i n g  ad jacen t  f u e l  tubes and basket members. The f u e l  tube  

emi t tance  was measured and found t o  be 0.2, bu t  da ta  s c a t t e r  suggests t h a t  a  

h i ghe r  va lue  i s  poss ib l e .  Also, subsequent cask t e s t i n g  c o n d i t i o n s  m igh t  cause 

t h e  va lue  t o  be above 0.2. Wi th  t h i s  s i n g l e  change t o  t h e  i n p u t  model f o r  r un  

13, t h e  new p r e d i c t e d  peak temperature i s  221°C. The p r e d i c t e d  tempera tu re  

p r o f i l e  across c e n t e r  assembly 25 a t  an e l e v a t i o n  o f  3.33 m i s  a l s o  shown i n  

F i g u r e  5.36. The response t o  t h i s  change i n  f u e l  tube  emi t tance  represen ts  

about a  12% decrease i n  t h e  temperature drop between t h e  c e n t e r  r od  and t h e  

f u e l  tube  w a l l .  

I n  bo th  cases, t h e  e f f e c t  o f  changing emi t tances i s  smal l  compared t o  t h e  

t o t a l  temperature drop f r om peak-to-ambient. Th is  i s  due, i n  p a r t ,  t o  t h e  f a c t  

t h a t  t h e  l o c a l  temperature drop f rom t h e  cen te r  rod  t o  t h e  f u e l  tube  w a l l  i s  

on l y  about 25% of t h e  t o t a l  temperature drop t o  t h e  ambient. Because r a d i a t i o n  

c o n t r i b u t e s  t o  t h e  heat  t r a n s f e r  i n  c o n j u n c t i o n  w i t h  convec t ion  and conduct ion,  

changing emi t tances a f f e c t s  o n l y  one component and, t h e r e f o r e ,  on l y  a  f r a c t i o n  

o f  t h e  t o t a l  temperature drop. I n  genera l ,  w i t h  n i t r o g e n  b a c k f i l l ,  heat i s  

t r a n s f e r r e d  f rom each assembly t o  t h e  cask body by convec t ion  t o  basket members 

where i t  i s  conducted toward t h e  cask body. Very l i t t l e  heat i s  t r a n s f e r r e d  

r a d i a l l y  outward d i r e c t l y  from one assembly t o  another .  As a  r e s u l t ,  t h e r e  i s  

l i t t l e  o r  no compounding o f  t h e  e f f e c t  o f  changing f u e l  tube  o r  r od  emi t tances.  
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FIGURE 5.36. HYDRA P r e d i c t i o n s  o f  Center Assembly 25 Radi a1 Temperature 
P r o f i l e s  f o r  Var ious Fuel Rod and Fuel Tube Emi t tances a t  
3.33 m  E l e v a t i o n  

5.1.4.2 P red i c t ed  Maximum Cask Heat Load w i t h  N i t r o g e n  

An a n a l y s i s  was performed t o  p r e d i c t  t h e  maximum heat  gene ra t i on  r a t e  t h a t  

cou ld  be d i s s i p a t e d  by t h e  REA cask. The p r e d i c t e d  maximum heat  l o a d  i s  d e t e r -  

m i  ned s u b j e c t  t o  t h r e e  const  r a i  n t s  : 

380°C a1 1  owahl e  f u e l  tempera tu re  

327°C l e a d  m e l t i n g  p o i n t  

148°C 150 p s i a  (3.40 a tm) ]  s a t u r a t i o n  temperature o f  t h e  e thy l ene  

g l y c o l  i n  t h e  neu t ron  sh ie l d .  

The a n a l y s i s  used t h e  same model desc r ibed  f o r  t h e  p o s t - t e s t  runs w i t h  t h e  

f o l  1 owi ng condi  t i ons : 

n i t r o g e n  b a c k f i l l  gas 

v e r t i  c a l  o r i e n t a t i  on 



c a v i t y  p ressure  = 1.5 atm 

ambient temperature = 52OC 

n a t u r a l  convec t ion  f rom cask su r f ace  t o  ambient 

un i  fo rm assembly heat gene ra t i  on ra tes .  

A l l  o f  t h e  c o n s t r a i n t s  cou ld  be s a t i s f i e d  w i t h  a  heat  genera t ion  r a t e  of 

750 W pe r  assembly. The p r e d i c t e d  peak temperature i s  383"C, which i s  t h e  

l i m i t i n g  c o n d i t i o n .  The temperature i n  t h e  neu t ron  s h i e l d  i s  p r e d i c t e d  t o  be 

as h i g h  as 145OC, which i s  a l s o  ve ry  near t h e  s a t u r a t i o n  temperature a t  t h e  50- 

p s i g  neu t ron  s h i e l d  des ign l i m i t .  However, p r e d i c t e d  temperatures i n  t h e  

neu t ron  s h i e l d  vary f rom 120°C t o  145OC, and m i x i n g  shou ld  reduce peak 

temperatures.  F l u i d  m i x i ng  was no t  i nc l uded  i n  t h i s  ana l ys i s .  

A x i a l  and r a d i a l  temperature p r o f i l e s  f o r  t h e  p r e d i c t e d  maximum heat  l o a d  

of 750 W pe r  assembly a re  shown i n  F igures  5.37 and 5.38. These r e s u l t s  a re  

compared t o  t h e  p o s t - t e s t  p r e d i c t i o n s  and t h e  da ta  f o r  run 13 ( f u l l  load,  

v e r t i c a l ,  n i t r ogen ,  i n s u l a t e d )  f o r  which t h e  average assembly heat gene ra t i on  

r a t e  was 227 W. The comparison suggests t h a t  t h e  r e s u l t s  o f  t h e  maximum heat 

r a t e  p r e d i c t i o n  a re  conserva t i ve .  I n  a d d i t i o n ,  p r e t e s t  p r e d i c t i o n s  showed t h a t  

t h e  heat t r a n s f e r  c o e f f i c i e n t s  f o r  n a t u r a l  convec t ion  on t h e  e x t e r i o r  s u r f a c e  

of t h e  cask a re  conserva t i ve .  

5.2 COBRA-SFS ANALYSIS 

The COBRA-SFS (spent  f u e l  s t o rage )  computer code was used t o  p r e d i c t  

temperature and v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  REA 2023 spent f u e l  s t o rage  

cask. Resu l t s  were ob ta ined  f o r  cask ope ra t i on  w i t h  vacuum, n i t r ogen ,  and 

he1 ium b a c k f i  11s i n  v e r t i c a l  and h o r i z o n t a l  o r i e n t a t i o n s .  D e s c r i p t i o n s  of t h e  

COBRA-SFS code, i t s  model ing c a p a b i l i t i e s ,  and t h e  conse rva t i on  equat ions a re  

presented, a l ong  w i t h  comparisons of code p r e d i c t i o n s  w i t h  t e s t  data. 

5.2.1 COBRA-S.FS Computer Code 

The COBRA-SFS code i s  a  s teady-s ta te ,  lumped-parameter, f i n i  t e - d i  f f e rence  

computer code t h a t  p r e d i c t s  f l o w  and temperature d i s t r i b u t i o n s  i n  spent fue l  

s to rage  systems and f u e l  asserr~bl i es under m i  xed and/or n a t u r a l  convec t ion  

cond i t i ons .  Der i ved  f rom t h e  COBRA f a m i l y  o f  codes (Stewar t  e t  a l .  1977; 
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FIGURE 5.37. HYDRA P r e d i c t i o n  of Center Assembly 25 C e n t e r l i n e  A x i a l  
Temperature P r o f i l e  f o r  750 W/Assembly Compared t o  Data 
and P r e d i c t i o n  o f  Run 13 ( F u l l  Load, V e r t i c a l ,  N i t rogen ,  
and I n s u l a t e d )  

George e t  a l .  1980; Khan e t  a l .  1981), which have been e x t e n s i v e l y  eva lua ted  

aga ins t  i n - p i l e  and o u t - o f - p i l e  data,  COBRA-SFS r e t a i n s  a l l  t h e  impo r tan t  

fea tu res  of t h e  COBRA codes and extends t h e  range o f  a p p l i c a t i o n  t o  problems 

w i t h  two-dimensional  r a d i a t i o n  and conduc t ion  heat  t r a n s f e r .  Th i s  capabi  1  i t y  

permi ts  analyses o f  s i n g l e  and mul t iassembly  spent f u e l  s t o rage  systems w i t h  

unconso l ida ted  o r  conso l i da ted  f u e l ,  w i t h  a  v a r i e t y  o f  f i l l  media (Cuta, 

Rector ,  and Creer 1984). 



Full Load 

V e r t ~ c a l  

E l e v a t ~ o n  3 33 rn 

FIGURE 5.38. HYDRA P r e d i c t i o n  o f  Radi a1 (Diagonal  ) Temperature Prof i 1  e  
f o r  750 W/Assembly Compared t o  Data and P r e d i c t i o n  o f  
Run 13 ( F u l l  Load, V e r t i c a l ,  N i t rogen ,  and I n s u l a t e d )  

COBRA-SFS prov ides  f i  n i  t e - d i  f f e r e n c e  s o l u t i o n s  t o  t h e  equa t ions  govern ing  

mass, momentum, and energy conse rva t i on  f o r  incompress ib le  f lows.  Analyses a re  

conducted us i ng  a  subchannel approach i n  which t h e  f l o w  areas o f  assembl ies o r  

s to rage  systems a re  d i v i d e d  a x i a l l y  i n t o  d i s c r e t e  c o n t r o l  volumes f o r  which t h e  

conse rva t i on  equa t ions  o f  mass, momentum, and energy a re  w r i t t e n .  These equa- 

t i o n s  a re  then  so l ved  u s i n g  an i t e r a t i v e  i m p l i c i t  method. The energy equat ions 

f o r  t h e  coo lan t ,  r o d  c ladd ing ,  f u e l ,  and s t r u c t u r a l  members ( w a l l s )  a re  so l ved  

i m p l i c i t l y  by i t e r a t i o n ,  hu t  s imu l taneous ly  i n  a  plane. A x i a l  conduc t ion  i n  

t h e  s t r u c t u r a l  members i s  modeled. A  n o n p a r t i c i p a t i n g ,  gray body r a d i a t i o n  

heat t r a n s f e r  'model a1 so a1 1  ows two-dimensional  r a d i  an t  heat exchange among a1 1  

s o l i d  members i n  an enc losure  and i s  i t e r a t i v e l y  coupled t o  t h e  r od  and w a l l  

energy equat ions.  



The f l o w  f i e l d  may be e i t h e r  u s e r - p r e s c r i b e d  o r  i n t e r n a l l y  c a l c u l a t e d  as a  

f u n c t i o n  o f  t h e  g r a v i t a t i o n a l  and dynamic p r e s s u r e  l osses .  S p e c i f i c a t i o n s  of 

h e a t  l o s s e s  f r o m  t h e  boundary may va ry  c i r c u m f e r e n t i a l l y  and a x i a l l y ,  and can 

i n c l u d e  b o t h  r a d i a t i o n  and c o n v e c t i o n  h e a t  t r a n s f e r .  A x i a l  h e a t  t r a n s f e r  f rom 

t h e  subchannel model t o  p lenum r e g i o n s  ( r e g i o n s  above and be low t h e  f u e l  assem- 

b l i e s )  a l s o  can be modeled. 

I n  t h e  f o l l o w i n g  s e c t i o n s ,  t h e  COBRA-SFS m o d e l i n g  capab i  1  i t i e s  a r e  ocrt- 

l i n e d ,  and a  b r i e f  d e s c r i p t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  i s  g i ven .  

5.2.1.1 M o d e l i n g  C a p a b i l i t i e s  

COBRA-SFS a l l o w s  s i m u l a t i o n s  of a  w ide  range o f  d r y  s t o r a g e  systems v i a  

i n p u t  i n s t r u c t i o n s .  I n  a d d i t i o n  t o  t h e  m u l t i a s s e m b l y  cask a n a l y s i s  d e s c r i b e d  

i n  t h i s  r e p o r t ,  a p p l i c a t i o n s  have i n c l u d e d  ana lyses  o f  s i n g l e  assembly spent  

f u e l  s t o r a g e  systems under  mu1 t i p l e  o r i e n t a t i o n s  and f i 11 media (Lombardo 

e t  a l .  1986) and ana lyses  o f  b o t h  s i n g l e  and m u l t i a s s e m b l y  c o n s o l i d a t e d  s t o r a g e  

systems (Cuta, R e c t o r ,  and C r e e r  1984). The code c o n t a i n s  t h e r m a l  - h y d r a u l i c  

models f o r  p r e s s u r e  drop,  t u r b u l e n t  m i x i n g ,  d i v e r s i o n  c r o s s - f  low, buoyancy- 

i nduced  f 1  ow r e c i  r c u l  a t i  on, and c o n d u c t i o n  and r a d i a t i o n  h e a t  t r a n s f e r .  A  

v e r s a t i l e  f u e l  r o d  model a1 lows s i m u l a t i o n  o f  c o n s o l i d a t e d  f u e l  assembl ies .  

The code 's  c a p a b i l i t i e s  and l i m i t a t i o n s  a r e  o u t l i n e d  i n  T a b l e  5.6. 

5.2.1.2 C o n s e r v a t i o n  Equa t ions  

The COBRA-SFS code s o l v e s  t h e  c o n s e r v a t i o n  e q u a t i o n s  o f  mass, momentum, 

and energy i n  a  f u e l  assembly o r  f u e l  s t o r a g e  sys tem u s i n g  f i n i t e  d i f f e r e n c e  

e q u a t i o n s  d e r i v e d  by p e r f o r m i n g  s u i t a b l e  ba lances  on f i n i t e  c o n t r o l  volumes. 

E m p i r i c a l  r e l a t i o n s h i p s  a r e  used where needed t o  c l o s e  t h e  s e t  o f  e q u a t i o n s .  

The f l u i d  c o n t r o l  volume f o r  c o n t i n u i t y ,  a x i a l  momentum, and energy  i s  

c h a r a c t e r i z e d  by a  f l o w  c r o s s - s e c t i o n a l  area,  A; an a x i a l  l e n g t h ,  Dx; and a  

gap w i d t h ,  S, f o r  t h e  c o n n e c t i o n  between i t s e l f  and a d j a c e n t  c o n t r o l  volumes. 

F i g u r e  5.39 shows t h e  r e l a t i o n s h i p  o f  a  subchannel  c o n t r o l  volume t o  a  f u e l  

s t o r a g e  system; a  t y p i c a l  subchannel  c o n t r o l  volume i s  a l s o  d i s p l a y e d .  Any 

s e r i e s  o f  c o n t r o l  volumes connected a x i a l l y  i s  c o n s i d e r e d  a  subchannel .  I n  t h e  



TABLE 5.6. COBRA-SFS Capabi 1 i t i  es a n d  L i m i t a t i o n s  

Lumped pa ramete r  
Steady s t a t e  
T r i a n g u l a r ,  square,  o r  c o n s o l i d a t e d  r o d  a r r a y s  

Model  i ng R e c i  r c u l  a t i  ng f 1  ows 
Capabi  1  i t  i e s  Z e r o  n e t  f l ow  s o l u t i o n  

I n te rassemb ly  and i n t  ra -assemb ly  h e a t  t r a n s f e r  
N o n p a r t i c i p a t i n g  r a d i a t i o n  ( p l a n a r )  
M i  xed geometry 
V a r i a b l e  a x i a l  g r i d  s p a c i n g  

Cons tan t  p r e s c r i b e d  f 1  ow 
Z e r o  n e t  f l o w  
R e s t a r t  and p o s t - p r o c e s s i  ng  dump 
Decoupl  ed hydrodynamics  (no buoyancy)  

Program and F u l  l y  coup1 ed hyd rodynamics  
110 C o n t r o l  Echoed i n p u t  

R e s u l t  e x e c u t i o n  and t i m e  m o n i t o r i n g  
V a r i a b l e / c o n s t a n t  f l u i d  p r o p e r t i e s  
P r e s s u r e  drop i n i t i a l  i z a t i o n  scheme 
Da ta  " r o l l "  o p t i o n  f o r  l a r g e  p rob lems  

I n c o m p r e s s i b l e  f l o w  
L i m i t a t i o n s  R Lumped parameter  app roach  
Assumpt ions No f r e e - f i e l d  c a p a b i l i t y  

One-dimensional  boundary  h e a t  t r a n s f e r  

M u l t i p l e  f l o w  r e g i o n s  
F l u i d  c o n d u c t i o n  and t u r b u l e n t  m i x i n g  
P r e s s u r e  d r o p  model ( n e t w o r k  and subchannel  ) 
V a r i a b l e  p r o p e r t y  r o d  model 
V a r i a b l e  boundary h e a t  t r a n s f e r  
P r e s c r i b e d  h e a t  f l u x  
Plenum h e a t  l o s s  model 
Use o f  s p e c i f i e d  o r  p r e s c r i b e d  f l o w  r e g i o n s  
V a r i a b l e  f l u i d  p r o p e r t i e s  
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FIGURE 5.39. Subchannel D e f i n i t i o n  

f o l l o w i n g  equat ions,  t h e  f i n i t e - d i f f e r e n c e  terms a re  p resen ted  w i t h  t h e  c o r r e -  

spondi ng word de f  i n i t  i ons g i  ven i n  b racke ts  immedi a t e l y  be1 ow each equat ion.  

The l i s t  o f  symbols i n  t h e  Nomenclature s e c t i o n  o f  t h i s  document shou ld  be 

r e f e r r e d  t o  f o r  exp lana t i on  o f  t h e  n o t a t i o n .  

C o n t i n u i t y  Equa t ion  ( f o r  subchannel i ) 

n v .A.p*  
A U j  = 

A t  
- AX k:yi e k ( " k s k p t ) j  

j 
(5.15) 

mass t r a n s p o r t e d  mass t r a n s p o r t e d  
a ]  = [ a x i a l l y  1 + [  1  a t e r a l  l y  I 

The a s t e r i s k  denotes t h a t  donor c e l l  va lues a re  convected by t h e  v e l o c i t y  v. 



F l u i d  Energy Equat ion ( f o r  channel i )  

energy t r a n s p o r t e d  
E;t :~e] = [ a x i  a1 l y  I + I 1 a t e r a l  l y  I energy t r a n s p o r t e d  

+ [ rod  heat  f l u x ]  + [wa l l  heat  f l u x ]  

conduct i ve heat I + [  
t u r b u l e n t  I (5.16) 

t r a n s f e r  1 a t e r a l  l y  energy exchange 

A l l  o t he r  forms o f  energy t r a n s p o r t  t h a t  a re  no t  e x p l i c i t l y  represented i n  

Equat ion (5.16) (e.g., p o t e n t i a l  and k i n e t i c  energy) have been neglected. 

Ax ia l  Momentum Equat ion ( f o r  channel i ) 

a x i a l  momentum E~ii:;.] =[:;a;;r;rted ] 



g r a d i e n t  + [pressurel t u r b u l e n t  momentum 
exchange + I 1 

I n  t h e  d e r i v a t i o n  o f  t h e  a x i a l  momentum equa t ion ,  i t  i s  assumed t h a t  a l l  

i r r e v e r s i b l e  l o s s e s  can be o b t a i n e d  by use o f  s u i t a b l e  f r i c t i o n  f a c t o r s  and 

l o s s  c o e f f i c i e n t s  a p p l i e d  t o  t h e  b u l k  v e l o c i t y .  A lso ,  i t  i s  assumed t h a t  

p r e s s u r e  changes l i n e a r l y  a l o n g  t h e  c o n t r o l  volume, and t h e  shear  s t r e s s  terms 

due t o  f l ow  i n  t h e  a d j a c e n t  subchannels can be neg lec ted .  

Transverse Momentum Equa t ion  

The momentum c o n t r o l  volume l e n g t h ,  R, and gap w i d t h ,  S, d e f i n e  a  t r a n s -  

ve rse  momentum c o n t r o l  volume as shown i n  F i g u r e  5.40. I n s i d e  t h i s  c o n t r o l  

volume, t h e  t r a n s v e r s e  v e l o c i t y  i s  normal t o  t h e  t r a n s v e r s e  gap; t h e  f l o w  i s  

assumed t o  have no t r a n s v e r s e  component o u t s i d e  t h e  t r a n s v e r s e  momentum c o n t r o l  

v o l  ume. 

[p ressu re  g r a d i e n t ]  
- 1 i r r e v e r s i b l e  f o r m  

and f r i c t i o n  l o s s  

A f u r t h e r  assumpt ion  i n  t h e  t r a n s v e r s e  momentum e q u a t i o n  i s  t h a t  t h e r e  a r e  no 

a p p l i e d  body f o r c e s  i n  t h e  t r a n s v e r s e  d i  r e c t i o n .  



FIGURE 5.40. T ransve rse  Momentum C o n t r o l  Volume 

Fuel  Rod and C ladd ing  Energy Equa t ions  

By assuming t h a t  1 )  t h e r e  i s  no hea t  t r a n s f e r  a x i  a1 l y ,  2)  t h e  hea t  i s  

genera ted u n i f o r m l y  t h r o u g h o u t  t h e  f u e l  a t  a  g i v e n  a x i a l  l o c a t i o n ,  and 3 )  t h e  

f u e l  p r o p e r t i e s  do n o t  va ry  w i t h  t h e  r a d i a l  v a r i a t i o n  i n  tempera tu re ,  t h e  

c l a d d i n g  tempera tu re  i s  o b t a i n e d  by p e r f o r m i n g  a  lumped energy ba lance  on t h e  

c l a d d i n g  m a t e r i  a1 a t  each a x i  a1 l e v e l .  The f i  n i  t e - d i  f f e r e n c e  form of t h e  

e q u a t i o n  used i s  p r e s e n t e d  i n  E q u a t i o n  (5.19). 

c o n v e c t i  ve [:;:::;.] = b;;n;;:;;j 
h e a t  t r a n s f e r  

+ [from f u e l  ] 

r a d i  a t i  on r a d i  a t i  on h e a t  
t r a n s f e r  f r o m  

[ r o d s  1 (5.19) 



I n  t h e  above, i t  i s  assumed t h a t  t h e  temperature i s  u n i f o r m  around t h e  

circumference o f  t h e  c ladd ing .  The f i l m  c o e f f i c i e n t ,  HR, i s  g i ven  by use r -  

speci  f i e d  c o r r e l  a t i  ons , and t h e  gap conductance between f u e l  pe l  1  e t  and c l  ad- 

d ing,  Hg, i s  assumed constant .  Fin and Fim a re  gray body r a d i a t i o n  exchange 

f a c t o r s  t h a t  account f o r  m u l t i p l e  r e f l e c t i o n s  w i t h i n  an enclosure.  Fin i s  a  

c o e f f i c i e n t  f o r  r od - t o - rod  heat  t r a n s f e r ,  whi l e  Fi, i s  a  c o e f f i c i e n t  f o r  r od -  

t o - w a l l  heat  t r a n s f e r .  Both a re  d e r i v e d  by assuming cons tan t  su r face  emi s s i v -  

i t y .  The gray body exchange f a c t o r s  can be use r -p resc r i bed  o r  c a l c u l a t e d  

i n t e r n a l l y  by s p e c i f y i n g  b lack  body view f a c t o r s  and su r f ace  emi s s i v i  t y  values. 

Energy Equat ions 

. . . 

heat  t r a n s f e r  r a d i  a t  i on heat  
= F r o m  channels adjacent]  + [:;:;:fer f r o m ]  

r a d i  a t  i on heat  
t r a n s f e r  f rom rods generat  i on 

As before,  Fim and Fin a r e  t h e  gray body exchange f a c t o r s  f rom w a l l  node i t o  

w a l l  node m and rod  node n, r espec t i ve l y .  A x i a l  heat t r a n s f e r  f rom t h e  w a l l s  

t o  a  plenum reg ion  can be i n c l u d e d  a t  t h e  end a x i a l  l e v e l s .  



5.2.2 COBRA-SFS C o m ~ u t a t i  onal  Model 

A three-d imensional ,  one-e ighth s e c t i o n  model o f  t h e  REA cask was deve l -  

oped f o r  t h e  COBRA-SFS ana lys is .  Desc r i p t i ons  o f  t h e  model, m a t e r i a l  p roper -  

t i e s ,  and c o r r e l a t i o n s  a re  prov ided,  a long w i t h  a  d i scuss ion  o f  t h e  model i ng 

u n c e r t a i  n t i  es. 

5.2.2.1 Nodal Representat ion 

The REA spent f u e l  s to rage  cask i s  presented i n  F i gu re  3.1 i n  Sec- 

t i o n  3.1. A b r i e f  d e s c r i p t i o n  o f  t h e  cask i s  p rov i ded  here  t o  a l l o w  a  b e t t e r  

unders tanding o f  t h e  computat iona l  model ; f o r  a  d e t a i l e d  d e s c r i p t i o n  of t h e  

cask geometry and components, t h e  reader  i s  r e f e r r e d  t o  Sec t ion  3.1 and 

Vol ume I o f  t h i s  r e p o r t  (McKi nnon e t  a1 . 1986a). 

The two main components o f  t h e  cask a re  t h e  basket and t h e  cask body. The 

basket con ta ins  t h e  spent f u e l  assemblies w i t h i n  t h e  cask, and i s  composed of 

s t a i n l e s s - s t e e l  - c l ad  Bora l  f u e l  tubes f o r  c r i t i c a l i t y  c o n t r o l ,  copper p l a t e s  t o  

t r a n s f e r  heat f rom t h e  cask i n t e r i o r ,  and s t a i n l e s s  s t e e l  spacers f o r  s t r u c -  

t u r a l  i n t e g r i t y .  The basket c o n s i s t s  o f  f o u r  i n d i v i d u a l l y  f a b r i c a t e d  quad- 

ran ts ,  which a re  i n s e r t e d  i n t o  t h e  c a v i t y  formed by t h e  cask body. The cask 

body ( s i des  and bottom) i s  an annulus o f  s t a i n l e s s  s t e e l  i n  which mol ten l e a d  

was poured and a l lowed t o  s o l i d i f y  f o r  gamnia s h i e l d i n g .  E x t e r i o r  t o  t h i s  

annulus i s  a  second annulus f i l l e d  w i t h  a  s o l u t i o n  o f  e thy lene  g l y c o l  and wate r  

f o r  neut ron sh ie l d i ng .  To seal  t h e  cask and ensure i n t e g r i t y ,  a  dual  l i d  

system was employed. As w i t h  t h e  cask body, t h e  cask p r imary  seal  i s  a  sand- 

wich of l ead  and s t a i n l e s s  s t ee l .  A dead a i r  space separates t h e  p r imary  l i d  

from t h e  secondary s t a i n l e s s  s t e e l  cover. A c ross s e c t i o n  o f  a  cask quadrant 

pe rpend i cu l a r  t o  t h e  l o n g i t u d i n a l  a x i s  i s  shown schema t i ca l l y  i n  F i gu re  3.3 o f  

Sec t ion  3.1, which d e t a i l s  t h e  basket and cask body geometry. 

A three-d imensional  model o f  t h e  REA cask was developed f o r  t h i s  ana l ys i s .  

