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GAPCON-THERMAL-2: A  COMPUTER PROGRAM FOR CALCULATING 

THE THERMAL BEHAVIOR OF AN OXIDE FUEL ROD 

C.  E. Beyer,  C .  R .  Hann, D .  D. Lann ing,  

F. E. Pan isko,  and L .  J. Parchen 

INTRODUCTION 

T h i s  document d e s c r i b e s  t h e  computer  code GAPCON-THERMAL-2 wh ich  i s  a  

1  i g h t  w a t e r  r e a c t o r  (LWR) f u e l  t he rma l  per formance p r e d i c t i o n  code.  

GAPCON-THERMAL-2 i s  an updated v e r s i o n  o f  GAPCON-THERMAL-1. Bo th  o f  

t h e s e  codes were p repared  by  B a t t e l l e - N o r t h w e s t  f o r  t h e  Core Performance 

Branch o f  t h e  Nuc lea r  R e g u l a t o r y  Commission. T h i s  v e r s i o n  o f  GAPCON- 

THERMAL-2 i s  b e i n g  p u b l i s h e d  t o  c o n s o l i d a t e  t h e  numerous changes i n  t h e  code 

t h a t  o c c u r r e d  s i n c e  t h e  p u b l i s h i n g  o f  t h e  GAPCON-THERMAL-] r e p o r t ,  September 

1973. GAPCON-THERMAL-2 shou ld  n o t  be used as a  f u e l  d e s i g n  code b u t  as one 

o f  s e v e r a l  c a l c u l a t  i onal  t o o l  s  f o r  r e a c t o r  f u e l  s t e a d y - s t a t e  thermal  p e r -  

formance and t o  p r o v i d e  i n p u t  f o r  a c c i d e n t  a n a l y s e s .  Some models used i n  

t h e  code p r o v i d e  b e s t  e s t i m a t e  as w e l l  as c o n s e r v a t i v e  p r e d i c t i o n s .  No 

e f f o r t  was made t o  a d j u s t  t h e  code t o  agree w i t h  da ta ;  h o w w e r ,  each o f  t h e  

i n d i v i d u a l  models i n  t h e  code i s  based on t h e  b e s t  a v a i l a b l e  d a t a .  

An a n a l y t i c a l  model f o r  c a l c u l a t i n g  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  (gap 

conductance)  between t h e  f u e l  and c l a d d i n g  e v e n t u a l l y  evo lves  i n t o  a  s e r i e s  

o f  complex, i n t e r a c t i n g  models wh ich  canno t  be t r e a t e d  s e p a r a t e l y .  P h y s i c a l  

phenomena must  be a d e q u a t e l y  modeled m a t h e m a t i c a l l y  w i t h  a s e l f - c o n s i s t e n t  

approach t o  even c r u d e l y  s i m u l a t e  t h e  dynamic s i t u a t i o n  i n  a  f u e l  r o d .  A  

c o m p u t a t i o n a l  model f o r  s i m u l a t i n g  f u e l  thermal  per formance s h o u l d  c o n s i d e r  

many phenomena and t h e  e f f e c t  o f  changes i n  any one o f  t h e s e  on a l l  t h e  

o t h e r s .  F i g u r e  d e p i c t s  t h e  t y p e  o f  i n t e r a c t i o n s  a s s o c i a t e d  w i t h  f u e l  

thermal  b e h a v i o r  t h a t  must  be c o n s i d e r e d  b y  t h e  f u e l  modeler .  I n a b i l i t y  

t o  a c c u r a t e l y  model some phenomena can  have r e l a t i v e l y  l a r g e  e f f e c t s  on t h e  

c a l c u l a t i o n  w h i l e  r e l a t i v e l y  l a r g e  e r r o r s  i n  o t h e r  models may have a  r e l a -  

t i v e l y  sma l l  e f f e c t .  



The h i g h  f u e l  temperatures c a l c u l a t e d  as a  r e s u l t  of  assuming i n s t a n -  

taneous d e n s i f i c a t i o n  and i s o t r o p i c  shr inkage of t h e  p e l l e t  a l s o  produce 

h igh  f i s s i o n  gas re l ease  f r a c t i o n s .  The re leased f i s s i o n  gases change t h e  

gas compos i t ion  thereby reduc ing  t h e  c o n d u c t i v i t y  of  the  gas. Two f a c t o r s  

o f f s e t t i n g  t h e  r a p i d l y  changing gas composit ions a re  gap c l o s u r e  mechanisms 

and t h e  gradual d e c l i n e  i n  r o d  power assoc ia ted  w i t h  fue l  d e p l e t i o n .  The 

gap c l o s u r e  mechanisms t h a t  have t h e  most pronounced e f f e c t s  a r e  those 

assoc ia ted  w i t h  thermal expansion, fue l  swe l l i ng ,  c l add ing  creepdown, and 

r a d i a l  r e l o c a t i o n  o f  t h e  f u e l  v i a  c rack ing .  A l l  four  phenomena a r e  d i f f i c u l t  

t o  descr ibe  q u a n t i t a t i v e l y  t o  t h e  accuracy des i r ed  (a few t e n t h s  o f  a  m i l )  

f o r  gap conductance c a l c u l a t i o n s .  L i nea r  thermal expansion f o r  UOq has been 

measured w i t h  some success; however, t he re  i s  cons iderab le  d i s p u t e  over  what 

t ype  o f  a l g o r i t h m  should be used t o  expand t he  f u e l  under i n - r e a c t o r  condi -  

t i o n s ,  i . e . ,  l a r g e  temperature g rad ien t s .  A  l a r g e  number o f  q u a l i t a t i v e  

observa t ions  on f u e l  c rack ing  and f ue l  s w e l l i n g  have been made b u t  ve ry  

l i t t l e  success has been achieved i n  q u a n t i f y i n g  these two phenomena. 

The computed r e s u l t s  f rom an a n a l y t i c a l  model should r e l a t e  t o  t h e  

observa t ions  made d u r i n g  t h e  i r r a d i a t i o n  o r  t he  r e s u l t s  o f  p o s t i r r a d i a t i o n  

examinat ions. Comparison of t h e  a n a l y t i c a l  r e s u l t s  w i t h  exper imenta l  obser- 

va t i ons  i s  an e s s e n t i a l  t e s t  of bo th  t h e  computer code and t h e  mathematical 

models o f  t he  phenomena be ing  s imulated.  Discrepancies between computed 

r e s u l t s  and observa t ions  can be a t t r i b u t e d  t o  e i t h e r  u n c e r t a i n t i e s  i n  t he  

models o r  p o o r l y  cha rac te r i zed  exper iments.  Many computer codes developed 

t o  s imu la te  f u e l  performance a r e  ad jus ted  t o  agree w i t h  s p e c i f i c  observa- 

t i o n s .  Such codes should be checked aga ins t  a  wide range o f  independent 

data t h a t  were n o t  used i n  t h e  development o f  t h e  models compr is ing the  code. 

Models f o r  c a l c u l a t i n g  gap conductance a r e  o f t e n  compared w i t h  r epo r ted  

va lues c a l c u l a t e d  from exper imenta l  data.  A number of  assumptions u s u a l l y  

have t o  be made by t h e  exper imenter t o  c a l c u l a t e  a  gap conductance from the  

data.  These assumptions l ead  t o  an accumulat ion of e r r o r  i n  t he  est ima- 

t i o n  o f  f u e l  su r face  temperature f rom which the temperature d i f f e r e n c e  and 



thus t h e  gap conductance i s  c a l c u l a t e d .  Most o f  t h e  r e p o r t e d  gap conduc- 

tance va lues a re  based on i n t e r p r e t a t i o n  o f  m i c r o s t r u c t u r a l  f ea tu res  

observed i n  t he  fue l  a f t e r  comp le t ion  o f  t he  i r r a d i a t i o n .  These mic ro -  

s t r u c t u r a l  boundar ies i n c l u d e  t h e  once mo l ten  f u e l  r a d i u s ,  t h e  columnar 

g r a i n  growth r ad ius ,  and t h e  equiaxed g r a i n  growth r eg ion .  These f e a t u r e s  

r ep resen t  isotherms t h a t  e x i s t e d  i n  t h e  f u e l  a t  some t ime d u r i n g  ope ra t i on .  

Disagreement s t i l l  e x i s t s  as t o  t he  temperatures assoc ia ted  w i t h  t h e  above 

boundar ies.  Var ious exper imenters  a l s o  d isagree  as t o  what f e a t u r e s  d e f i n e  

t he  boundar ies and what va lues t o  use f o r  U02 thermal c o n d u c t i v i t y .  Accord- 

i n g l y ,  t h e  gap conductances r e p o r t e d  by any one exper imenter  may be i n t e r -  

n a l l y  c o n s i s t e n t  f o r  h i s  p a r t i c u l a r  t e s t  b u t  shou ld  n o t  be compared d i r e c t l y  

w i t h  t he  gap conductances c a l c u l a t e d  f r om o t h e r  exper iments w i t h  a  d i f f e r e n t  

s e t  o f  assumptions. The comparison o f  p r e d i c t e d  va lues  w i t h  va r i ous  r epo r t ed  

va lues i s  n o t  e n t i r e l y  v a l i d ,  un less  t h e  gap conductances a re  c a l c u l a t e d  i n  

a  c o n s i s t e n t  manner f o r  a l l  t h e  exper iments.  

A more c o n s i s t e n t  method of  comparing an a n a l y t i c a l  model w i t h  e x p e r i -  

mental da ta  i s  t o  compare t h e  model w i t h  t h e  v a r i a b l e  t h a t  was measured i n  

t he  exper iment .  These v a r i a b l e s  u s u a l l y  i n c l u d e  f i s s i o n  gas re l ease  f r a c -  

t i o n s ,  m i c r o s t r u c t u r a l  boundar ies,  and t h e  o u t p u t  of thermocouples l oca ted  

i n  t h e  f u e l .  These comparisons a re  a l s o  somewhat l i m i t e d  because very  few 

w e l l - c h a r a c t e r i z e d  exper iments have been pub l i shed  f o r  thermal r e a c t o r  

f ue l s .  Eva lua t i ng  r e p o r t s  c o n t a i n i n g  exper imenta l  data  u s u a l l y  r e v e a l s  r e l 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  i n  heat  r a t i n g s ,  d imensional  to le rances ,  phys i ca l  

c h a r a c t e r i s t i c s  of t he  fue l  , and f l u x  depressions. 

Thermal performance codes a r e  impo r tan t  t o  h e l p  assure t h e - c o n t i n u e d  

sa fe  o p e r a t i o n  o f  nuc l ea r  r e a c t o r s  which i nc l udes  p r e d i c t i n g  t h e  outcome 

o f  p o s t u l a t e d  acc i den t  s i t u a t i o n s .  However, t h i s  code c u r r e n t l y  does n o t  

have t h e  c a p a b i l i t y  t o  p r e d i c t  f u e l  r o d  behav io r  d u r i n g  o r  f o l l o w i n g  a  

r e a c t o r  t r a n s i e n t .  GAPCON-THERMAL-2 should n o t  be used f o r  f u e l  r o d  design; 

i t  i s  one o f  severa l  c a l c u l a t i o n a l  t o o l s  f o r  f u e l  perforniance and f o r  i n p u t  

t o  a c c i d e n t  analyses.  



Included in th i s  report i s  a summary of the code description and con- 

clusions about i t s  predictions followed by a description of the code and 

pertinent models. Also included are  the resul ts  of a paranietric study, a 

comparison of the codes predictions with open l i te ra ture  experimental data, 

and the code limitations. A l i s t i ng  cf the code i s  given in the ~ s e $ s  

Guide. ( 3 )  



SUMMARY AND CONCLUSIONS 

GAPCON-THERMAL-2 i s  an updated v e r s i o n  o f  GAPCON-THERMAL-1 f o r  c a l -  

c u l a t i n g  l i g h t - w a t e r  r e a c t o r  f u e l  t he rma l  performance.  C lose  d e t a i l  i s  

g i v e n  t o  t h e  c a l c u l a t i o n  o f  t h e  f u e l - c l a d d i n g  the rma l  gap conductance.  A 

comp le te  d e s c r i p t i o n  o f  t h e  code i s  p r e s e n t e d  w i t h  emphasis d e s c r i b i n g  t h e  

m a j o r  r e v i s i o n s .  These i n c l u d e  an added s t e a d y - s t a t e  power h i s t o r y  capa- 

b i l i t y ,  improved f i s s i o n  gas g e n e r a t i o n  model, f u e l  r e l o c a t i o n  and d e n s i f i -  

c a t i o n  model s, improved gap conductance,  and f i s s i o n  gas r e l e a s e  models 

p l u s  t h e  added a b i l i t y  t o  accoun t  f o r  v o l a t i l e  i m p u r i t i e s ,  d i s h e d  p e l l e t s ,  

mixed o x i d e  f u e l  and m o l t e n  U02. The gas r e 1  ease and r e l o c a t i o n  models 

p r o v i d e  as a  u s e r  o p t i o n  e i t h e r  b e s t  e s t i m a t e  o r  c o n s e r v a t i v e  p r e d i c t i o n s .  

The code r e q u i r e s  l i t t l e  computer r u n n i n g  t ime ;  f o r  example, 2  m i n  on 

a  CDC 6600 o r  UNIVAC 1108 t o  compute t h e  the rma l  c o n d i t i o n s  a t  4 a x i a l  l o c a -  

t i o n s  i n  3 f u e l  p i n s  f o r  1 2  t i m e  s t e p s .  T h i s ,  coup led  w i t h  sma l l  r e q u i r e d  

c o r e  s t o r a g e ,  shou ld  p e r m i t  r a p i d  m u l t i p l e  r u n s  a t  l o w  c o s t  t o  t h e  u s e r .  

An e v a l u a t i o n  o f  t h e  code was ~ e r f o r r n e d  u s i n g  d a t a  from 61 f u e l  r o d s  

o r  specimens r e p o r t e d  f r o m  14 i r r a d i a t i o n  t e s t s .  P r e d i c t e d  tempera tu res ,  

p ressu res ,  and gas r e l e a s e  f r a c t i o n s  were g e n e r a l l y  h i g h e r  t h a n  t h e  r e p o r t e d  

v a l u e s .  Some p r e d i c t i o n s  f o r  a  power h i s t o r y  case were made ( F i g u r e  19 )  

wh ich  show t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  tempera tu res  and p ressu res  

and t h e  measured va lues .  