By assuming symmetry o f  t h e  cask geometry and fue l  l oad ing ,  t h e  cask was simu- 

l a t e d  w i t h  a  one-eighth s e c t i o n  model; a  cross s e c t i o n  o f  t h e  computat iona l  

c e l l  arrangement pe rpend i cu l a r  t o  t h e  l o n g i t u d i n a l  a x i s  i s  presented i n  F i g -  

u re  5.41. The subchannel nodi ng used i n  model ing t h e  spent f u e l  assenlbl ies i s  

i l l u s t r a t e d  i n  F i gu re  5.41 a long  w i t h  t h e  w a l l  noding employed f o r  t h e  cask 



FIGURE 5.41. COBRA-SFS One-Ei gh th  Cross Sec t ion  Model 
of REA Cask 

s t r u c t u r a l  members. A t o t a l  o f  24 un i f o rm  nodes were used i n  t h e  a x i a l  d i  r ec -  

t i o n ,  as shown schema t i ca l l y  i n  F i gu re  5.42. Approx imate ly  300 f l u i d  subchan- 

n e l s  were used t o  desc r i be  t h e  f low paths a t  each a x i a l  l e v e l  f o r  t h e  f u l l y  

loaded cask. For t h e  p a r t i a l l y  loaded cask, f l ow areas o f  empty f u e l  tubes  

were modeled as s i n g l e  subchannels. Flow areas c rea ted  by basket spacers were 

a l s o  t r e a t e d  as s i n g l e  subchannels. 

To desc r i  be t h e  cask and basket s t r u c t u r a l  members a t  each ax i  a1 1  eve1 , 
106 w a l l  nodes were used. Rad ia t i on  and/or conduct ion heat t r a n s f e r  between 
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FIGURE 5.42. COBRA-SFS Axi a1 
o f  REA Cask 

Computational C e l l  Arrangement 

w a l l  nodes were i nc l uded  w i t h i n  a p lane  by s p e c i f y i n g  t h e  app rop r i a t e  thermal  

conductance terms. Wall ax i  a1 conduct ion a1 ong w i t h  f l  u i d - t o - f l  u i d  conduc t ion  

between ad jacent  f l u i d  subchannels was a l s o  accounted f o r .  The f u e l  tube 

w a l l s  and ad jacen t  heat  conduct ion s t r i p s  were sp l  i t  i n t o  two c i  r cumfe ren t i  a1 

nodes. For t h e  complex geometry o f  t h e  basket-cask i n t e r f a c e ,  f i n e r  noding 

was employed t o  a l l o w  more complete model ing o f  conduc t ion  and r a d i a n t  heat 

exchange w i t h i n  t h i s  region. Coarser noding was employed w i t h i n  t h e  r e l a t i v e l y  

s imple geometry o f  t h e  cask body. 



Each r o d  i n  each f u e l  assembly was i n d i v i d u a l l y  modeled; a  t o t a l  of 

329 rods were used i n  t h e  f u l l y  1  oaded cask model. Each f u e l  r od  c o n s i s t e d  of 

f i v e  r a d i a l  nodes: f o u r  f o r  t h e  f u e l  and a  s i n g l e  node f o r  t h e  c ladd ing .  C i  r -  

cumferen t ia l  nod ing  was no t  used i n  t h e  rods. The heat gene ra t i on  r a t e s  were 

based on spent f u e l  c a l o r i m e t r y  da ta  presented i n  F i gu re  3.6 o f  Sec t i on  3.3, 

and i n  Vol ume 1 (McKi nnon e t  a1 . 1986a) and i n Sec t ion  4.0 o f  t h i s  r e p o r t .  The 

va lues used r e f l e c t e d  t h e  elapsed t ime  f rom t h e  c a l o r i m e t e r  measurements t o  t h e  

s teady -s ta te  t e s t  t i m e  (decay heat r a t e  o f  change va lues were ob ta i ned  from 

ORIGEN-2 p r e d i c t i o n s  ). The l o a d i  ng pa t t e rns ,  assembly heat ra tes ,  and da i  l y  

decay r a t e s  f o r  t h e  p a r t i a l l y  and f u l l y  loaded cask a re  a l s o  p resen ted  i n  F i g -  

u r e  3.6 o f  Sec t ion  3.3. The f u e l  assembly numbering scheme a l s o  i s  shown i n  

F i g u r e  3.6. 

Decay heat  va lues used i n  t h e  one-e ighth s e c t o r  model represen t  t h e  aver -  

age l o a d i n g  f o r  cask quadrant  2, and ranged f rom 0.28 kW t o  0.38 kW pe r  assem- 

b ly .  The a x i a l  decay heat  p r o f i l e  d i sp l ayed  i n  F i gu re  4.4 o f  Sec t i on  4.3 was 

app l i ed  t o  a l l  assemblies. A  un i f o rm  r a d i a l  power d i s t r i b u t i o n  w i t h i n  a  f u e l  

assembly was assumed. 

The r a d i a n t  heat exchange between rods and f u e l  tube  w a l l s  was computed 

from presc r ibed ,  gray body exchange f a c t o r s  based on one-quar ter  r od  s u r f a c e  

segments. A1 1  gaseous f i 11 media were cons idered n o n p a r t i c i  p a t i  ng. 

The computat iona l  model desc r ibed  above extends i n t o  t h e  cask body, t e r -  

m i  n a t i  ng a t  t h e  i n n e r  boundary o f  t h e  e thy l ene  g l y c o l  /water  chamber. W i t h i n  

t h i s  reg ion ,  t h e  mass, momentum, and energy conse rva t i on  equa t ions  a re  so l  ved 

t o  p r e d i c t  v e l o c i t y  and temperature d i s t r i b u t i o n s .  Heat t r a n s f e r  from t h e  

g l y c o l  i n n e r  boundary t o  t h e  ambient i s  c a l c u l a t e d  us i ng  a  boundary heat t r a n s -  

f e r  model t h a t  so l  ves a  one-dimensional energy equat ion.  Heat t r a n s f e r  between 

t h e  boundary r eg ion  can i n c l u d e  r a d i a t i o n  and n a t u r a l  o r  f o r c e d  convec t i on  heat  

t r a n s f e r .  Four r a d i a l  nodes were employed: a  s i n g l e  node each f o r  t h e  i n n e r  

neu t ron  s h i e l d  l i n e r ,  t h e  ou te r  neu t ron  s h i e l d  1  i ner,  t h e  e t h y l e n e  g l y c o l  /mix-  

t u r e ,  and t h e  ambient a i r .  So la r  i n s o l a t i o n  was neg lec ted  i n  t h e  c a l c u l a t i o n s  

(see Sec t ion  5.1.3.1.2). 

An o p t i o n a l  plenum model was used t o  desc r i be  t h e  heat  t r a n s f e r  f rom t h e  

r e c i  r c u l a t i  ng f l  u i  d- to-ambient i n  t h e  reg ions  immedi a t e l y  above and be1 ow t h e  



f u e l  tubes/assembl i es. As w i t h  t h e  boundary r eg ion  model, on l y  one-dimensional 

energy equat ions a re  solved. The upper l i d  was modeled w i t h  10 nodes; f i v e  

nodes ap iece f o r  t h e  a x i a l  and r a d i a l  d i r e c t i o n s .  For  t h e  bot tom of t h e  cask, 

o n l y  f i v e  nodes were used, because t h e  bottom su r f ace  o f  t h e  cask was assumed 

t o  be ad iaba t i c .  The o v e r a l l  heat t r a n s f e r  f rom t h e  l i d  and bot tom was modeled 

by s p e c i f y i n g  t h e  thermal  r es i s t ance  between plenum nodes. Conduct ion heat  

t r a n s f e r  between t h e  basket and cask body t o  t h e  l i d  and t o  t h e  cask bottom i s  

a l s o  s imu la ted  v i a  t h e  plenum model. 

5.2.2.2 M a t e r i a l  P rope r t i es  and C o r r e l a t i o n s  

The m a t e r i a l  p r o p e r t i e s  used i n  t h e  model, w i t h  t h e  excep t ion  of em i t -  

tances, were w e l l  def ined.  F l u i d  p r o p e r t i e s  were i n p u t  as f u n c t i o n s  o f  tem- 

pe ra tu re  and con t i nuous l y  updated d u r i n g  t h e  s imu la t i ons ;  p r o p e r t y  va lues f o r  

t h e  s o l i d s  and f o r  t h e  e thy l ene  g l y c o l l w a t e r  m i x t u r e  (Curme and Johnston 1952) 

remained cons tan t  and were eva lua ted  based on a  p r e l i m i n a r y  p r e d i c t e d  cask tern 

pe ra tu re  d i s t r i b u t i o n .  Wall heat t r a n s f e r  i n  t h e  r a d i a l  and c i r c u m f e r e n t i a l  

d i r e c t i o n s  was modeled by s p e c i f y i n g  app rop r i a t e  thermal  res is tances .  The 

i n p u t  va lue  o f  r e s i s t a n c e  f o r  a  composite o f  m a t e r i a l s  i s  a  combinat ion o f  

p a r a l l e l  and/or s e r i e s  paths. The res i s t ances  were ob ta ined  as f unc t i ons  of 

temperature,  bu t  remained cons tan t  d u r i n g  t h e  s imul  a t i  on. As-measured emis- 

s i v i t y  values were p rov ided  f o r  t h e  f u e l  tube  and t h e  h i gh -e rn i ss i v i t y  p a i n t  

used t o  coa t  t h e  o u t e r  su r f ace  o f  t h e  neu t ron  s h i e l d  ( T a y l o r  1983, 1984). A 

wide range o f  emi t tances i s  p o s s i b l e  f o r  t h e  o t h e r  cask components; these  

emi t tances a re  dependent on f a b r i c a t i o n  technique,  temperature,  and o x i d a t i o n  

bu i ldup.  A t a b u l a t i o n  o f  t h e  emi t tances used i n  t h e  a n a l y s i s  i s  presented i n  

Table 5.7; emi t tances no t  expe r imen ta l l y  determined a re  assumed values. 

Heat t r a n s f e r  f rom t h e  rods and w a l l s  t o  t h e  gas coo lan t  was p resc r i bed  

us i ng  a  f i l m  c o e f f i c i e n t  of t h e  form Nu = 4.364 (Kays and Crawford 1980). Th is  

va lue i s  a  s o l u t i o n  o f  t h e  energy equa t ion  f o r  a  cons tan t  heat  r a t e  and f u l l y  

developed v e l o c i t y  and temperature p r o f i l e s  i n  a  c i r c u l a r  tube. The f i l m  

c o e f f i c i e n t  was eva lua ted  as a  f u n c t i o n  o f  temperature a t  each l o c a t i o n .  

The o v e r a l l  c o n t r i b u t i o n  o f  convec t i ve  heat  t r a n s f e r  i s  dependent on t h e  

f l o w  f i e l d  es tab l i shed .  For  these s imu la t i ons  t h e  f l o w  f i e l d  i s  ob ta ined  by 



TABLE 5.7. Ma te r i  a1 Emi t t a n c e  Values 

Component 

Fuel  rods 

Fuel tubes ( s t a i n l e s s  s t e e l  ) 

Other s t a i n l e s s  s t e e l  su r faces  

Copper 

Lead 

High emi s s i  v i  t y  pa i  n t  

Cask su r f ace  ( s t a i n l e s s  s t e e l  ) 

Emi t t a n c e  

0.8 

0.2 (measured) 

0.2 

0.5 

0.6 

0.78 (measured) 

0.3 

a d j u s t i n g  t h e  t o t a l  p ressure  drop u n t i l  1)  t h e  p ressure  drop across a l l  sub- 

channels i s  equal and 2) t h e  t o t a l  ne t  f l o w  r a t e  i s  approx imate ly  zero. Thus, 

t h e  f l o w  r e s i s t a n c e  o f  t h e  cask becomes an impo r tan t  convec t ion  parameter. The 

o v e r a l l  cask f l o w  r e s i s t a n c e  i s  assumed t o  be a  combinat ion o f :  

8 r od  and w a l l  su r f ace  drag 

8 spacer losses  

8 f u e l  t ube  i n l e t  and e x i t  l osses  

8 fue l  assembly i n l e t  and o u t l e t  losses.  

Rod and w a l l  f r i c t i o n  were modeled u s i n g  an a n a l y t i c a l  s o l u t i o n  f o r  f u l l y  

developed l am ina r  f l o w  a long  c y l i n d e r s  ar ranged i n  a  square a r r a y ,  f = 100/Re 

(Sparrow and L o e f f l e r  1959). Spacer and f u e l  assembly i n l e t  and o u t l e t  l osses  

were i n c l u d e d  by s p e c i f i c a t i o n  o f  a  p ressure  l o s s  c o e f f i c i e n t  o f  1.0. The 

major  source o f  u n c e r t a i n t y ,  however, was t h e  f u e l  tube  i n l e t  and o u t l e t  f l ow 

res is tances .  Loss c o e f f i c i e n t s  f o r  t h e  f u e l  t ube  i n l e t  and o u t l e t  were 

ob ta ined  f rom a  handbook o f  h y d r a u l i c  r e s i s t a n c e  ( I d e l  'Ch ik  1966) ; un i fo rm 

values of K = 9  and K = 3  were assigned f o r  t h e  f u e l  tube  i n l e t s  and o u t l e t s ,  

r e s p e c t i  v e l y  . 
Heat t r a n s f e r  f rom t h e  subchannel model t o  t h e  boundary r e q u i r e s  s p e c i f i -  

c a t i o n  o f  t h e  heat  t r a n s f e r  across t h e  g l y c o l l w a t e r  annulus, and f rom t h e  cask 

sur face t o  t h e  ambient. Heat t r a n s f e r  f rom n a t u r a l  convec t ion  i n  t h e  p a r t i -  

t i o n e d  g l y c o l  /water  annulus was modeled as a  f u n c t i o n  o f  t h e  tempera tu re  

d i f f e r e n c e  across t h e  annulus u s i n g  



where Pr  i s  t h e  P rand t l  number, G r  t h e  Grashof number, and A t h e  annulus aspect 

r a t i o ,  L I D  (Ca t ton  1978). Because o f  u n c e r t a i  n t i e s  assoc ia ted  w i t h  appl  i c a t  i on 

o f  t h i s  c o r r e l a t i o n  t o  t h e  neu t ron  s h i e l d ,  Equa t ion  (5.21) was assumed t o  apply  

w i t h  t h e  cask o r i e n t e d  e i t h e r  h o r i z o n t a l l y  o r  v e r t i c a l l y .  

Heat t r a n s f e r  f rom t h e  cask su r f ace  t o  t h e  ambient i nc l uded  bo th  r a d i a t i o n  

and convec t ion  components. Du r i ng  t e s t i n g ,  t h e  cask was l o c a t e d  e i t h e r  indoors  

o r  outdoors.  For  t h e  indoor  runs, n a t u r a l  convec t ion  c o r r e l a t i o n s  were used t o  

p r e s c r i b e  t h e  cask su r f ace  heat  t r a n s f e r .  For  t h e  outdoor  runs w i t h  a  nonzero 

wind speed, t h e  cask su r f ace  heat t r a n s f e r  was computed f rom f o r c e d  convec t ion  

c o r r e l a t i o n s .  I n  s i t u a t i o n s  where t h e  cask was p o s i t i o n e d  outdoors  w i t h  a  

r epo r t ed  wind speed o f  0  mph, n a t u r a l  convec t ion  c o r r e l a t i o n s  were used. The 

n a t u r a l  and f o r c e d  convec t ion  c o r r e l a t i o n s  employed a re  descr ibed  below. 

Forced convec t ion  heat  t r a n s f e r  f rom t h e  v e r t i c a l  cask sur face t o  t h e  

ambient was l i k e n e d  t o  a  c y l i n d e r  i n  c ross f l ow ;  because t h e  d i r e c t i o n  o f  

c ross f l ow  was no t  cons tan t  throughout  t h e  t e s t ,  an average f i l m  c o e f f i c i e n t  was 

requ i  red. An e m p i r i c a l  r e l a t i o n s h i p  developed by McAdams (1954) o f  t h e  fo rm 

Nu = B (Re) N (5.22) 

where B = 0.0239 and N = 0.805 f o r  t h e  REA cask, was chosen s i n c e  i t  prov ides  

an es t ima te  o f  t h e  average convec t ion  heat t r a n s f e r  c o e f f i c i e n t  about a  c y l i n -  

d r i c a l  cask body (Welty,  Wicks, and Wilson 1969). For  h o r i z o n t a l  su r faces  

exposed t o  c ross f low,  s p e c i f i c a l l y  t h e  cask 1  i d ,  Reynolds ' analogy was app l ied ,  

enab l i ng  t h e  convec t i ve  heat t r a n s f e r  c o e f f i c i e n t  t o  be eva lua ted  f rom e s t i -  

mates o f  t h e  f r i c t i o n a l  drag as 



where h  i s  t h e  average f i l m  c o e f f i c i e n t ,  C f  t h e  f r i c t i o n a l  drag, and V, t h e  

f ree-s t ream (wind)  v e l o c i t y .  Using a  l ocal  s k i n  f r i c t i o n  c o e f f i c i e n t  computed 

f rom t h e  B l a s i u s  shear s t r e s s  r e l a t i o n s h i p  (Welty, Wicks, and Wi lson 1969) 

r e s u l t s  i n  

where Rex i s  t h e  l o c a l  Reynolds number. I n t e g r a t i n g  Equat ion (5.24) over t h e  

l eng th  o f  t h e  l i d  g ives a  c o r r e l a t i o n  o f  t h e  fo rm 

Nu = 0.036 PrRe 0.8 (5.25) 

The cask su r f ace  n a t u r a l  convec t ion  f i l m  c o e f f i c i e n t s  were eva lua ted  from 

an express ion ob ta ined  f o r  v e r t i c a l  c y l i n d e r s  and h o r i z o n t a l  p l a t e s  i n  a i r  a t  

atmospheric cond i t i ons ,  Nu = C(Gr ~ r ) ~ * ~ ~ ,  where C = 0.13 f o r  v e r t i c a l  su r -  

faces, and C = 0.14 f o r  h o r i z o n t a l  su r faces  (Lindeburge 1981). The forced and 

n a t u r a l  convec t ion  c o e f f i c i e n t s  1  i sted  above were c a l c u l a t e d  u s i n g  w i  nd da ta  a t  

t h e  t i m e  o f  steady s t a t e  f o r  each run. The e f f e c t s  o f  cask o r i e n t a t i o n  on t h e  

ou te r  sur face convec t ion  were ignored  because Equat ions (5.22) and (5.24) g i v e  

s i m i l a r  r e s u l t s  regard less  o f  o r i e n t a t i o n .  The bottom o f  t h e  cask was assumed 

a d i a b a t i c  because t h e  plywood sheet on which t h e  cask r e s t e d  r e s u l t e d  i n  a  h i g h  

thermal res is tance .  

I n  a d d i t i o n  t o  t h e  i ndoo r  and outdoor cask t e s t  runs, t h r e e  runs were made 

i n  which an i n s u l a t i o n  l a y e r  was a p p l i e d  over  t h e  o u t e r  su r f ace  o f  t h e  neu t ron  

sh ie l d .  For  these  cases ( runs 12, 13, and 14, Table 5.4, Sec t ion  5.1), heat  

t r a n s f e r  f rom t h e  cask sur face t o  t h e  ambient was no l onge r  modeled; ins tead ,  

t h e  measured cask su r f ace  temperatures were d i  r e c t l y  appl i ed v i a  i nput. 

Rad ia t i on  heat t r a n s f e r  t o  t h e  ambient was i nc l uded  i n  a d d i t i o n  t o  t h e  

n a t u r a l / f o r c e d  convec t ion  component descr ibed  above. The r a d i a t i o n  component 

was based on r a d i a t i v e  heat  exchange between gray bodies and was determined as 

a  f u n c t i o n  o f  heat t r a n s f e r  area and cask e m i s s i v i t y .  Two cask su r f ace  emis- 

s i v i t i e s  were used: 0.78, an as-measured va lue o f  t h e  h i g h - e m i s s i v i t y  p a i n t  



used t o  cover  t h e  su r f ace  o f  t h e  neu t ron  s h i e l d  (Tay lo r  1984), and 0.3, t h e  

assumed emi s s i  v i  t y  f o r  t h e  unpai n ted  s t a i n l e s s  s t e e l  cask surfaces. The 

ambient was assumed t o  be a  b lack  body ( E  = 1.0). 

5.2.2.3 Model ing U n c e r t a i n t i e s  

The computat iona l  model developed f o r  t h i s  a n a l y s i s  i s  based on des ign 

drawings supp l i ed  by REA, p r e d i c t e d  and measured assembly heat  gene ra t i on  

r a tes ,  and p r e d i c t e d  and measured a x i a l  heat  genera t ion  p r o f i l e s .  I n  develop- 

i ng t h e  model, u n c e r t a i n t i e s  assoc ia ted  w i t h  f i v e  impo r tan t  heat t r a n s f e r  and 

f l u i d  f l o w  parameters were encountered: 

a con tac t  r es i s t ances  

a m a t e r i a l  e m i s s i v i t i e s  

a surface-to-ambi en t  thermal  res i stance 

a ambient c o n d i t i o n s  

a f l o w  res is tances .  

Contact  heat t r a n s f e r  was assumed t o  be a  f u n c t i o n  o f  m a t e r i a l  type,  gap 

s ize ,  su r f ace  f i n i s h ,  con tac t  pressure,  and t h e  e f f e c t i v e  con tac t  area. Areas 

not  i n  con tac t  t r a n s f e r  heat th rough  a  gap v i a  r a d i a t i o n  and conduct ion th rough  

t h e  f l u i d .  I n  cases where p a r t i a l  con tac t  i s  assumed, t h e  r e l a t i v e l y  low t h e r -  

mal r es i s t ance  o f  t h e  con tac t  pa th  domi nates t h e  para1 1 e l  thermal  r es i s t ance  

term, making t h e  u n c e r t a i n t y  i n  gap s i z e  r e l a t i v e l y  i n s i g n i f i c a n t .  Thus, 

u n c e r t a i n t i e s  i n  t h e  con tac t  heat t r a n s f e r  a re  p r i m a r i l y  a  f u n c t i o n  of t he  

m a t e r i a l s  i n  con tac t  and t h e  e f f e c t i v e  con tac t  area. 

The cask basket components sub jec t  t o  l a r g e  u n c e r t a i n t i e s  i n  con tac t  heat 

t r a n s f e r  a re  1) f u e l  tubes, 2) basket spacers, 3)  conduc t ion  s t r i p s ,  and 

4) f u e l  assemblies. Fuel t ube  con tac t  heat t r a n s f e r  ( f u e l  t ube - t o - f ue l  tube,  

f u e l  tube- to-basket  spacer, and f u e l  tube- to -conduc t ion  s t r i p )  i s  p o s s i b l e  o n l y  

f rom t h e  f u e l  tube  bead su r f ace  area. Because t h e  bead su r f ace  i s  a  smal l  

f r a c t i o n  o f  t h e  t o t a l  f u e l  tube  su r f ace  area, no con tac t  between t h e  f u e l  tubes 

was assumed. 

Contact  heat t r a n s f e r  f o r  t h e  basket spacers (spacer- to-spacer  and spacer-  

to -baske t )  i s  ensured by use o f  speci  a1 p r o p r i e t a r y  fas teners .  Measurement o f  



t h e  con tac t  conductance f o r  a  s im i  1  a r  fastened j o i n t  was exper imenta l  l y  de te r -  

mined and repo r ted  i n  a  REA p r o p r i e t a r y  document. Because i t  i s  u n l i k e l y  t h a t  

t h e  conductances i n  t h e  cask w i l l  be as h i gh  as those measured on a  benchtop 

model, t h e  conductance used i n  t h i s  a n a l y s i s  was a r b i t r a r i l y  taken  t o  be 80% of 

t h e  as-measured value. Contact heat t r a n s f e r  f o r  t h e  conduct ion s t r i p s  ( s t r i p -  

to-basket  and s t r i  p- to-basket spacer) a l  so i s  ensured w i t h  fas teners .  Again, 

t h e  conductance used was assumed t o  be 80% o f  t h e  as-measured value. 

For t h i s  ana l ys i s ,  i t  was assumed t h a t  f u e l  assemblies a re  cen te red  w i t h i n  

t h e  f u e l  tubes so t h a t  no con tac t  e x i s t s  between f u e l  rods and f u e l  tubes. 

Th is  assumption w i  11 r e s u l t  i n  conse rva t i ve l y  h i gh  c l add ing  temper tures,  

e s p e c i a l l y  when t h e  cask i s  h o r i z o n t a l l y  o r ien ted .  

Other reg ions  where con tac t  heat t r a n s f e r  i s  sub jec t  t o  l a r g e  uncer-  

t a i n t i e s  a re  1)  basket-cask i n t e r f a c e  and 2) l ead -s ta i n l ess  s t e e l  i n t e r f a c e .  

Basket-cask con tac t  heat t r a n s f e r  u n c e r t a i n t y  i s  due t o  t h e  f a b r i c a t i o n  t ech -  

niques employed; con tac t  i s  not  ensured because o f  t h e  d i f f e r i n g  basket and 

cask r a d i i  of cu rva tu re .  I n  de te rmin ing  t h e  con tac t  conductance, an average o f  

t h e  measurements o f  t h e  a s - b u i l t  gaps was used. No con tac t  was assumed a long  

t h e  basket-cask i n t e r f a c e .  

The u n c e r t a i n t y  i n  t h e  geometry o f  t h e  l ead  w i t h i n  t h e  s t a i n l e s s  s t e e l  

annulus of t h e  cask body aga in  r e s u l t s  f rom t h e  f a b r i c a t i o n  technique.  Mo l ten  

l ead  i s  poured and a l lowed t o  s o l i d i f y  i n  p lace ;  d u r i n g  coo l i ng ,  c o n t r a c t i o n  of 

t h e  l ead  f rom t h e  o u t e r  s t a i n l e s s  s t e e l  s h e l l  i s  expected. Thus, no con tac t  

was assumed; an es t imated  va lue o f  t h e  l e a d - s t a i n l e s s  s t e e l  gap was p rov ided  by 

t h e  l ead  pourer ,  E. L. Manufactur ing, Peebles, Ohio. 

As-measured e m i s s i v i t y  values were p rov ided  f o r  t h e  f u e l  tubes and f o r  t h e  

h i gh  e m i s s i v i t y  p a i n t  used t o  coat  t h e  o u t e r  su r f ace  o f  t h e  neu t ron  s h i e l d  

(Tay lo r  1983, 1984). A  wide range o f  emi s s i v i t y  values was found i n  t h e  

1  i t e r a t u r e  f o r  o t h e r  cask s t r u c t u r e s  (e.g., s t r i p s ,  spacers, f u e l  ). The values 

were found t o  be dependent upon f a b r i c a t i o n  technique,  o x i d a t i o n  bu i  1  dup, and 

temperature.  Thus, a  l a r g e  degree o f  u n c e r t a i n t y  e x i s t s  i n  t h e  e m i s s i v i t y  

values. However, t h e  u n c e r t a i n t y  i n  t h e  f ue l  rod  e m i s s i v i t y  has been shown t o  

have l i t t l e  e f f e c t  on t h e  r a d i a l  temperature d i s t r i b u t i o n  i n  an enc losed 

assembly, as i n d i c a t e d  i n  Sect ion 5.2.4. 



Heat t r a n s f e r  f rom t h e  o u t e r  cask su r f ace  i nc l udes  r a d i a t i o n  and convec- 

t i o n  components. For  t h e  i ndoo r  runs o r  runs i n  which t h e  ambient a i r  was 

cons idered "stagnant ' ,  on l y  n a t u r a l  convec t ion  was inc luded,  and i t  was assumed 

t h a t  t h i s  n a t u r a l  convec t ion  component was e l i m i n a t e d  w i t h  a  nonzero wind 

speed. I n  t h i s  s i t u a t i o n ,  a  f o r ced  convec t ion  c o r r e l a t i o n  was subs t i t u t ed .  