A l l  t h e  p r e d i c t i o n s  p resen ted  h e r e  were made u s i n g  t h e  b e s t  e s t i m a t e  

f u e l  r e l o c a t i o n  and gas r e l e a s e  models.  The d e n s i f i c a t i o n  model was n o t  

used; however, t h e  e f f e c t  o f  u s i n g  t h e  d e n s i f i c a t i o n  model can be seen i n  

t h e  r e s u l t s  of  t h e  p a r a m e t r i c  s t u d y  i n c l u d e d  i n  t h i s  r e p o r t .  

T h i s  v e r s i o n  o f  t h e  code has l i m i t a t i o n s  i n  such areas as  gap c l o s u r e  

r a t e ,  r e s t r u c t u r i n g  r a t e  and a s s o c i a t e d  e f f e c t s ,  asymmetr ic  r a d i a l  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 ,  d e t a i l e d  f u e l - c l a d d i n g  mechan ica l  a n a l y s i s ,  

and power t r a n s i e n t  c o n d i t i o n s .  



Finally, the predictions of a code like GAPCON-THERMAL-2 can never be 

better than the reported or measured experimental values. As better 

results from i nstrumented irradiation tests and out-of -pi 1 e experiments 
become avai lab1 e, better predictions by computer codes wi 1 1  be possibl e. 



GENERAL CODE DESCRIPTION 

GAPCON-THERMAL-2 c a l c u l a t e s  t h e  gap conductance, temperatures, pres-  

sures and s to red  thermal energy i n  a  nuc lea r  f u e l  rod .  The code ca l cu la tes  

these va lues f o r  a  f u e l  r o d  du r i ng  i t s  o p e r a t i o n - - f o l l o w i n g  i t s  power h i s -  

t o r y .  The c u r r e n t  v e r s i o n  uses 50 f u e l  r a d i a l  nodes and between 1  and 20 

a x i a l  f u e l  nodes f o r  as many as 15 time-power s teps.  The code does n o t  con- 

t a i n  a  s p e c i f i c  f u e l  c rack ing  model b u t  does c a l c u l a t e  a  gap c l osu re  us ing 

an emp i r i ca l  f ue l  re1  oca t i on  model . Other code l i m i t a t i o n s  a r e  1 i m i  t e d  

r e s t r u c t u r i n g ,  no asymmetric f ue l - c l add ing  heat  t r a n s f e r ,  no he l ium sorb- 

t i o n  and no p l a s t i c  deformat ion assoc ia ted  w i t h  f u e l - c l a d d i n g  mechanical 

i n t e r a c t i o n .  Also, t h e  neut ron c ross  sec t ions  used i n  t he  code may n o t  

be app rop r i a te  f o r  a l l  r e a c t o r  c o n d i t i o n s  (see Appendix 8 ) .  A f l o w  sheet 

showing t h e  o rder  o f  t h e  c a l c u l a t i o n s  i s  g iven  i n  F igures 2 and 3; t h e  

subrou t ine  c a l l  sequence i s  shown i n  F igure  4. 

The code r e q u i r e s  c e r t a i n  i n p u t  t o  per form the  necessary c a l c u l a t i o n s .  

As many as 66 d i f f e r e n t  i n p u t  va r i ab les  may be used b u t  as few as 10 a r e  

s u f f i c i e n t .  An a lphabe t i ca l  l i s t i n g  o f  t h e  i n p ~ t  parameters i s  g iven  i n  

Table 1. A t  t h e  beg inn ing  o f  a  computat ion a l l  b u t  s i x  of these va r i ab les  

a re  p rese t  t o  zero through the  subrou t ine  c a l l e d  BLKDAT. The nonzero values 

o f  t h e  s i x  v a r i a b l e s  a re  shown i n  Table 1.  

Fo l l ow ing  t he  p rese t  ope ra t i on  t he  i n p u t  values a r e  read and w r i t t e n  

through t h e  subrou t ine  named INPT. Some p r e l  im ina ry  c a l c u l a t i o n s  a re  per-  

formed; f o r  example, t h e  c o l d  gap s i z e  i s  c a l c u l a t e d  from the  i n p u t  f u e l  

and c l add ing  dimensions, the  proper  fue l  and c l add ing  m a t e r i a l  p r o p e r t i e s  

i n  BLKDAT o r  f rom INPT a r e  made a v a i l a b l e  t o  t he  main program, GAPCON and 

t he  f u e l  r a d i a l  f l u x  depress ion through t he  subrou t ine  DEPRES o r  f rom INPT 

a re  determined. The b a s i c  i n i t i a l  da ta  (bo th  i n p u t  and c a l c u l a t e d )  a re  

w r i t t e n  through t h e  subrou t ine  INPUT. The amounts o f  k ryp ton  and xenon 

f i s s i o n  gases generated a re  c a l c u l a t e d  f o r  t h e  end o f  each t ime s tep  f o r  

each a x i a l  node; these values a r e  saved f o r  use l a t e r .  Subrout ine FISSES 

c a l c u l a t e s  t h e  app rop r i a te  t imes and powers t o  be used f o r  t h e  f i s s i o n  

gas gene ra t i on  c a l c u l a t i o n s  i n  FISGAS. 



The t ime step sequence begins w i t h  t ime equal t o  zero days. No i t e r a -  

t i o n  on gas re lease i s  requ i red  f o r  t ime equal t o  zero; however, f o r  subse- 

quent t ime steps the i terat ion- to-convergence scheme i s  used w i t h i n  each 

t ime step. 

The a x i a l  node c a l c u l a t i o n s  s t a r t  w i t h  the  node nearest  the coo lan t  

i n l e t .  The f i s s i o n  gas plenum i s  assumed t o  be near t he  coo lan t  o u t l e t .  

Fuel r e l o c a t i o n  and/or dens i f i ca t i on ,  if they are requi red,  are ca l cu la ted  

us ing  subrout ines RELOC and DENSF, respec t i ve l y .  Next, c ladd ing  and fuel  
r a d i a l  temperature p r o f i l e s  a re  ca l cu la ted  us ing an assumed gap conductance. 

Cladding temperatures a re  c z l  cu l  a ted i n  GAPCON and fuel  temperatures i n  

RTEMP. The c ladd ing  and fuel  thermal expansions and o ther  r a d i a l  d isp lace-  

ments ( s t r a i n  from i n t e r n a l  and ex terna l  pressures and f u e l  swe l l i ng )  a r e  

computed. The amount o f  r e a c t i v e  v o l a t i l e  consumed as we l l  as the  amount 

of krypton and xenon released by the  f u e l  a r e  calculated.  The subrout ine 

GASREL performs the  1  a t t e r  ca l cu la t i ons .  The convergence scheme f o r  gap 

conductance s t a r t s  each i t e r a t i o n  a t  the  c a l c u l a t i o n  f o r  the  c ladding and 

f u e l  temperature. 

The gap conductance fo r  each node i s  ca lcu la ted  us ing  parameters f o r  

the f u e l ,  gap, and the cladding. The gap conductance cons is ts  o f  the r a d i a l  

heat t r a n s f e r  by gas conduction, fuel -c ladding so l  i d - s o l  i d  conduction and 

r a d i a t i o n  from the  f u e l  t o  the  cladding. Conductance through the  gas i s  

based on work by Lanning and ~ a n n ( ~ )  us ing a  model proposed by Ross and 

Stoute. (5) The f u e l  and c ladding temperature jump dis tances are ca l cu la ted  

by the  L loyd model. (6) The conductance due t o  s o l i d - s o l i d  contac t  i s  c a l -  

cu la ted  by a  mod i f ied  M i  kic-Todreas model . ('I A concent r ic  f u e l  - c l  adding 

gap conta in ing  a  homogeneous gas w i t h  complete mix ing i s  assumed. An i t e r a -  

ti on- to-convergence scheme i s used t o  determine the  gap conductance. Cal- 

c u l a t i o n s  w i t h i n  t h i s  i t e r a t i o n  loop inc lude f u e l  and c ladd ing  temperatures, 

thermal expansions, gap s ize ,  gas thermal conduc t i v i t y ,  i n t e r f a c i a l  pressure 

between fuel  and c ladd ing  if gap i s  c losed and f i n a l l y ,  gap cond~ctance.  The 

i t e r a t i o n  scheme checks f o r  s i m i l a r  slopes i n  the approach t o  convergence 

and makes adjustments f o r  e i t h e r  the  under-damped, o s c i l l a t i n g  , o r  over- 

damped case. A f te r  convergence on gap conductance fo r  one node, i d e n t i c a l  



c a l c u l a t i o n s  a re  repea ted  f o r  each a x i a l  node. The f u e l  column a x i a l  

thermal  expansion i s  c a l c u l a t e d  t a k i n g  p e l l e t  d i s h i n g  i n t o  e f f e c t  a f t e r  

t h e  c a l c u l a t i o n  f o r  t h e  l a s t  a x i a l  node. 

Next,  t h e  i n t e r n a l  gas con ten t  based on t h e  gas re l ease  from each 

node i s  c a l c u l a t e d  and then compared w i t h  t h e  assumed value. An i t e r a t i o n -  

to-convergence scheme s i m i l a r  t o  t h a t  used w i t h  gap conductance i s  used 

w i t h  t h e  gas re l ease  f r a c t i o n .  A f t e r  convergence o f  gas r e l e a s e  f r a c t i o n ,  

t he  f i n a l  computed r e s u l t s  a re  w r i t t e n  by use o f  sub rou t i ne  OUTPUT f o r  

each a x i a l  node; o p t i o n a l  ou tpu t  may be ob ta i ned  f o r  t h e  peak power node 

and a  t a b l e  f rom sub rou t i ne  AXPRNT which summarizes t h e  thermal c o n d i t i o n s  

o f  a x i a l  nodes f o r  t h e  c u r r e n t  t ime  s tep.  Subrou t ine  OUTPUT w r i t e s  f u e l  

s t o r e d  energy va lues c a l c u l a t e d  i n  subrou t ines  CARL and HCAP. A f t e r  t h e  

o u t p u t  f o r  t h e  f i n a l  t ime  s t e p  i s  w r i t t e n ,  t h e  code reads i n  da ta  f o r  t h e  

n e x t  problem. A d e t a i l e d  d e s c r i p t i o n  o f  t h e  s a l i e n t  models, a l go r i t hms ,  

and op t i ons  i n  t h e  code a r e  g i ven  below. 



DETAILED CODE DESCRIPTION 

A  d e t a i l e d  d e s c r i p t i o n  of t h e  updated p o r t i o n s  of  t h e  code i s  g i ven  

below. A l i s t i n g  o f  t h e  code i s  i n  t h e  Use r ' s  Manual. ( 3  

POWER HISTORY 4 

The power h i s t o r y  s i m u l a t i o n  i n  t h e  code uses cons tan t  power f o r  each 

f i n i t e  t ime s tep;  a  maximum of 15 s teps i s  pe rm i t t ed .  The powers f o r  t he  

f i r s t  two t imes must be g r e a t e r  than zero and a l l  subsequent powers must be 

g rea te r  than o r  equal t o  zero. The power h i s t o r y  dependent models i n  t h e  
t 

code a r e  gas re lease ,  r e l o c a t i o n  and d e n s i f i c a t i o n .  These models a r e  t r e a t e d  . 
as i r r e v e r s i b l e  phenomena. A t  any t i m e  s tep  o t h e r  than t h e  f i r s t  f o r  each 

a x i a l  node t he  c u r r e n t  gas re lease ,  r e l o c a t i o n  and d e n s i f i c a t i o n  values a r e  

compared w i t h  t h e  values used i n  t h e  p rev ious  t ime  s tep .  Re loca t ion  and 

d e n s i f i c a t i o n  displacements w i l l  n o t  decrease if l e s s e r  va lues a r e  subsequent ly 

ca l cu la ted .  However, r e l o c a t i o n  i s  no t  pe rm i t t ed  t o  cause f u e l  -c ladd ing  i n t e r -  

f a c i a l  pressure.  The f i s s i o n  gas re l ease  a l g o r i t h m  depends on a l l  p rev ious  gas 

re l ease  va lues.  For more i n fo rma t i on  on these p a r t i c u l a r  models o r  a l go r i t hms ,  

r e f e r  t o  t he  p a r t i c u l a r  model d e s c r i p t i o n  g i ven  i n  t h i s  r e p o r t .  

FISSION GAS GENERATION 

The c a l c u l a t i o n  of t h e  amount of generated k ryp ton  and xenon f i s s i o n  

gases i s  done by a  d i f f e r e n t  method than used i n  GAP CON'^) and GAPCON-THERMAL-1. 

The mathematical  models f o r  f i s s i o n  gas genera t ion  i n  subrou t ine  FISGAS 

i n  GAPCON-THERMAL-2 do n o t  r e q u i r e  t h a t  t ime  s t a r t  a t  zero as i n  e a r l i e r  

ve rs i ons  o f  t h e  code, b u t  use t ime  increments. Th is  was t he  main m o d i f i -  

c a t i o n  i n  t h e  code t h a t  was requ i red  t o  be a b l e  t o  f o l l o w  a  f u e l  p i n  power 

h i s t o r y .  Another a d d i t i o n  i n  FISGAS inc ludes  t h e  t ransmuta t ion  t o  p l  u to -  

n i  um o f  u ran i  urn-238 by resonance abso rp t i on  o f  neutrons and subsequent 

gas p roduc t i on  f rom f i s s i o n i n g  o f  t h i s  plutonium. The f i s s i o n i n g  o f  
# 

p lu ton ium i n  t h e  as - f ab r i ca ted  f u e l  and t h e  subsequent p roduc t i on  o f  

k r yp ton  and xenon had been i n  t he  code. A  rev iew by J. L. Ca r te r  (9) o f  

Ba t t e l l e -No r thwes t  o f  t h e  FISGAS model used i n  GAPCON and GAPCON-THERMAL-1 . . 
and a  d e s c r i p t i o n  of FISGAS i n  GAPCON-THERMAL-2 a r e  g i ven  i n  Appendix 6. 



Tables 2 and 3 give thermal yield and thermal cross sections that  are  used 

in FISGAS to  calculate the fission gas inventory. Note that  the values are  

for  2200 m/sec neutron velocity. 

RELOCATION 

Relocation as used here i s  the ear ly- in- l i fe  reduction in gap s ize due 

to  athermal fuel cracking and outward movement. I t  i s  postulated that  such 

relocation i s  a function of fuel power, power cycling, fabricated gap, 

burnup and/or irradiation time. The accurate measurement and prediction of 

such relocation i s  currently not feasible.  

During i r radiat ion,  ceramic fuels are  subjected t o  thermal s t ress  which 

can be relieved by fuel s t ra in .  The UOp can s t ra in  by plast ic  flow a t  tem- 

peratures above %1200°C, and by cracking a t  temperatures below %1200°C. (71 ) 

The crack volume in solid fuel comes from the fuel-cladding gap. Normal 

crack healing does not restore the void volume to the gap b u t  moves i t  

toward the fuel centerline.  By a ser ies  of cracking and crack healing cycles 

the void volume in the gap can be transferred to  the fuel centerline. 

The model for  the change in the fuel diameter was defined as 

Results of l inear regression were a = 40, B = 0.8 and y = 1 with a correla- 

tion coefficient of 0.4 and a residual deviation of 17%. The model, in sub- 

routine R E L O C ,  i s  based on l inear  regression analysis of experimental data 

from the open l i te ra ture .  Some uncertainty exis ts  in the correlation due to  

both the inaccuracy associated with each datum point and the sca t te r  among 

the available data. The correlation i s  based on 84 experimental data points 

used in an Exxon report ( l o )  plus 33 additional data in a Belgonucleaire 

report ( I 1 )  and 16 data points from a C E A  report. ( I 2 )  The model i s  described 

DELGD = k 0  (A) + 0.8P + 1 1  GAP/100 

with B = EXP (-4 + B U R N U P  1/4) P I  
where D E L G D  i s  the increase in fuel diameter (inches) due to  relocation a t  

a power, P ,  (kW/ft) with an as-fabricated cold gap, GAP,  (inches) for a 

b u r n u p ,  B U R N U P ,  (MWdIMTM) . 



The conse rva t i ve  model which g i ves  l e s s  r e l o c a t i o n  i s  DELGD = DELGD - 
0.28 GAP u s i n g  t h e  s tandard d e v i a t i o n  o f  17%. The 95% upper bound f o r  a  

normal d i s t r i b u t i o n  f o r  a  one-sided t e s t  i s  1.650 = 0.28. Th i s  r e l o c a t i o n  

c o r r e l a t i o n  can be improved as b e t t e r  exper imental  da ta  become a v a i l a b l e .  

One o f  t h e  b e t t e r  r e l o c a t i o n  c o r r e l a t i o n s  based on a  c o n s i s t e n t  s e t  

o f  exper imenta l  i r r a d i a t i o n  da ta  was presented by Du t t y  Baker and Chastain 

a t  HEDL. 3, T h e i r  c o r r e l a t i o n  was developed us ing  c o l d  gap measurements 

f rom the  ceramographic c ross  sec t i ons  of IU02 - 25 wt% Pu02 f ue l  i r r a d i a t e d  

i n  EBR-11. The exper imenta l  da ta  used by them showed a  minimum 0.0009-inch 

c l o s u r e  f o r  ~ 1 / 4  i n c h  d iameter  f u e l  w i t h  a  f a b r i c a t e d  0.0051-inch gap; t h e  

maximum was 0.0075-inch w i t h  s i m i l a r  f u e l  and a  0.010-inch f a b r i c a t e d  gap. 

The D u t t  e t  a l .  c o r r e l a t i o n  g i ves  i n c r e a s i n g  gap c l o s u r e  w i t h  i nc reas ing  

c o l d  gap, f ue l  power, power cyc les  and burnup; t he  c o r r e l a t i o n  p r e d i c t s  

w i t h i n  %+I m i l  t h e  range of t h e  da ta .  The HEDL exper imenta l  data were n o t  

used i n  c o r r e l a t i n g  t h e  model used i n  GAPCON-THERMAL-2 because o f  t h e  d i f -  

ferences i n  f u e l  s i z e  and composit ion, su r face  temperatures and power d e n s i t i e s .  

The a l g o r i t h m  assoc ia ted  w i t h  our  fue l  r e l o c a t i o n  r e l a t e s  t o  t h e  f u e l -  

c l add ing  gap. Fo r  each a x i a l  node a t  each t ime  s tep  t h e  r e l o c a t i o n  i s  c a l -  

cu la ted .  If t h e  c a l c u l a t e d  amount a t  any t ime  s tep  i s  l e s s  than t h e  amount 

used d u r i n g  t h e  p rev ious  t ime  s tep,  t h e  c u r r e n t  t ime  s tep  uses t h e  l a r g e r  

amount. However, r e l o c a t i o n  i s  n o t  pe rm i t t ed  t o  cause f u e l - c l a d d i n g  i n t e r -  

f a c i a l  pressure, i . e . ,  r e l o c a t i o n  i s  reduced u n t i l  t he  i n t e r f a c i a l  p ressure  

becomes zero  o r  u n t i l  r e l o c a t i o n  i s  zero.  Th i s  a l g o r i t h m  i s  n o t  an accura te  

r e p r e s e n t a t i o n  o f  t r u e  f u e l  behavior,  however, t o  p rov ide  a  b e t t e r  a l g o r i t h m  

the  u n c e r t a i n t i e s  i n  r e l o c a t i o n  and c o n t a c t  conductance da ta  must be reduced. 

DENSIFICATION 

(14) The d e n s i f i c a t i o n  model i n  GAPCON-THERMAL-2, developed by R. 0. Meyer 

c a l c u l a t e s  t h e  r e d u c t i o n  o f  t h e  f u e l  r a d i u s  as a  f u n c t i o n  o f  i r r a d i a t i o n  
. 

t i m e  and d i f f e r e n t i a l  dens i t y .  The r a d i a l  shr inkage, DELPI, i s  c a l c u l a t e d  

as 

DELPI = - { M  ln[Burnup] + B )  DFS . p / 4  

where t h e  used burnup i s  a  maximum o f  2000 MWd/MTM, and . 



B = -1.6094M i f  t h e  f u e l  s t a r t i n g  d e n s i t y  i s  l e s s  than 925 T .D.  

o therw ise  

B = -2.996M. 

And, M = 0p/(7.601-1.6094) i f  t h e  s t a r t i n g  d e n s i t y  i s  l e s s  than 9?b T.D. 
o t  herwi se, 

M = @p/ (7.601 - 2.996) 

where, ~p i s  t h e  d i f f e r e n c e  i n  f u e l  d e n s i t y  f rom the  as - f ab r i ca ted  and t h e  

r e - s i n t e r e d  f u e l .  I f  burnup i s  l e s s  than  20 then DELPI = 0. 

Because no r a d i a l  expansion i s  permi t ted ,  i f  t h e  c a l c u l a t e d  v a l u e  i? 

grea te r  than  zero i t  i s  s e t  equal t o  zero. The z l g o r i t h m  i n  t h e  code 

assumes d e n s j f i c a t i o n  i s  i r r e v e r s i b l e ;  t h e  maximum r a d i a l  r e d u c t i o n  calc!r-  

l a t e d  through t h e  c u r r e n t  t ime s tep  i s  always used f o r  c a l c u l a t i o n s  i n  t h e  

c u r r e n t  t ime  s tep.  

CONDUCTANCE CALCULATIONS 

The gap conductance i s  composed o f  t h r e e  terms: 

conductance conductance conductance 
through through by 

p o i n t s  o f  t he  gas r a d i a t i o n  
c o n t a c t  f rom f u e l  

t o  c l add ing  

The f i r s t  two terms have been m o d i f i e d  i n  GAPCON-THERMAL-2 f rom 

GAPCON-THERMAL-1. The c r i t e r i o n  f o r  c o n t a c t  has a1 so been mod i f  i ed .  (The 

f i r s t  term c o n t r i b u t e s  o n l y  a f t e r  con tac t  has occurred i f  t he  con tac t  i s  n o t  

due t o  r e l o c a t i o n ) .  These m o d i f i c a t i o n s  a r e  discussed be1 ow. Refer  t o  
L 

Reference 4 f o r  t h e i r  d e r i v a t i o n .  

. Before and A f t e r  Contact  Occurs The Model f o r  h  

I n  GAPCON-THERMAL-1, t h e  model f o r  h  be fo re  c o n t a c t  was 
gas 



a f t e r  con tac t ,  

The c r i t e r i o n  f o r  c o n t a c t  was t h  5 C ( R ] + R ~ )  

kgas = thermal c o n d u c t i v i t y  o f  i n t e r f a c i a l  gas (Btu/hr - f t -OF)  

( ca l cu  1  a ted  by Chapman-Enscog t heo ry  (15 ) )  

t h  = r a d i a l  gap t h i ckness  ( i nches )  

R1 ,R2 = mean su r f ace  roughness o f  f u e l  and c l a d  ( inches)  

g1,g2 = t h e  temperature jump d i s tance  a t  t he  f u e l  and a t  t h e  c l a d  ( inches)  

C = a  d imension less cons tan t  dependent on f u e l - c l a d  con tac t  p ressure  

P .  The dependence o f  C on P was deduced f rom t h e  Ross-Stoute 

da ta  t o  be as f o l l o w s :  

C = 1.98 exp (-0.000088 P),  P i n  p s i  

AX = e f f e c t i v e  gap w i d t h  a t  c o n t a c t  ( i nches )  

The 

va lue  was 

pressure, 

q u a n t i t y  AX = kgas/hgas was deduced f rom the  Ross-Stoute measurements 

n  va r i ous  gases. A  c a l c u l a t e d  va lue  o f  AX f o r  each exper imenta l  

; computed f rom t h e  model i n  Equat ion [8], us i ng  the  va lues f o r  c o n t a c t  
(5) gas temperature and sur face  roughness g iven  by Ross and Stoute.  

The measured and c a l c u l a t e d  va lues  were then compared by l i n e a r  regress ion .  

The r e s u l t ,  i . e . ,  t he  " l i n e  o f  bes t  f i t "  was as f o l l ows :  

Axn,eas. = 1.8 Wcalc -0.000005 ( inches)  [ l o ]  

I n  GAPCON-THERMAL-2, t h i s  r eg ress ion  r e s u l t  was used i n  c a l c u l a t i n g  h  
gas 

a f t e r  con tac t  has occurred. Thus, we w r i t e  

h  gas = kgas/AXregress ion = k  gas / ( I  .8(C(R1+R2) + gl + g2)-0.000005, [ I 1 1  



b u t  i t  i s  necessary f o r  h  t o  remain a  cont inuous f u n c t i o n  f rom non- 
gas 

con tac t  t o  con tac t  ( i  .e., as t h  decreases u n t i l  con tac t  occurs ) .  Thus 

t h e  model f o r  h  be fo re  con tac t  and t h e  c r i t e r i o n  f o r  con tac t  have t o  be 
gas 

a l t e r e d .  The s imp les t  a l t e r a t i o n  i s  t o  change t h e  model be fo re  con tac t  t o :  

and change t he  c r i t e r i o n  f o r  c o n t a c t  t o :  

t h  5 l.8C (Rl+R2) = 3.6 (R1+R2) 

Wi th  these changes, hgaS 
I i s  s t i l l  n o t  comple te ly  cont inuous because 

o f  t he  constant  -0.000005 which occurs i n  t h e  model a f t e r  con tac t .  Bu t  

t h i s  s l i g h t  d i s c o n t i n u i t y  does n o t  a f f e c t  convergence. 

The new c r i t e r i o n  f o r  c o n t a c t  e f f e c t i v e l y  s t a t e s  t h a t  c o n t a c t  occurs 

when t he  gap narrows t o  3.6 t imes t he  sum o f  the  roughness. The waviness 

and mismatch o f  t h e  f u e l - c l a d  i n t e r f a c e  and t h e  nonun i f o rm i t y  of t h e i r  peak 

he igh t s  cause some con tac t  be fo re  t h e  gap comple te ly  c loses .  

The C a l c u l a t i o n  o f  Temperature Jump D is tance  
4,  

I n  GAPCON-THERMAL-2, temperature jump d is tances  a r e  c a l c u l a t e d  f rom 
1 

t he  L l oyd  equat ion  ( 6 )  

kqa s  x 6.8 x ( i nches )  

i 
t 

a,P2 

.. where 

j 
= p a r t i a l  p ressure  o f  t he  jth gas ( p s i ) ,  

1 t h  M .  = mo lecu la r  we igh t  o f  t he  j gas, 
J 



a = the accommodation c o e f f i c i e n t  o f  the jth gas ( a  f u n c t i o n  
j 

o f  temperature) 

Ti = temperature a t  the ith i n t e r f a c e  ( O K )  before temperature jump. y 

The L loyd equat ion replaces a d i f f e r e n t  equat ion used i n  GAPCON-THERMAL-1, 
A 

which d i d  n o t  inc lude accommodation c o e f f i c i e n t s  e x p l i c i t l y .  Measurements by 

Ul lrnan e t  a1 . 6, f o r  xenon and he1 ium on U02 show t h a t  accomnodation c o e f f i  - 
c i e n t s  do vary between gas species and vary  s i g n i f i c a n t l y  w i t h  temperature. 

Therefore the  L loyd equation, which e x p l i c i t l y  incorporates accommodation coef-  . 
f i c i e n t s  i n t o  the  c a l c u l a t i o n  o f  t h e  temperature jump dis tance,  was chosen. 

The temperature dependence o f  accommodation c o e f f i c i e n t ,  a, f o r  xenon 

and helium a r e  taken d i r e c t l y  from the Ullman data i n  the form: 

For a gas o ther  than xenon and hel ium and f o r  the mixed gases, a i s  
j ' 

est imated from a l i n e a r  i n t e r p o l a t i o n  based on molecular weight ( M . ) :  
J 

The Ca lcu la t i on  of hzolid 

The term hsolid i s  ca l cu la ted  by a m o d i f i c a t i o n  o f  the Mikic-Todreas 

def ined as 



kl,k2 a r e  c o n d u c t i v i t i e s  o f  f u e l  and c lad ,  r e s p e c t i v e l y ,  i n  B t u / h r - f t  - O F ,  

7 ( ~ ~ / h ~ )  i s  a  d imension less r a t i o  o f  f u e l  su r face  roughness and wavelength 
R1R2 a r e  i n  inches. 

u (k) i s  t he  dimensionless r d t i o  o f  i n t e r f a c i a l  pressure t o  Meyer hardness 
o f  t he  c ladd ing ,  

n  = 1.0 f o r  (P/H) above 0.01, 

n  = 0.5 f o r  (P/H) below 0.0001, and 

(L) = 0.01 f o r  0.0001 c ( P / H )  0.01. 

Note t h a t  (?) i s  es t imated  by GAPCON-THERMAL-2 a s  

where R1, t he  mean f u e l  su r face  roughness i s  i n  micro inches.  