The cask geometry, however, suggests t h a t  l a r g e  Grashof numbers w i  11 r e s u l t  

f rom t h e  l a r g e  v e r t i c a l  h e i g h t  o f  t h e  c y l i n d e r ,  and t h a t  f r e e  convec t ion  w i  11 

con t inue  t o  p l a y  an impor tan t  r o l e  i n  t h e  o v e r a l l  heat  t r a n s f e r ;  i .e., bo th  

f r e e  and f o r c e d  convec t ion  should  be cons idered s imul taneous ly .  A d d i t i o n a l  l y  , 
s tud ies  have shown s i g n i f i c a n t  increases i n  Nu w i t h  inc reased  t u r b u l e n t  i nten-  

s i t i e s .  Thus, t h e  l a c k  o f  t u rbu lence  data and a  means t o  c o r r e l a t e  t h e  data,  

p l us  t h e  d i f f i c u l t y  i n  d e f i n i n g  a  method f o r  c o r r e l a t i n g  t h e  combined convec- 

t i o n  e f f e c t s ,  r e s u l t s  i n  a  l a r g e  u n c e r t a i n t y  i n  t h e  cask su r f ace  heat  t r a n s f e r  

c o e f f i c i e n t ,  D e f i n i t i o n  o f  t h e  cask su r f ace  heat t r a n s f e r  i s  compl icated a l s o  

by t h e  ambient weather cond i t i ons ,  i,e., i n s o l a t i o n ,  r a i n ,  and snow. No 

at tempts  were made t o  model t h e  e f f e c t  o f  these n a t u r a l  phenomena on t h e  cask 

thermal response. 

The major u n c e r t a i n t y  i n  f low res i s t ance  comes f rom t h e  c o n t r i b u t i o n  of 

t h e  f u e l  t ube  i n l e t  and o u t l e t  f l o w  losses. Th is  u n c e r t a i n t y  i s  due i n  p a r t  t o  

t h e  s l i g h t  bowing o f  t h e  a s - b u i l t  cask bottom, which r e s u l t s  i n  i n l e t  f l o w  area 

v a r i a t i o n s  f rom f u e l  tube  t o  f u e l  tube. 

5.2.3 COBRA-SFS P r e d i c t i o n s  Compared t o  Data 

The COBRA-SFS computer code was used t o  p r e d i c t  t h e  temperature and ve loc -  

i t y  d i s t r i b u t i o n s  w i t h i n  t h e  REA d r y  s to rage  cask, I n  t h i s  sec t i on ,  compari-  

sons o f  p r e t e s t  p r e d i c t i o n s  t o  measured t e s t  da ta  a re  presented. Fo l l ow ing  

p r e t e s t  da ta  comparisons, j u s t i f i e d  improvements i n  t h e  computat i  onal  model a re  

recommended, and t h e i r  e f f e c t s  a re  demonstrated i n  se l ec ted  p o s t - t e s t  s imula-  

t i o n s .  An assessment o f  t h e  code's p r e d i c t i v e  c a p a b i l i t i e s  i s  a l s o  p rov ided  

f o r  t h e  p re -  and p o s t - t e s t  s imu la t ions .  The e v a l u a t i o n  procedure i s  o u t l i n e d  

below. 

To p r o p e r l y  eva lua te  code p r e d i c t i o n s ,  severa l  comparisons of code p re -  

d i c t i o n s  t o  data must be made. The most obvious comparisons t o  be made a re  o f  

peak c l add ing  temperatures ; however, comparisons o f  temperature drops between 



components o f  t h e  cask and comparisons o f  a x i a l  and r a d i a l  tempera tu re  p r o f i l e s  

add substance t o  t h e  eva lua t i on .  P r e t e s t  comparisons o f  peak temperatures may 

be used t o  assess t h e  code 's  b l i n d  p r e d i c t i v e  c a p a b i l i t i e s .  However, t h e  

p r e t e s t  comparisons a re  d i r e c t l y  a f f e c t e d  by t h e  accuracy, re1  i a b i  1 i t y ,  and 

completeness o f  t h e  cask d e s c r i p t i o n  p rov i ded  t o  t h e  modelers, as w e l l  as t h e  

accuracy o f  t h e  t e s t  data. 

5.2.3.1 COBRA-SFS P re tes t  Predi  c t i  ons 

I n  t h e  p r e t e s t  ana l ys i s ,  16 o f  t h e  17  exper imenta l  runs l i s t e d  i n  

Table 5.4 o f  Sec t i on  5.1 were s imulated.  To make p r e t e s t  p r e d i c t i o n s ,  boundary 

c o n d i t i o n  da ta  were s u p p l i e d  f o r  each run. The da ta  cons i s t ed  o f  cask i n t e r n a l  

pressure,  ambient temperature,  wind speed, and i n s o l a t i o n .  A d d i t i o n a l  i n f o r -  

mat ion supp l i ed  i n c l u d e d  t h e  cask l o a d i n g  p a t t e r n  and f u e l  assembly heat  

gene ra t i  on ra tes .  

The o v e r a l l  a b i l i t y  o f  t h e  code t o  p r e d i c t  t h e  thermal  performance of t h e  

cask w i t h o u t  hav ing  access t o  t h e  performance da ta  i s  represen ted  i n  ba r  graph 

form i n  F i gu re  5.43. How w e l l  do t h e  code p r e d i c t i o n s  match t h e  da ta?  Four of 

t h e  12 v e r t i c a l  runs f a1  1  w i t h i n  t h e  es t imated  s c a t t e r  o f  t h e  data,  determined 

t o  be f3% o f  t h e  measured peak-to-ambient temperature d i f f e r e n c e  (see Sec- 

t i o n  5.1.3.1). Furthermore, 7 o f  t h e  12 v e r t i c a l  runs f a l l  w i t h i n  f6% o f  t h e  

measured tempera tu re  d i f f e rences .  Expressed i n  terms o f  abso lu te  temperatures,  

4  o f  t h e  12 p r e d i c t i o n s  were w i t h i n  10°C o f  t h e  data,  8 w i t h i n  20°C, and 11 

w i t h i n  30°C o f  measured peak temperatures.  Genera l l y  speaking, t h e  agreement 

between p r e d i c t e d  and measured peak temperatures i s  good. 

Be fo re  a  t r u e  e v a l u a t i o n  o f  t h e  code can be undertaken, t h e  u n c e r t a i n t i e s  

assoc ia ted  w i t h  t h e  cask d e s c r i p t i o n  and t h e  da ta  need t o  be reduced ( t o t a l  

e l i m i n a t i o n  o f  these  u n c e r t a i n t i e s  i s  no t  cons idered  reasonable) .  Toward t h i s  

end, comparisons of t h e  temperature drop between key components, e s s e n t i a l l y  a  

measure o f  thermal  r es i s t ance ,  a re  used t o  reduce t h e  u n c e r t a i  n t  i es assoc i  a t ed  

w i t h  t h e  cask d e s c r i p t i o n  and var ious  code i n p u t  models. Ana l ys i s  o f  t h e  t e s t  

da ta  t o  uncover t h e  s c a t t e r  and r e p e a t a b i l i t y  o f  t h e  da ta  was a l s o  under taken 

t o  eva lua te  i t s  re1 i a b i  1  i t y .  M o d i f i c a t i o n s  o f  t h e  cask d e s c r i p t i o n  i n f e r r e d  

f rom t h e  comparisons o f  p r e d i c t i o n s  and da ta  were i n c o r p o r a t e d  i n t o  t h e  

computat iona l  model f o r  t h e  p o s t - t e s t  a n a l y s i  s. The subsequent p o s t - t e s t  



FIGURE 5.43. COBRA-SFS P r e t e s t  P red i  c t  i ons o f  Peak Temperatures 
and O v e r a l l  Temperature D i f f e r e n c e s  Compared t o  Data 

p r e d i c t i o n s  s t i l l  show some d isagreement  w i t h  data ,  h u t  o f f e r  a  much b e t t e r  

r e p r e s e n t a t i o n  o f  t h e  code 's  p r e d i c t i v e  c a p a b i l i t i e s  than  do t h e  p r e t e s t  

comparisons. 

I n  t h e  n e x t  s e c t i o n ,  a  more d e t a i l e d  r e v i e w  o f  s e v e r a l  i m p o r t a n t  runs 

examines t h e  e f f e c t s  o f  cask o r i e n t a t i o n ,  l o a d i n g ,  and b a c k f i l l  niedia on t h e  

cask the rma l  response. R e s u l t s  f o r  a d d i t i o n a l  cases a r e  p resen ted  i n  Appen- 

d i x  E i n  t h e  form of a x i a l  and r a d i a l  t empera tu re  p r o f i l e s .  

5.2.3.1.1 General Observat ions .  Seven o f  t h e  16 t e s t  cases were s e l e c t e d  

t o  examine t h e  separa te  e f f e c t s  o f  cask o r i e n t a t i o n ,  f u e l  l o a d i n g ,  and f i l l  

media on t h e  p r e d i c t e d  versus measured cask the rma l  response. Comparisons o f  

a x i a l  and r a d i a l  t empera tu re  p r o f i  l e s  d e m o n s t r a t i n g  t h e s e  e f f e c t s  a r e  d i  sp layed  

i n  F i g u r e s  5.44 t h r o u g h  5.51. The a x i a l  p r o f i l e s  a r e  f o r  t h e  c e n t e r l i n e  of 

assembly 2J, and t h e  r a d i a l  p r o f i l e s  a r e  a l o n g  t h e  d i a g o n a l  o f  quadran t  2 f rom 

t h e  c e n t e r  o f  t h e  cask t o  t h e  ambient, a t  an e l e v a t i o n  3.33 m above t h e  cask 

bo t tom (see F i g u r e  5.19 o f  S e c t i o n  5.1). 
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FIGURE 5.44. COBRA-SFS P r e t e s t  P r e d i c t i o n s  o f  Cen te r  Assembly 
25 Cen te r1  i ne Ax i  a1 Temperature P r o f  i 1  es Compared 
t o  P a r t  Load, V e r t i c a l ,  Vacuum, N i t r o g e n ,  and 
He l i um Data 

Some i n t e r p r e t a t i o n  o f  t h e  code p r e d i c t i o n s  and d a t a  d i s p l a y e d  i n  t h e s e  

f i g u r e s  i s  i n  o rde r .  F o r  t h e  a x i a l  p r o f i l e s ,  t h e  d a t a  p o i n t s  above 4.5 and 

below 0.5 do n o t  r e p r e s e n t  c l a d d i n g  s u r f a c e  t e m p e r a t u r e  measurements, b u t  

measurements o f  gas tempera tu res .  However, p r e d i c t i o n s  g i v e n  r e p r e s e n t  t h e  

c l a d d i n g  s u r f a c e  tempera tu res  and, thus ,  s h o u l d  read  h i g h e r  t h a n  d a t a  a t  t h e s e  

l o c a t i o n s .  F o r  t h e  r a d i  a1 p r o f i  1  es, t h e  l a t e r a l  1  o c a t i o n s  of t h e  thermocoup les  
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FIGURE 5.45. COBRA-SFS P r e t e s t  P red i  c t  i ons o f  Radi a1 (Di  agonal  ) 
T e m ~ e r a t u r e  P r o f i  l e s  C o m ~ a r e d  t o  P a r t  Load. V e r t i c a l  
~ a c i u m ,  N i t rogen ,  and ~ e i  i u m  Data a t  3.33 m E l e v a t i o n  

w i t h i n  t h e  i n t e r s t i t i a l  r e g i o n s  o f  t h e  baske t  j u n c t i o n s  were n o t  e x a c t l y  

known. T h i s  u n c e r t a i n t y  s i g n i f i c a n t l y  a f f e c t s  t h e  d a t a  compar ison where t h e  

r a d i a l  t empera tu re  g r a d i e n t  i s  severe,  i .e., baske t  node 2E (see F i g u r e  5.19 o f  

S e c t i o n  5.1). Because basket  thermocoup les  were des igned  t o  remain  suspended 

w i t h i n  baske t  j u n c t i o n s ,  any c o n t a c t  o f  thermocoup les  w i t h  s u r r o u n d i n g  w a l l s  

b i a s e s  measured temperatures .  F o r  l a c k  o f  a l t e r n a t i v e  i n f o r m a t i o n ,  t h e  d a t a  

was assumed t o  measure t h e  i n t e r s t i  t i  a1 gas temperature ,  wh i  ch r e p r e s e n t s  an 

average tempera tu re  o f  t h e  exposed j u n c t i o n  su r faces .  The c a l c u l a t e d  r e s u l t s ,  

on t h e  o t h e r  hand, a r e  g i v e n  f o r  t h e  copper s t r i p s  a l o n g  t h e  d iagona l  of t h e  

basket  j u n c t i o n s ,  which,  because o f  t h e i r  h i g h  t h e r m a l  c o n d u c t i v i t y  and 

c o n n e c t i o n  t o  t h e  l ow  tempera tu re  o f  t h e  cask e x t e r i o r ,  a r e  a t  s u b s t a n t i a l l y  

l o w e r  tempera tu res  t h a n  t h e  s u r r o u n d i n g  j u n c t i o n  w a l l s .  As a  r e s u l t ,  t h e  code 
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FIGURE 5.46. COBRA-SFS P r e t e s t  P red i  c t  i ons o f  Cen te r  Assembly 
2J Cente r1  i ne Ax i  a1 Temperature P r o f i  1 es Compared 
t o  F u l l  Load, V e r t i c a l ,  Vacuum, N i t r o g e n ,  and 
He l i um Data  

p r e d i c t i o n s  f a l l  c o n s i s t e n t l y  below t h e  d a t a  a t  t h e  basket  l o c a t i o n s  as t h e y  

shou ld .  T h i s  makes a  d i r e c t  compar ison o f  p r e d i c t e d  and measured b a s k e t  

t empera tu res  d i f f i c u l t .  

F i g u r e s  5.44 t h r o u g h  5.51 show t h a t  b o t h  l o c a t i o n s  and magni tudes o f  peak 

c l a d d i n g  tempera tu res  were s a t i s f a c t o r i l y  p r e d i c t e d  i n  a l l  cases, w i t h  t h e  

g r e a t e s t  d isagreement  i n  peak tempera tu res  o c c u r r i n g  i n  t h e  f u l l  l oad ,  
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FIGURE 5.47. COBRA-SFS P re tes t  P r e d i c t i o n s  o f  Radi a1 (Di agonal ) 
Temperature P r o f i  1  es Compared t o  F u l l  Load, V e r t i  c a l  , 
Vacuum, Ni t rogen,  and He1 ium Data a t  3.33 m E l e v a t i o n  

h o r i z o n t a l ,  n i t r o g e n  case ( r un  9  i n  F i g u r e  5.50). The a b i l i t y  t o  s a t i s f a c t o r -  

i l y  p r e d i c t  both  magnitudes and l o c a t i o n s  o f  peak temperatures suggests t h a t ,  

gene ra l l y  speaking, t h e  impor tan t  phys i ca l  phenomena o c c u r r i n g  w i t h i n  t h e  cask 

a re  p r o p e r l y  modeled by COBRA-SFS. However, t h e  r a d i  a1 temperature p r o f  i 1  es 

(F igures  5.45, 5.47, 5.49, and 5.51) i 1  l u s t r a t e  g r e a t e r  l o c a l  temperature 

d i f f e r e n c e s  t h a t  e x i s t  w i t h i n  t h e  cask and suggest where improvements t o  t h e  

cask d e s c r i p t i o n  o r  computat iona l  model may be made. For  example, t h e  cask 

su r f ace  temperatures a re  c o n s i s t e n t l y  ove rp red i c t ed  i n  a1 1  cases, sugges t ing  

a  d e f i c i e n c y  i n  t h e  cask su r f ace  convec t i ve  heat t r a n s f e r  c o r r e l a t i o n s .  

Comparisons o f  temperatures w i t h i n  t h e  cask i n t e r i o r  a re  compl icated by t h i s  

d i f f e r e n c e  i n  p r e d i c t e d  and measured su r f ace  temperatures.  For  more meaningful  
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FIGURE 5.48. COBRA-SFS P r e t e s t  Predi  c t  i ons of Center Assembly 
25 Center1 i ne Ax i  a1 Temperature P ro f  i 1 es Compared 
t o  F u l l  Load, H o r i z o n t a l ,  N i t rogen,  and He1 ium Data 

comparisons o f  p r e d i c t e d  and measured thermal  response o f  t h e  d i f f e r e n t  cask 

components, p r e d i c t i o n s  and da ta  a re  compared u s i n g  1 a t e r a l  temperature 

d i f fe rences  across t h e  cask components. 

E f f e c t s  o f  b a c k f i l l  media on temperature d i s t r i b u t i o n s  a re  shown i n  F i g -  

u res  5.46 and 5.47 f o r  a  f u l l y  loaded, u p r i g h t  cask, and i n  F igu res  5.44 and 

5.45 f o r  a  p a r t i a l l y  loaded, u p r i g h t  cask. The r e s u l t s  f o r  t h e  nonconvect ive 
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FIGURE 5.49. COBRA-SFS P re tes t  Predi  c t i  ons o f  Radi a1 ( D i  agonal ) 
Temperature P r o f i l e s  Compared t o  F u l l  Load, Hor i  - 
zon ta l  , Nitrogen, and He1 ium Data a t  3.33 m 
E l e v a t i o n  

cases (he1 ium, vacuum) c l o s e l y  match t h e  a x i a l  and r a d i a l  p r o f i l e s .  The good 

agreement f o r  bo th  b a c k f i l l s  i n  t h e  shape o f  t h e  p r o f i l e s  suggests t h a t  t h e  

r a d i a t i o n  and conduct ion heat t r a n s f e r  models a re  per fo rming  adequately. For  

t h e  he l ium runs, t h e  successfu l  p r e d i c t i o n s  can be a t t r i b u t e d  i n  p a r t  t o  t h e  

low mo lecu la r  weight  and h igh  thermal c o n d u c t i v i t y  of helium. The low molecu- 

l a r  weight  prec ludes t h e  development o f  l a r g e  d e n s i t y  d i f f e r e n c e s ;  thus, d i s -  

crepancies i n  t h e  computat ional  t rea tment  o f  convec t ion  a r e  minimized. The 

h igh  thermal c o n d u c t i v i t y  o f  he l ium lessens t h e  i n f l u e n c e  o f  gap w i d t h  uncer- 

t a i n t i e s  on temperature d i s t r i b u t i o n s  and e f f e c t i v e l y  reduces t h e  u n c e r t a i n t y  

i n  t h e  cask model. The enhanced c o n d u c t i v i t y  a1 so 1  essens t h e  i rnpact o f  t h e  

r a d i a t i v e  heat t r a n s f e r  component on t h e  o v e r a l l  cask heat t r a n s f e r .  
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FIGURE 5.50. COBRA-SFS P re tes t  Predi  c t  i ons o f  Center  Assembly 
25 Center1 i ne Axi  a1 Temperatu r e  P ro f  i 1  es Compared 
t o  F u l l  Load, V e r t i c a l  and H o r i z o n t a l ,  ~ i t r o g e n  Data 

As w i t h  t h e  he l i um runs, t h e  low pressures and cor respond ing ly  low dens i -  

t i e s  of t h e  vacuum cases (purged n i t r o g e n )  min imize t h e  es tab l i shment  of 

n a t u r a l  convect ion,  and, t he re fo re ,  e l i m i n a t e  a p o s s i b l e  source o f  uncer-  

t a i n t y .  The good agreement i n  t h e  shape o f  t h e  a x i a l  and r a d i a l  p r o f i l e s  f o r  

t h e  r a d i  a t i  on-domi nated vacuum runs i n d i c a t e s  t h a t  t h e  d e t a i  1  ed gray body 

r a d i  a t  i o n  exchange package empl oyed i n  COBRA-SFS i s  p e r f  ormi ng adequately.  
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FIGURE 5.51. COBRA-SFS P r e t e s t  P r e d i c t i o n s  o f  Radi a1 (D iagona l  ) 
Temperature P r o f i l e s  Compared t o  F u l l  Load, V e r t i c a l  
and H o r i z o n t a l  , N i t r o g e n  Data  a t  3.33 m E l e v a t i o n  

F o r  t h e  n i t r o g e n  b a c k f i l l  runs, b o t h  t h e  c a l c u l a t i o n s  and t h e  measured 

d a t a  show skewed tempera tu re  p r o f  i 1  es , w i t h  peak tempera tu res  1  o c a t e d  toward  

t h e  t o p  o f  t h e  a c t i v e  f u e l  r e g i o n .  These t e m p e r a t u r e  d i s t r i b u t i o n s  r e s u l t  f r o m  

n a t u r a l  c o n v e c t i o n  w i t h i n  t h e  cask. From t h i s  i t  i s  conc luded t h a t  t h e  code 

models c o n v e c t i o n  w i t h i n  a  cask. However, comparisons between t h e  p r e d i c t e d  

and measured p r o f i l e s  show t h a t  t h e  p r e d i c t e d  shape i s  f l a t t e r  and t h a t  t h i s  

d i f f e r e n c e  i s  accen tua ted  i n  t h e  p a r t i a l  l o a d  case (Run 2 ) .  T h i s  d i f f e r e n c e  

suggests  t h a t  t h e  code i s  o v e r p r e d i c t i n g  t h e  magni tude o f  t h e  n a t u r a l  convec- 

t i o n  f l o w  r a t e ,  b u t  because o f  t h e  l a c k  o f  d a t a  r e g a r d i n g  t h e  cask f l o w  f i e l d ,  

i t  i s  i m p o s s i b l e  t o  make a  d e f i n i t i v e  judgment. The c a l c u l a t e d  average 

v e l o c i t i e s  w i t h i n  t h e  assembl ies  a r e  summarized i n  T a b l e  5.8. 



TABLE 5.8. 

Run Number 

2  

5a 

5b 

7  

1 l a  

l l b  

12 

13 

COBRA-SFS Vel o c i  t y  P r e d i c t  i ons (E l  eva t  i on 1.97 m) 

Run V e l o c i t y ,  m/sec 
Parameters Center Assembly Outer  Assembly 

P = P a r t i a l  Load; F  = F u l l  Load; N  = N i t r ogen ;  He = Helium; 
V = V e r t i  c a l  ; 
I n s  = I n s u l a t e d  

P red i c t ed  n a t u r a l  convec t ion  f low r a t e s  can be l a r g e  because t h e  d i f f e r -  

ence i n  t h e  g r a v i t a t i o n a l  head between t h e  up f l ow  and downflow reg ions  i s  over -  

p red i c t ed ,  and/or because t h e  o v e r a l l  f l o w  r e s i s t a n c e  i s  underpred i  c ted.  There 

i s  l i t t l e  da ta  f r om  t h i s  exper iment t h a t  would h e l p  i n  q u a n t i f y i n g  e i t h e r  o f  

these  e f f e c t s .  However, c l o s e  i n s p e c t i o n  o f  p r e d i c t i o n s  and da ta  i n  t h e  l owe r  

e l e v a t i o n s  r evea l s  two impo r tan t  and r e l a t e d  t r e n d s :  1 )  t h e  p r e d i c t e d  i n l e t  

(plenum) temperatures c o n s i s t e n t l y  exceed t h e  data, and 2)  t h e  measured i n l e t  

temperatures vary as a  f u n c t i o n  o f  r a d i a l  p o s i t i o n .  Over-pred i  c t e d  plenum tem- 

pe ra tu res  can r e s u l t  f rom 1 )  model ing d i f f e r e n c e s  i n  t h e  heat  t r a n s f e r  of t h e  

f l u i d  r e t u r n i n g  t o  t h e  lower  plenum as i t  f l ows  a long  t h e  p e r i p h e r a l  downcomer 

channels and 2)  d i f f e r e n c e s  i n  t h e  heat  t r a n s f e r  o f  t h e  r e c i r c u l a t i n g  f l u i d  as 

i t  f lows across t h e  cask bottom. 

The unde rp red i c t ed  heat  t r a n s f e r  i n  t h e  downcomers can be a t t r i b u t e d  t o  

t h e  i n a b i l i t y  t o  c o r r e c t l y  d e f i n e  a l l  t h e  necessary heat t r a n s f e r  and f l u i d  

f l ow  parameters, i n c l u d i n g  t h e  a s - b u i l t  geometry. However, t h e  i n a b i l i t y  t o  

c o r r e c t l y  p r e d i c t  t h e  plenum temperatures can be a t t r i b u t e d  i n  p a r t  t o  t h e  

s i m p l i f i e d  heat  t r a n s f e r  model employed i n  t h i s  reg ion--a  one-dimensional  

energy equa t ion  t h a t  assumes t h e  cask bot tom i s  i so the rma l ,  and f u e l  t ube  i n l e t  



temperatures based on t h e  bu lk  mixed mean temperature o f  t h e  e n t i r e  lower  

plenum. I n  a d d i t i o n ,  t h e  f l o w  f i e l d  i n  t h e  plenums i s  no t  computed. There- 

fo re ,  a  plenum f i l m  heat t r a n s f e r  c o e f f i c i e n t  must be accu ra te l y  spec i f ied .  

Because on l y  a  s i ng le ,  bu lk  temperature i s  computed f o r  t h e  plenum reg ions,  t h e  

r a d i a l  v a r i a t i o n  i n  f u e l  tube  i n l e t  temperatures seen i n  t h e  data was no t  

modeled [ t h i s  phenomenon can be r e a d i l y  observed f r om t h e  da ta  and can vary as 

much as 25°C f rom t h e  i n t e r i o r  and e x t e r i o r  assembly p o s i t i o n s  (see f u l l  load, 

v e r t i c a l ,  n i t r o g e n  f i g u r e  i n  Appendix E)].  Together, t h e  use o f  a  common i n l e t  

temperature,  i so therma l  cask bottom, and unknown f l o w  f i e l d  compl icates t h e  

a b i l i t y  t o  c o r r e c t l y  p r e d i c t  plenum cool ing.  

To b e t t e r  understand how t h e  plenum heat t r a n s f e r  a f f e c t s  t h e  o v e r a l l  p re -  

d i  c t ed  cask thermal response, t h e  plenum bu l  k - t o - f i  l m  heat  t r a n s f e r  c o e f f i c i e n t  

was reduced by an o rder  o f  magnitude i n  a  numerical  s tudy performed f o r  t h e  

data eva lua t ion .  I n  t h i s  s imu la t i on ,  t h e  peak c l add ing  temperature f o r  t h e  

f u l l  load, v e r t i c a l ,  n i t r o g e n  case was increased by 10°C. Thus, t h i s  heat 

t r a n s f e r  parameter i s  impor tan t  i n  de te rmin ing  t h e  thermal performance o f  t h e  

REA cask. To lessen t h e  importance o f  t h i s  parameter on f u t u r e  analyses, i t  i s  

suggested t h a t  1) t h e  c u r r e n t  plenum model be rev i sed  t o  i n c l u d e  r a d i a l l y  va ry -  

i n g  i n l e t  cond i t i ons ;  2 )  mu l t id imens iona l  heat t r a n s f e r  i n  t h e  s o l i d  components 

be modeled; and 3) more d e t a i l e d  data, i n c l u d i n g  i n f o r m a t i o n  on t h e  plenum 

v e l o c i t y  d i s t r i b u t i o n s ,  be obta ined f o r  f u t u r e  e v a l u a t i o n  o f  t h e  plenum heat 

t r a n s f e r .  