Th i s  equa t ion  [20], i s  a  c o r r e l a t i o n  of measurements o f  su r f ace  p rs -  

f i l e s  by Dean ( I 7 )  and Rapier,  Jones, and McIntosh. (1 8) 

The model , [I 81, t i e s  t oge the r  t h e  da ta  of Rapier  ( 1 8) and Ross and 

~ t o u t e ' ~ )  and f i t s  t h e  h i g h l y  s c a t t e r e d  da ta  of Ross and Stoute n e a r l y  as 

w e l l  i n  the  least -squares sense as t he  o r i g i n a l  Ross and S tou te  model. 

Ove ra l l  E f f e c t  on Conductance 

The n e t  e f f e c t  o f  t he  replacement o f  prev ious models f o r  h  and hSolid gas - 
w i t h  those j u s t  descr ibed i s  t o  lower  t he  t o t a l  gap conductance a t  con tac t  by 

20 t o  30%, depending on t h e  sur face  roughness and t h e  gas m ix tu res  i nvo l ved .  

Before c o n t a c t  the  n e t  e f f e c t  i s  n e g l i g i b l e ;  see F igu re  5 which shows a 

comparison o f  t h e  GAPCON -THERMAL-1 and 2 c a l c u l  a ted  gap conductances. 

GAS RELEASE 

I . High temperature (>1200°C) gas re lease  from U02 fue l  i s  an impo r tan t  

cons ide ra t i on  i n  s teady-s ta te  r e a c t o r  sa fe ty  c a l c u l a t i o n s  because o f  i t s  

e f f ec t  on t he  fwe l - to -c ladd ing  gap conductance and thus fue l  temperatures 



and f u e l  r o d  i n t e r n a l  gas pressures.  Conservat ive and bes t -es t imate  co r re -  

l a t i o n s  f o r  gas re l ease  a r e  needed t o  d e f i n e  gap conductance and i n t e r n a l  

p ressure  va lues  i n  t h e  r o d  be fo re  acc iden t  c a l c u l a t i o n s  can be performed. Sev- 

e r a l  methods f o r  c a l c u l a t i n g  the  h i g h  temperature f i s s i o n  gas re l ease  have 

been proposed (19-25) b u t  t h e  r e s u l t s  va ry  w ide l y .  However, most i n v e s t i g a t o r s  

agree t h a t  h i g h  temperature gas re l ease  i s  a  non l i nea r  phenomenon which i s  

dependent upon l o c a l  c o n d i t i o n s  i n  t h e  fue l ,  w i t h  fue l  temperature be ing  

t he  p r imary  c o n t r o l l i n g  parameter. The l a r g e  u n c e r t a i n t i e s  t h a t  a r e  i n h e r -  

e n t  i n  e s t i m a t i n g  f u e l  temperatures o f t en  p rec lude  a  r e 1  i a b l  e  c o r r e l a t i o n  

f o r  gas re l ease .  These u n c e r t a i n t i e s  i n  de te rmin ing  f u e l  temperatures, 

p l us  t h e  i n h e r e n t  d i f f e r e n c e s  i n  t h e  models themselves, account f o r  t he  

l a c k  o f  agreement between p r e v i o u s l y  proposed models. 

Low temperature (<1200°C) gas re l ease  f rom fue l  w i t h  burnups o f  l e s s  

than 20,000 MWd/MTM i s  t y p i c a l l y  i n  t h e  range o f  2% o r  lower .  The re l ease  

f rom low temperature f u e l  i s  n o t  as s i g n i f i c a n t  as t h e  h i g h  temperature 

re l ease  because t he  gap conductance and i n t e r n a l  r o d  pressures change very  

l i t t l e  when gas re l ease  i s  on t h e  o rde r  of  2%. A  low temperature re l ease  

model i.s i nc l uded  t o  extend gas re lease  p r e d i c t i o n s  below temperatures of 
'1 

1200°C. 

High and 1  ow temperature models i nc l uded  i n  GAPCON-THERMAL-2 were 

developed (26)  t o  p rov ide  an improved method f o r  p r e d i c t i n g  gas re l ease  f rom 

U02 f u e l .  The h igh- temperature re l ease  model was f it t o  a  c o n s i s t e n t  and 

we1 1 -charac te r i zed  s e t  o f  45 da ta  p o i n t s  us ing  a  mu1 t i  p l  e-1 i n e a r  regress ion  

code. The low temperature re l ease  model i s  one developed by Bellamy and 

~ i c h ( " )  and i s  compat ib le  w i t h  t he  high-- temperature model ( e . ,  extends 

gas re l ease  p r e d i c t i o n s  t o  temperatures below 1200°C where t he  h igh-  

temperature model i s  n o t  a p p l i c a b l e ) .  

To reduce t he  v a r i a b i l i t y  i n  t h e  h i g h  temperature gas re l ease  da ta  t h e  

f o l l o w i n g  c r i t e r i a  f o r  t h e  s e l e c t i o n  o f  da ta  were used: 

S t o i c h i o m e t r i c  U02 (O/M 2.00 2 0.005) 



A r e l a t i v e l y  cons tan t  power history--maximum power over  t h e  l i f e  

o f  a  f u e l  r od  cou ld  n o t  be more than 15% g r e a t e r  than t h e  t ime 

average power. 

Sho r t  f u e l  columns and r e l a t i v e l y  f l a t  a x i a l  power d i s t r i b u t i o n s - -  

a x i a l  @ power < I .  15. 
avg. - 

Fuel temperatures were e i t h e r  measured o r  cou ld  be i n f e r r e d  from 

m i c r o s t r u c t u r a l  changes. 

A rev iew o f  da ta  f rom 65 sources p rov ided  18 sources f o r  f u r t h e r  eva lua t i on .  

Data f rom 7 sources (28-33) (Tab le  4)  met t h e  c r i t e r i a  l i s t e d  above and sup- 

p l i e d  t h e  45 data p o i n t s  used f o r  f i t t i n g  t h e  model. The range o f  hea t  

r a t i n g s ,  f u e l  c e n t e r l i n e  temperatures and re l ease  f r a c t i o n s  a r e  a l s o  l i s t e d  

i n  Tab le  4. 

The h i g h  temperature re l ease  model i s  based on exper imenta l  evidence 

suppl i e d  by ~ e w i  s(' 9'34) and o t h e r  i n v e s t i g a t o r s  (28'31) and i s  d i v i d e d  i n t o  

t h ree  reg ions  o f  gas re lease:  

where 

F = f r a c t i o n  o f  gas re leased  

X1 = f r a c t i o n a l  amount of f i s s i o n  gas produced i n  t he  temperature 

r e g i o n  1200 t o  1400°C 

X2 = f r a c t i o n a l  amount o f  f i s s i o n  gas produced i ?  t h e  temperature 

r e g i o n  1400 t o  1700°C ( r e g i o n  o f  equiaxed g r a i n  growth)  

X 3  = f r a c t i o n a l  amount o f  f i s s i o n  gas produced i n  t h e  temperature 

r e g i o n  1700°C t o  2790°C. 

A = f r a c t i o n  o f  gas re leased  f rom r e g i o n  XI 

B = f r a c t i o n  o f  gas re leased  f rom r e g i o n  X2 

C = f r a c t i o n  o f  gas re leased  from r e g i o n  X3. 



The f r a c t i o n a l  amount of gas produced i n  each of  these reg ions  (XI, 
2  

and X ) i s  es t imated  by t a k i n g  t h e  r a t i o  of t h e  c ross - sec t i ona l  area between 3 
t h e  temperatures t h a t  bound t he  r e g i o n  t o  t h e  t o t a l  c ross - sec t i ona l  area of 

t he  p e l l e t .  The e f f ec t s  of f l u x  depress ion a r e  a l s o  i nc l uded .  The c ross -  
s e c t i o n a l  areas of each temperature r e g i o n  a re  ob ta ined  f r om t h e  r a d i a l  tem- 

p e r a t u r e  p r o f i  l e s .  

Us ing a mu1 t i p l e  1  i n e a r  r eg ress i on  code, t h e  model was f i t  t o  t h e  

reduced da ta  (XI, X 2  and X 3 )  t o  o b t a i n  t h e  c o e f f i c i e n t s  A, B, and C 

assoc ia ted  w i t h  each temperature r eg ion .  The X1 and X 2  v a r i a b l e s  a re  

1  i n e a r l y  dependent on each o t h e r  ( i  .e. ,  XI = G X 2 )  and reg ress i ng  X1 

a g a i n s t  X 2  g i ves  G = 0.727.  Th i s  dependency a r i s e s  from t h e  f a c t  t h a t  

if two isotherms,  such as t h e  1700 and 1400°C boundar ies used t o  o b t a i n  

X2, a r e  known w i t h i n  t h e  r a d i a l  c ross  s e c t i o n  o f  t h e  f ue l ,  then  any o t h e r  

temperatures and t h e i r  l o c a t i o n  can be def ined.  The reg ress i on  a n a l y s i s  

was performed w i t h  t h e  terms X 2  and X 3  t o  o b t a i n  t h e  c o e f f i c i e n t s  6 '  = 0.177 

and C = 0.807 w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0.980 and a  r e s i d u a l  s tandard  

d e v i a t i o n  o f  0.047 i n  f r a c t i o n  of gas re leased .  The c o e f f i c i e n t  6 '  ob ta i ned  

i n  t he  r eg ress i on  a n a l y s i s  i s  a  combinat ion o f  t h e  A and B c o e f f i c i e n t s  of 

ou r  model. S ince X, can be r e l a t e d  i n  terms of X 2  t h e  model can be expressed 

i n  t h e  f o l l o w i n g  manner: 

The c o e f f i c i e n t  6 '  ob ta ined  from reg ress i on  a n a l y s i s  can be expressed by 

and s i n c e  B '  = 0.177 and G = 0.727 a  va lue  f o r  e i t h e r  A o r  B  can be chosen 

on t h e  bas i s  o f  p rev ious  exper imenta l  evidence t o  g e t  t h e  o t h e r  c o e f f i c i e n t .  

Exper iments have been conducted i n  which smal l  cores of f u e l  were u l t r a -  

s o n i c a l l y  d r i l l e d  a t  va r i ous  d is tances  f rom t h e  c e n t e r l i n e  o f  t h e  p e l l e t  t o  

determine t he  c o n c e n t r a t i o n  of r e t a i n e d  f i s s i o n  gas across t h e  p e l l e t  r a d i u s .  

These exper iments  i n d i c a t e  t h a t  l e s s  than  10% o f  t h e  gas produced i n  t h e  
* -  

1200 t o  1400°C range (XI ) and 10 t o  40% i n  t h e  r e g i o n  o f  equiaxed g r a i n  growth 

( X 2 )  i s  re leased .  To be c o n s i s t e n t  w i t h  t h i s  evidence, 5% r e l e a s e  was 



se lec ted  f o r  r eg ion  XI which y i e l d s  14.1% f o r  t he  equiaxed r e g i o n  (i .e., 

B = B '  - A-G = 0.177 - 0.05 (0.727) = 0.141) t o  o b t a i n  the  bes t  es t imate  

h i gh  temperature model: 

An at tempt  was a l s o  made t o  de f ine  t he  e f f e c t s  of d e n s i t y  and burnup 

on gas re lease ,  however a  s t a t i s t i c a l  t rea tment  of the da ta  found no such 

dependency over  the range o f  t h e  data--91.3 + 98% JD and 400 + 18,300 MWdIMTM, 

r e s p e c t i v e l y .  

P red i c ted  percen t  r e l ease  as determined f rom t h e  model i s  compared 

w i t h  t h e  exper imenta l  data i g  F i gu re  6. The upper dashed l i r i e  irr t h i s  f i g -  

u re  i s  the  upper 95% conf idence l i m i t  o f  our  data which can be represented 

w i t h  t h e  f o l  l ow ing  r e l a t i o n s h i p :  

where F, XI, X 2  and X 3  a r e  the  same v a r i a b l e s  used i n  t h e  b e s t  es t ima te  

model. 

The s t a t i s t i c a l  s i g n i f i c a n c e  o f  t h i s  upper l i m i t  i s  t h a t  t h e r e  i s  95% 

conf idence t h a t  f u t u r e  gas re l ease  data,  which meet t h e  c r i t e r i a  we have 

used i n  s e l e c t i n g  data,  w i l l  l i e  below t h i s  l i n e .  Th i s  95% upper l i m i t  

equa t ion  i s  used as t h e  conserva t i ve  es t imate  f o r  gas re l ease  i n  t h e  code 

(see t h e  i n p u t  v a r i a b l e  I G A S ) .  

A  comparison o f  t h e  b e s t  es t imate  model t o  models t h a t  have been p ro -  

posed by o t h e r  i n v e s t i g a t o r s  '19'23) i s  shown i n  F igures 7 and 8. F igure  7 

shows the  data and t he  r e l a t i o n s h i p  Hoffman and Cop l i n  used i n  t h e i r  volume- 

average temperature model. A lso  i nc l uded  i s  t h e  proposed high-temperature 

model expressed i n  terms of volume-average temperature,  which was accorn- 

p l i s h e d  by s e l e c t i n g  a  t y p i c a l  commercial BWR f u e l  r o d ( a )  and va ry i ng  t h e  

( a )  Changing t h e  f u e l  r o d  des ign  w i l l  s h i f t  t h e  cu rve  represented by t h e  
model. In most cases t h e  s h i f t  i s  smal l  f o r  a  p a r t i c u l a r  r e a c t o r  t ype  
because f u e l  r o d  designs a r e  u s u a l l y  s i m i l a r .  



2 Power r a t i n g s  w h i l e  h o l d i n g  gap conductance cons tan t  a t  1000 B tu /h r - f t -OF 

t o  assure t he  same f u e l  sur face temperature as a f u n c t i o n  o f  power. The 
r e s u l t i n g  temperature d i s t r i b u t i o n s  were used t o  p r e d i c t  a va l ue  f o r  gas 

re l ease  f rom t h e  model and t o  c a l c u l a t e  a volume-average f ue l  temperature 

t o  be used i n  p l o t t i n g  t he  cu rve  f o r  t h e  high-temperature model (F i gu re  7). 

Th i s  f i g u r e  i n d i c a t e s  t h a t  t h e  s c a t t e r  i n  t h e  da ta  used by  Hoffman and 

C o p l i n  i s  much l a r g e r  than t he  s c a t t e r  i n  t h e  da ta  used f o r  t h e  model 

developed here, as represented by t h e  95% conf idence band. The 95% c o n f i -  

dence band i n  F i g u r e  8 bounds 95% of  ou r  data.  Th i s  comparison p rov ides  

a d d i t i o n a l  suppor t  f o r  t h e  f a c t  t h a t  t h e  parameters c o n t r o l l e d  i n  t h e  

s e l e c t i o n  o f  t h e  da ta  do indeed l e a d  t o  s u b s t a n t i a l  amounts o f  va r iance  

between gas- re lease  da ta .  The r e l a t i o n s h i p  used here i s  a l s o  l e s s  con- 

s e r v a t i v e  f o r  volume-average f u e l  temperatures between 900 and 1524"C, 

which i s  t h e  ope ra t i ng  range o f  t h e  peak power rods w i t h i n  most commercial 

LWRs. Fo r  example, a t  a volume-average temperature o f  1200°C ( f u e l  ope ra t -  

i n g  a t  ~ 1 3  kW/ f t )  t h e  Hoffman and Cop l i n  model would p r e d i c t  a 24% i nc rease  

w h i l e  t h e  b e s t  es t ima te  model would p r e d i c t  13%. 

F i gu re  8 shows a comparison o f  t h e  model w i t h  t h e  ~ e w i s "  model i n  

terms o f  a volume-average temperature f o r  a t y p i c a l  BWR fue l  des ign.  As 

seen here,  t h e  Lewis model i s  much more conserva t i ve .  T h i s  i s  n o t  t o o  su r -  

p r i s i n g  s i nce  Lewis in tended  t h e  model t o  be conserva t i ve .  

The low- temperature gas re l ease  model proposed by Bel lamy and R ich  (2  7) 

was m o d i f i e d  f o r  use i n  GAPCON-THERMAL-2. The Bellamy and R i ch  model was 

s e l e c t e d  because i t  was t h e  o n l y  one found i n  t h e  l i t e r a t u r e  t h a t  supp l i ed  

and adequate ly  descr ibed  da ta  a p p l i c a b l e  t o  LWR U02 f u e l .  The model 

expresses low-temperature gas r e l e a s e  i n  terms o f  t h e  e f f e c t i v e  su r face-  

to-volume r a t i o  o f  t h e  f u e l ,  t h e  f i s s i o n  r a t e ,  and t h e  i r r a d i a t i o n  t ime 

i n  t h e  f o l l o w i n g  manner: 

F = - R [ - - -  ( 1  - e x p ( - q v f t ) l l  1 
V 4 v f t  



where 

F = f r a c t i o n  o f  gas re lease  

S/V  (%TD,BU) = e f f e c t i v e  surface-to-volume r a t i o  of t he  f u e l  

( a  f unc t i on  o f  dens i t y  and burnup),  (cm-I )  

e = r e c o i l  range o f  f i s s i o n  fragment ( 7  x  cm) 

v = volume o f  fue l  e j e c t e d  from t h e  fue l  su r f ace  by 

"knock-out"  ( 2  x  10-'I cm3) 

3 f = f i s s i o n  r a t e ,  ( f i s s i o n s / c m  /sec) 

t = i r r a d i a t i o n  t ime, (sec)  

Th i s  r e l a t i o n s h i p  was de r i ved  by Beliarny and R ich  f rom gas-re lease data 

ob ta ined  f rom f u e l  rods over  a wide range o f  burnups (7,000-43,000 MWd/MTM). 

Fuel c e n t e r l i n e  temperatures were less than 1250°C f o r  a l l  t he  data.  T h e i r  

data show a marked inc rease  i n  gas re l ease  f o r  burnups g rea te r  than 

26,000 MWd/MTM. The inc rease  i s  be1 ieved t o  a r i s e  p a r t l y  from t h e  i n t e r -  

connect ion o f  g r a i n  boundary gas bubbles and p a r t l y  f rom t h e  f r a c t u r e  

under thermal s t r e s s  o f  g r a i n  boundaries weakened by gas bubbles which 

increases t h e  e f f e c t i v e  sur face  area o f  t h e  f u e l .  Th i s  behavior  i s  sub- 

s t a n t i a t e d  by the  appearance o f  f u e l  s t r u c t u r e s  a t  h i g h  burnups which show 

ex tens ive  i n t e r g r a n u l a r  p o r o s i t y  and g r a i n  boundary c rack ing .  A p l o t  o f  

the  e f f e c t i v e  surface-to-volume r a t i o s ,  as determined f rom t h e  da ta  and 

equat ion  o f  Bellamy and R ich  f o r  low temperature gas re lease ,  i s  shown i n  

F igu re  9. The data i n  F igu re  9 a r e  from fue l  w i t h  an as-manufactured 
S d e n s i t y  o f  98% TD. The inc rease  i n  - f i t s  an exponent ia l  f unc t i on  f a i r l y  v 

w e l l  f o r  burnups g r e a t e r  than 17,000 MWd/MTM by t h e  f o l l o w i n g  r e l a t i o n s h i p :  

S S - ( a t  burnup X) = ( i n i t i a l )  0.1938 exp (0.0301X) v [2 71 

where 

3 ( i n i t i a l )  = i n i t i a l  surface-to-volume r a t i o  a  f u n c t i o n  o f  v 
t he  fue l  d e n s i t y .  



X = burnup in atom percent 

S The functional relationship given in Figure 10 for the ( i n i t i a l )  r a t io  

in terms of the fuel as-manufactured theoretical density was taken from 

Lewi s . (35)  By substituting the relationship for  the surface-to-volume 

ra t io  as a function of burnup (Equation 27)  into Equation 26, resu l t s  from 

the low-temperature release model can be compared with the data of Bellamy 

and Rich, as shown in Figure 11. The model predictions agree very well 

with th i s  se t  of data. No attempt was made to  correlate the low-temperature 

release model to  a large volume of data as was done with the high-temperature 

release model. This approach makes the accuracy of the model somewhat 

uncertain; however, the model adequately describes low-temperature gas 

release to within 21% release. 

If any molten fuel i s  predicted by the code, 100% of a l l  the generated 
fission gases i s  assumed t o  be released from that  molten fuel .  

The code uses a f iss ion gas release algorithm which was developed by 
~ o t l e ~ ( "  and based on experimental data from Soul hier and Notley. (83) Re1 ease 

fractions fo r  each axial node are calculated for  each time step and these 

are used t o  calculate the total  f iss ion gas release up through the current 

time step. The algorithm assumes that la te r - in- l i fe  temperature increases 

will eliminate any previous history of lower release fractions and thus uses 

the current release fraction. A time interval where release fractions have 
decreased will use the current (lower) release fraction only to calculate 
gas release during the current time step and which will then be added to the 

releases calculated in previous steps. 

VOLATILE IMPURITIES 

A study was made on the fuel volati le impurity release rates and the 

subsequent reaction rates of these gases with the cladding.(36) The con- 

clusions of the study are outlined below. 

Essentially a l l  the volat i le  impurities in the fuel are  released 

above 1000" C.  



The re lease rates are rapid,  (nea r l y  t o t a l  re lease w i t h i n  30 min) .  

3 ' Sorbed gas content  i n  oxide f u e l  i s  t y p i c a l l y  0.01 t o  0.05 cm /g. 

Sorbed gas composit ion var ies  w i t h  pel  l e t  s i  n t e r i n g  and storage atmo- 

spheres ; however, t h e  composit ion s t i l l  var ies  s i g n i f i c a n t l y  w i t h  con- 

s t a n t  s i n t e r i n g  and storage atmospheres. 

The most common sorbed gas cons t i t uen ts  are Hz, H20, 02. N2, CO and 

co2. 

A l l  Hz, H20 and O2 i n  a t y p i c a l  BWR f u e l  rod  r e a c t  w i t h i n  a day. 

Sparse r e a c t i o n  r a t e  data f o r  N2, CO and C02 i n d i c a t e  each o f  these 

gases w i l l  r e a c t  i n  a t y p i c a l  BWR f u e l  rod  w i t h  z i r c a l o y  c ladd ing  

w i t h i n  40 days; however, t he  unce r ta in t y  i n  these data a r e  la rge ,  

i .e. ,  a  f a c t o r  o f  2 unce r ta in t y  i n  t he  r e a c t i o n  ra tes .  

@ Punctur ing f u e l  rods a f t e r  a 60 days full-power operat ion and analyz ing 
3 the  ex t rac ted  gases r e s u l t e d  i n  t race,  < crn /g, q u a n t i t i e s  o f  

sorbed gas. (37 1 

The r e s u l t s  o f  t h i s  s tudy were used i n  GAPCON-THERMAL-2 t o  model t he  behav- 

i o r  o f  hydrogen, moisture, n i t rogen,  C02 and CO. 

The t o t a l  q u a n t i t y  of sorbed gas i s  i n p u t  by the  v a r i a b l e  S i n  u n i t s  o f  - 
cubic cent imeters of gas a t  standard pressure and temperature per gram o f  

f u e l .  The mole f r a c t i o n  o f  each gas Hz and H20, N2, and C02 and CO a re  i n p u t  

by the  va r iab les  - XH, - XN, and XCO, r espec t i ve l y .  The code does no t  d i s t i n -  

guish between Hz and H20 nor  between C02 and CO because i t  was exper imenta l ly  

d i f f i c u l t  t o  determine i n  what form these gases ex i s ted  under f u e l  opera t ing  

- cond i t ions .  A1 1 sorbed gas i s  re leased instantaneously . 
The hydrogen and moisture con t r i bu t i on ,  XIi, i s  assumed t o  r e a c t  w i t h  the  

- c ladding immediately upon re lease which i s  cons i s ten t  y e t  conservat ive w i t h  the  
I 

conclusions s ta ted  above. However, i f  the  user wants t o  assume t h a t  the  H2 

does no t  r e a c t  w i t h  the c lad,  the  user needs t o  i n p u t  NOH # 0. 



The t o t a l  amounts o f  n i t r o g e n  and carbon monoxide t h a t  w i l l  r e a c t  w i t h  

t h e  z i  r c a l o y  c l add ing  a r e  c a l c u l a t e d  and sub t rac ted  f rom the  amount i n i  t i  a1 l y  

p resen t .  The remain ing amount i s  i nc l  uded i n  subsequent c a l c u l a t i o n s  f o r  gap 

conductance and f u e l  p i n  i n t e r n a l  pressure.  The r e a c t i o n  equa t ions  a r e  g iven  

below. 

The r e a c t i o n  i n v e r s e  temperature,  

RTCIK = l / [ ( T C I  - 3 2 ) l . B  + 273) 

where, TCI = c l a d d i n g  i n s i d e  temperature,  O F  

The moles o f  n i t r o g e n  and carbon monoxide gas capable c f  r e a c t i n g  

f o r  any a x i a l  node a re :  

MKEACN = GRECN/28.02 

and, 

MREACO = GREC0/28 .O1 [301 

where, 

GRECN = (T)  (24)  

GRECO = [REACO (T )  + C ]  (24)  

T  = t ime,  sec 

C = 4.2 x  1 0 ' ~  g/cm2 

24 = c l a d d i n g  i n s i d e  su r f ace  area f o r  t h e  a x i a l  node, cm 2  

REACN = r e a c t i o n  r a t e  cons tan t  f o r  N2 which exper imenta l  ev idence 
2  2 i n d i c a t e s  i s  r e l a t i v e l y  cons tan t  a t  0.667 x  (g/cm ) -sec 

over  t h e  temperature range o f  i n t e r e s t  (500-300°C). 

REACO = r e a c t i o n  r a t e  cons tan t  f o r  CO which i s  dependent on t h e  i n v e r s e  

temperature RTCIK, de f i ned  above. 

The values f o r  REACO, t he  r e a c t i o n  r a t e  cons tan t ,  a re  determined by a  

l i n e a r  i n t e r p o l a t i o n  o f  t h e  f o l l o w i n g  s e t  o f  data :  



React ion 
Temperature 

" C 

255 

31 1 

340 

38 7 

425 

I nve rse  Temperature 
0 K- 1 

1.876 

React ion Rate Constant f o r  
Carbon Monoxide q/cm2-sec 

DISHED PELLETS AND FUEL AXIAL THERMAL EXPANSION 

I n  o rder  t o  improve p i n  pressure c a l c u l a t i o n s ,  a x i a l  expansion o f  the  

f u e l  i n t o  a v a i l  ab le  v o i d  volumes was i nc l uded  i n  GAPCON-THERMAL-2. A x i a l  

expansion i s  computed f rom thermal expansion and f i s s i o n  p roduc t  swe l l  i n g  

o f  each a x i a l  segment i n  the  f u e l  column. Fuel a x i a l  thermal expansion i n t o  

the  plenum i s  computed us ing  t h e  Conway, F i n c e l  and Hein (38)  c o e f f i c i e n t  o f  

l i n e a r  expansion and e i t h e r  t he  f u e l  p l a s t i c  temperature o r  the  temperature 

a t  t h e  edge o f  t h e  d i s h .  The p l a s t i c  temperature i s  used i f  p e l l e t  d i s h i n g  

i s  n o t  present  o r  i f  t h e  temperature a t  t h e  edge o f  the  d i s h  i s  g rea te r  than 

t he  p l a s t i c  temperature.  Fuel  t h a t  i s  above t h e  p l a s t i c  temperature i s  assumed 

t o  P low i n t o  a v a i l a b l e  l o c a l  v o i d  volume (d i sh ,  p o r o s i t y ,  e t c . ) .  The p l a s t i c  

temperature can be i n p u t  i n t o  t h e  code by the user  w i t h  the  v a r i a b l e  name 
(7 1) 

TPLAS (See Appendix A ) ,  o therwise t h e  code assumes TPLAS = 1200°C. 

The f u e l  s w e l l i n g  c o n t r i b u t i o n  t o  expansion i n t o  the plenum i s  assumed 

t o  be o n e - t h i r d  o f  t he  v o l  ume inc rease  p r e d i c t e d  from the  Gei  t h o f f ,  Kersten 

and Bummerer (I9) model f o r  f i s s i o n  p roduc t  swe l l i ng .  

Fuel expansion i n t o  t he  d i s h  volume occurs by thermal expansion and 

f u e l  swe l l  i n g  based on t h e  G e i t h o f f  model. Thermal expansion i n t o  t h e  d i s h  

i s  computed us ing  t h e  Conway, F ince l  and Hein c o e f f i c i e n t  f o r  thermal 

expansion,(38) t h e  volume average temperature o f  t h e  d ish ,  and t h e  l e n g t h  

o f  t h e  a x i a l  f u e l  node minus t he  depth of t h e  d i s h .  