Before t h e  model ing r e v i s i o n s  suggested above a re  implemented, a  more com- 

p l e t e  separate e f f e c t s  s tudy i s  needed. I n  l i g h t  o f  t h e  l a r g e  u n c e r t a i n t i e s  

assoc ia ted w i t h  both t h e  plenum computat ional  model and heat t r a n s f e r ,  and t h e  

lack  of d e t a i l e d  data i n  t h i s  reg ion,  t h e  assumed thermal plenum r e s i s t a n c e  was 

mod i f i ed  i n  t h e  p o s t - t e s t  s imu la t ions .  

An a d d i t i o n a l  t e s t  o f  t h e  code's convec t i ve  capabi 1  i t i e s  i s  t h e  ab i  1  i t y  t o  

p r e d i c t  t h e  r e s u l t i n g  f l o w  f i e l d  i n  a  p a r t i a l l y  loaded cask (F igure  5.44). 

Al though no t  v e r i f i e d  by t e s t  data, p r e d i c t i o n s  i n d i c a t e  t h a t  much l a r g e r  f l ows  

r e s u l t  w i t h  t h e  p a r t i a l l y  loaded cask. The empty f u e l  tubes t h a t  surround t h e  

concent ra t ion  o f  spent f u e l  assemblies l oca ted  i n  t h e  cen te r  o f  t h e  cask (see 

F igu re  3.6 i n  Sec t ion  3.3) a re  be l i eved  t o  enhance t h e  c o o l i n g  o f  t h e  f l u i d  



such t h a t  a  g r e a t e r  ne t  g r a v i t a t i o n a l  head i s  e s t a b l i s h e d  between t h e  ho t  and 

c o l d  channels i n  t h e  cask. As a  r e s u l t ,  assembly f l ows  a re  g e n e r a l l y  p r e d i c t e d  

t o  increase.  

The e f f e c t  o f  b a c k f i l l  media on t h e  p r e d i c t e d  and a c t u a l  thermal  response 

i s  shown i n  F i gu res  5.48 and 5.49 f o r  a  f u l l y  loaded, h o r i z o n t a l  cask. As 

expected, t h e  temperatures a re  overp red ic ted ,  w i t h  t h e  g r e a t e s t  disagreement 

observed f o r  t h e  n i t r o g e n  run. L i t t l e  a x i a l  convec t ion  i s  observed t o  occur  

f rom i n s p e c t i o n  o f  t h e  a x i a l  temperature p r o f i l e s .  Again, t h i s  t r e n d  was co r -  

r e c t l y  modeled by COBRA-SFS. The reasons behind t h e  a n t i c i p a t e d  ove r -p red i c -  

t i o n s  f o r  t h e  h o r i z o n t a l  runs a re  presented below. 

The computat iona l  model used f o r  t h e  h o r i z o n t a l  s i m u l a t i o n s  i n c o r p o r a t e s  

two simpl i f y i n g ,  conse rva t i ve  assumptions: 1 )  f u e l  assembl ies a re  concen- 

t r i c a l l y  o r i e n t e d  w i t h i n  f u e l  tubes and 2 )  t h e r e  a re  no buoyancy e f f e c t s .  The 

consequences o f  these  assumptions were expected t o  be revea led  i n  t h e  p r e t e s t  

data comparison. A l though con tac t  o f  f u e l  assembl ies w i t h  f u e l  tubes  cou ld  be 

expected, t h e  t y p e  o f  con tac t ,  i.e., p o i n t ,  l i n e ,  o r  p lane, was no t  de f ined .  

Thus, assembl ies were assumed centered. A  p rev ious  s tudy  has shown t h a t  

assembly-wall c o n t a c t  reduces temperatures w i t h i n  t h e  assembly and p rov i des  

s u p e r i o r  heat  t r a n s f e r  t o  t h e  c o n t a c t i n g  su r faces  (Cuta, Rector,  and Creer  

1984). Th i s  a n a l y t i c  s tudy showed a  r e d u c t i o n  i n  peak f u e l  r o d - t o - f u e l  t ube  

temperatures o f  6 O C  f o r  a  1-kW PWR f u e l  assembly i n  a i r .  A l though d i f f i c u l t  t o  

determine f o r  t h e  lower  power BWR f u e l  assembl ies i n c o r p o r a t e d  i n t o  a  m u l t i  - 

assembly cask, some thermal  b e n e f i t  was expected. The magnitude o f  t h i s  e f f e c t  

can be i n f e r r e d  f r om comparisons o f  measured peak-to-ambient tempera tu re  d i f -  

ferences f o r  t h e  v e r t i c a l  and h o r i z o n t a l  n i t r o g e n  runs shown i n  F i g u r e  5.43. 

Temperature d i f f e r e n c e s  f o r  these two runs a re  rough ly  t h e  same, i n d i c a t i n g  

t h a t  t h e  thermal  b e n e f i t  of assembly / fue l  tube  con tac t  f o r  h o r i z o n t a l  runs i s  

s i m i l a r  t o  t h a t  o f  n a t u r a l  convec t ion  i n  v e r t i c a l  runs. Thus, f u e l  assembly/ 

tube  con tac t  i s  e f f e c t i v e  i n  reduc ing  f u e l  temperatures i n  a  d r y  s t o rage  cask. 

The second s impl  i f y i  ng assumption employed i n  h o r i z o n t a l  runs was t h e  

e l i m i n a t i o n  o f  buoyancy-i nduced e f f e c t s - - n a t u r a l  convec t ion  and therma l  s t r a t i  - 
f i c a t i o n .  Th i s  assumption was mandated by t h e  c u r r e n t  models i n  COBRA-SFS, 

which do no t  a l l o w  buoyancy e f f e c t s  i n  t h e  t r ansve rse  d i r e c t i o n .  



5.2.3.1.2 I n d i v i d u a l  Component Eva lua t ions .  I n  t h e  f o l  l ow ing  sec t ions ,  

eva lua t i ons  o f  t h e  p r e d i  c t ed  thermal  performance i n  t h e  major  cask components 

a re  made. From these  comparisons, a  b e t t e r  unders tand ing  o f  t h e  computat iona l  

models and cask d e s c r i p t i o n  can be expected. The major  cask components 

examined are:  

s u r f  ace ( s u r f  ace-to-ambi en t  ) 

cask body 

f u e l  basket 

fue l  assembly. 

The p r e d i c t e d  thermal  response o f  each component i s  d iscussed below. 

S u r f  ace 

Heat t r a n s f e r  f rom t h e  cask surface-to-arnbi en t  i n c l u d e d  bo th  convec t ion  

( n a t u r a l  o r  f o r c e d )  and r a d i a t i o n  components. To examine t h e  d i f f e r e n c e s  i n  

t h e  p r e d i c t e d  t o  measured thermal  r e s i s t a n c e  i n  t h i s  reg ion,  t h e  cask su r face-  

to-ambient temperature d i f f e r e n c e s  f o r  13 o f  t h e  16 s imu la ted  t e s t  cases a r e  

presented i n  F i  gures 5.52 and 5.53. Re1 a t i  ve magnitudes o f  surface-to-arnbi e n t  

temperature d i f f e r e n c e s  a re  compared t o  t o t a l  cask temperature drops (peak- 

to-.ambient) i n  bar  graph form i n  F i gu re  5.52; abso lu te  temperature d i f f e r e n c e s  

from surface-to-ambient a re  d i sp l ayed  i n  F i g u r e  5.53. Resu l t s  f o r  i n s u l a t e d  

runs (12, 13, and 14), i n  which measured su r f ace  temperatures were used on 

boundary cond i t i ons ,  a re  no t  inc luded.  

I n  a l l  cases, p r e d i c t e d  su r f ace  temperatures exceeded data, i n d i c a t i n g  

t h a t  t h e  cask su r f ace  heat  t r a n s f e r  was underpred ic ted.  Because t he  cask 

su r f ace  emi s s i  v i t y  was exper imenta l  l y  determi ned, i t was expected t h a t  t h e  

r a d i  a t i  ve heat  t r a n s f e r  component was we1 1  de f  i ned. The convec t i  ve component 

may no t  have been so we1 1  def ined.  

C o r r e l a t i o n s  used i n  determi  n i  ng cask convec t i ve  heat  t r a n s f e r  were d i s -  

cussed i n  Sec t i on  5.2.2.2. Development of these  c o r r e l a t i o n s  was based on 

i d e a l  condi  t i ons - -s teady ,  f r e e  streams, w i t h  1  i t t l e  o r  no tu rbu lence ,  d i  r e c t e d  

un i fo rm ly  a t  i n f i n i t e l y  l o n g  c y l i n d e r s  o r  f l a t  p l a t e s  w i t h  d e f i n e d  l e a d i n g  

edges. T e s t i n g  o f  t h e  cask outdoors  and near o t h e r  s t r u c t u r e s  sub jec ted  i t  

t o  cond i t i ons  i n  which t h e  f r e e  s t ream v a r i e d  i n  i n t e n s i t y  and d i r e c t i o n .  
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A d d i t i o n a l l y ,  t h e  v a l i d i t y  o f  t h e  c o r r e l a t i o n s  o u t s i d e  t h e  i n t ended  range of 

a p p l i c a b i l i t y  i s  a l s o  ques t i onab le  (e.g., L = 4.9 m, 16 f t ) .  Because i t  i s  

be1 i eved  t h a t  t h e  r a d i a t i v e  component i s  re1 a t i  v e l y  accurate,  i t  i s  concluded 

t h a t  t h e  sur face- to-ambient  heat  t r a n s f e r  i s  no t  a c c u r a t e l y  modeled by 

conven t iona l  forced o r  n a t u r a l  convec t ion  c o r r e l a t i o n s .  

Two major  d e f i c i e n c i e s  i n  t h e  convec t i ve  c o r r e l a t i o n s  can be i d e n t i f i e d :  

1) t h e  c o r r e l a t i o n s  were developed f o r  e i t h e r  f o r c e d  o r  n a t u r a l  convec t ion  

on ly ,  and 2 )  ncreased f ree-s t ream tu rbu lence  f rom s t r u c t u r e s  near t h e  t e s t  

s t a t i o n  a re  no t  taken  i n t o  account. The l a r g e  v e r t i c a l  h e i g h t  o f  t h e  cask i s  
10 such t h a t  l a r g e  Grashof numbers ( > l o  ) can develop. Large Grashof numbers 

suggest t h a t  f r e e  convec t ion  may be o c c u r r i n g  i n  conibi n a t i o n  w i t h  forced 

convect ion.  S p e c i f i c a l l y ,  e v a l u a t i o n  o f  t h e  Richardson number, a  c r i t e r i o n  f o r  
2 de te rmin ing  t h e  mechanism o f  convect ion,  d e f i n e d  as R i  = Gr/Re , 1 i e s  i n  t h e  

range where combined convec t ion  should  be considered, i .e., 0.1 - < R i  - < 10 

(Morgan 1975; Clausing, Wagner, and Skarda 1984). 

A s i g n i f i c a n t  depa r t u re  f rom i d e a l  t e s t  c o n d i t i o n s  used i n  deve lop ing  t h e  

convec t ion  c o r r e l a t i o n s  i s  i n  t h e  s teadiness and u n i f o r m i t y  o f  t h e  f r e e  

stream. The presence o f  t h e  cask t e s t  s tand ( r a i l  c a r )  and o t h e r  t e s t  s i t e  

s t r u c t u r e s  was expected t o  induce a d d i t i o n a l  f ree-s t  ream tu rbu lence  i n  t h e  

v i c i n i t y  of t h e  cask. Increased t u rbu lence  has been shown t o  enhance t h e  

convec t i ve  heat t r a n s f e r  f rom c y l i n d e r s  up t o  50% ( K e s t i n  and Maeder 1957) ;  

however, no general  method f o r  c o r r e l a t i n g  h i ghe r  t u rbu lence  i n t e n s i t y  w i t h  

heat  t r a n s f e r  has gained wide acceptance. Because o f  t h e  d i f f i c u l t y  i n  c o r r e -  

l a t i n g  t h e  t u rbu lence  e f f e c t s  and t h e  l a c k  o f  t u rbu lence  da ta  f o r  t h e  cask 

s i t e ,  t h e  e f f e c t s  o f  f ree -s t ream tu rbu lence  were ignored.  The l a r g e  d isagree-  

ment w i t h  t h e  p r e d i c t i o n s  and da ta  suggests t h a t  f ree -s t ream tu rbu lence  must be 

i nc l uded  when determi  n i  ng cask su r f ace  heat t r a n s f e r .  

Other f a c t o r s  t h a t  may have i n f l u e n c e d  cask sur face heat  t r a n s f e r  i n c l u d e  

n a t u r a l  phenomena--prec ip i ta t ion and i n s o l a t i o n .  These e f f e c t s  were ignored  i n  

a1 1  s imu la t i ons .  Because pe r i ods  o f  p r e c i p i t a t i o n  were general  l y  s h o r t e r  than  

t h e  cask thermal  t i m e  constant ,  e l i m i n a t i o n  o f  t h i s  phenomenon appears appro- 

p r i a t e .  To examine t h e  p o s s i b l e  i n f l u e n c e  of t h e  i n s o l a t i o n ,  t h e  r a t i o  o f  

p r e d i c t e d  t o  measured su r f ace  temperature d i f fe rences  was p l o t t e d  as a f u n c t i o n  



o f  s o l a r  g a i n  (see F i g u r e  5.18 of Sec t i on  5.1). No c o r r e l a t i o n  between t h e  

p r e d i c t i o n  e r r o r  and i n s o l a t i o n  was observed; thus,  e x c l u s i o n  o f  t h e  s o l a r  ga in  

i n  t h e  computat iona l  model i s  a l s o  app rop r i a t e .  

Cask Body 

The cdsk body heat  t r a n s f e r  model i s  eva lua ted  f rom temperatures ob ta ined  

a l ong  t h e  cask body d iagonal .  The temperature data l o c a t i o n s  and nomenclature 

a r e  d i sp l ayed  i n  F i g u r e  5.22 o f  Sec t i on  5.1; da ta  ob ta ined  a t  t h e  j u n c t i o n s  of 

f ue l  tubes and/or conduc t ion  s t r i p s  a r e  r e f e r r e d  t o  as basket  nodes. The 

p r imary  e v a l u a t i o n  o f  t h e  cask body thermal  r e s i s t a n c e  model i s  ob ta ined  from 

comparisons o f  t h e  p r e d i c t e d  versus measured temperature d i f f e r e n c e s  from 

basket node 2E t o  t h e  surface. The open area o f  basket node 2E, as dep ic ted ,  

i s  somewhat m i s l ead ing ;  many o f  t h e  s t r u c t u r a l  d e t a i l s  i n  t h i s  r e g i o n  have been 

e l i m i n a t e d  due t o  t h e i r  p r o p r i e t a r y  nature.  Rasket node 2E, however, has t h e  

l a r g e s t  i n t e r s t i t i a l  area and, thus,  t h e  l a r g e s t  u n c e r t a i n t y  i n  i t s  p o s i t i o n - -  

an un fo r t una te  s i t u a t i o n  i n  t h a t  t h e  tempera tu re  g r a d i e n t  i n  t h i s  r eg ion  i s  

q u i t e  severe. A l though comparisons o f  o t h e r  basket nodes t o  t h e  su r face  w i l l  

a l s o  i n d i c a t e  cask body r e s i s t a n c e  (e.g., 26, 25 t o  s u r f a c e )  t hese  i n t e r n a l  

comparisons i n c l u d e  p o r t i o n s  o f  t h e  basket  thermal  r e s i s t a n c e  and, t h e r e f o r e ,  

p r o v i d e  somewhat m i s l e a d i n g  i n f o r m a t i o n .  Thus, i n  s p i t e  o f  t h e  re1 a t i  v e l y  

l a r g e  u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  temperature represen ted  by basket  

node 2E, a  more meaningfu l  e v a l u a t i o n  o f  t h e  cask body r e s i s t a n c e  i s  obta ined.  

Temperature d i f f e r e n c e s  between basket node 2E and t h e  sur face  a t  an 

e l e v a t i o n  o f  1.45 m above t h e  cask bot tom a re  presented i n  F i g u r e  5.54. These 

temperature d i f f e r e n c e s  a r e  h i gh1  i g h t e d  aga ins t  t o t a l  peak c l a d d i  ng-to-ambient 

temperature drops. The same da ta  i s  d i sp l ayed  i n  F i g u r e  5.55, w i t h  a l l  va lues 

re ferenced t o  zero. Fo r  a l l  v e r t i c a l  runs, temperature drops th rough  t h e  cask 

body were underp red i  c ted,  and t h e  average d i  f fe rence  between p r e d i  c t e d  and 

measured va lues i s  40%. Comparisons of temperature drops f r om o t h e r  i n t e r n a l  

basket nodes t o  t h e  s u r f a c e  unde rp red i c t ed  t h e  da ta  as we1 1. P o t e n t i a l  causes 

o f  t h e  underp red i  c t i o n s  a re  d iscussed below. 



Data 

preles[ predlctlons 

- -- - - - - - - - 

R u n N o  1  2 3 4 5,) 51) 6<1 61) 7 9 1 0  11'1 1111 12 13 14  
O r t r n t ~ ~ t ~ o r ~  V  V H  H  V  V V  V V H  H V V  V V  V  
Lodd P P P P P P F F F F F F F F F F  
B , ~ r k f ~ l l  V N  N H H H  V V N  N  H  H H  H N  V 

FIGURE 5.54. COBRA-SFS P re tes t  Predi  c t i o n s  o f  Temperature 
D i f f e rences  f rom Basket Node 2E t o  Cask Outer 
Surface a t  1.45 m E l e v a t i o n  Compared t o  Data 
and Peak-to-Ambient Temperature D i f f e rences  

R u n N o  1  2 3  4  5a 5b 6a 6b 7 9 1 0  l l a  l l b  12  13  1 4  
O r t e n t a t ~ o n V  V  H  H  V  V  V  V  V  H  H V V  V V  V 
Load P P P P P P F F F F F F F F F F  
Back f~ l l  V N N  H H H V  V N N H H  H H N V  

FIGURE 5.55. COBRA-SFS P re tes t  P r e d i c t i o n s  o f  Temperature 
D i f fe rences  f rom Basket Node 2E t o  Cask Outer 
Surface a t  1.45 m E l e v a t i o n  Compared t o  Data 



The major u n c e r t a i n t i e s  i n  t h e  heat  t r a n s f e r  pa th  f rom node 2E t o  t h e  

sur face are:  

conduc t ion  s t r i  p- to-basket  con tac t  r e s i s t a n c e  

basket  - to-cask con tac t  r e s i s t a n c e  

gamma s h i e l d  gap(s)  r e s i s t a n c e  

neu t ron  s h i e l d  conductance. 

A l though con tac t  o f  t h e  conduc t ion  s t r i p s  t o  t h e  basket suppor t  s t r u c t u r e  

occurs w i t h i n  t h e  basket reg ion ,  i t s  e f f e c t  i s  i n c l u d e d  i n  t h e  cask body 

r e s i s t a n c e  because o f  t h e  l o c a t i o n  o f  t h e  basket node 2E thermocouple. The 

va lue o f  t h e  su r f ace  con tac t  conductance used f o r  t h e  p r e t e s t  s i r r ~ u l a t i o n  was 

0.56 w/cm2~c (1000 ~ t u / h r f t ' ~ ~ ) .  Th i s  va lue  was d e r i v e d  f rom da ta  s u p p l i e d  by 

REA, who ob ta i ned  t h e  da ta  f r om  measurements on a  bench-top t e s t  model of a  

p r o t o t y p i c  fas tened  j o i n t .  The va lue  measured i s  p r o p r i e t a r y  and cannot be 

repor ted.  However, t h e  va lue  used was l e s s  t han  t h a t  measured because i t  i s  

doub t fu l  t h a t  t h e  p r o t o t y p i c  j o i n t s  have as good a  conductance as t h a t  of a 

bench-top model. 

The u n c e r t a i n t y  i n  t h e  basket - to-cask c o n t a c t  r e s i s t a n c e  r e s u l t s  f r om  t h e  

d i f f e r e n t  r a d i i  o f  c u r v a t u r e  o f  t h e  basket  and t h e  i n t e r i o r  of t h e  cask c a v i t y .  

Some con tac t  o f  t h e  basket and cask body i s  ensured because t h e  f o u r  basket  

sec t i ons  a re  f o r c e d  a g a i n s t  t h e  cask body i n n e r  w a l l .  However, i r r e g u l a r ,  non- 

un i fo rm c o n t a c t  between t h e  basket and cask e x i s t s .  To o b t a i n  an e s t i m a t e  of 

t h e  con tac t  r eg ion  and t h e  e x i s t i n g  gap, a s - b u i l t  basket - to-cask gap measure- 

ments were ob ta i ned  a t  28 c i  r cumfe ren t i a l  l o c a t i o n s ,  30 cm (12 in . )  below t h e  

t o p  o f  t h e  cask ( a c c e s s i b i l i t y  p rec luded  measurements o f  t h i s  gap a t  o t h e r  e l e -  

v a t i o n s ) .  The gap w i d t h  was found t o  vary  f r om  near  ze ro  t o  g r e a t e r  t han  0.254 

cm (0.100 i n . ) .  An average gap s i z e  computed f r om t h e  measured da ta  f o r  a l l  

quadrants i s  0.056 cm (0.022 in . ) ,  a  va l ue  n e a r l y  equal t o  t h e  average gap 

w i d t h  computed f rom a  geometr ic  a n a l y s i s  o f  t h e  component des igns.  Gap w i d t h  

da ta  f o r  t h e  quadrant  represen ted  by t h e  COBRA-SFS model (quadrant  2 )  averaged 

0.147 cm (0.055 i n . ) .  The p o t e n t i a l  f o r  basket  movement d u r i n g  cask hand l ing ,  

e s p e c i a l l y  w i t h  a  s h i f t  i n  cask o r i e n t a t i o n ,  i s  g rea t ;  thus,  t h e  v a l i d i t y  o f  

these  as-measured gap va lues f o r  a l l  runs,  and f o r  a l l  o r i e n t a t i o n s ,  i s  



quest ionable .  Therefore,  a  u n i f o r m  0.056-cm (0.0224 n. ) gap was used 

throughout  p r e t e s t  s i m u l a t i o n  ana l ys i s .  V a r i a t i o n s  i n  t h e  gap w i d t h  as a  

f u n c t i o n  o f  e l e v a t i o n  were ignored. 

The gap t h a t  e x i s t s  i n  t h e  l ead  gamma s h i e l d  s h r i n k s  from t h e  o u t e r  

annulus w a l l  as t h e  l ead  cools .  The s i z e  o f  t h e  gap i s  dependent upon t h e  

r a d i a l  temperature g rad ien t  i n  t h e  l ead  and t h e  r a t e  o f  coo l ing .  No da ta  on 

t h e  expected gap s i z e  f o r  t h i s  cask was a v a i l a b l e ;  however, based on exper ience 

of l ead  pourers,  an upper bound o f  0.127 cm (0.050 i n . )  was assumed. The gap 

s i z e  w i l l  be l e s s  than  t h e  upper l i m i t ;  t h e r e f o r e ,  an a r b i t r a r y  gap s i z e  o f  

0.051 cm (0.020 i n . )  was se lec ted  f o r  t h e  p r e t e s t  s imu la t i ons .  Recause t h i s  

gap represen ts  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  cask body thermal  r es i s t ance ,  i t  

was expected t h a t  t h i s  va lue would be mod i f i ed  i n  t h e  p o s t - t e s t  ana l ys i s .  

The res i s t ance  o f  t h e  e thy l ene  g l y c o l  /water neu t ron  s h i e l d  was determined 

from a  c o r r e l a t i o n  based on t h e  temperature d i f f e r e n c e  across t h e  annulus 

boundaries. It i s  expected t h a t  t h i s  c o r r e l a t i o n  w i l l  p r o v i d e  t h e  c o r r e c t  

o rde r  o f  magnitude o f  thermal r es i s t ance  f o r  t h i s  n a t u r a l l y  convec t ing  reg ion.  

I n  each o f  t h e  above heat t r a n s f e r  paths,  t h e  e x i s t i n g  gaps and con tac t s  

a re  no t  w e l l  def ined,  a l though r e a l i s t i c  ranges i n  t h e i r  values can be d e t e r -  

mined. The s i t u a t i o n  i s  compl i c a t e d  by t h e  poss i  b i  1  i t y  o f  s h i f t i n g  components 

and thermal expansion e f f e c t s .  Thus, w h i l e  an assumed se t  o f  values may appear 

t o  be a p p r o p r i a t e  f o r  some t e s t s ,  they  may be i n a p p r o p r i a t e  f o r  o thers .  The 

i n a b i l i t y  t o  d e f i n e  t h e  l o c a l  gap and con tac t  c o n d i t i o n s  on a  run-by-run bas i s  

d i c t a t e s  t h a t  average values be employed. 

Fuel  Basket 

The f u e l  basket heat  t r a n s f e r  model was eva lua ted  f rom temperature d i f  - 
ferences ob ta ined  a long  t h e  cask d iagonal  between basket nodes 2G and 2E ( F i g -  

u r e  5.22 o f  Sec t ion  5.1) a t  an e l e v a t i o n  o f  1.45 m above t h e  cask bottom. Fuel  

basket temperature d i f f e rences  a re  presented i n  F i g u r e  5.56 r e l a t i v e  t o  t o t a l  

cask temperature d i f f e rences .  I d e n t i c a l  data  a re  d i sp l ayed  i n  F i g u r e  5.57, 

w i t h  a l l  values re fe renced  t o  zero. Genera l l y  speaking, basket temperature 

d i f f e r e n c e s  were we1 1  p red i c t ed ,  w i t h  an average p r e d i  cted-to-measu red  temper- 

a t u r e  d i f f e r e n c e  r a t i o  o f  0.86 ( v e r t i c a l  runs o n l y ) .  
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The con tac t  o r  l ack  o f  con tac t  o f  t h e  f u e l  tubes w i t h  each o t h e r  o r  o the r  

basket components i s  an impo r tan t  u n c e r t a i n t y  i n  model ing basket heat  t r a n s -  

f e r .  Fuel  t u b e - t o - p l a t e  o r  fue l  t ube - t o - f ue l  t ube  gaps were determined t o  have 

an average w i d t h  o f  0.23 cm (0.090 in . )  f r om  a s - b u i l t  drawings (us i ng  noniinal 

dimensions). Account ing f o r  t o l e rances  on s t r a i g h t n e s s  and f a b r i c a t i o n  tech-  

nique, t h e  sepa ra t i on  between sur faces  i n  t h e  basket may vary  f rom zero  t o  i n  

excess o f  t h e  nominal 0.23-cm (0.090-in. ) value. Because no i n f o rma t i on  i s  

a v a i l a b l e  on t h e  ac tua l  space sur round ing  each f u e l  tube  i n  t h e  a s - b u i l t  cask, 

i t  was u n i v e r s a l l y  modeled as a  nominal 0.11-cm (0.004-in.) gap. The general  

agreement o f  temperature d i s t r i b u t i o n s  i n  t h e  cask i n t e r i o r  and i n  p r e d i c t e d  t o  

measured temperature d i f f e r e n c e  r a t i o s  f o r  t h e  da ta  comparisons suggests t h a t  

t h i s  approach p rov ides  a reasonable es t imate  o f  basket  thermal  r es i s t ance .  