The GAPCON-THERMAL-1 code d i d  n o t  cons ider  f u e l  d i sh ing ,  consequent ly,  

i n  an e f f o r t  t o  improve t h e  accuracy o f  t h e  c a l c u l a t i o n  o f  i n t e r n a l  p i n  



pressures, a  s imple a l g o r i t h m  f o r  p e l l e t  d i s h i n g  was i n c l u d e d  i n  GAPCON- 

THERMAL-2. Dish volumes a r e  approximated by a  vo id  i n  t h e  form o f  a  s h o r t  

r i g h t  c y l i n d e r  as shown i n  F igure  12 as t he  hatched area, w i t h  t h e  r a d i u s  

o f  t h e  d i s h  be ing  t h e  r a d i u s  o f  the  c y l i n d e r .  The code cons iders  one d i s h  

p e r  a x i a l  segment. The f o l l o w i n g  i n f o r m a t i o n  has t o  be i n p u t  i n t o  t he  code 

i f  p e l l e t  d i s h i n g  i s  des i red ,  see Appendix A f o r  d e f i n i t i o n  o f  i n p u t  va r i ab les .  

( a )  The amount o f  d i s h  volume a v a i l a b l e  i n  t he  f u e l  column i s  

t o  be i n p u t  i n  terms of percen t  fue l  column volume (PRCDH). 

Exampl e  : 

PRCDH = ( t o t a l  d i s h  vo lume/ to ta l  fue l  columm volume) x  100 

(b )  The r a d i u s  of  t h e  d i s h  (RADS) . 
The d i s h  volumes a t  ope ra t i ng  c o n d i t i o n s  ( i nc l udes  thermal expansion 

i n t o  t he  d i s h )  a f f e c t  the  p i n  pressure l i k e  t h e  o the r  v o i d  volumes (plenum 

and f u e l  - t o - c l  addi  ng gap). A Vl ocal / T  local r e l a t i o n s h i p  i s  used where T 1  oca l  
i s  t he  vo lume t r i c  average temperature o f  t h e  d i sh .  I f  t h e  c a l c u l a t e d  d i s h  

v o l  mes  become negat i ve ,  t h e  volumes a r e  s e t  equal t o  zero. 

RECYCLE MIXED-OXIDE FUEL 

The p r o p e r t i e s  i n  t h e  code f o r  r e c y c l e  mixed-oxide f u e l  below 

c 5  wt% Pu02 a r e  t h e  same as those f o r  U02 except  f o r  t h e o r e t i c a l  dens i t y ,  

thermal c o n d u c t i v i t y  and me1 t i n g  ( s o l  i d u s )  temperature.  (40 ) 

t h e  Pu02 t h e o r e t i c a l  d e n s i t y  i s  11.46 g/cm3; t h e  mixed-oxide t h e o r e t i c a l  

d e n s i t y  i s  t he  weighted f r a c t i o n  o f  t h i s  va lue  and 10.96 f o r  t h e  U02. 

t h e  thermal c o n d u c t i v i t y  o f  r e c y c l e  mixed-oxide equals t h e  U02, Lyons 

e t  a l . ,  ( 41s42 )  va lues reduced by 1.1% per  percentage Pu02 up t o  and 

i n c l u d i n g  5  wt% Pu02. 

t h e  me1 t i ng temperature,  Tm, i s  equal t o  the  U02 va lue  reduced 5°C per  

percentage Pu02 and f u r t h e r  reduced 32OC per  10,000 MWd/MTM burnup. 

It should be noted t h a t  DEPRES should n o t  be used f o r  f l u x  depress ion c a l -  . - 

c u l a t i o n s  f o r  mixed-oxide f u e l s ,  these va lues should be p rov ided  by t h e  user .  
. 



MODULAR CODE 

Th i s  ve rs i on  of GAPCON-THERMAL i s  programmed so t h a t  c a l c u l a t i o n s  f o r  most 

o f  t h e  f u e l  models a r e  separated i n t o  d i s c r e t e  sub rou t i ne  packages. It i s  

hoped t h a t  w i t h  t h i s  f ea tu re ,  c a l c u l a t i o n a l  models d i f f e r e n t  than  those used 

i n  t h e  code can e a s i l y  be rep laced  w i t h  a  u s e r ' s  model, the reby  e l i m i n a t i n g  

t h e  need t o  r e w r i t e  complete codes t o  e s s e n t i a l l y  d u p l i c a t e  thermal p e r f o r -  

mance c a l c u l a t i o n s .  The f o l l o w i n g  l i s t  b r i e f l y  i d e n t i f i e s  each subrou t ine :  

INPT - prov ides  t h e  i n p u t  values 

DEPRES - c a l c u l a t e s  r a d i a l  f l u x  depress ion 

INPOUT - w r i t e s  i n p u t  values 

FISSES - c o n t r o l s  t h e  t ime  and power s teps f o r  t h e  f i s s i o n  gas c a l c u l a t i o n s  

PONDIS - c a l c u l a t e s  power f o r  f i s s i o n  gas, c l add ing  and f u e l  temperatures 

FISGAS - ca l cu la tes  t h e  generated f i s s i o n  gas 

RELOC - c a l  cu la tes  r a d i  a1 f u e l  r e 1  o c a t i  on 

DENSF - c a l  cu l  a tes  r a d i  a1 f u e l  densi  f i  c a t i  on 

RTEMP - c a l c u l a t e s  r a d i a l  f u e l  temperature p r o f i l e  

EXPAND - c a l c u l a t e s  r a d i a l  f u e l  thermal expansion 

GASREL - c a l c u l a t e s  gas re l ease  r a t e  

OUTPUT - w r i t e s  p e r t i n e n t  nodal i n f o r m a t i o n  

HCAP - c a l c u l a t e s  vo lume t r i  c-averaged fue l  heat  capac i t y  

CARL - c a l c u l a t e s  fue l  r o d  s to red  energy 

AXPRNT - w r i t e s  summary o f  p e r t i n e n t  nodal i n f o rma t i on .  

BLKDAT - con ta ins  t h e  da ta  used by t h e  program 

HTCW - c a l c u l a t e s  wate r  c o o l a n t  f i l m  c o e f f i c i e n t  

MOVEAA - transforms a  one dimensional  m a t r i x  

MOVEKA - f i l l s  a  one dimensional  m a t r i x  w i t h  a  cons tan t  

TCOR - Func t ion  - c a l c u l a t e s  LWR fue l  thermal c o n d u c t i v i t y  

TEPP - Func t ion  - does l i n e a r  i n t e r p o l a t i o n  w i t h  two a r rays  

TERP - Func t ion  - does 1  i n e a r  i n t e r p o l a t i o n  w i t h  one a r r a y  

OMEXP - Func t ion  def ined as 1  - EXP (-X) 

CORROS - c a l c u l a t e s  Z r  ox i de  t h i ckness  f rom c o o l a n t  r e a c t i o n  



INTER,NATIONAL SYSTEM OF UNITS 

T h i s  v e r s i o n  of  t h e  code was m o d i f i e d  t o  p r o v i d e  answers i n  t h e  I n t e r -  

n a t i o n a l  System o f  U n i t s  ( S I  u n i t s )  as w e l l  as i n  somewhat c o n v e n t i o n a l  

E n g l i s h  u n i t s .  The ASTM M e t r i c  P r a c t i c e  Guide,  E  380 72E was used f o r  t h e  

c o n v e r s i o n  o f  u n i t s .  O u t p u t  wh ich  summarizes t h e  i n f o r m a t i o n  f o r  a1 1 t h e  

a x i a l  nodes a l s o  i n c l u d e s  a  s e t  o f  e q u a t i o n s  f o r  u n i t  c o n v e r s i o n .  

OPTIONS 

The code has s e v e r a l  models t o  h e l p  d e s c r i b e  f u e l  b e h a v i o r ,  b u t  a t  

c e r t a i n  t i m e s  de te rm ined  by  t h e  u s e r  some o f  t h e s e  models may n o t  be appro-  

p r i a t e .  I n  a d d i t i o n ,  i t  i s  sometimes u s e f u l  t o  compare f i n a l  c a l c u l a t e d  

r e s u l t s  w i t h  and w i t h o u t  t h e  use o f  a  c e r t a i n  model. Fo r  t h e s e  reasons 

t h e r e  a r e  o p t i o n s  i n  t h e  code t h a t  p e r m i t  t h e  u s e r  t o  e a s i l y  s w i t c h  on o r  

o f f  a  p a r t i c u l a r  model .  These models t h a t  can be a c t i v a t e d  by  t h e  u s e r  

a r e  l i s t e d  on Page 32 a l o n g  w i t h  t h e  names o f  t h e  s u b r o u t i n e s  i n  wh ich  

t h e y  r e s i d e ,  and t h e  names and va lues  o f  t h e  c o n t r o l  s w i t c h  t o  a c t i v a t e  

and d e a c t i v a t e  a  compu ta t i on .  One a d d i t i o n a l  o p t i o n  was added u s i n g  v a r i -  

a b l e  I T  wh ich  w i l l  p e r m i t  i n p u t  a s  burnup va lues  i n  p l a c e  o f  i r r a d i a t i o n  

t i m e  i n  days. Fo r  a d d i t i o n a l  d e t a i l s  see Appendix A .  

FUEL MELTING 

T h i s  v e r s i o n  o f  t h e  code i n c l u d e s  a  model t o  accormiodate ana lyses  

i n v o l v i n g  m o l t e n  f u e l .  Based on t h e  f u e l  me1 t i n g  tempera tu re  t h e  me1 t 

r a d i u s  i s  c a l c u l a t e d  u s i n g  t h e  r a d i a l  t empera tu re  p r o f i l e .  Next  t h e  volume 

o f  m o l t e n  f u e l  i s  c a l c u l a t e d  f o l l o w e d  by  t h e  volume o f  p o r o s i t y  a v a i l a b l e  

f r o m  t h e  me1 t assuming t h e  m o l t e n  f u e l  i s  100% dense. The f u e l  expans ion 

due t o  t h e  s o l i d - t o - l i a u i d  t r a n s f o r m a t i o n  i s  de te rm ined  u s i n a  9.6% A v / v  

f o r  t h e  phase change. ( j 2 )  F i n a l l y ,  t h e  f u e l  r a d i a l  and a x i a l " e x p a n s i o i  due 

t o  t h e  l i q u i d  f u e l  i s  c a l c u l a t e d  assuming i s o t r o p i c  expans ion  o f  t h e  f u e l  

a f t e r  t h e  p o r o s i t y  has been f i l l e d .  The gas r e l e a s e  model assumes 100% 

r e l e a s e  f r o m  t h e  m o l t e n  f u e l  of t h e  genera ted  f i s s i o n  gases. 



MODELS UNALTERED FROM GAPCOiY-THERMAL-1 

A number o f  models used i n  GAPCON-THERMAL-2 a r e  f r om  GAPCON-THEqMAL-1. 

These models a r e  l i s t e d  below and t h e i r  d e s c r i p t i o n s  a r e  g i ven  i n  

Appendix C. 

Fuel  thermal  conduc t i  v i  t y  , po ros i  ty c o r r e c t  i on, thermal expans i on,  

r e s t r u c t u r i n g ,  s w e l l i n g ,  s t o r e d  thermal energy and f l u x  depress ion 

Cladding p r o p e r t i e s ,  e l a s t i c  d e f l e c t i o n  and creep 

' Gas p ressure  and c o n d u c t i v i t y  

Power and coo lan t  temperature p r o f i  l e s  

A x i a l  segments f o r  ana l yz i ng  power p r o f i l e s  

Rad ia t ion  hea t  t r a n s f e r  

Radi a1 temperatures 

Water hea t  t r a n s f e r  f i l m  c o e f f i c i e n t .  

L i n e a r  i n t e r p o l a t i o n  o f  da ta  



LISTING OF OPTIONS IN GAPCON-THERMAL-2 

Subrou t ine  5wi t c h  S w i t c h  Va lue  To 
Model N a m  Name A c t i v a t e  D e a c t i v a t e  

C l a d d i n g  c r e e p  GAPCON ICREEP >O < 0  

C l a d d i n g  s t r a i n  due GAPCON ICOF f 0  
t o  c o o l a n t  and i n t e r -  
n a l  gas p r e s s u r e s  

B e s t  E s t i m a t e  - GASREL I GAS 0  
C o n s e r v a t i v e  - t 0 
Gas Re lease  

Peak - 
Average - 
I n p u t  Power 

GAPCON ]PEAK 0 
# 0  

OUTPUT 1  STOR f 0  S t o r e d  Energy f rom 
HCAP and  CARL 

i s n s e r v a t i v e  - 
B e s t  E s t i m a t e  - 
Fue l  R e l o c a t i o n  

RELOC lRELOC < 0  
>O 

A1 t e r  p r i n t  o f  
f l u x  d e p r e s s i o n  va lues  

GAPCON I RL >O 

Fue l  O e n s i f i c a t i o n  OENV IDENSF # 0  

GAPCON IRELSE $0  R e t a r d  gas r e l e a s e  by 
one t i m e  s t e p  

Z i r c o n i u m  - 
S t a i n l e s s  S t e e l  - 
S p e c i a l  - 
C l a d d i n g  

GAPCON NCLAD 0  
< 0  
>O 

GAPCON ZCLAD 

GAPCON NFUEL 

NCLAD fO Z r - ?  - 
Z r - 4  - 
Z i r c o n i u m  C l a d d i n g  

U02 - 
R e c y c l e  M ixed  Ox ide  - 
S p e c i a l  - 
Fue l  Thermal C o n d u c t i v i t y  

C a l c u l a t e  - DEPRES NFLUX 0  
S p e c i a l  - >O 
F l u x  Depress ion  

Hydrogen gas 
e f f e c t s  i n c l u d e d  

GAPCON NOH + 0  

S u p p l i e d  a x i a l  power GAPCON NPRFIL 
p r o f i l e s  f o r  each and 

# 0 

e v e r y  t i m e  z t e p  

Se t  i n s i d e  c l a d d i n g  GAPCON KOOL >O 
tempera tu re  t o  l o c a l  
c o o l a n t  tempera tu re  

Water - HTCW SlGHF 50 
S p e c i a l  - GAPCON >O 
C o o l a n t  F i l m  C o e f f i c i e n t  

Fue l  R e s t r u c t u r i n g  GAPCON FRSIN FRSIN>FRDEN FRSIN5FRDEN 

Note: The term "special" a s  used i n  t h i s  l i s t  deslgnates an item supplied by the user. 