The conduct ion s t r i p s  and spacers t h a t  con tac t  t h e  basket pe r i phe ry  a re  a  

major means o f  removing heat  f rom t h e  basket i n t e r i o r ,  a  conc lus i on  r e a d i l y  

supported by t h e  re1 a t i  v e l y  low temperatures o f  these  components observed i n  

t h e  data. The conduc t ion  s t r i p s  t h a t  b i s e c t  t h e  basket i n t e r i o r  a c t  as heat  

t r a n s f e r  pathways, e s t a b l i s h i n g  para1 l e l  pa th  heat  t r a n s f e r  network f rom t h e  

basket i n t e r i o r  t o  e x t e r i o r .  Temperatures w i t h i n  t h e  basket a re  s t r o n g l y  

i n f l u e n c e d  by these  pathways. The major r e s i s t a n c e  a long  these pathways i s  i n  

t h e  con tac t  of t h e  s t r i p s  w i t h  t h e  basket r a d i a l  suppor t  s t r u c t u r e ,  con tac t  

which i s  n e i t h e r  w e l l  de f i ned  nor  un i form.  n i f f e r e n c e s  i n  t h e  assumed versus 

ac tua l  con tac t  r e s i s t a n c e  f o r  these  components cause temperature d i f f e r e n c e s  i n  

t h e  i n t e r i o r  basket l o c a t i o n s .  D i f f e rences  i n  p r e d i  cted-to-measured temper- 

a t u r e  drops i n  t h e  basket i n d i c a t e  t h a t  t h e  p r e d i c t e d  heat  d i s t r i b u t i o n  a long  

t h e  p a r a l l e l  conduc t ion  path network i s  no t  e n t i r e l y  accurate.  

The f i n a l  f a c t o r  i n f l u e n c i n g  basket temperatures i s  t h e  f u e l  r o d - t o - f u e l  

tube  res i s t ance .  As d iscussed e a r l i e r ,  f u e l  assembly e c c e n t r i c i t y  and f u e l  

tube  con tac t  can s i g n i f i c a n t l y  a f f e c t  t h e  heat f l u x  d i s t r i b u t i o n  w i t h i n  a  f u e l  

tube  and, t he re fo re ,  t h e  heat t r a n s f e r  i n t o  t h e  basket conduct ion heat  t r a n s f e r  

network. Because t h e  o r i e n t a t i o n  o f  t h e  fue l  assemblies i s  unknown and s u b j e c t  

t o  change, t h e  ac tua l  heat  t r a n s f e r  d i s t r i b u t i o n  t o  t h e  f u e l  tube  w a l l s  i s  no t  

e a s i l y  p red i c t ed .  A l so  i n f l u e n c i n g  t h e  basket r e s i s t a n c e  i s  t h e  a x i a l  heat  

removal by convec t ion  and t h e  a b i l i t y  t o  c o r r e c t l y  model t h e  r a d i a t i o n  heat  



t r a n s f e r  o c c u r r i n g  w i t h i n  enclosed f u e l  tubes. As d iscussed i n  t h e  nex t  sec- 

t i o n  d e s c r i b i n g  f u e l  assembly heat  t r a n s f e r ,  t h e  r a d i a t i o n  model appears t o  

c o r r e c t l y  model t h e  rod- to - rod  and rod- to -wa l l  r a d i a t i o n  exchange o c c u r r i n g  

w i t h i n  a  f u e l  tube. Thus, t h e  l a r g e s t  u n c e r t a i n t y  i n  f u e l  assembly- to- fue l  

tube  r e s i s t a n c e  e x i s t s  i n  t h e  f u e l  assembly o r i e n t a t i o n .  Changes t o  t h e  

computat iona l  model o r  i n p u t  parameters cannot be expected t o  reduce t h i s  

u n c e r t a i n t y .  

I n  summary, t h e  disagreement between p r e d i c t e d  and measured temperatures 

i n  t h e  basket cannot be a t t r i b u t e d  t o  a  s p e c i f i c  cause, bu t  r a t h e r  t o  a  com- 

p l i c a t e d  i n t e r a c t i o n  o f  e f f e c t s ,  which, i n  t o t a l ,  produce t h e  d i sc repanc ies  

observed i n  t h e  comparisons o f  p r e d i c t i o n s  w i t h  data.  Because t h e r e  appear t o  

be no major  e r r o r s  i n  t h e  parameters o r  models t h a t  d e f i n e  t h e  basket  temper- 

a t u r e  d i s t r i b u t i o n ,  t h e r e  was l i t t l e  j u s t i f i c a t i o n  f o r  r e v i s i o n s .  As such, t h e  

p o s t - t e s t  a n a l y s i s  was performed w i t h  t h e  same basket  model employed i n  t h e  

p r e t e s t  ana l ys i s .  

Fuel  Assembly 

The f u e l  assembly heat  t r a n s f e r  model i s  eva lua ted  p r i m a r i l y  f r om  c e n t e r  

rod-to-edge r o d  temperature d i f f e r e n c e s  ob ta ined  i n  assembl ies 1F and 2G a t  an 

e l e v a t i o n  o f  3.33 rn above t h e  cask bo t tom(a)  (see F i g u r e  5.28 o f  Sec t i on  5.1). 

A1 though cen te r  rod- to-basket  node tempera tu re  d i f f e r e n c e s  a l s o  cou ld  be used 

t 
t o  eva lua te  t h e  f u e l  assembly r es i s t ance ,  t hese  values r e f l e c t  some basket  

r e s i s t a n c e  u n c e r t a i n t i e s  and a r e  t h e r e f o r e  l e s s  des i  r ab l e .  Comparison o f  r od -  

t o - r od  temperatures i s  be1 i eved  t o  p r o v i d e  more meaningfu l  i n f o r m a t i o n  on t h e  

e f f ec t s  of conduct ion,  r a d i a t i o n ,  and convec t ion  o c c u r r i n g  w i t h i n  an assembly. 

It was t h e r e f o r e  used i n  e v a l u a t i n g  p r e d i c t e d  assembly r es i s t ances .  

The p r e d i c t e d  and measured center - to-edge r o d  tempera tu re  d i f f e r e n c e s  f o r  

assemblies 1F and 26 are  shown i n  F igures  5.58 and 5.59, r e s p e c t i v e l y .  I n  

rev3ewing t h e  v e r t i c a l  runs on ly ,  t h e  temperature drop i n  assembly 1F was con- 

s t a n t l y  overp red ic ted ,  w i t h  t h e  g r e a t e s t  disagreement observed i n  t h e  he l i um  

runs. More impo r tan t ,  t h e  bes t  agreement was observed f o r  t h e  vacuum runs, 

( a )  Temperature da ta  f o r  edge rod  i n  assembly 1F was taken  3.63 ni above t h e  
cask bottom. 



Data 
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FIGURE 5.58. COBRA-SFS P re tes t  Predi  c t i  ons o f  Temperature 
D i f f e rences  f rom Assembly 1F Center Rod-to- 
Outer Rod Compared t o  Data 
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FIGURE 5.59. COBRA-SFS P re tes t  Pred i  c t  i ons o f  Temperatu r e  
D i f f e rences  f rom Assembly 26 Center Rod-to- 
Outer Rod Compared t o  Data 



cases t h a t  depend s t r o n g l y  on a  d e s c r i p t i o n  o f  t h e  r a d i a t i o n  heat t r a n s f e r .  

S i m i l a r  t r ends  can be observed i n  t h e  rod- to- rod temperature d i f fe rences  f o r  

assembly 26 as w e l l  ; however, t h e  data i s  no t  as c o n s i s t e n t l y  overp red ic ted .  

The gene ra l l y  good agreement between t h e  rod- to - rod  temperature d i f f e rences  f o r  

t h e  vacuum and n i t r o g e n  runs suggests t h a t  t h e  r a d i a t i o n  model i s  per forming 

adequately.  The d isc repanc ies  observed i n  t h e  he l i um cases a re  d iscussed 

be1 ow. 

The g r e a t e r  disagreement i n  t h e  he l i um b a c k f i l l  cases i s  r e l a t e d  d i r e c t l y  

t o  model ing heat  t r a n s f e r  f rom t h e  i so therma l  rod  su r f ace  t o  t h e  gas. I n  t h e  

p r e t e s t  ana l ys i s ,  t h e  heat  t r a n s f e r  f rom a  rod  t o  an ad jacen t  subchannel was 

based on t h e  average temperature o f  a l l  su r round ing  subchannels. Th i s  

approach, which assumes u n i f o r m  rod heat  f l u x ,  i s  v a l i d  f o r  some a p p l i c a t i o n s ,  

bu t  f a i l s  i n  s i t u a t i o n s  where t h e  f l u i d  conduct ion i s  a  s i g n i f i c a n t  means of 

heat removal. The assumption o f  u n i f o r m  rod heat f l u x  p rov ides  reduced o v e r a l l  

rod  heat t r a n s f e r  t o  t h e  f l u i d .  Th is  r e s u l t s  i n  an apparent i nc rease  i n  t h e  

fue l  assembly res is tance .  I n  t h e  n i t r o g e n  cases, t h e  e r r o r  i n  t h e  r o d - t o - f l u i d  

heat t r a n s f e r  i s  o f f s e t  e f f e c t i v e l y  by t h e  more dominant r a d i a t i o n  heat  t r a n s -  

fer .  I n  hel ium, where conduct ion through t h e  f l u i d  becomes an impo r tan t  means 

of heat removal, t h e  e r r o r  i n  t h e  f l u i d  heat  t r a n s f e r  i s  more no t i ceab le .  As a  

r e s u l t  o f  these  da ta  comparisons, t h e  rod - t o - f  1  u i  d  heat  t r a n s f e r  model was 

modi f ied i n  t h e  p o s t - t e s t  a n a l y s i s  t o  i n c l u d e  t h e  e f f e c t  o f  asymmetric rod  heat  

f l u x .  The r e s u l t  o f  t h i s  m o d i f i c a t i o n  on a  he l i um case was examined i n  t h e  

p o s t - t e s t  a n a l y s i s  and was found t o  s i g n i f i c a n t l y  lessen  some o f  t h e  uncer-  

t a i  n t i e s  assoc ia ted  w i t h  d e s c r i b i n g  t h e  f u e l  assembly thermal  res is tance .  

The rod- to - rod  temperature data sheds some l i g h t  on t h e  e f f e c t  o f  f u e l  

assembly o r i e n t a t i o n .  Rod-to-rod temperature d i f f e r e n c e s  f o r  assembly 26 were 

observed t o  be approx in ia te ly  t w o - t h i r d s  of those  f o r  assembly 1F i n  a l l  vacuum 

runs except run 11B, i n  which t h i s  r a t i o  inc reased  t o  1.5. Because runs 1 1 A  

and 11B were i d e n t i c a l  except  f o r  t h e  boundary c o n d i t i o n s ,  t h e  s h i f t  observed 

i n  t h e  assembly rod  temperature d i f f e r e n c e s  i s  be l i eved  t o  r e s u l t  f rom a  s h i f t  

i n  f ue l  assembly p o s i t i o n .  Th is  conc lus ion  i s  supported by t h e  f a c t  t h a t  t h e  

cask o r i e n t a t i o n  was changed f rom h o r i z o n t a l  t o  v e r t i c a l  f o r  t h e  s t a r t  o f  run 

11A, and was subsequent ly moved indoors  f o r  run  11B. Undoubtedly, t h e  e f f e c t  



o f  changing f u e l  assembly o r i e n t a t i o n  i s  r espons ib l e  f o r  most o f  t h e  s c a t t e r  i n  

t h e  rod- to - rod  temperature data, which, when compared t o  smal l  o v e r a l l  measured 

rod  temperature d i f f e r e n c e s ,  can become s i g n i f i c a n t .  

The d i f f i c u l t y  o f  d i f f e r e n t i a t i n g  between e f f e c t s  o f  f u e l  assembly o r i e n -  

t a t i o n  and problems i n  t h e  basket heat t r a n s f e r  model on t h e  fue l  assemhly 

r es i s t ance  makes o the r  r e v i s i o n s  o f  t h e  f u e l  assembly model d i f f i c u l t .  How- 

ever, t h e  change i n  t h e  r o d - t o - f l u i d  heat t r a n s f e r  model t o  i n c l u d e  asymmetric 

rod  heat  t r a n s f e r  was found t o  improve t h e  agreement i n  t h e  p o s t - t e s t  s imula-  

t i o n s .  Th is  was t h e  o n l y  m o d i f i c a t i o n  made t o  t h e  f u e l  assembly model i n  t h e  

p o s t - t e s t  a n a l y s i  s. 

5.2.3.1.3 Summary o f  P r e t e s t  P r e d i c t i o n  Resu l t s .  Comparisons of p r e t e s t  

p r e d i c t e d  peak temperatures and component temperature d i f f e r e n c e s  w i t h  t e s t  

data showed t h a t ,  i n  s p i t e  o f  some s i g n i f i c a n t  u n c e r t a i n t i e s  i n  t h e  cask des- 

c r i  p t i o n  and phys i ca l  models, t h e  thermal performance o f  a  mu1 t iassembly  d r y  

s to rage  cask can be p r e d i c t e d  s a t i s f a c t o r i l y  u s i n g  COBRA-SFS under a  v a r i e t y  of 

o p e r a t i n g  cond i t i ons .  Comparisons a l s o  showed where improvements cou ld  be made 

i n  t h e  code's f o rmu la t i ons  and i n  t h e  i n p u t  d e s c r i p t i o n  o f  t h e  REA cask. 

5.2.3.2 COBRA-SFS Post-Test P r e d i c t i o n s  

I n  t h i s  sec t i on ,  t h e  m o d i f i c a t i o n s  recommended f rom t h e  p r e t e s t  da ta  com- 

par i sons  a re  eva lua ted  f o r  severa l  s i g n i f i c a n t  cask t e s t  cases. The runs 

chosen f o r  t h e  p o s t - t e s t  ana l ys i s  were se lec ted  t o  show t h e  e f f e c t  o f  these 

changes under d i f f e r e n t  load ing ,  b a c k f i  11 media, and o r i e n t a t i o n  cond i t i ons .  

The recommended m o d i f i c a t i o n s  i n c l u d e  changes i n  t h e  assumed cask. d e s c r i p t i o n  

and changes i n  t h e  model ing approach. P re tes t  and p o s t - t e s t  s imu la t i ons  f o r  

t h e  o v e r a l l  peak-to-ambient and f o u r  key components o f  t h e  cask ( su r f ace -  

to-ambient,  cask body, basket,  and f u e l  assembly) a re  presented and compared t o  

data t o  demonstrate t h e  improved p r e d i c t i v e  c a p a b i l i t i e s .  

Eva lua t ions  o f  p r e d i c t e d  versus measured surface-to-ambient temperature 

d i f f e r e n c e s  showed a  cons i s t en t  o v e r p r e d i c t i o n  of t h e  data under forced convec- 

t i o n  o r  s tagnant  ambient cond i t i ons ,  suggest ing d e f i c i e n c i e s  i n  t h e  convec t i ve  

heat t r a n s f e r  c o r r e l a t i o n s  a p p l i e d  t o  t h e  cask o u t e r  sur face.  The underp red ic -  

t e d  convec t i ve  heat  t r a n s f e r  observed i n  t h e  p r e t e s t  comparisons was a t t r i b u t e d  



t o  t h e  i nabi 1  i ty  t o  c o r r e c t l y  spec i f y  combined n a t u r a l  and f o r ced  convec t ion  

and t h e  assumed dependence o f  convec t i ve  heat  t r a n s f e r  on f ree-s t ream t u r b u -  

lence. To account f o r  d i f f e r e n c e s  i n  su r f ace  temperature,  t h e  cask sur face 

heat t r a n s f e r  c o e f f i c i e n t  was inc reased  t o  p rov ide  an approximate match of 

p r e d i c t e d  and measured su r f ace  temperatures. No at tempt  was made t o  de f ine  a  

new heat t r a n s f e r  c o r r e l a t i o n  f rom these new f i l m  c o e f f i c i e n t s ,  as t h i s  was 

beyond t h e  in tended scope o f  t h e  da ta  comparisons. Only an agreement i n  su r -  

face temperature was sought. As a  r e s u l t  o f  t h i s  agreement, eva lua t i ons  of 

o t h e r  cask component temperature d i f f e r e n c e s  was g r e a t l y  simp1 i f  ied.  An ade- 

quate agreement i n  cask su r f ace  temperature was achieved i n  a l l  cases u s i n g  

t h i s  approach. 

Comparisons o f  cask body i n t e r i o r  and e x t e r i o r  temperatures showed an 

underest imated thermal  res is tance .  To i nc rease  t h e  cask body res i s tance ,  t h e  

assumed w i d t h  o f  t h e  basket- to-cask gap was inc reased  50% f rom 0.056 cm (0.022 

in . )  t o  0.012 cm (0.036 in . ) ,  w e l l  w i t h i n  t h e  measured upper bounds f o r  t h i s  

parameter (0.254 cm, 0.100 in.) .  A d d i t i o n a l l y ,  t h e  con tac t  conductance assumed 

f o r  t h e  conduc t ion  s t r i p - t o - b a s k e t  con tac t  was reduced 50% f rom t h e  p r e t e s t  

va lue o f  0.56 w/cmZ0~ (1000 B t u / h r f t Z 0 ~ )  t o  0.28 w/cmZ0c (500 ~ t u l h r f t ' " ~ )  f o r  

t h e  nonevacuated t e s t s .  Th is  con tac t  conductance was reduced even f u r t h e r  t o  

0.056 w/cmZ0c (10 B t u / h r f t 2 ~ ~ )  f o r  t h e  vacuum cases t o  account f o r  gap w id ths  

t h a t  may be l e s s  than  t h e  mean-free mo lecu la r  pa th  o f  low p ressure  n i t r ogen .  

No o the r  m o d i f i c a t i o n s  i n  t h e  cask body model o r  d e s c r i p t i o n  were made. 

Disagreements between p r e d i c t e d  and measured temperatures i n  t h e  basket 

reg ion  were not  a t t r i b u t e d  t o  a  s p e c i f i c  cause, bu t  r a t h e r  t o  a  compl i ca ted  

i n t e r a c t i o n  o f  e f f e c t s ,  which, i n  t o t a l ,  produced d isc repanc ies  observed i n  t h e  

data comparisons. As such, t h e  p o s t - t e s t  s i m u l a t i o n s  were performed w i t h  t h e  

s a p  basket model used i n  t h e  p r e t e s t  ana l ys i s .  

M o d i f i c a t i o n s  made i n  t h e  f u e l  assembly r e s i s t a n c e  i n c l u d e d  changes i n  t h e  

code models and changes i n  t h e  i n p u t  ( f i l m  heat  t r a n s f e r  c o e f f i c i e n t ) .  D i s -  

agreements i n  t h e  f u e l  assembly r e s i s t a n c e  were observed as d i f f e r e n c e s  between 

t h e  p r e d i c t e d  and measured center - to-edge r o d  temperature d i f f e r e n c e s  i n  t h e  

he1 ium b a c k f i  11 cases. Th is  d iscrepancy was a t t r i b u t e d  t o  t h e  symmetr ic rod-  

t o - f l u i d  heat t r a n s f e r  model, i n  which conduct ion th rough t h e  h i g h  c o n d u c t i v i t y  



he l i um  gas i s  i n h i b i t e d  by t h e  assumed un i f o rm  d i s t r i b u t i o n  of heat from t h e  

rod  i n t o  t h e  su r round ing  f l u i d .  An asymmetric r o d  heat  f l u x  model was i nco rpo -  

r a t e d  f o r  t h e  p o s t - t e s t  s imu la t i ons ,  which cons iderab ly  improved t h e  p r e d i c t e d  

he1 ium-to- fue l  assembly thermal r es i s t ance .  L i t t l e  change i n  t h e  vacuum and 

n i t r o g e n  r a d i a l  p r o f i l e s  was seen as a  r e s u l t  o f  t h i s  model re f inement .  

The second m o d i f i c a t i o n  t o  t h e  f u e l  assembly model was i n  t h e  f u e l  assem- 

b l y  heat t r a n s f e r  c o e f f i c i e n t .  The a x i a l  su r f ace  temperature p r o f i l e s  were 

found t o  more c l o s e l y  represent  a  cons tan t  -su r face  temperature c o n d i t i o n  f o r  

f u l l y  developed f l o w  i n  a  pipe, r a t h e r  than  t h e  e a r l i e r  assumed cons tan t  heat 

f l u x  cond i t i on .  Th is  was e s p e c i a l l y  so f o r  t h e  n i t r o g e n  case. As a  r e s u l t ,  a  

new heat  t r a n s f e r  c o r r e l a t i o n  was chosen. The new express ion,  developed f o r  

cons tan t  su r f ace  temperature cond i t i ons ,  reduced t h e  f i l m  heat  t r a n s f e r  c o e f f i -  

c i e n t  by 16%, f rom Nu = 4.36 t o  Nu = 3.66. Th is  m o d i f i c a t i o n  has l i t t l e  e f f e c t  

on t h e  p r e d i c t e d  f u e l  assen~bly temperature d i s t r i b u t i o n s  i n  t h i s  cask, bu t  i t  

was made t o  be c o n s i s t e n t  w i t h  recommendations made i n  s i n g l e  assembly da ta  

comparisons (Lombard0 e t  a1 . 1986). 

The f i n a l  m o d i f i c a t i o n  t o  t h e  f u e l  assembly model was i n  t h e  a x i a l  power 

p r o f i l e .  A measured gamma f l u x  a x i a l  d i s t r i b u t i o n  was a v a i l a b l e  f o r  t h e  pos t -  

t e s t  a n a l y s i s  and was u n i f o r m l y  i nco rpo ra ted  i n t o  t h e  computat iona l  model. 

Th is  expe r imen ta l l y  measured gamma p r o f i l e  i s  shown i n  F i g u r e  4.4 o f  

Sec t ion  4.3. 

The f i n a l  r e v i s i o n  t o  t h e  i n p u t  f o r  t h e  p o s t - t e s t  s imu la t i ons  was i n  t h e  

plenum reg ions.  A g rea t  deal  o f  u n c e r t a i n t y  i s  assoc ia ted  w i t h  model ing these  

reg ions  due t o  t h e  s i m p l i f i e d  niomentum and heat  t r a n s f e r  models employed i n  

COBRA-SFS and i n  t h e  complex f l o w  paths and f low res i s t ances  o f  these  reg ions.  

A s i g n i f i c a n t  t r e n d  no t  p r e d i c t e d  by t h e  c u r r e n t  plenum model was t h e  r a d i a l  

v a r i a t i o n  i n  assembly i n l e t  temperatures.  A min i  parameter s tudy on t h e  i n p u t  

heat  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  upper and lower  plenum showed t h a t  i f  o the r  

parameters were h e l d  constant ,  t h e  v a r i a t i o n  i n  i n l e t  temperature cou ld  be 

improved by reduc ing  t h e  plenum heat  t r a n s f e r  c o e f f i c i e n t .  Therefore,  t h e  

p r e t e s t  plenum f i l m  heat  t r a n s f e r  c o e f f i c i e n t  was decreased by an o rde r  o f  

magnitude i n  t h e  p o s t - t e s t  ana lys is .  



The r e f  i nements d e s c r i  bed above were used t o  per fo rm p o s t - t e s t  s imul  a t  i ons 

o f  f i v e  se l ec ted  runs: 2, 6b, 9, l l a ,  and 13. Run 2  ( v e r t i c a l ,  n i t r ogen ,  p a r -  

t i a l  l o a d )  was s e l e c t e d  because it was a n t i c i p a t e d  t h a t  f l o w  r e c i r c u l a t i o n  i n  

t h e  p a r t i a l l y  loaded cask would be t h e  most d i f f i c u l t  t o  p r e d i c t  accu ra te l y .  

Runs 6b ( v e r t i c a l ,  vacuum, f u l l  l oad ) ,  l l a  ( v e r t i c a l ,  hel ium, f u l l  l oad ) ,  and 

13 ( v e r t i c a l ,  n i t r ogen ,  f u l l  load, i n s u l a t e d )  p r o v i d e  a  r e p r e s e n t a t i o n  of t h e  

t h r e e  b a c k f i l l  media. Run 9  ( h o r i z o n t a l ,  n i t r ogen ,  f u l l  l o a d )  represen ts  

e f f e c t s  o f  these  m o d i f i c a t i o n s  i n  t h e  h o r i z o n t a l  o r i e n t a t i o n .  

The r e s u l t s  o f  t h e  p o s t - t e s t  p r e d i c t i o n s  a re  aga in  summarized i n  bar  graph 

form i n  F i  gure 5.60. Ove ra l l  peak-to-ambient temperature d i f fe rences ,  as we1 1  

as temperature d i f f e r e n c e s  th rough  t h e  f o u r  major  cask components, a r e  shown. 

To i n d i c a t e  t h e  improvement o f f e r e d  by t h e  p o s t - t e s t  p r e d i c t i o n s ,  p r e t e s t  and 

p o s t - t e s t  r e s u l t s  a re  shown w i t h  t e s t  data. As seen i n  F i g u r e  5.60, t h e  pos t -  

t e s t  p r e d i c t i o n s  demonstrate an improved agreement w i t h  t h e  data.  I n  a d d i t i o n  

t o  improved o v e r a l l  temperature p r e d i c t i o n s ,  p r e d i c t i o n s  o f  t h e  f o u r  component 

temperature d i f f e r e n c e s  a re  s i m i l a r l y  improved. 

To f u r t h e r  demonstrate t h e  improvements, a x i  a1 and r a d i a l  p o s t - t e s t  

p r o f i l e s  f o r  t h e  t h r e e  d i f f e r e n t  f i l l  media a re  p resen ted  i n  F i gu res  5.61 and 

5.62, r e s p e c t i v e l y .  A l though improvements were obtained, some disagreement 

between p r e d i c t i o n s  and da ta  s t i l l  e x i s t .  S p e c i f i c a l l y ,  t h e  p r e d i c t e d  a x i a l  

temperature p r o f i l e  (F i gu re  5.61) f o r  t h e  n i t r o g e n  case shows d i f f e r e n t  t r ends  

a t  t h e  l owe r  e l e v a t i o n s .  D i f f e r e n c e s  i n  t h e  p r e d i c t e d  and measured a x i a l  p r o -  

f i l e s  f o r  t h e  convec t i ve  cases r e s u l t  f rom severa l  i n t e r r e l a t e d  e f f e c t s :  t h e  

simp1 i f i e d  one-dimensional  plenum model, t h e  unknown downcomer and f u e l  assem- 

b l y  f i l m  heat  t r a n s f e r ,  and unknown cask f l o w  res is tances .  To improve t h e  

n i t r o g e n  p o s t - t e s t  p r e d i c t i o n s ,  t h e  plenum model would need t o  be r e v i s e d  t o  

account f o r  r a d i  a1 l y  v a r y i n g  p ressure  and tempera tu re  d i s t r i b u t i o n s .  

Peak c l a d d i n g  temperatures a r e  unde rp red i c t ed  i n  t h e  h e l i u m  case ( r u n  l l a  

of F i g u r e  5.60). A comparison o f  t h e  component tempera tu re  drops i n  F i g -  

u res  5.60 and 5.62 f o r  t h e  he l i um  case shows t h a t  t h e  major  p o r t i o n  of t h e  

d i f f e rence  i s  i n  t h e  cask body. Also,  comparisons o f  p r e t e s t  p r e d i c t i o n s  w i t h  
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pos t - t es t  p r e d i c t i o n s  i n  F igu re  5.60 show t h a t  m o d i f i c a t i o n s  made t o  t h e  cask 

body model have 1 i t t l e  e f f e c t  on c a l c u l a t e d  cask temperature d i f f e r e n c e s  f o r  

t h e  he1 ium. 

5.2.4 Parametr ic  Stud ies 

This  s e c t i o n  descr ibes two separate parametic s tud ies .  I n  t h e  f i r s t  

study, t h e  o v e r a l l  s e n s i t i v i t y  o f  t h e  p r e d i c t e d  r e s u l t s  t o  f u e l  tube  and f u e l  

rod emi s s i  v i  t y  values i s  i nves t i ga ted .  The bes t -es t imate  maxi mum cask decay 

heat l oad ing  w i t h  he l ium b a c k f i l l  i s  presented i n  t h e  second study. 