PARAMETRIC STUDY 

A parametric study was performed t o  determine the e f f ec t  of d i f fe ren t  

input parameters and options on calculated fuel centerl  ine temperature and 

internal  gas pressure. The input values f o r  the base case a r e  shown i n  

Table 5 and include 94% T.D. fuel with a 0.477-inch diameter, clad in a 

Zr-2 tube with a fuel-clad diametral gap of 0.012 inches. The 12-f t  l o ~ g  

fuel column was divided ana ly t i ca l ly  in to  10 equal axial  segment>. The 

r e l a t i ve  axia l  power generation varied from 0.35 near the rod ends t o  

1.19 near the column center .  Seven equal time s teps  were used beginning 

a t  0 days and ending a f t e r  360 days. The power his tory  consisted of 
s t a r t up  a t  14.5 kW/ft followed by 50 days each a t  14.5, 13.5, 0.0,  11.0, 

17.0, and 13.0 kW/ft. The calculated fuel cen te r l ine  temperatures and rod 

in ternal  gas pressures for  t h i s  base case a re  shown graphically i n  

Figure 13a. The predicted fuel center1 ine temperature a t  beginning of 

l i f e  was 2100°C then 2560, 2570, 285, 2400, 2870, and 2614°C a f t e r  each 

successive 60-day period. The corresponding rod internal  gas pressures 

calculated were 38 psi a t  beginnins-of-l ife then 144, 270, 162, 346, 575 

and 698 ps i .  These data a r e  shown a s  dots ( f o r  temperatures) and c i r c l e s  

( f o r  pressures)  on Figure 13a. 

The 20 p lo t s  show the  e f f ec t  of varying one o r  more input parameters. 

For example, Figure 13b sl-rods the dashed l i ne s  resul t ing d i r ec t l y  from 

Figure 13a. The calculated data points resu l t ing  when fuel res t ructur ing 

t o  96.5% T.D.  i s  assumed a r e  shown as dots f o r  fuel cen te r l ine  temperatures 

and c i r c l e s  f o r  rod in ternal  gas pressures. Small changes r e l a t i ve  t o  the 

base case were calculated.  For t h i s  example a f t e r  360 days i r rad ia t ion  

the fuel  peak temperature was calculated to  be (b50C0 lower and rod internal  

gas pressure 4 0  psi higher r e l a t i v e  t o  the  base case. These numerical 

differences f o r  the fuel res t ructur ing case as  well a s  the other parametric 

cases a r e  given in Table 6 .  

Another example showing the e f f e c t  of allowing fuel re locat ion,  

using the  best est imate model in  the  code, i s  i l l u s t r a t e d  in Figure 1 3 d .  



Again, t h e  dashed l i n e s  reproduced from F igure  13a represent  t h e  base case 

r e s u l t s  w h i l e  t he  do ts  and c i r c l e s  g i v e  t h e  ca l cu la ted  temperatures and 

pressures du r i ng  t h e  power h i s t o r y  w i t h  fue l  r e l o c a t i o n .  Pe rm i t t i ng  re loca -  

t i o n  decreased t h e  f u e l  temperatures and t h e  p i n  pressures. A t  e n d - o f - l i f e  

t h e  r e s u l t a n t  values were ~800OC and ~ 4 5 0  p s i  lower f o r  t h e  case w i t h  bes t  

es t imate  r e l o c a t i o n  r e l a t i v e  t o  t he  base case ( w i t h  no r e l o c a t i o n ) .  The 

i n t e r a c t i o n  e f f e c t s  o f  two parameters a re  i l l u s t r a t e d  by comparing t h e  

r e s u l t s  from: (a )  t h e  bes t  est imate r e l o c a t i o n  and ( b )  d e n s i f i c a t i o n  t o  

97% T.D. w i t h  ( c )  bes t  est imate r e l o c a t i o n  and d e n s i f i c a t i o n .  Table 8  

shows t h a t  a t  end o f  1  i f e  ( a )  above reduces the  peak fuel  temperature and 

p i n  pressure 800°C and 450 p s i  w h i l e  ( b )  increases these 300°C and 110 p s i  ; 

however, these combined e f f e c t s  r e s u l t  i n  a  30°C and 10 p s i  inc rease which 

a r e  a l l  r e l a t i v e  t o  t h e  base case ( w i t h  no r e l o c a t i o n  o r  d e n s i f i c a t i o n ) .  



CODE VERIFICATION EVALUATION 

Th i s  s e c t i o n  presents  t h e  r e s u l t s  o f  t h e  GAPCON-THERMAL-2 p r e d i c t i o n s  

o f  r epo r ted  exper imenta l  da ta  f rom 61 f u e l  rods  o r  specimens f rom 14 i r r a -  

d i a t i o n  t e s t s .  The p r e d i c t i o n s  a r e  made us ing  t h e  bes t  es t ima te  values 

f rom t h e  f u e l  r e l o c a t i o n  and f i s s i o n  gas re l ease  models. A lso  c e r t a i n  

assumptions were made by us i n  o rde r  t o  p rov ide  s u f f i c i e n t  i n p u t  t o  t he  

code. The ac tua l  i n p u t  va lues f o r  some o f  t h e  p r e d i c t i o n s  a r e  g i ven  i n  

Appendix D. 

E s s e n t i a l l y  a l l  o f  t h e  repo r ted  i r r a d i a t i o n  t e s t s  were taken as poten- 

t i a l  candidates f o r  code eva lua t i on .  However, i n  r e p o r t s  where much s i g n i f i -  

can t  da ta  were absent,  t h e  t e s t s  were n o t  used. D e t a i l e d  power h i s t o r y  

r e p o r t s  on h i g h l y  ins t rumented f u e l  assembl i e s  such as HPR-129 ("I were 

r a r e .  The type  o f  i n p u t  used by t he  code i s  shown i n  Table 1.  The f o l l o w -  

i n g  i r r a d i a t i o n  t e s t s  o r  r e p o r t s  were used i n  t h e  code eva lua t i on :  

Tes t  I d e n t i f i c a t i o n  

IFA-116, IFA-117 HPR-129 

Capsule I and I 1  WCAP 2923 

Samples 

Rods 

Rods AECL-1676 

Samples and Rods AECL-2588 

IFA-3, 4, 10 AE-318 

Rods CEA-R-3358 

Reference 

(29 ) 

(73)  

(74 ) 

(76)  

(30 ) 

(32)  

(78)  

(75,821 

(33)  

Reference 29 p resen ts  da ta  f rom two 8 - rod  f u e l  assembl ies,  IFA-116 and 

IFA-117. Reported i r r a d i a t i o n  data i nc l uded  assembly power, p e r i o d i c  i n t e r -  

na l  gas pressures, and f u e l  c e n t e r l i n e  temperatures i n  t he  p i ns .  Also 

prov ided was i n f o r m a t i o n  needed t o  c a l c u l a t e  i n d i v i d u a l  r o d  powers a long  

w i t h  r o d  average burnups and t h e  assembly a x i a l  power p r o f i l e s  f o r  va r ious  

t imes d u r i n g  t h e  i r r a d i a t i o n .  



A l i m i t e d  e f f o r t  was made t o  completely model the  power h i s t o r y  o f  t h e  

rods i n  these assemblies because o f  t h e  l a r g e  number o f  requ i red  constant  

power t ime steps and the  u n c e r t a i n t i e s  associated w i t h  ob ta in ing  t h e  

r e q u i s i t e  data f o r  each o f  these steps from the  graphs i n  Reference 29. 

Instead, s p e c i f i c  data a t  12 t imes were used t o  s imulate the  ac tua l  i r r a -  

d i a t i o n  h i s t o r y .  See Appendix D f o r  the  complete l i s t i n g  of i n p u t  values 

t o  t h e  code fo r  these i r r a d i a t i o n  t e s t s .  Table 7  g ives the  power h i s t o r i e s  

f o r  these two f u e l  assembl i e s .  

Data f o r  these times f o r  rods 1  and 5 i n  IFA-116 and 1, 3, 5 and 6  i n  

IFA-117 inc luded rod  mean burnup and assembly a x i a l  power r a t i o  i n  a d d i t i o n  

t o  a  t a b l e  f o r  f i n d i n g  the  f r a c t i o n a l  r o d  power f o r  t he  var ious  a x i a l  power 

r a t i o s .  

Rod powers were ca l cu la ted  from the  assembly power f o r  each o f  t he  

12 g iven times. The r o d  average l i n e a r  heat  r a t i n g s  were ca l cu la ted  us ing  

the  a c t i v e  l eng th  o f  fuel .  The du ra t i on  o f  each t ime step f o r  the constant  

power s tep was ca l cu la ted  using the rod average burnup and the p rev ious l y  

mentioned rod  power. The i n p u t  t o  t he  code (g iven i n  Appendix D)  inc ludes 

f a b r i c a t i o n  parameters, rod power and t ime a t  power. Code i n p u t  f o r  r o d  5 

of IFA-116 inc luded time-dependent a x i a l  power p r o f i l e s .  These p r o f i l e s  

were ca l cu la ted  f o r  each o f  t h e  12 t ime steps us ing the  g iven a x i a l  

power r a t i o ,  TGl/TG2, where TG1 and TG2 represent  t h e  output  from gamma 

thermometers used i n  the  i r r a d i a t i o n  t e s t .  A s inuso ida l  se r i es  equat ion 

g iven i n  Reference 29 was used t o  c a l c u l a t e  the  r e l a t i v e  f l u x  f o r  each t ime 

step a t  5  equa l l y  spaced l oca t i ons  along the  l eng th  o f  the  f u e l  column. 

The f u e l  assemblies condensed power h i s t o r y  i s  g iven i n  Table 7. 

Table 8 l i s t s  the  measured mean burnup, temperature and pressure fol lowed 

by t h e  GAPCON-THERMAL-2 p r e d i c t i o n s  fo r  fuel  rods 1  and 5  i n  IFA-116. The 

l a s t  column i n  Table 8 g ives the  code i n p u t  l i n e a r  heat r a t i n g s  fo r  both 

p ins  f o r  t he  12 t ime steps. 

E n d - o f - l i f e  burnups were j u s t  over 4000 MWd/MT U02 w i t h  f u e l  tempera- 

t u res  over  2000°C and i n t e r n a l  rod  pressures above 150 p s i  (Table 8). P in  

l i n e a r  heat  r a t i n g s  were sometimes greater  than 21.5 kW/ft. 



Tables 11 and 12 give the corresponding information for fuel rods 1 ,  

3, 5 and 6 in IFA-117; Figures 18 and 19 sumniarize the resu l t s ,  showing the 
P 

differences between the predicted and measured pin temperatures and pres- 

sures. The code predictions are  based on our calculations using the assumed - 12-step power history and the given experimental data of burnup and an 

assembly power rating. The assembly power rating was not constant, although 

i t  was assumed to  be constant during the time-step. 

As i l lus t ra ted  in Figures 18 and 19, the code generally predicts higher 

fuel temperatures and pin internal pressures. Some possible reasons for 

the discrepancy include the usual experimental uncertainties associated 

with inaccurate temperatures, the determination of assembly power, and 

particularly the determination of the rod power as a function of time a t  

various axial locations. I n  addition there are uncertainties associated 

with the physical dimensions of the rods. 

To obtain some idea of the possible magnitude of variations in experi- 

mental resul ts  an analysis was made of several Halden irradiation t e s t s .  

These resul ts  a re  shown in Figures 20 and 2 1 .  Figure 20 shows the rela- 

t ively large variation in reported fuel centerline temperatures as a 

function of gap s ize for  5 + 1 ,  10 + 1 ,  and 15 t 1 kW/ft 1 inear heat 

ratings. The variations a t  constant power may be as l i t t l e  as 100 or as 

large as 700°C. A replot of some of the same data i s  shown in Figure 21 .  

Here the variation i s  shown in the reported fuel centerline temperatures 

as a function of heat rating for fuel pins with a fabricated gap of 0.006 

+ 0.001 inches. A t  10 5 1 kW/ft 1 inear heat rating the reported fuel tem- 

peratures range from below 1000 to above 1500°C. 



Two o t h e r  Halden r e a c t o r  i r r a d i a t i o n  t e s t s  used i n  t h e  code evaluatiaon 

were IFA-130 and IFA-131 . (73)  These two assemblies each conta ined 12 f u e l  

rods (pe l  l e t  and powder U 0 2 )  IFA-130 had rods w i t h  90 and 94% T.D. pe l  l e t  

f u e l  w i t h  0.0087-inch f a b r i c a t e d  fue l - c l add ing  gap f o r  t h e  90% T.D. f u e l ;  

no gap s i z e  was repor ted  f o r  t h e  94% T.D. f u e l .  IFA-131 conta ined 94% T.D. 

pel  l e t  f u e l  rods w i t h  0.006-, 0.008- and 0.012-inch fab r i ca ted  f u e l  -c ladding 

gap. Fuel c e n t e r l i n e  temperature as a  f u n c t i o n  o f  l i n e a r  heat  r a t i n g  was 

g r a p h i c a l l y  repor ted .  See Appendix D f o r  t h e  i n p u t  values used by the  code 

f o r  these p red i c t i ons .  The r e s u l t s  of t h e  code p r e d i c t i o n s  a re  shown i n  

F igures 22 and 23. The code p red i c ted  temperatures t h a t  were 100 t o  300°C 

h igher .  

Ba l f ou r ,  Christensen and F e r r a r r i  repor ted  the  r e s u l t s  o f  t h ree  h i g h l y  

instrumented U02 i r r a d i a t i o n  t e s t s .  (74)  One capsule (No. 111) conta ined 

Uol .94 and was n o t  used i n  t he  code eva lua t ion .  The code i n p u t  f o r  these 

l a r g e  diameter capsules I and I 1  a re  g iven i n  Appendix D. The r e s u l t s  o f  

t h e  code p r e d i c t i o n s  a re  shown i n  F igures 24 and 25. The e f f e c t s  of t h e  

r e l o c a t i o n  on f u e l  c e n t e r l i n e  temperatures a re  a l s o  shown i n  F igure  25 f o r  

these capsules which had a  f a b r i c a t e d  gap o f  over  0.024 inches; however, 

almost a1 1  o f  t h e  gap c losu re  was due t o  f u e l  thermal expansion. 

HPR-80 Data (76) 

These data c o n s i s t  o f  c e n t e r l i n e  temperatures determined by thermo- 

couples l oca ted  i n  t h e  f u e l .  Fuel d e n s i t i e s  were 96% T.D. and 98% T.D., 

p e l l e t  diameters were %0.440 inches, and a l l  sorbed gas was assumed t o  have 

reacted w i t h  t h e  f u e l  o r  c ladd ing .  The p red i c ted  BOL values f o r  both t h e  

0.002- and 0.006-inch gap rods agree w i t h  t h e  experimental values (F igures 26 

t o  31).  P red i c t i ons  f o r  t h e  HBA and HBB rods (F igures 26 and 27) a re  h igh  

(%lOO°C) f o r  heat r a t i n g s  >13 kW/ft bu t  a re  s t i l l  w i t h i n  t h e  u n c e r t a i n t y  

given. A comparison o f  GAPCON-THERMAL-1 p red i c ted  BOL temperatures t o  t he  

GAPCON-THERMAL-2 temperatures shows o n l y  a  few degrees change f o r  t he  



0.002- inch gap rods  w h i l e  t h e  0.006- inch gap rods show a  170 t o  200°C d rop  

i n  cen te r1  i ne temperatures (F igures  30 and 31 ) w i t h  t h e  GAPCON-THERMAL-2 

p r e d i c t i o n  i n  ve r y  good agreement w i t h  t h e  da ta .  The exper imenta l  uncer-  

t a i n t i e s  i n  power and thermocouple read ings  were ob ta i ned  f rom repo r t ed  

est imates.  