5.2.4.1 Fuel Assembly and Fuel Tube Emit tances 

Unce r ta i n t i es  o f  t h e  assumed f u e l  rod  and f u e l  tube  emi t tances on t h e  

o v e r a l l  p r e d i c t e d  cask heat  t r a n s f e r  were i n v e s t i g a t e d  i n  two separate e f f e c t s  

s imu la t ions .  The s e n s i t i v i t y  o f  these parameters was i n v e s t i g a t e d  f o r  t h e  f u l l  



load,  v e r t i c a l ,  he l i um  run  ( r un  l l a )  by sepa ra te l y  v a r y i n g  t h e  f ue l  r od  em i t -  

tance  f rom 0.8 t o  0.6 and subsequent ly  m o d i f y i n g  t h e  f u e l  t ube  em i t t ance  from 

0.2 t o  0.3. I n  each case, on l y  a  s i n g l e  va lue  o f  emi t tance  was changed a t  a  

t ime ;  t h e  o t h e r  emi t tance  remained a t  i t s  nominal value. Both r e v i s i o n s  a re  

FIGURE 5.61. COBRA-SFS Post-Test P r e d i c t i o n s  o f  Center  Assembly 
25 Center1 i ne Axi  a1 Temperature Pro f  i 1  es Compared 
t o  Pa r t  and F u l l  Load, V e r t i c a l ,  Vacuum, N i t rogen ,  
and He1 ium Data 
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FIGURE 5.62. COBRA-SFS Post -Test P r e d i c t i o n s  o f  Radi a1 (Di agonal ) 
Temperature P r o f i l e s  Compared t o  Par t  and F u l l  Load, 
V e r t i c a l ,  Vacuum, Ni t rogen,  and Hel ium Data a t  3.33 m 
E l e v a t i o n  

expected t o  l i e  w i t h i n  t h e  range o f  emi t tance  values f o r  these  two components 

and t h e r e f o r e  can be expected t o  p r o v i d e  impor tan t  i n f o r m a t i o n  on t h e  impact o f  

r a d i a t i o n  heat  t r a n s f e r  i n  a  he l i um  b a c k f i l l .  An ambient temperature o f  52°C 

w i t h  s tagnant  atmospher ic c o n d i t i o n s  was assumed i n  t h i s  study. 

The p r e d i c t e d  r a d i a l  temperature p r o f i l e s  f o r  assembly 25 a re  presented i n  

F i gu re  5.63 f o r  t h e  two r e v i s e d  se t s  o f  f u e l  r o d l f u e l  tube  emi t tance  values. 

As can be seen, a  25% decrease i n  f u e l  r od  erni t tance and a  50% i nc rease  i n  f u e l  

tube  emi t tance  does l i t t l e  (13°C) t o  change t h e  p r e d i c t e d  peak c l a d d i n g  temper- 

a ture.  Th i s  i s  expected because t h e  thermal  r e s i s t a n c e  of t h e  f ue l  assembly i s  

smal l  compared t o  t h e  o v e r a l l  cask res is tance .  
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5.2.4.2 Best -Est imate Maximum Cask Heat Load i n  Hel ium 

The maximum cask decay heat  l oad  under l i c e n s i n g  c o n d i t i o n s  w i t h  a  he1 ium 

back f i  11 was i n v e s t i g a t e d  f o r  a  v e r t i c a l l y  o r i e n t e d  cask, aga in  w i t h  t h e  p o s t -  

t e s t  code i n p u t  and computat iona l  model re f inements .  The maximum heat  l o a d  i n  

t h e  cask i s  l i m i t e d  by t h r e e  c o n s t r a i n t s  on t h e  f u e l  and cask component 

temperatures : 

380°C maximum f u e l  temperature 

327°C maximum gamma s h i e l d  ( l e a d )  tempera tu re  

148°C maximum neu t ron  s h i e l d  temperature.  

The f u e l  tempera tu re  l i m i t  i s  a  c o n s t r a i n t  d i c t a t e d  by c u r r e n t  i n f o r m a t i o n  

r ega rd i ng  f u e l  r od  c l a d d i n g  i n t e g r i t y  (Johnson and G i l b e r t  1983). The con- 

s t r a i n t  on t h e  gamma s h i e l d  i s  d i c t a t e d  by t h e  l ead  m e l t i n g  p o i n t ,  327°C. The 

l i m i t  on t h e  neu t ron  s h i e l d  temperature occurs w i t h  b o i l i n g  o f  t h e  e thy l ene  



g l y c o l  /water  m i x tu re ;  t h e  148°C 1 i m i  t represen ts  t h e  s a t u r a t i o n  temperature of 

t h e  g l y c o l / w a t e r  m i x t u r e  a t  50 p s i a  (3.63 atm), t h e  des ign p ressure  f o r  t h e  

neut ron sh ie l d .  

Knowing t h e  above temperature l i m i t s ,  t h e  maximum heat  r a t e  was determined 

u s i n g  t h e  f o l l o w i n g  cond i t i ons :  

v e r t i c a l  o r i e n t a t i o n  

he l ium b a c k f i l l  (P = 1.5 atm) 

un i fo rm assembly decay heat r a t e s  

5Z°C ambient temperature 

s tagnant  ambient cond i t i ons .  

A f t e r  some i t e r a t i o n ,  t h e  neu t ron  s h i e l d  temperature was i d e n t i f i e d  as t h e  

l i m i t i n g  cond i t i on .  A maximum, u n i f o r m  heat r a t e  o f  750 W pe r  assembly was 

found t o  approach t h e  l i m i t  on t h e  neu t ron  s h i e l d  temperature,  b u t  r e s u l t e d  i n  

a  peak f u e l  temperature o f  o n l y  296OC. The f u e l  temperature l i m i t  was no t  

reached because o f  t h e  excep t iona l  conductance o f  t h e  basket w i t h  a  he l i um  

b a c k f i  11. A x i a l  and r a d i a l  temperature p r o f i l e s  f o r  t h e  maximum p r e d i c t e d  heat  

l oad  o f  750 W pe r  assembly a re  shown i n  F igures  5.64 and 5.65, r e s p e c t i v e l y .  

For  re ference,  t h e  p r e d i c t i o n s  and da ta  f o r  run  l l a ,  a  v e r t i c a l  he l i um  case 

w i t h  an average l o a d i n g  o f  290 W/assembly l o c a t e d  outdoors,  a re  presented w i t h  

t h e  maximum heat r a t e  p r e d i c t i o n s .  It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  maximum 

p r e d i c t e d  heat  l o a d  f o r  he l i um  and n i t r o g e n  b a c k f i l l s  were i d e n t i c a l  (see Sec- 

t i o n  5.1.4.2). The added thermal  b e n e f i t  o f  a  he l i um  b a c k f i l l  was no t  observed 

i n  t h i s  s tudy because o f  t h e  thermal  l i m i t  reached on neu t ron  s h i e l d  tempera- 

t u re .  E l i m i n a t i o n  of t h i s  c o n s t r a i n t  would a l l o w  a h i g h e r  heat  l o a d i n g  w i t h  

hel ium, as would be expected. 
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6.0 SHIELDING ANALYSES 

I n  t h i s  sec t  i on ,  s h i e l d i n g  p r e d i c t i o n s  a re  compared w i t h  exper imenta l  dose 

r a t e  data ob ta ined  on t h e  e x t e r i o r  su r f ace  o f  t h e  REA 2023 cask. Inc luded  a re  

d iscuss ions  o f  t h e  QAD and DOT computer codes used t o  per fo rm t h e  "p re - look"  

s h i e l d i n g  analyses. The codes and t h e i r  models and i n p u t  a re  descr ibed. 

Because t h e  "pre-1 ook" p r e d i c t i o n s  were i n  s a t i s f a c t o r y  agreement w i t h  data, no 

p o s t - t e s t  analyses were performed. 

6.1 QAD ANALYSIS 

The QAD code was used t o  c a l c u l a t e  gamma-ray dose r a t e s  on t h e  REA cask 

o u t e r  sur face.  The code i t s e l f ,  a long  w i t h  t h e  models and i n p u t  used t o  

descr ibe  t h e  cask, a re  d iscussed i n  t h e  f o l l o w i n g  sec t ions .  

6.1.1 QAD Computer Code 

The QAD-CG code (Malenfant  1967; ORNL 1977) was used t o  c a l c u l a t e  gamma- 

ray r a d i a t i o n  dose r a t e s  on t h e  o u t e r  su r f ace  o f  t h e  cask. The code c a l c u l a t e s  

t h e  f as t - neu t  r on  and gamma-ray pene t ra t i ons  through var ious  s h i e l d i n g  conf  i gu - 
r a t i o n s  u s i n g  t h e  p o i  n t - ke rne l  method. The p o i  n t - ke rne l  method i nvol  ves r ep re -  

s e n t i n g  t h e  source volume by a  number o f  p o i n t  i s o t r o p i c  sources and comput ing 

t h e  l i n e - o f - s i g h t  d i s t a n c e  f rom each of these  source p o i n t s  t o  t h e  d e t e c t o r  

p o i n t s .  From t h e  d is tances  through t h e  s h i e l d i n g  reg ions  and t h e  a t t e n u a t i n g  

c h a r a c t e r i s t i c s  o f  t h e  s h i e l d i n g  m a t e r i a l s ,  geometr ic a t t e n u a t i o n  and m a t e r i a l  

a t t e n u a t i o n  a re  determined. 

The QAD code has evolved through severa l  stages t o  t h e  ve r s i on  used f o r  

t h i s  ana l ys i s ,  QAD-CG (ORNL 1977). It con ta i ns  t h e  MORSE (S t rake r  e t  a l .  1970) 

combi n a t o r i  a1 geomet r y  subrout ines,  which permi t accura te  d e s c r i p t i o n s  o f  t h e  

systems. 

6.1.2 QAD Models and I n p u t  

Several  models o f  t h e  cask were developed d u r i n g  t h e  ana l ys i s .  The f i r s t  

model simp1 i f i e d  t h e  c a v i t y  volumes. The f u e l  assemblies were homogenized w i t h  

t h e  s t r u c t u r a l  m a t e r i a l s  and t h e  voids. Th i s  model was used f o r  scoping 

p red i  c t  i ons. 



I n  t h e  "best  es t ima te "  cask model, t h e  f u e l  assemblies, vo ids,  and basket  

s t r u c t u r e  were represen ted  as s p e c i f i c  reg ions  i n  one quadrant  of t h e  cask. A 

p l a n  view o f  t h e  basket  i s  shown i n  F i g u r e  6.1. D e t a i l e d  s t r u c t u r a l  m a t e r i a l  

was i n c l u d e d  i n  t h e  model bu t  i s  no t  shown i n  F i g u r e  6.1 because i t  i s  p r o -  

p r i e t a r y .  Two f u e l  tubes and some s t r u c t u r a l  m a t e r i a l  ad jacen t  t o  t h e  quadrant 

were modeled i n  d e t a i l  because o f  p o s s i b l e  c o n t r i b u t i o n  t o  some o f  t h e  r a d i a -  

t i o n  dose values. The f ue l  assembl ies were assumed t o  be cen te red  w i t h i n  each 

f ue l  tube. I n  t h e  model, t h e r e  was no gap between t h e  f u e l  assembly and t h e  

f u e l  t ube  w a l l .  W i t h i n  each f u e l  assembly, t h e  f u e l  p i n s  were homogenized w i t h  

t h e  space between t h e  p ins .  

F I G U R E  6.1. D e t a i l e d  QAD Basket Model 



I n  t h e  o t h e r  quadrants o f  t h e  cask, 37 assembl ies were represented as 

un i fo rm reg ions  o f  f u e l ,  end f i t t i n g s ,  plenum, t i e  p l a t e s ,  and l i f t i n g  b a i l s .  

The s t r u c t u r a l  m a t e r i a l  was omit ted.  The R-Z  model o f  t h e  cask showing t h e  

a x i a l  p o s i t i o n  o f  these  m a t e r i a l s  i s  shown i n  F i g u r e  6.2. Gaps w i t h i n  t h e  cask 

were ignored,  as were p r o t r u s i o n s  on t h e  sur face.  I t  was assumed t h a t  t h e  b o t -  

tom s e c t i o n  (expansion chamber) o f  t h e  neu t ron  s h i e l d  con ta ined  a i r .  Bas ic  

cask m a t e r i a l  e lemental  d e n s i t i e s  a re  g iven i n  Table  6.1. 

Radius, cm 

FIGURE 6.2. QAD Ax ia l  Cask Model 
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TABLE 6.1. QAD M a t e r i a l  E lementa l  D e n s i t i e s ,  gm/cm 3 

Neut ron S t a i n l e s s  T i  e  End 
Element S h i e l d  Lead S t e e l  Handles P l a t e  Plenum F i t t i n g -  Fue l  Copper 

H  0.109 

C 0.212 0.0002 0 .OLIO35 

N 0.0104 0.0002 0.0035 0.0002 0.0013 0.00023 

0 0.732 0.2978 

A1 0.00138 

S i 0.0802 0.0014 0.0270 0.0018 0.0097 

C r 1.5238 0.0271 0.5138 0.0395 0.1850 0.0196 
m 
P Mn 0.1604 0.0029 0.0541 0.0036 0.0195 0.0020 

F e  5.5298 0.0983 1.8647 0.1265 0.6710 0.0699 

N i 0.7154 0.0127 0.2412 0.0299 0.0868 0.0093 

C u 8.92 

Z r 0.9239 0.5488 

S n  0.0150 0.0090 

Gd 0.0035 

Pb 

U 2.2118 



The d e s c r i p t i o n  o f  t h e  f u e l  assemblies was obta ined f rom GE. It was 

assumed t h a t  t h e  s t a i n l e s s  s t e e l  con ta ined  800 ppm o f  c o b a l t  and t h e  Inconel  

718 con ta ined  4694 ppm of coba l t .  D e n s i t i e s  f o r  t h e  f u e l  assemblies were spec- 

i f i e d  i n  Sec t ion  4.0. It was assumed t h a t  each assembly con ta ined  190.5 kg  of 

uranium. The elemental  d e n s i t i e s  used i n  t h e  QAD model a re  a l s o  g iven i n  

Table 6.1. 

Neutron and photon source terms f o r  t h e  f u e l  were based on ORIGEN2 pre-  

d i c t i o n s  (Sec t ion  4.0). Core average a x i a l  exposures f rom t h e  Cooper BWR 

r e a c t o r  were ob ta ined  f o r  end-of -cyc le  6 and 7 (EOC6 and EOC7) f rom GE. Aver- 

age exposures f o r  24 equal ly-spaced a x i a l  nodes were prov ided.  The r e l a t i v e  

a x i a l  exposure d i s t r i b u t i o n  was normal ized and averaged f o r  t h e  two cyc les  t o  

produce t h e  composite a x i a l  burnup d i s t r i b u t i o n  shown i n  F igu re  6.3. Th is  d i s -  

t r i b u t i o n  was used t o  determine t h e  burnup i n p u t  t o  ORIGENZ i n  o rder  t o  ca l cu -  

l a t e  t h e  neut ron and photon source terms i n  t h e  a x i a l  d i r e c t i o n .  

Bottom 0 ' 
0.5 0 6  07 0.8 0.9 1 0  1.1 1 2  1 3  1 4  

Relat~ve Burnup 

FIGURE 6.3. Cooper Fuel Assembly Average Axi a1 
Burnup P r o f i l e  (Cycles 6 and 7 )  



The average exposure of t h e  f ue l  assemblies expected t o  be loaded i n t o  

t h e  cask was 26,512 MWd/MTU. Assembly CZ460 had an exposure o f  26,511 MWd/MTU, 

so t h e  source terms c a l c u l a t e d  f o r  i t  were used as an average f o r  t h e  cask. 

Photon source t e rm  va lues f o r  t h e  most impo r tan t  energy groups a r e  g iven  i n  

Table 6.2. The shape of t h e  source d i s t r i b u t i o n  i n  t h e  X and Y d i r e c t i o n s  

was based on t h e  assembly exposure as a f u n c t i o n  o f  p o s i t i o n  and i s  g iven  i n  

Table 6.3. The a x i a l  2.25-MeV source d i s t r i b u t i o n  i s  shown i n  F i g u r e  6.4 and 

was used as i n p u t  t o  QAD. The s p e c i f i c  source values used i n  QAD a re  g iven  i n  

Table 6.4. 

I n  a d d i t i o n  t o  t h e  gamma rays f rom t h e  f u e l ,  t h e r e  were gamma rays p ro -  

duced i n  t h e  s t a i n l e s s  s t e e l  and Inconel  s t r u c t u r a l  m a t e r i a l s  because of t h e  

TABLE 6.2. QAD Photon Source Terms 

Energy, MeV Phot ons/sec/MTU Photons/sec/Assembly 

0.85 9.602 + 14 1.829 + 14 
1.25 2.017 + 14 3.842 + 13 

1.75 9.475 + 12 1.805 + 12 

2.25 8.083 + 12 1.540 + 12 
2.75 2.121 + 11 4.041 + 10 
3.50 2.693 + 10 5.130 + 09 

TABLE 6.3. QAD X- and Y -D i rec t i on  Photon P r o f i l e  

D is tance  from Cask 
Cen te r l i ne ,  cm 

Re1 a t  i ve 
Value 

1.04 

1.04 

1.03 

1.02 

1.01 

1.00 

0.99 

0.98 

0.98 



Elevat~on,  cm 

FIGURE 6.4. Fuel  Assembly Axi a1 Gamma-Ray Source P r o f  i 1 e 

TABLE 6.4. QAD Z - D i  r e c t  i on Photon Prof i 1 e 

D is tance  from R e l a t i v e  
Cask Bottom, cm Val ue 

37.71 0.22 
45.0 0.31 
60.0 0.68 
80.0 1.10 

100.0 1.27 
120.0 1.32 
140.0 1.32 
160.0 1.30 
180.0 1.29 
200.0 1.27 
220.0 1.24 
240.0 1.22 
260.0 1.21 
280.0 1.19 
300.0 1.16 
320.0 1.12 
340.0 1.05 
360.0 0.95 
380.0 0.78 
390.0 0.64 
400.0 0.42 
405.0 0.32 
408.55 0.28 



presence o f  c o b a l t  . D u r i  ng i r r a d i  a t  i on, neu t ron  captures by 5 9 ~ o  produce 6 0 ~ o ,  

which has a h a l f - l i f e  o f  5.272 years .  Each 6 0 ~ ~  decay r e s u l t s  i n  two photons, 

one w i t h  an energy o f  1.332 MeV and t h e  o t h e r  w i t h  an energy o f  1.173 MeV. 

The 6 0 ~ o  a c t i v i t y  was c a l c u l a t e d  w i t h  XSDRN (ORNL 1969) by model ing t h e  

fue l  and t h e  reg ions  above and below t h e  f u e l  as s l a b  reg ions.  Pe rpend i cu l a r  

t o  t h e  s l a b  reg ions  i s  t h e  a x i a l  d i r e c t i o n  o f  t h e  core. The steam v o i d  f r a c -  

t i o n  i n f l u e n c e s  t h e  neu t ron  spectrum and, hence, t h e  t o p  f i t t i n g  a c t i v a t i o n .  

The steam v o i d  f r a c t i o n  f o r  t h e  XSDRN p r e d i c t i o n  was es t ima ted  u s i n g  t h e  a x i a l  

burnup d i s t r i b u t i o n  shown i n  F i g u r e  6.3. It was assumed t h a t  t h e  a x i a l  burnup 

d i s t r i b u t i o n  was an accura te  r e f l e c t i o n  o f  t h e  cycle-averaged a x i  a1 power d i s -  

t r i b u t i o n .  Table  6.5 shows t h e  assumed r e l a t i v e  power, en tha lpy  r i s e  f ac to r ,  

and t h e  r e s u l t i n g  nodal average steam v o i d  f r a c t i o n s .  The assumed i n l e t  

en tha lpy  was 535 B t u / l b  and t h e  assumed i n l e t  subcoo l ing  was 30 B t u l l b ,  g i v i n g  

an average v o i d  f r a c t i o n  o f  0.39. Above t h e  f u e l ,  t h e  v o i d  f r a c t i o n  was 

assumed t o  be 0.742 as shown i n  Table  6.5. 

The c o b a l t  a c t i v a t i o n s  i n  each reg ion  o f  a f u e l  assembly a r e  g i ven  i n  

Table 6.6 f o r  an exposure o f  26,512 MWd/MTU. The source t e rm  i s  determined 

f rom t h e  a c t i v a t i o n s  assuming a dose r a t e  measurement da te  o f  September 30, 

TABLE 6.5. Assumed A x i a l  Steam Void D i s t r i b u t i o n  

Re1 a t i  ve En tha l  phy R i se  
Node Power F a c t o r  

Bot tom 1 0.420 0.035 
2 1.072 0.124 
3 1.221 0.226 
4 1.221 0.328 
5 1.192 0.427 
6 1.165 0.524 
7 1.131 0.618 
8 1.111 0.711 
9 1.072 0.800 

10 1.013 0.885 
11 0.859 0.956 

Top 12 0.523 1.000 
I n l e t  Entha lpy:  535 B t u l l  b 

I n l e t  Subcool i ng :  30 B t u / l  b 
Average Steam Void F r a c t i o n :  0.390 

Steam Void 
F r a c t i o n  

0.00 
0.050 
0.130 
0.211 
0.289 
0.366 
0.440 
0.513 
0.584 
0.651 
0.707 
0.742 



1984. Wi th  a h a l f - l i f e  o f  5.272 years,  a s i g n i f i c a n t  amount of t h e  6 0 ~ o  has 

decayed away by t h e  measurement date.  The photon source f o r  each of t h e  two 

energ ies  i s  g iven  i n  Table  6.6. 

A c t i v a t i o n  r a t e s  as a f u n c t i o n  o f  a x i a l  p o s i t i o n  w i t h i n  each reg ion  

were a l s o  c a l c u l a t e d  w i t h  XSDRN. Normalized va lues used i n  QAD a re  g iven  i n  

Table  6.7. Assembly exposures vary by on l y  16% f r om t h e  minimum t o  t h e  maximum 

(8% i n  t h e  f i r s t  quadrant ) .  Because t h e  gamma-ray sources a re  n e a r l y  l i n e a r  

w i t h  exposure, t h e  v a r i a t i o n  among assemblies i s  about 15%. To s i m p l i f y  model- 

i n g  t h e  system, a f l a t  source d i s t r i b u t i o n  was used i n  t h e  X-Y p lane. 

TABLE 6.6. Coba l t  A c t i v a t i o n  Photon Sources 

6 0 ~ o  A c t i v a t i o n  pe r  P a r t i  a1 Cask F u l l  Cask 
Regi on k g  o f  SS and Incone l  Source, y/sec Source, y /sec 

End f i t t i n g s  8.2 + 19 1.66 + 13 3.09 + 13 
Plenum 7.0 + 20 5.8 + 13 1.07 + 14 
T i e  p l a t e  1.7 + 20 1.09 + 13 2.03 + 13 
Hand1 es 1.3 + 20 3.32 + 12 6.18 + 12 

TABLE 6.7. QAD A x i a l  Photon Source P r o f i l e s  

Plenum T i e  P l a t e  
E leva t i on ,  R e l a t i v e  E leva t i on ,  R e l a t i v e  

cm Value c m Value 

408.55 1.23 446.91 1.10 
413.00 1.306 447.99 1.00 
420.00 1.23 449.07 0.90 
430.00 0.99 
440.00 0.72 
446.91 0.52 

Hand1 es End F i t t i n g  
E l  evat  i on, Re1 a t i  ve E leva t i on ,  R e l a t i v e  

c m Value c m Value 

449.07 1.31 18.41 0.14 
452.00 1.26 25.00 0.43 
456.00 1.07 30.00 1.00 
460.00 0.88 34.00 1.82 
463.00 0.75 37.71 2.62 
465.96 0.65 



6.2 DOT ANALYSIS 

The DOT code was used t o  c a l c u l a t e  neu t ron  dose r a t e s  on t h e  cask o u t e r  

sur face.  DOT and t h e  models and i n p u t  used t o  desc r i be  t h e  cask a r e  d iscussed  

i n  t h e  f o l l o w i n g  sec t ions .  

6.2.1 DOT Computer Code 

The DOT code (Rhoades and Ch i l ds  1982) c a l c u l a t e s  neu t ron  and photon pa r -  

t i c l e  f l u x e s  i n  two dimensions us i ng  t h e  method o f  d i s c r e t e  o r d i n a t e s  t o  s o l v e  

t h e  Boltzmann t r a n s p o r t  equat ion.  Balance equat ions a re  so l ved  f o r  t h e  f low of 

p a r t i c l e s  moving i n  a  s e t  o f  d i s c r e t e  d i r e c t i o n s  i n  each c e l l  o f  a  space mesh 

and i n  each group o f  a  r m l t i g r o u p  energy s t r u c t u r e .  Mesh spac ings and d i s c r e t e  

d i r e c t i o n s  a re  s e l e c t e d  by t h e  user. A n i s o t r o p i c  cross s e c t i o n s  can be expres-  

sed i n  a  Legendre expansion of a r b i t r a r y  order .  

The DLC-85 l i b r a r y  (Ford e t  a l .  1980) was used f o r  t h i s  cask a n a l y s i s .  

It i s  a  coupled neut ron/photon l i b r a r y  w i t h  P3 c ross  sec t ions .  The neu t ron  

cross sec t i ons  a re  represen ted  i n  22 energy groups; t h e  photon c ross  s e c t i o n s  

a re  represented i n  21 energy groups. 

6.2.2 DOT Models and I n p u t  

The cask was modeled u s i n g  R-Z geometry. Because o f  t h e  l a r g e  number o f  

c e l l s  needed t o  desc r i be  t h e  cask i n  t h e  a x i a l  d i r e c t i o n ,  t h e  t o p  h a l f  and t h e  

bot tom h a l f  o f  t h e  cask were s e t  up as two s e p a r a t e  problems as shown i n  F i g -  

u res  6.5 and 6.6, r e s p e c t i v e l y .  The f u e l  and s t r u c t u r a l  m a t e r i a l  were modeled 

as a  homogeneous mix tu re .  L ikewise,  t h e  end f i t t i n g ,  plenum, t i e  p l a t e ,  and 

1  i f t i  ng b a i  1  reg ions  were modeled as homogeneous m ix tu res  w i t h  t h e  s t r u c t u r a l  

ma te r i  a1 . 
The expansion chamber o f  t h e  neu t ron  s h i e l d  was assumed t o  c o n t a i n  a i  r 

r a t h e r  t han  e thy l ene  g l y c o l l w a t e r .  An a i r  r e g i o n  o f  t h i c kness  5.08 cm ( 2  in . )  

su r round ing  t h e  cask was i n c l u d e d  i n  t h e  model so t h e  dose cou ld  be ob ta i ned  



Radius, cm 

FIGURE 6.5. DOT A x i a l  Cask Model (Top H a l f )  

SS 

2.54 cm (1 in . )  f rom t h e  cask. The m a t e r i a l  atom d e n s i t i e s  o r  volume f r a c t i o n s  

a re  g iven i n  Table 6.8, depending on whether microscopic  o r  macroscopic cross 

sec t i ons  were used f r om t h e  OLC-85 l i b r a r y .  

Pb 

Air 

To model t h e  p a r t i a l l y  loaded cask, t h e  f u e l  r eg ion  was subd iv ided  i n t o  

annu l i  as shown i n  F i g u r e  6.7. The f i r s t  annulus ( innermost )  represents  
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Radius, cm 

F IGURE 6.6. DOT A x i a l  Cask Model (Bottom H a l f )  

. 

16 f u e l  assemblies. The second annulus represents  12 empty f u e l  tubes. The 

t h i  r d  annul us represents  12 f u e l  assernbl i es , and t h e  f o u r t h  annul us represen ts  

12 empty f u e l  tubes. 

Alr 

ss 

SS 

End F ~ t t ~ n g  

2 The f l  ux-to-dose r a t e  (mrem/hr per  p a r t i  c le /cm /sec)  convers ion  f a c t o r s  

(ANSI 1977) were c a l c u l a t e d  w i t h  t h e  DOSE code, which i s  a  module i n  t h e  AMPX 

Fuel SS Lead SS 
Ethylene 
glycol 
Water 

SS 



TABLE 6.8. DOT M a t e r i a l  Atom D e n s i t i e s  o r  Volume F r a c t i o n s  

Region Atom Dens i t y  , Vol ume 
D e s c r i p t i o n  Ma te r i  a1 a/b-cm F r a c t i o n  

Fuel  "('2 0.1506 
SS 0.1624 
Z r 2.135 -3 

E thy lene  C 1.019 -2 
g l y c o l  /water 0 2.640 -2 

H 6.300 -2 

Plenum 

T i e  p l a t e  SS 0.3842 

Lead Pb 3.296 -2 

End f i t t i n g  Z r 7.82 -4  
SS 0.2422 

Empty tubes SS 0.1624 

Radius, cm 

I 

I 

FIGURE 6.7. DOT Radi a1 Geometry Model f o r  
Pa r t  i a1 l y  Loaded Cask 

Empty 
Tubes 

~~~l Empty 
Tubes 



system (ORNL 1978). The code c a l c u l a t e s  convers ion f a c t o r s  based on ANS 

Standard 6.1.1-1977. Values f o r  t h e  22 neu t ron  groups and 21 gamma ray  groups 

a re  shown i n  Table  6.9. 

Neutron source s t r e n g t h  and s p a t i a l  d i s t r i b u t i o n s  were based on ORIGEN2 

p r e d i c t i o n s  o f  a x i a l  burnup d i s t r i b u t i o n s  shown i n  F i g u r e  6.3. The source 

s t r e n g t h  inc reases  r a p i d l y  w i t h  exposure as shown i n  F i  gure 6.8. Consequently, 

a x i a l  neu t ron  source d i s t r i b u t i o n s  a re  much more peaked t han  a r e  exposure d i s -  

t r i b u t i o n s .  The r e l a t i v e  a x i a l  d i s t r i b u t i o n  f o r  assembly CZ346 i s  shown i n  

F i g u r e  6.9. A l though CZ346 was t h e  h i g h e s t  exposure assembly, a x i a l  d i s t r i -  

bu t i ons  f o r  a l l  t h e  assembl ies were assumed t o  be t h e  same. The i n p u t  t o  DOT 

was based on assembly CZ346. 

TABLE 6.9. DOT Flux-to-Dose Rate Conversion Fac to rs  

Neutrons 
Group No. Fact  o r  

Gamma Ravs 
Group No. F a c t o r  



Exposure, GWd/MTU 

FIGURE 6.8. Fuel Assembly Neutron Source S t reng th  as a 
Func t ion  of Exposure 



2 4 6 8 10 12  

Node No 

FIGURE 6.9. Fue l  Assembly R e l a t i v e  Axi  a1 Neut ron D i s t r i b u t i o n  



The r a d i a l  neut ron source shape was based on a curve drawn through t h e  

assembly source s t r eng ths  p l o t t e d  as a f u n c t i o n  o f  d i s t ance  f rom t h e  cen te r  of 

t h e  cask. The unnormal ized curve i s  shown i n  F igu re  6.10. 

The abso lu te  neu t ron  source s t r e n g t h  f o r  each DOT p r e d i c t i o n  was based on 

ORIGEN2 values c a l c u l a t e d  f o r  each assembly i n  t h e  cask as shown i n  Table 6.10, 

and on t h e  f r a c t i o n  o f  neutrons i n  each h a l f  o f  t h e  assembly as determined by 

t h e  ORIGENZ a x i a l  runs f o r  assembly CZ346. The va lue o f  t h e  f r a c t i o n  of neu- 

t r o n s  f o r  t h e  t o p  h a l f  o f  t h e  cask i s  0.383. For t h e  bottom h a l f  of t h e  cask 

t h e  f r a c t i o n  i s  0.617. The neutron source s t r eng ths  f o r  t h e  f o u r  DOT p r e d i c -  

t i o n s  a re  summarized i n  Table 6.11. 

FIGURE 6.10. Cask Radia l  Neutron Source P r o f i l e  



TABLE 6.10. Cooper Fuel Assembly Neutron Source Terms 
( J u l y  1, 1984) 

F i  r s t  Quadrant 
Assembly n/sec/MTU . . 

Second Quadrant 
Assembly n/sec/MTU 

Third  Quadrant 
Assembly n/sec/MTU 

( a )  These assemblies were used i n  the  p a r t i a l  cask loading. 

TABLE 6.11. Neutron Source S t reng ths  

Source, n/sec 
P o s i t i o n  P a r t i a l  Load b u l l  Load 

Top H a l f  3.94 +8 7.08 +8 

Bottom H a l f  6.34 +8 11.41 +8 

6 . 3  SHIELDING PREDICTIONS COMPARED TO DATA 

Fourth Quadrant .. 1 
Assembly n/sec/MTU I . . 

QAD and DOT dose r a t e  "p re - look"  p r e d i c t i o n s  a r e  compared t o  exper imenta l  

data i n  t h e  f o l l  owing sec t ions .  Because "p re - look"  p r e d i c t i o n s  compared f a v o r  

a b l y  w i t h  t h e  data, no p o s t - t e s t  p r e d i c t i o n s  were performed. 

6.3.1 Neutron Dose Rates 

Neutron dose r a t e  measurements made by PNL and GE w i t h  p o r t a b l e  i n s t r u -  

ments f o r  t h e  p a r t i a l l y  loaded cask a re  g iven i n  Volume I o f  t h i s  r e p o r t  



(McKinnon e t  a l .  1986a). P red i c ted  neut ron dose ra tes  f o r  t h e  p a r t i a l l y  loaded 

cask a re  compared t o  t h e  measured data i n  F igures  6.11 th rough 6.13. On t h e  

t o p  o f  t h e  cask (F igu re  6.11), p r e d i c t e d  dose ra tes  a re  a  f a c t o r  of 2 h i ghe r  

than t h e  PNL measurement, bu t  somewhat lower  than  GE measurements. A t  a  r ad ius  

of 96 cm, t h e  p r e d i c t e d  va lue i s  a  f a c t o r  o f  3  lower  than  t h e  GE measurement. 

On t h e  bottom o f  t h e  p a r t i a l l y  loaded cask, p r e d i c t e d  dose ra tes  a re  a  f a c t o r  

FIGURE 6.11. Neutron Dose Rates on Top o f  P a r t i a l l y  
Loaded Cask 



FIGURE 6.12. Neutron Dose Rates on Rottom o f  P a r t i a l l y  Loaded Cask 

of 3 h i g h e r  than  measured da ta  d i r e c t l y  below t h e  f u e l  assembl ies ( F i g -  

u r e  6.12). A t  a  r a d i u s  o f  96 cm, p r e d i c t e d  va lues agree reasonably w e l l  w i t h  

measured data. 

Dose r a t e s  on t h e  s i d e  o f  t h e  p a r t i a l l y  loaded cask peak j u s t  above and 

j u s t  below t h e  neu t ron  s h i e l d  (F i gu re  6.13). Above t h e  neu t ron  s h i e l d ,  c a l c u -  

l a t e d  dose r a t e s  a re  a  f a c t o r  o f  3  h i g h e r  than  exper imenta l  data.  Below t h e  
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FIGURE 6.13. Neutron Dose Rates on Side of P a r t i a l l y  
Loaded Cask 

s h i e l d  expansion chamber. P red i c t ed  dose r a t e s  th rough  t h e  neu t ron  s h i e l d  a re  

h i gh  over  t h e  bottom h a l f  o f  t h e  f u e l ,  bu t  a re  i n  good agreement over  t h e  t o p  

h a l f  o f  t h e  f u e l .  Th i s  e f f e c t  would suggest t h a t  t h e  a x i a l  neu t ron  source p ro -  

f i l e  used i n  DOT may be i n c o r r e c t .  

P red i c t ed  dose r a t e s  on t o p  o f  t h e  f u l l y  loaded REA cask a re  compared w i t h  

measured va lues f rom Volume I (McKinnon e t  a l .  1986a) i n  F i g u r e  6.14. Pre- 

d i c t e d  dose r a t e s  agree q u i t e  w e l l  w i t h  GE measurements d i r e c t l y  above t h e  

f u e l .  A t  t h e  edge o f  t h e  cask, p r e d i c t e d  dose r a t e s  a re  i n  good agreement w i t h  

PNL measurements. I n  general ,  p r e d i c t e d  dose r a t e s  decrease a long  t h e  rad ius  

more than  t h e  PNL o r  GE measurements i n d i c a t e .  

Comparisons o f  r e s u l t s  on t h e  bot tom o f  t h e  cask a re  shown i n  F i gu re  6.15. 

PNL and GE measurements a r e  i n  good agreement w i t h  each o ther .  P red i c t ed  dose 

ra tes  a re  a  f a c t o r  o f  3 o r  4 h i ghe r  than  measurements. 

F i g u r e  6.16 shows comparisons o f  r e s u l t s  on t h e  s i d e  o f  t h e  cask. The 

p r e d i c t e d  dose r a t e  peaks a re  a  f a c t o r  of 3 h i g h e r  than  t h e  measurements. 

neut ron s h i e l d ,  p r e d i c t e d  dose ra tes  a re  a  f a c t o r  of 2 h i g h e r  than  data;  how- 

ever, i t  i s  unknown how much e thy lene  g l yco l /wa te r  t h e r e  was i n  t h e  neut ron 
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FIGURE 6.14. Neutron Dose Rates on Top o f  F u l l y  Loaded Cask 

W i t h i n  t h e  ma jo r  peaks a t  each end o f  t h e  neu t ron  s h i e l d ,  t h e r e  appear t o  be 

secondary peaks. These secondary peaks a re  no t  p r e d i c t e d  by DOT. A t  t h e  b o t -  

tom o f  t h e  f u e l ,  p r e d i c t e d  dose r a t e s  a re  a  f a c t o r  o f  3 h i g h e r  t han  t h e  data.  

A t  t h e  t o p  o f  t h e  f u e l ,  p r e d i c t e d  dose r a t e s  a re  i n  agreement w i t h  measured 

data. Again, t h i s  e f f e c t  may be due t o  an i n a c c u r a t e  a x i a l  neu t ron  source 

d i s t r i b u t i o n .  



20 40 60 80 100 120 

Radius, cm 

FIGURE 6.15. Neutron Dose Rates on Bottom o f  F u l l y  Loaded Cask 

Comparisons o f  DOT dose r a t e  p r e d i c t i o n s  w i t h  measured dose r a t e s  on a 

f u l l y  loaded cask a re  summarized i n  Table  6.12. On t h e  s i d e  o f  t h e  cask, t h e  

average d i f f e r e n c e  between p r e d i  c t i  ons and measurements i s  +15.8 mrem/hr 

( p r e d i c t i o n s  were g r e a t e r  than  measurements) w i t h  a s tandard d e v i a t i o n  o f  

213.1 mrem/hr. P r e d i c t i o n s  were, on t h e  average, approx imate ly  f o u r  t imes 
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FIGURE 6.16. Neutron Dose Rates on Side o f  F u l l y  Loaded Cask 

h i ghe r  than  measured values. On t h e  t o p  o f  t h e  cask, t h e  average d i f f e r e n c e  i s  

t11.6 mrem/hr w i t h  a  s tandard d e v i a t i o n  of f9.0 mrem/hr. P r e d i c t e d  neu t ron  

dose ra tes  averaged approx imate ly  two t imes  h i g h e r  than  data.  On t h e  bottom of 

t h e  cask, t h e  average d i f f e r e n c e  i s  +75.1 mrem/hr w i t h  a  s tandard d e v i a t i o n  of 

f66.2 mrem/hr, and p r e d i c t i o n s  were approx imate ly  s i x  t imes  measurements. 

Overa l l ,  t h e  average d i f f e r e n c e  between p r e d i c t e d  and measured dose r a t e s  i s  

t26.6 mrem/hr w i t h  a  s tandard  d e v i a t i o n  o f  f30.8 mrem/hr. Also, p r e d i c t i o n s  

were, on t h e  average, f o u r  t imes  h i g h e r  t han  data. 

I n  summary, p r e d i c t e d  neu t ron  dose r a t e s  on t h e  ends o f  t h e  f u l l y  loaded 

cask and t h e  s i d e  o f  t h e  cask where t h e r e  i s  no neu t ron  s h i e l d  a r e  a  f a c t o r  of 

approx imate ly  2 t o  6 h i g h e r  than  exper imenta l  data.  On t h e  s i d e  o f  t h e  cask 

where t h e r e  i s  neu t ron  s h i e l d i n g ,  c a l c u l a t e d  neu t ron  dose r a t e s  a r e  approx i  - 
mate ly  a  f a c t o r  o f  2 h i g h e r  than  data.  D i f f e rences  between c a l c u l a t e d  and 

measured neut ron dose r a t e s  cou ld  be due t o  any o r  a l l  o f  t h e  f o l l o w i n g  t h r e e  

i tems:  1) inaccu ra te  model ing o f  t h e  cask; 2) i n c o r r e c t  neu t ron  c ross  



TABLE 6.12. Comparisons o f  P red i c ted  Neutron Dose Rates w i t h  Data 
f o r  F u l l y  Loaded Cask 

E leva t ion ,  
c m 

0.00 
3.33 
6.67 

10.00 
13.33 
16.67 
20.00 
23.33 
26.67 
30.00 
33.33 
36.67 
40.00 
43.33 
46.67 
50.00 
60.00 

100.00 
150.00 
223.10 
223.10 
223.10 
223.10 
223.10 
300.00 
380.00 
420.00 
430.00 
433.33 
436.67 
440.00 
443.33 
446.67 
450.00 
453.33 
456.67 
460.00 
463.33 
466.67 
470.00 
473.33 
476.67 
4.80.00 
490.00 

Angle, 
degrees 

26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 

0.0 
4.0 

26.5 
41.0 
45.0 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 
26.5 

Side o f  Cask, mremlhr 
Measu red  Predi  c t e d  Pred-Meas 

5.0 24.7 
8.8 28.5 
7.7 32.0 

10.7 34.5 
12.8 38.5 
15.0 43.0 
14.3 47.0 
12.5 51.0 
15.6 55.0 
16.2 56.6 
18.7 57.0 
14.2 50.0 

9.2 37.0 
2.1 29.0 
0.4 11.0 
1.2 6.5 
1.5 3.0 
1.5 5.0 
3.4 6.8 
3.8 6.0 
3.6 6.0 
6.2 6.0 
2.8 6.0 
2.6 6.0 
3.2 4.1 
1.7 1.2 
0.6 0.6 
0.9 1.2 
0.9 1.9 
1.5 5.0 
9.3 36.8 
8.8 37.0 
7.9 34.5 
6.0 32.2 
6.0 29.8 
8.7 27.0 
7.0 24.3 
5.1 22.0 
4.8 19.2 
4.3 16.5 
3.9 14.0 
3.4 11.5 
4.6 9.0 
2.1 2.5 

Average: 
Standard Dev ia t ion :  



TABLE 6.12. ( con td )  

E l  eva t  i on, Angle, Top o f  Cask, mrem/hr 
cm degrees Measured Pred i  c t e d  Pred-Meas PredIMeas 

0.0 45 12.6 38.1 25.5 3.0 
60.0 45 12.3 25.1 12.8 2.0 
80.0 45 5.8 12.9 7.1 2.2 
95.0 45 2.7 3.7 1.0 1.4 

Average: +11.6 2.2 
Standard D e v i a t i  on: f9.0 -10.6 

E l e v a t i o n ,  
c m 

0.0 
0.0 
0.0 
0.0 

80.0 
95.0 
97.5 

100.0 
105.0 
107.5 
110.0 

Angle, Bottom o f  Cask, mrem/hr 
degrees Measured Pred i  c t e d  Pred-Meas 

45 32.8 192.0 
135 29.8 192.0 
225 34.2 192.0 
31 5 23.7 192.0 

45 15.5 65.0 
45 4.5 23.3 
45 6.0 22.6 
4 5 4.0 24.2 
45 5.3 28.0 
45 3.6 29.0 
4 5 2.6 27.5 

Average : 
Standard Dev ia t i on :  

O v e r a l l  Average: 
O v e r a l l  Standard Devi a t i  on: 

sec t i ons ;  and/or 3 )  i n c o r r e c t  a x i a l  neu t ron  source s t r e n g t h  p r o f  i 1 es. The l a s t  

i t e m  i s  p robab ly  r e s p o n s i b l e  f o r  t h e  g r e a t e s t  p a r t  o f  t h e  d i f f e r e n c e  between 

p r e d i c t i o n s  and measurements. 

6.3.2 Gamma-Ray Dose Rates 

Gamrna-ray dose r a t e  measurements on t h e  p a r t i a l l y  loaded cask ob ta i ned  by 

PNL w i t h  thermoluminescent dos imeters  (TLDs) and by PNL and GE w i t h  p o r t a b l e  

gamma meters a re  p rov i ded  i n  Volume I o f  t h i s  r e p o r t  (McKi nnon e t  a1 . 1986a) .  

Pred i c t ed  dose r a t e s  a r e  compared t o  measured va lues i n  F i gu res  6.17 t h rough  

6.19. Dose r a t e s  shown i n  F i gu re  6.17 a r e  d i r e c t l y  above t h e  f u e l  assembl ies,  

i.e., cen te red  above each assembly on t h e  l i d  o f  t h e  cask. P r e d i c t e d  dose 

r a t e s  decrease w i t h  d i s t a n c e  f rom t h e  c e n t e r  o f  t h e  cask w h i l e  measured dose 



FIGURE 6.17. Gamma-Ray Dose Rates (mremlhr)  on Top o f  
P a r t i a l l y  Loaded Cask 

ra tes  a re  r e l a t i v e l y  uni form. Th is  would imp ly  t h a t  measured values r e s u l t  

s o l e l y  f rom t h e  assembly d i  r e c t l y  below t h e  l o c a t i o n  o f  t h e  measurement whi l e  

p r e d i c t e d  values have app rec i ab le  c o n t r i b u t i o n s  f rom ad jacen t  assembl i e s .  

A d d i t i o n a l  p r e d i c t e d  dose r a t e s  a re  compared t o  measured values i n  F i g -  

u r e  6.18. On t h e  cask c e n t e r l i n e ,  p r e d i c t e d  dose r a t e s  a re  a  f a c t o r  o f  

2 h i ghe r  than  measurements; near t h e  edge of t h e  cask t hey  a r e  a  f a c t o r  o f  

4 lower. 

QAD Pred 
PNL Meas 

On t h e  bot tom c e n t e r l i n e  o f  t h e  p a r t i a l l y  loaded cask, a  p r e d i c t e d  dose 

r a t e  o f  76.1 mrem/hr r e s u l t e d  i n  an agreement w i t h  measured values o f  69 and 

78 mrem/hr f rom Vol ume I. 
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FIGURE 6.18. Gamma-Ray Dose Rates on Top o f  P a r t i a l l y  
Loaded Cask 

F i g u r e  6.19 shows gamma-ray dose r a t e s  on t h e  s i d e  o f  t h e  p a r t i a l l y  l oaded  

cask. From 50 cm t o  460 cm, p r e d i c t e d  dose r a t e s  a r e  i n  good agreement w i t h  

measured va lues.  T h i s  may be f o r t u i t o u s  because 60% o f  t h e  dose r a t e  i s  due t o  

secondary gamma rays .  I f  t h e  n e u t r o n  sou rce  s t r e n g t h  i s  reduced by a  f a c t o r  o f  

3, t h e  p r e d i c t e d  gamma-ray dose r a t e  w i l l  be reduced by 402, g i v i n g  p r e d i c t e d  

va lues t h a t  a r e  o n e - h a l f  t o  t w o - t h i r d s  o f  t h e  measured va lues .  Near t h e  ends 

o f  t h e  cask, dose r a t e  peaks a r e  u n d e r p r e d i c t e d  by a  f a c t o r  o f  2. T h i s  c o u l d  
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FIGURE 6.19. Gamma-Ray Dose Rates on S ide  o f  P a r t i a l l y  
Loaded Cask 

e a s i l y  he accounted f o r  by t h e  5 9 ~ o  con ten t  i n  s t a i n l e s s  s t e e l .  The p r e d i c t e d  

dose r a t e  peak a t  440 cm agrees very w e l l  w i t h  t h e  measurement. 

Comparisons o f  gamma-ray dose r a t e  p r e d i c t i o n s  w i t h  measured values f o r  a  

p a r t i a l l y  loaded cask a re  summarized i n  Table  6.13. On t h e  s i d e  o f  t h e  cask, 

t h e  average d i  f f e r e n c e  between p red i  c t i o n s  and measurements i s  -0.8 mrem/hr 

( p r e d i c t i o n s  were s l i g h t l y  l e s s  than measurements). The s tandard d e v i a t i o n  o f  

t h e  d i f f e r e n c e s  i s  f3 .7  mrem/hr. On t h e  average, p r e d i c t i o n s  a re  l e s s  than  

measurements by approx imate ly  6%. On t h e  t o p  o f  t h e  cask, d i f f e r e n c e s  between 

p r e d i c t i o n s  and measurements average -1.2 mrem/h r, bu t  t h e  s tandard  d e v i a t i o n  

on t h e  d i f f e r e n c e s  i s  a  r e l a t i v e l y  h i g h  f20.1 mrem/hr. P r e d i c t i o n s  are, on t h e  

average, 8% less  than  measurements. The p r e d i c t i o n  o f  t h e  c e n t e r l i n e  dose r a t e  

on t h e  bot tom o f  t h e  cask d i f f e r e d  f rom t h e  measurement by 7.5 mrem/hr and i s  

11% h ighe r  than  t h e  measurement. Ove ra l l ,  t h e  average d i f f e r e n c e  between p re -  

d i c t i o n s  and measurements i s  -0.6 mremlhr, and t h e  s tandard d e v i a t i o n  o f  t h e  

d i f fe rences  i s  f12.1 mremlhr. P r e d i c t i o n s  o f  a1 1  measurements average 6% 1  ess 

than t h e  measurements. 



TABLE 6.13. Comparisons of P r e d i c t e d  Gamma Dose Rates w i t h  Data f o r  
P a r t i a l l y  Loaded Cask 

E l e v a t i o n ,  
c m 

Radius,  
cm 

0.0 
13.0 
37.6 
61.0 
64.5 
80.0 
80.0 
90.0 
90.0 

S i d e  (45') Dose Rates, mremlhr 
Measured Pred i  c t e d  Pred-Meas 

Angle,  
degrees 

0 
45 
45 
45 

24.5 
26.5 

45 
26.5 

45 

11.5 5.6 
5.2 4.4 
5.3 5.8 
6.7 10.1 
8.5 11.9 
8.0 11.9 
8.3 9.6 
6.6 6.9 
5.5 4.8 
6.3 4.8 
6.8 5.4 

12.2 16.1 
11.3 11.5 

8.3 7.0 
14.8 8.2 
19.4 9.3 

3.8 1.3 
Average : 

S tandard  D e v i a t i o n :  

Top Dose Rates, mremlhr 
Measured P r e d i  c t e d  Pred-Meas 

26.8 64.9 
25.3 46.4 
20.7 30.3 
18.3 21.9 
13.2 7.3 
31.1 4.9 
28.4 5.2 
16.4 3.2 
19.3 4.5 

Average: 
S tandard  D e v i a t i o n :  

Pred /Meas 

Radius,  Angl e, Rot tom Dose Rates,  mremlhr 
c m degrees Measured P r e d i  c t e d  Pred-Meas Pred/Meas 

0.0 0 68.6 76.1 7.5 1.11 
O v e r a l l  Average: -0.6 0.94 

O v e r a l l  S tandard  D e v i a t i o n :  i 1 2 . 1  f0.58 



Comparisons o f  c a l c u l a t e d  dose ra tes  t o  measured values f o r  t h e  f u l l y  

loaded cask a re  g iven  i n  F igures  6.20 th rough  6.22. D i r e c t l y  above t h e  f u e l  

assemblies on t h e  cask l i d  (F i gu re  6.20), comparisons a re  s i m i l a r  t o  those  f o r  

t h e  p a r t i a l l y  loaded cask; i.e., near t h e  cask c e n t e r l i n e  t h e  c a l c u l a t e d  dose 

r a t e s  a re  h i ghe r  than  data, bu t  on t h e  pe r i phe ry  agreement i s  good. The over -  

a l l  comparisons f o r  t h e  t o p  o f  t h e  cask a re  shown on F i g u r e  6.21. The peak a t  

about 80 cm, j u s t  beyond t h e  l ead  s h i e l d  i n  t h e  cask l i d ,  i s  underp red ic ted  by 

a  f a c t o r  o f  4. 

On t h e  bot tom of t h e  f u l l y  loaded cask, t h e  p r e d i c t e d  c e n t e r l i n e  dose r a t e  

o f  72.1 rnremlhr agrees very w e l l  w i t h  measured va lues o f  70 and 68 mrem/hr f r om  

Vol urne I (McKi nnon e t  a1 . 1986a). A t  a  r ad ius  o f  61 cm, t h e  p r e d i c t e d  dose 

r a t e  o f  37.2 rnremlhr i s  a  f a c t o r  o f  2  lower  t han  PNL measurements (83 mrem/hr). 

FIGURE 6.20. Gamma-Ray Dose Rates (rnremlhr) on Top of F u l l y  
Loaded Cask 
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FIGURE 6.21. Gamma-Ray Dose Rates on Top o f  F u l l y  
Loaded Cask 

# "  

F i g u r e  6.22 shows compar isons o f  p r e d i c t e d  dose r a t e s  on t h e  s i d e  of t h e  

Angle : 45 ' 

0 PNL Measurements 

GE Measurements 

f u l l y  l o a d e d  cask w i t h  measured values.  Most o f  t h e  measurements were t a k e n  a t  

an a n g l e  o f  26.5 degrees,  w h i l e  t h e  p r e d i c t i o n s  were made f o r  an a n g l e  of 

45 degrees ( F i g u r e  3.6 o f  S e c t i o n  3.3). Comparisons o f  26.5-degree p r e d i c t i o n s  

w i t h  45-degree p r e d i c t i o n s  suggest  t h e  26.5-degree c u r v e  shown i n  F i  gu re  6.22 

can be used f o r  compar isons w i t h  45-degree measured va lues.  From 100 cm t o  
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FIGURE 6.22. Gamma-Ray Dose Rates on Side o f  F u l l y  Loaded Cask 

250 cm, c a l c u l a t e d  dose r a t e s  a re  h i g h  by -40%. A t  t h e  peaks near t h e  ends o f  

t h e  cask, c a l c u l a t e d  dose ra tes  a re  low by a  f a c t o r  o f  2 t o  3. These d i f f e r -  

ences a re  s i m i l a r  t o  those o f  t h e  p a r t i a l l y  loaded cask. 

Comparisons o f  gamma-ray dose r a t e  p r e d i c t i o n s  w i t h  measured values f o r  a  

f u l l y  loaded cask a re  summarized i n  Table  6.14. On t h e  s i d e  o f  t h e  cask, t h e  

average d i f f e r e n c e  between p r e d i c t i o n s  and measurements i s  -3 mrem/hr ( p red i  c -  

t i o n s  were s l i g h t l y  l e s s  than  measurements). The s tandard d e v i a t i o n  o f  t h e  

d i f f e rences  i s  + l o  mremlhr. On t h e  average, p r e d i c t i o n s  a re  l e s s  than 



TABLE 6.14. Comparisons o f  P red i c ted  Gamma Dose Rates w i t h  Data 
f o r  F u l l y  Loaded Cask 

E leva t ion ,  
c m 

100.0 
223.1 
300.0 
400.0 
440.0 
475.0 

Radius, 
cm 

0.0 
13.0 
25.3 
37.6 
49.3 
61.0 
63.5 
71.0 
75.0 
77.5 
80.0 
82.5 
85.0 
90.0 
90.0 
95.0 

Angle, 
degrees 

26.5 
45.0 
26.5 
26.5 
26.5 
26.5 

Angle, 
degrees 

0 
4 5 
4 5 
4 5 
45 
45 
24.5 
45 
45 
4 5 
45 
45 
4 5 
26.5 
4 5 
4 5 

Dose Rates on Side o f  Cask, mremlhr 
Measu red  Predi  c t e d  Pred-Meas 

11.7 15.5 
11.6 18.6 
13.4 14.6 
10.8 6.3 
26.6 24.6 
36.8 13.1 

Average: 
Standard Dev ia t i on :  

Dose Rates on Top o f  Cask, mremlhr 
Measured Predi  c t  ed Pred-Meas 

28.6 60.5 
26.9 42.9 
31.5 46.0 
30.9 45.6 
37.3 53.5 
33.1 30.7 
32.3 30.8 
35.9 20.0 
47.9 13.7 
61.6 10.3 
60.7 14.6 
57.0 17.4 
49.9 15.4 
29.9 8.5 
26.4 7.9 
11.6 2.6 

Average: 
Standard Dev ia t i on :  

Pred /Meas 

Radius, Angle, Dose Rates on Bottom o f  Cask, mremlhr 
cm degrees Measured Predi  c t e d  Pred-Meas PredIMeas 

0.0 0 69.7 72.1 2.4 1.03 
61.0 45 83.2 37.2 -46.0 0.45 

Average : -21.8 0.74 
Standard Dev ia t i on :  f24.2 0.29 

Overa l l  Average: -10.1 0.83 
Overa l l  Standard Dev ia t i on :  f21.9 f0 .  56 



measurements by approx imate ly  2%. On t h e  t o p  o f  t h e  cask, d i f f e r e n c e s  between 

p r e d i c t i o n s  and measurements average -11.3 mrem/hr, and t h e  s tandard  d e v i a t i o n  

on t h e  d i f f e r e n c e s  was f24.7 mrem/hr. P r e d i c t i o n s  are, on t h e  average, 21% 

l e s s  than  measurements. P r e d i c t i o n s  o f  dose ra tes  on t h e  bot tom of t h e  cask 

d i f f e r e d  f rom measurements by -21.8 mremlhr and were 26% lower  than  t h e  mea- 

surements. On an o v e r a l l  bas is ,  t h e  average d i f f e r e n c e  between p r e d i c t i o n s  and 

measurements i s  -10.1 mremlhr, and t h e  s tandard d e v i a t i o n  o f  t h e  d i f f e r e n c e s  i s  

k21.9 mremlhr. P r e d i c t i o n s  o f  a l l  measurements average 17% l e s s  than  t h e  

measurements . 
I n  summary, c a l c u l a t e d  peak gamma-ray dose r a t e s  a re  underest imated by a  

f a c t o r  o f  2 t o  3. Dose r a t e s  on t h e  s i d e  o f  t h e  cask between 50 and 450 cm a r e  

c a l  c u l  a ted  reasonably we1 1  ( ~ f  50%). Ove ra l l  , t h e  p r e d i  c t  i ons o f  bo th  neu t ron  

and gamma-ray dose r a t e s  a re  cons idered t o  be s a t i s f a c t o r y .  Cons ider ing  t h a t  

t h e  cask must a t t enua te  a  d i f f i c u l t  t o  determine r a d i a t i o n  source severa l  

orders  o f  magnitude ( u s u a l l y  more than  t h r e e ) ,  and reduce t h e  l e v e l  t o  a  r e l a -  

t i v e l y  low value, agreement between p r e d i c t i o n s  and da ta  w i t h i n  a  f a c t o r  o f  two 

o r  t h r e e  t imes  i s  r e l a t i v e l y  good. 
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APPENDIX A 

COOPER NUCLEAR STATION OPERATING HISTORY 





TABLE A.1. Cooper Nuclear S t a t i o n  Operat ion Hi s t o r y  

Cycl  e 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Date 

Days 
f rorn 

S ta r t up  

0 
19 
27 
9 0 

157 
174 
182 
215 
225 
296 
451 
486 
505 
525 
532 
554 
566 
621 
674 
693 
718 
807 

Core 
Average 

Power , 
MW/MTU 

0 
12.15 
0 

11.04 
17.67 
0 

11.04 
19.88 
0 

20.99 
11.04 
0 

11.04 
19.88 

0 
17.67 

0 
17.67 
15.46 
0 

15.46 
17.67 

Days 
from 

Cycle Date S ta r t up  

Core 
Average 

Power , 
MW/MTU 





APPENDIX B 

SAMPLE O R I G E N Z  I N P U T  FOR ASSEMBLY CZ205 





TABLE B.1. Sample  ORIGEN2 Input  f o r  A s s e m b l y  CZ205 

- 1 
- 1 
- 1 
T I T  
BAS 
L I P  
L I R  
P  HO 
I NP 
RD A 
BUP 
I R P  
I RP 
DEC 
I RP 
I R P  
I RP 
DEC 
I RP 
DEC 
I RP 
DEC 
I RP 
I R P  
I RP 
I R P  
DEC 
I R P  
I RP 
I R P  
DEC 
I R P  
I RP 
I R P  
DEC 
I R P  
DEC 
I R P  
I RP 
I R P  
I R P  
DEC 
I RP 
I R P  
I RP 
I R P  
DEC 
I R P  
I RP 
I R P  
DEC 
I R P  
I R P  

CP205 
METRIC TON 
0 0 0  
0 1 2 3 251 252 253 9 3 0 1 4 
101 102 103 10 
1 1 - 1  -1 1 1 
BURNUP T025344. MWDIMT 



TABLE 0.1. (contd)  

DEC 
IRP 
I RP 
RUP 
MO V 
DEC 
DEC 
Dec 
DEC 
DEC 
OEC 
DEC 
DEC 
DEC 
DEC 
HE0 
HED 
HED 
HE0 
HE0 
HE0 
HE0 
HED 
HED 
I-IED 
HED 
OPTA 
OPTL 
OPTF 
OUT 
STP 
4 
4 
4 
4 
4 
4 
4 
4 
2 
0 
END 

2 1 0 1.0 
650. 1 2 4 1 
681. 2 3 4 0  
711. 3 4 4 0 
742. 4 5 4 0  
772. 5 6 4 0 
803. 6 7 4 0  
834. 7 8 4 0  
864. 8 9 4 0  
895. 9 1 0 4 0  
925. 10 11 4 0 

1 DISCHARGE 
2 MAR 1, 84 
3 APR 1, 84 
4 MAY 1, 84 
5 JUN 1, 84 
6 JUL 1, 84 
7 AUG 1, 84 
8 SEP 1, 84 
9 OCT 1, 84 

10 NOV 1, 84 
11 DEC 1, 84 
8 8 8 8 7 8 8 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  
8 8 8 8 8 8 8 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  
8 8 8 8 7 8 8 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  

11 1 0 -1 
4 
1000 4.3 50000 11.1 60000 156.0 
80000 134695.0 90000 10.7 110000 150.0 
130000 475.8 140000 12.1 150000 55.4 
170000 5.3 180000 2.0 220000 6.1 
240000 8864.0 250000 913.0 260000 31584.0 
280000 4191.0 290000 6.1 400000 248140.0 
470000 0.1 480000 25.1 490000 2.0 
640000 1573.0 720000 19.8 740000 7.1 
922350 25000. 922380 975000. 0 0.0 



A P P E N D I X  C 

COMPARISONS OF PREDICTED DECAY HEAT RATES W I T H  MEASUREMENTS 





TABLE C.1. Comparisons of P r e d i c t e d  Wi th  Measured Decay Heat Rates 

Fuel  
Assembly 

CZ147 
CZ148 
CZ182 
CZ195 
~ ~ 2 0 5 ( ~ )  
~ ~ 2 0 5 ( a )  
~ ~ 2 0 5 ( ~ )  
~ ~ 2 0 5 ( ~ )  
~ ~ 2 0 5 ( ~ )  
~ ~ 2 0 5 ( ~ !  

Bu rnup , 
GWd/MTU 

26.71 
26.31 
26.82 
26.39 
25.34 
25.34 
25.34 
25.34 
25.34 
25.34 

Decay 
Time, days 

1294 
1283 
860 

1289 
857 
868 
87 1 
872 
886 
887 

Date 

04-NOV-84 
23-0ct  -84 
27-Sep-84 
30-0ct -84 
24-Sep-84 
05-0ct  -84 
08-0ct  -84 
09-0ct  -84 
23-0ct  -84 
24-0ct -84 
29-0ct  -84 
02-NOV-84 
05-NOV-84 
06-NOV-84 
12-Dec-84 
22-Dec-84 
14-May-85 
28-May-85 
28-0ct -84 
02-0ct  -84 
20-May-85 
04-NOV-84 
02-0ct  -84 
30-0ct -84 
02-NOV-84 
05-NOV-84 
29-0ct -84 
20-Dec-84 
14-May-84 
23-0ct -84 
28-0ct -84 
26-May-85 
06-Dec-84 
29-May-85 
03-NOV-84 
21-May-85 
24-0ct  -84 
01-NOV-84 
27-0ct  -84 

Meas., 
W 

276.7 
273.5 
342.6 
255.5 
324.0 
368.0 
343.5 
352.9 
331.7 
338.6 
327.4 
313.5 
311.3 
314.0 
331.0 
317.2 
289.7 
308.0 
279.5 
296.0 
240.3 
355.7 
333 . 5 
366.5 
320.9 
341.7 
247.6 
288.5 
254.1 
263.8 
262.7 
243.0 
278.4 
284.2 
256.7 
251.9 
285.6 
269.7 
356.9 

Pred., 
W 

296.4 
293.6 
364.9 
289.6 
331.7 
328.3 
327.4 
327.1 
322.8 
322.5 
321.0 
320.0 
319.2 
313.8 
315.5 
318.2 
276.0 
273.6 
289.3 
302.7 
266.6 
346.2 
321.4 
358.8 
364.4 
363.4 
290.9 
281.7 
260.0 
292.6 
290.9 
261.2 
326.8 
290.8 
297.0 
266.0 
290.8 
298.7 
340.1 

P-M, W 

-19.7 
-20.1 
-22.3 
-34.1 

-7.7 
39.7 
16.1 
25.8 

8.9 
16.1 
6.4 

-6.5 
-7.9 

0.2 
15.5 
-1.0 
13.7 
34.4 
-9.8 
-6.7 

-26.3 
9.5 

12.1 
7.7 

-43.5 
-21.7 
-43.3 

6.8 
-5.9 

-28.8 
-28.2 
-18.2 
-48.4 

-6.6 
-40.3 
-14.1 

-5.2 
-29.0 

16.8 

( a )  EPRI-sponsored. 



Fuel 
Assembly 

CZ315 
CZ318 
CZ337 
CZ337 
CZ342 
CZ342 
CZ 346 
CZ348 
CZ351 
CZ355 
CZ357 
~ ~ 3 6 9 ( ~ )  
CZ370 
CZ372 
CZ379 
CZ398 
CZ415 
CZ416 
~ ~ 4 2 9 ( ~ )  
CZ430 
CZ433 
CZ433 
CZ460 
CZ466 
CZ468 
CZ472 
CZ473 
CZ498 

Bu rnup, 
GWd/MTU 

26.88 
26.57 
26.72 
26.72 
27.07 
27.07 
28.05 
27.48 
25.75 
25.42 
27.14 
26.58 
26.34 
25.85 
25.93 
27.48 
25.86 
27.46 
27.64 
26.82 
25.98 
25.98 
26.51 
26.08 
26.76 
25.96 
26.52 
26.48 
26.36 
25.74 
25.74 
27.60 
27.60 
25.72 
26.70 
26.59 
26.69 
26.67 

TABLE C.1. ( c o n t d )  

Decay Meas., 
Time, days Date W 

932 08-Dec-84 328.0 
931 07-Dec-84 277.6 
891 01-NOV-84 347.7 

1095 24-May-85 300.4 
931 07-Dec-84 280.1 

1101 26-May-85 300.0 
890 27-0ct  -84 388.7 
894 31-Oct-84 342.8 
931 10-Dec-84 313.8 
89 1 28-0ct  -84 290.5 
932 08-Dec-84 320.3 
858 25-0ct  -84 347.7 

1257 28-Sep-84 293.6 
1256 27-Sep-84 294.3 
898 04-NOV-84 287.4 
890 27-Oct-84 372.0 

1255 26-Sep-84 289.3 
894 31-Oct-84 319.8 
889 26-0ct -84 385.6 
894 31-0ct-84 353.3 

1255 26-Sep-84 287.4 
1492 21-May-85 256.7 

933 09-Dec-84 313.5 
86 1 28-Sep-84 302.1 
935 11-Dec-84 325.3 
859 26-Sep-84 325.0 
9 34 10-Dec-84 293.2 
888 25-Oct-84 359.4 
933 09-Dec-84 310.0 

1254 25-Sep-84 294.0 
1285 26-Oct-84 296.0 
864 01-0ct  -84 397.0 

1097 22-May-85 321.8 
1284 25-Oct-84 297.6 
893 30-0ct  -84 347.2 

1256 27-Sep-84 295.2 
932 08-Dec-84 311 .9 
935 11-Dec-84 295.2 

Pred., 
W 

317.2 
297.9 
346.4 
295.5 
320.1 
286.1 
376.5 
355.5 
297.1 
293.0 
326.3 
343.3 
292.4 
286.3 
296.9 
361.0 
286.7 
339.1 
370.3 
344.2 
281.6 
252.7 
308.9 
309.4 
317.9 
321.2 
297.6 
345.0 
309.6 
285.0 
279.2 
378.9 
323.1 
279.0 
343.2 
296.1 
312.4 
300.6 

P-M, W 

10.8 
-20.3 

1.3 
4.9 

-40.0 
13.9 
12.2 

-12.7 
16.7 
-2.5 
-6.0 

4.4 
1.2 
8.0 

-9.5 
11.0 

2.6 
-19.3 

15.3 
9.1 
5.8 
4.0 
4.6 

-7.3 
7.4 
3.8 

-4.4 
14.4 

0.4 
9.0 

16.8 
18.1 
-1.3 
18.6 

4.0 
-0.9 
-0.5 
-5.4 

( a )  EPRI-sponsored. 



APPENDIX D 

ADDIT IONAL  HYDRA PREDICTIONS COMPARED TO DATA 





50 0 50 100 150  200 

Temperature, 'C 

Run No Orlent Gas Load 
1 v v P 

Elevation HYDRA Data 
1 4 5  tn - 0 
3 33 IT1 ---- a 

------- 
0 Ethylene Glycol Water 



250 
Run No Orlent. Gas Load 

2 V N P 

Elevat~on HYDRA Data 
1 4 5 m  - 0 
3 3 3 m  ---- 

Ethylene Glycol Water 

0 0 0 2 0 4 0 6 0 8 1 0  1 2  



Run No. Orient. Gas Load 
3 H N P 

Profile HYDRA Data 
2J - 
1A ---- 0 n 
2A "-" A 

Surface .......... 
Arnb~ent -..-.-- 

I I I 

Temperature. "C 

Run No. Orlent. Gas Load 
3 H N P 

Elevat~on HYDRA Data 
1 4 5  ~n - 0 
3 3 3 m  ---- 



Temperature C 

Run No Orlent Gas Load 
4 H 

Elevat~on HYDRA Data 
1 4 5  In - 
3 33 rn ---- 0 n 

Fuel Tub? tf 

Lead 

I a Ethylene Glycol Water 



Run No. Orient. Gas 
5a V H 

Temperature, "C 

Y 
2 
2 1 0 0  m 
n 

E 
I- 

5 0  

lene Glycol Water 
0 

-50  

2 5 0  

2 0 0  

150  

Run No. Orient. Gas Load 
5a V H P  

Elevatton HYDRA Data - 1 4 5 m  - 0 
3 3 3 1 ~  ---- a 

- 



Run No. Orlent Gas 
5b V H P I 

Temperature. "C 

Elevat~on HYDRA Data 

200 
1 4 5 m  - 
3 3 3 m  ---- 

?z' 
2 100 m 
a 

E, 
t- 

0 SST 

Lead 

Ethylene Glycol Water 



Temperature, 'C 

2 5 0  
Run No Orient. Gas Load 

6a V V F  

Elevat~on HYDRA Data 
1 4 5  m  - 
3 3 3 1 n  ---- 0 

n 

150  

Elevation HYDRA Data 
1 4 5  m  - 
3 3 3 1 n  ---- 0 

n 

1 0 0  - 

Fuel Tube 

5 0  - Copper 

0 SST 

Lead 

I e] Ethylene Gl~co l  Water I 



Run No Orlent. Gas 
6b V V 

Prof~le HYDRA Data I 

Temperature. O C  

2 5 0  
Run No Orlent. Gas Load 

6b V V F 

Elevat~on HYDRA Data 
145,n - 
3 33 In ---- 0 

n 

C a Fuel Tube 

5 0  (3 Copper 1 :f:d 
e] Ethylene Glycol Water 



Temperature. O C  

250 
Run No. Orient. Gas Load 

7 V N F 

Elevatton HYDRA Data 
1 4 5 m  - 
3 3 3 m  ---- 0 

n 



Run No. Orlent. Gas Load 
9 H N F 

Prof~le HYDRA Data 
2J - 
,A ---- 0 

A 
2n -.-.- 

Surface ..-....... 
Arnb~ent -- 

Temperature. -'C 

2 50 
Run No. Orlent. Gas Load 

9 H N F 

Elevat~on HYDRA Data 
1 4 5 m  - 
3331n ---- 0 n 



Run No Orlent Gas Load 
1 0  H 

Temperature. "C 

2 5 0  
Run No Orient. Gas Load 

1 0  H H F 

I Elevat~on HYDRA Data I 

a Fuel Tube 

Lead 

a Ethylene Glycol Water 



50 0 50 1 00 150 200 

Temperature "C 

1 loo /' O 

Fuel Tube 

I3 Copper 
0 SST 

Ethylene Glycol Water I = Lead 

Run No. Orlent Gas Load 
1 la V 

Elevat~on HYDRA Data 
1 4 5 m  - 0 
3 3 3 m  ---- n 



Temperature, 'C 

250  

Run No Orlent. Gas Load 
l l b  V H F  

1 Elevat~on HYDRA Data I 

Fuel Tube 

5 0  - Copper 

SST 
Lead 

123 Ethylene Glycol Water 



Temperature C 

2 5 0  - 

2 0 0  

Run No. Orlent Gas Load 
1 2  V H F 

Elevat~on HYDRA Data 
- 145177 - 

3 3 3 m  ---- 0 n 

Y 0 
E - 
m 1 0 0  - 
n : + 

Fuel Tube 
5 0  - Copper 

SST 

Lead 
a Ethylene Glycol Water 



I Run No Orient. Gas Load 
13 V N F 

Temperature. "C 

250 
Run No. Orient. Gas Load 

13 V N F  



Prof~le HYDRA Data 

2J - 
1A ---- 

Surface ---'- 
Ambient .... . . ... 

Temperature. ' C  

Run No Orlent Gas Load 
14 V V F 

Run No Orlent Gas Load 
v F 

1 4 5 m  - 

150 - 

Y 
@ .- 
m 100 - 
P 

E + 
Fuel Tube 

50 - O Copper 

a SST 
Lead 

a Ethylene Glycol Water 



Run No. Orient. Gas Load 
2 v 

Temperature, "C 

250 
Fuel Tube Run No. Orlent. Gas Load 

O Copper 2 V N P 

HYDRA 
Elevat~on Post-Test Data 
1 4 5 m  - 
3 3 3 m  ---- 0 

n 



Run No Orlent Gas Load 
6b V V F 

Temperature . C  

2 50 
Run No Orlent. Gas Load 

6b V V F 

I Fuel Tube \ 

2 0 0  

50 [ z ; y e r  

Lead 

Ethylene Glycol W d t r ~  

HYDRA 
- Elevat~on Post-Test Data 

A A 1 4 5 1 n  - 
3 3 3  11, ---- 0 n n 

B 



Run No. Orient. Gas Load 
9 H 

HYDRA 
Profile Post-Test Data 

2J - 0 
1A ---- A 

Surface ---.- 
Ambient ... ......... 

Temperature. "C 

250 
Run No. Orient. Gas Load 

9 H N F  

HYDRA 
Elevation Post-Test Data 
1 4 5 m  - 0 
3 3 3 m  ---- a 

Fuel Tube 

Lead 
Ethylene Glycol Water 



Run No Orlent Gas Load 
1 l a  v H F I 

Temperature. O C  

E 
b- 

Fuel Tube 

0 SST --- 
Lead 

a Ethylene Glycol Water 

250 

200 

Run No. Orient. Gas Load 
I l a  V H F 

HYDRA 
- Elevat~on Post-Test Data 

1 4 5 m  - 0 



Run No. 
13 

HYDRA 
Orient. Gas Load Profile Post-Test 

V N F  2J - 
1A ---- 

Surface -.-.- 
Ambient ...... .. ... 

Temperature. O C  

250 
Run No. Orient. Gas Load 

13 V N F  





APPENDIX E 

ADDIT IONAL  COBRA-SFS PREDICTIONS COMPARED TO DATA 





Run No. Orlent Gas Load 
1 v v P 

Prof~le COBRA-SFS Data 
2J - 
1A -----a 

0 
a 

Surface ----- 
Amble,,~ ............. 

Run No. Orient. Gas Load 
1 v V P  

Elevat~on COBRA-SFS Data 
1 4 5 m  - 0 
3 3 3  """ a 

( Fuel Tube w 

Lead 
a I Ethylene Glycol Wafer 



250 
Run No Orlent Gas Load 

Elevat~on COBRA-SFS Data 
1 45 In - 
3 3 3  I" ----- 0 

n 



Run No Orlent Gas Load 
3 H N P 

Prof~le COBRA-SFS Data 
2J - ----- 0 
1 A a 

Surface -'-'- 
Ambient ............ 

Temperature. OC 

250 
Run No. Orient. Gas Load 

3 H N P 

Elevation COBRA-SFS Data 
1 4 5 r n  - 
3 3 3 m  ,,,,, 

0.0 0.2 0 4 0.6 0.8 1 0  1.2 



Run No Orlent Gas Load 
4 H H P 

Proftle COBRA-SFS Data - 
2J ----* 

0 
1 A n 

Surface -a--- ............ 

Temperature. 'C 

0 SST 
Lead 

250 

200 

150 

Y 

1 a Ethylene Glycol Water uv  

Run No Ortent Gas Load 
4 H H P 

- Elevat~on COBRA-SFS Data 
1 4 5 m  - 0 
3 3 3 m  ----- n 

- 



Run No. Orlent Gas Load 
5a V H P 

Proflle COBRA-SFS Data 
2J - 

- ----- 0 
1A cn A 

Surface ---.- ............. 

Run No. Orlent. Gas Load 
5a V 

Elevat~on COBRA-SFS Data 
1 4 5 m  - 
3 3 3 m  ------ A 



250 - + 

Run No Orlent. Gas Load 
5 b V H P 

Elevation COBRA-SFS Data I 

- 
$ loo 

i + 

50 

0 

-50 
0.0 0 2 0 4 0 6 0 8 10 1.2 



Run No. Orient Gas Load 
6a V V F 

Prof~le COBRA-SFS Data 
2J ----- 0 
IA n 

Surface -'-'- . .. . . .. . . ... . 

Temperature. "C 

250 
Run No. Orlent Gas Load 

6a V V F - - 

0 0 
Elevat~on COBRA-SFS Data 

1 4 5 m  - 0 
3 3 3 m  ----- A 

Fuel Tube 

O Copper 
0 SST 

Lead 

e] Ethylene Glycol Wale! 



Run No Orlent Gas Load 
6b V V F 

Proftle COBRA-SFS Data 
2 J ----- 0 

- 1 A A 
a Surface -.-.- 

Arnblen, ........... 

Temperature. "C 

Run No Orlent. Gas Load 
6 b  V 

Elevat~on COBRA-SFS Data 
1 4 5 m  - 
3 33  ~n ----- n o I 

C a Fuel Tube 

B Lead 

a Ethylene Glycol Water 



Temperature. "C 

Elevatcon COBRA-SFS Data 
1 4 5 m  - 0 
33317  ----- A 

250 

Ethylene Glycol Water 

Run No. Orlent Gas Load 
7 V N F  



I Run No Orlent Gas Load 
9 H N F 

Prof~le COBRA-SFS Data 
2 J - 0 

5 0 1A ----- 
Surface -.-.- 0 

Temperature. 'C 

I Run No Orlent Gas Load 1 

Elevat~on COBRA-SFS Data 
1 4 5 m  - 
3 3 3  rn ----- a O I 



Temperature. " C  

Run No. Orlent Gas Load 
10 H 

Elevat~on COBRA-SFS Data I 



I Run No Ortent Gas Load 
1 l a  V H F 

Proftle COBRA-SFS Data 
2 J - ----- 0 
IA n 

Surface -. -.- 
Arnbten, ....... .... 

Run No Ortent Gas Load 
l l a  V 

Elevatton COBRA-SFS Data 
1 45 ~n - 0 
333171 ----- A 



Run No. Orlent Gas Load 
11 b V H F 

Elevat~on COBRA-SFS Data 
1 4 5 m  - 
3 3 3 m  ----- 0 

n 

w 

S 
b- a Fuel Tube 

5 0  - copper 

0 SST 

Lead 

Ethylene Glycol Water 



9 
5 loc  
"2 
a 

: 

Temperature C 

- - - 

Run No Orlent Gas Load 
12  V H F I 

Elevat~on COBRA-SFS Data 
1 4 5 I l l  - 0 

a Furl Tubr' 

- O Copper 

ssr 
a Lead 

a Etllylene Glycr,l Wdlei 



I Run No Orlent. Gas Load 
13 V N F 

2 5 0  
Run No Orlent Gas Load 

13 V N F 

A A Elevat~on COBRA-SFS Data 
2 0 0  - n 1 4 5 m  - 0 

3 3 3 m  ----- A 

150 

Y 
9 ----- 
1 1 0 0 -  
I 
a 
E 
a, C 

5 0  

U 

Fuel Tube 

- Copper 

ssr 
Lead 

Ethylene Glycol Wafer 



Run No Orlent Gas Load 
14 V V F 

Elevat~on COBRA-SFS Data 
1 45 m - 0 
3 3 3  rn ----- n 

a Fuel Tube 

- Copper 

SST 
Lead 

Ethylene Glycol Wdtrr 
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