Kajaerheim and Rol s t ad  (76 )  a1 so r e p o r t e d  power versus temperature 

va lues f o r  two o f  t he  f u e l  rods which i n d i c a t e d  a  temperature i nc rease  o f  

abou t  60 t o  80°C a f t e r  burnups o f  4200 and 4300 MWd/MT U02. A comparison 

o f  GAPCON-THERMAL-2 p r e d i c t i o n s  a t  these burnups w i t h  t h e  measured 

temperatures (F igures  32 and 33) shows good agreement up t o  ~ 1 0  kW/ft 

where the  p r e d i c t e d  va lues s t a r t  t o  d e v i a t e  f rom t h e  r e p o r t e d  values, 

r e s u l  t i n g  i n  a  110°C . o v e r p r e d i c t i o n  a t  ~ 1 2  kW/ f t  ( t h e  h i g h e s t  power measured) 

The GAPCON-THERMAL-2 p r e d i c t e d  temperature r i s e  w i t h  burnup i s  due t o  

t he  f i s s i o n  gas degrada t ion  o f  the  f i l l  gas. 

AECL- 2662 

N o t l e y  e t  a1 . (30 )  have r e p o r t e d  g r a i n  growth and gas r e l e a s e  measure- 

ments f rom rods  i r r a d i a t e d  f o r  approx imate ly  108 f u l l - p o w e r  days. P e l l e t  

d iameters  and d i ame t ra l  gaps were a  nominal 0.7638- and 0.004-inches, 

r e s p e c t i v e l y .  Power h i s t o r i e s  were n o t  p rov ided  f o r  these rods  and peak 

powers ranged f rom 7% t o  15% h ighe r  than  t h e  t ime-averaged powers. Th i s  

makes i t  d i f f i c u l t  t o  a c c u r a t e l y  s imu la te  f u e l  performance; however, corn- 

pa r i son  has been made between GAPCON-THERMAL-2 p r e d i c t i o n s  and exper imenta l  

da ta  f o r  t h r e e  a r g o n - f i l  l e d  rods  (LFD, LFH and LFM) which showed t h e  minimum 

power va r i ance  (%7%). The t ime-averaged hea t  r a t i n g s  were used f o r  t h e  code 

c a l c u l a t i o n s  due t o  t h e  l a c k  o f  a  power h i s t o r y .  A comparison o f  t h e  code 's  

p r e d i c t e d  temperature p r o f i l e s  and t h e  g r a i n  growth da ta  (F i gu re  34, 35 and 

36) shows a  genera l  o v e r p r e d i c t i o n  by t h e  code f o r  bo th  BOL and EOL tempera- 

t u r e s  w i t h  t h e  excep t ion  o f  r o d  LFD which shows BOL temperatures s l i g h t l y  

underp red ic ted .  The e f f e c t  o f  a 7% va r i ance  i n  power on b o t h  BOL and EOL 



temperatures would c o n t r i b u t e  approx imate ly  +80°C u n c e r t a i n t y  a t  t h e  g r a i n  

growth boundaries.  The code p r e d i c t s  a  l a r g e  temperature inc rease  t o  occur  

from BOL t o  EOL (~300°C inc rease  i n  c e n t e r l i n e  temperature)  caused by t h e  

f i s s i o n  gas degrada t ion  o f  the  f i l l  gas w i t h  burnup. 

A  comparison o f  p r e d i c t e d  and measured f i s s i o n  gas re l ease  f r a c t i o n s  

f o r  these t h r e e  rods (Table 11) shows an o v e r p r e d i c t i o n  by t he  code w i t h  

t h e  LFD r o d  be ing o n l y  s l i g h t l y  overp red ic ted .  

The general  o v e r p r e d i c t i o n  by t h e  code f o r  these rods i s  c o n s i s t e n t  

w i t h  t h e  p rev ious  r e s u l t s ,  which shows t h e  code begins t o  o v e r p r e d i c t  tem- 

pera tu res  and gas re l ease  when fue l  temperatures and heat  r a t i n g s  exceed 

2000°C and 20 kW/ft. 

Not1 ey e t  a1 . 02) have repo r ted  g r a i n  growth and gas re l ease  measure- 

ments f rom rods  i r r a d i a t e d  f o r  ~ 1 8  fu l l -power  days. P e l l e t  d iameters and 

d iamet ra l  gaps were a  nominal 0.748- and 0 .003 - i nches ,  r e s p e c t i v e l y .  As 

i n  AECL-2662, the  d e t a i l e d  power h i s t o r i e s  were n o t  given; however, t h e  

t ime-averaged powers and t he  peak powers and t h e i r  t imes o f  occurrence 

a r e  g iven.  Three rods  f rom these t e s t s  (DFB, DFD and DFE) were se lec ted  

f o r  compari son aga ins t  GAPCON-THERMAL-2 p r e d i c t i o n s  because of t he  

r e l a t i v e l y  smal l  d i f f e r e n c e  ( 5  t o  8%) between average and peak powers. The 

p red i c ted  temperatures o f  these rods  a t  t h e i r  peak heat  r a t i n g s  i n  comparison 

w i t h  the  g r a i n  growth da ta  shows (F igures  37, 38 and 39) t he  code t o  

o v e r p r e d i c t  temperatures. There seems t o  be a  general t r e n d  o f  t he  h i ghe r  

the heat  r a t i n g  the  l a r g e r  the  o v e r p r e d i c t i o n .  A comparison o f  p r e d i c t e d  

and measured f i s s i o n  gas re l ease  f r a c t i o n s  (Table 11 ) a l s o  shows a  

s i g n i f i c a n t  o v e r p r e d i c t i o n  by t h e  code. These r e s u l t s  a r e  s i m i l a r  t o  

t h e  p rev ious  da ta  comparisons which a l s o  show t h e  code ove rp red i c t s  a t  t he  

h i ghe r  temperatures and heat  r a t i n g s .  



Soul h i e r  and ~ o t l e y ' ~ ~ )  

The purpose o f  t h i s  t e s t  was t o  eva l  uate t he  e f f e c t s  of  power changes 

on gas re lease .  E s s e n t i a l l y  f o u r  separate power h i s t o r i e s  were run  i n  

these t es t s ;  the  f i r s t  s e t  o f  rods  was h e l d  a t  a r e l a t i v e l y  h i g h  power 

( ~ ~ 2 2  kW/ f t )  f o r  a  p e r i o d  o f  t ime and then reduced t o  a  lower  power (%'I3 kW/ f t )  

f o r  con t inued  i r r a d i a t i o n ;  the  second s e t  was i r r a d i a t e d  w i t h  a  power 

h i s t o r y  i n  reverse  o f  the f i r s t  s e t .  The t h i r d  s e t  was h e l d  a t  t he  cons tan t  

h igh  power l e v e l  w h i l e  t he  f o u r t h  s e t  was h e l d  a t  the  lower  power 1  eve1 

t o  p rov ide  a  standard da ta  base f o r  eva l  b a t i o n  of  the  rods w i t h  va ry i ng  

power h i s t o r y .  Consequently, these data p rov ide  a  good o p p o r t u n t i y  t o  

check t he  a b i l i t y  o f  GAPCON-THERMAL-2 t o  f o l l o w  a power h i s t o r y  which 

was one of t h e  major  reasons f o r  upda t ing  t h e  code. The i n i t i a l  c o l d  f u e l -  

t o - c l a d  gap s i z e  of these p ins  was very  smal l  ( nom ina l l y  0.002 inches)  which 

prec ludes any checks on how w e l l  t h e  code models fue l  r e l o c a t i o n  f o r  these 

power h i s t o r i e s .  

The power h i s t o r i e s  and gas re l ease  da ta  a r e  presented i n  Table 12  

a long  w i t h  t h e  GAPCON-THERMAL-2 p r e d i c t i o n s .  There i s  ve ry  good agreement 

between t h e  p r e d i c t e d  gas re l ease  f o r  t h e  t h r e e  rods w i t h  va ry i ng  power 

h i s t o r i e s  (samples AZB, AZC and AZJ) and t h e  exper imental  r e s u l t s  i n d i c a t i n g  

t he  code does an adequate j o b  o f  model ing t h e  power h i s t o r y  e f f e c t s  o f  gas 

re lease.  A comparison o f  t h e  GAPCON-THERMAL-2 p r e d i c t i o n s  o f  t he  f o u r  rods 

(samples AZM, AZL, AZR and AZT) w i t h  a  r e l a t i v e l y  h i g h  ( 2 2  kW/ f t )  cons tan t  

power h i s t o r y  and t h e  exper imenta l  r e s u l t s  shows t he  code ove rp red i c t s  gas 

re lease  by 6 t o  12% re lease  f o r  t h r e e  o f  t h e  rods.  Resu l ts  a r e  s i m i l a r  t c  

o t h e r  comparisons o f  t h e  code which show t h e  code ove rp red i c t s  temperatures 

f o r  rods  w i t h  cen te r1  i n e  temperatures >2000°C and heat r a t i n g s  >20 kW/f t .  

I n  con t ras t ,  t h e  code underpred ic ted  gas-re lease by 2  t o  4% re lease  f o r  

da ta  from t h e  two rods  (AZD and AZE) operated a t  a  cons tan t  low power 

(%I3  kW/ f t ) .  

~ a i n ( ~ ~ )  r e p o r t e d  on a  wide range o f  exper imental  data which cons is ted  

o f  ve ry  s h o r t  i r r a d i a t i o n s  (10 t o  40 min )  i n  t h e  h y d r a u l i c  r a b b i t  and 



1 onger-term i r r a d i a t i o n s  (a40 f u l l  -power days) i n  a  p ressu r i zed  water  1  oop . 
GAPCON-THERMAL-2 comparisons have been made on t h e  longer - te rm i r r a d i a t i o n s  

o n l y  (X-23301 and X-23303 t e s t s ) .  P e l l e t  d iameters f o r  these  t e s t s  were 

0.7047 and 0.6902 inches, d iamet ra l  gaps were 0.0142 and 0.0292 inches, 

and t he  f i l l  gas was argon. A comparison o f  GAPCON-THERMAL-2 beginn ing-  

o f - 1  i f e  p r e d i c t i o n s  o f  equiaxed g r a i n  growth boundaries (assumed t o  be 

1400°C) and t h e  repo r ted  va lues (Table 13) show t h a t  t he  code o v e r p r e d i c t s  

t h i s  da ta  by 2 t o  14%. P rev ious l y  p r e d i c t e d  va lues f rom GAPCON-THERMAL-1 ( 1  1 
a r e  a l s o  i nc l uded  i n  Table 13. A comparison o f  p r e d i c t i o ~ s  f rom t h e  
two codes show GAPCON-THERMAL-2 t o  p r e d i c t  s l  i g h t l y  h i ghe r  temperatures 

f o r  t he  sma l l e r  0.0142-inch gap rods  and s i g n i f i c a n t l y  1  ower temperatures 

f o r  the  0.0291-inch gap rods .  The r e l o c a t i o n  and f u e l  m e l t i n g  models i n  

GAPCON-THERMAL-2 a re  the  pr imary c o n t r i b u t i o n s  t o  the lower  temperatures 

p r e d i c t e d  f o r  the  l a r g e r  gap rods.  The s l i g h t  temperature inc rease  f o r  

t h e  sma l l e r  gap rods  i s  due t o  t h e  new c o n t a c t  conductance model which 

p r e d i c t s  lower  gap conductances f o r  f u e l - t o - c l a d d i n g  con tac t .  

AE- 31 8 (75,82) 

Devol d  ( 75y82 )  r epo r ted  center1 i n e  temperatures f o r  t h ree  d i f f e r e n t  

f u e l  rods  determined f rom thermocouple measurements. The pe l  1 e t  diameters 

were 0.3953 and 0.4909 inches w i t h  f ue l - t o - c l add ing  gaps o f  0.0071 and 

0.0051 inches and a 96% T.D. fue l  d e n s i t y .  The temperatures measured were 

e s s e n t i a l l y  BOL va lues.  The p r e d i c t e d  r e s u l t s  (F i gu re  40) f o r  IFA-3 

(0.0071 - i nch  gap) compare very  we1 1 w i t h  t h e  measured r e s u l t s  between 

t he  range o f  heat  r a t i n g s  given, 1  t o  9  kW/f t .  However, t he  code under- 

p r e d i c t s  temperatures f o r  t he  remain ing two rods (IFA-4 and IFA-10).  The 

IFA-4 r o d  i s  underpred ic ted  (F igu re  41) by t h e  l a r g e s t  amount (300 t o  400°C) 

even though t h e  IFA-3 and IFA-4 rods were i d e n t i c a l  except  f o r  enr ichment 

(1  .5% and 6%, r e s p e c t i v e l y )  . An anomaly between t h e  exper imental  

r e s u l t s  e x i s t s  because t h e  h i ghe r  enr ichment r o d  ( IFA-4) should 

have r e s u l t e d  i n  s l  i g h t l y  lower  temperatures when compared t o  IFA-3. The 

au thor  suggests ( 75 )  t h a t  t h e  gap s i zes  were n o t  t h e  same f o r  



t h e  two rods.  However, a  r u n  w i t h  GAPCON-THERMAL-2 making t h e  IFA-4 gap 

s i z e  1  m i l  l a r g e r  o n l y  r a i s e d  t h e  cen te r1  i n e  temperature by 1 ~ 5 0 " C ,  i n d i c a t -  
t 

i n g  t h a t  t h e  IFA-4 gap s i z e  would have t o  be %2 t imes l a r g e r  ( 7  m i l s  versus 

13 t o  14 m i l s )  than IFA-3 t o  account f o r  the  temperature d i f f e r e n c e s .  The 

. IFA-10 r o d  was a l s o  n e a r l y  i d e n t i c a l  i n  design t o  t he  o t h e r  two rods w i t h  

t h e  excep t ion  of  gap s i z e  and enr ichment,  0.0051 m i l s  and 2.5%, r e s p e c t i v e l y .  

The code o v e r p r e d i c t s  t h e  mean o f  t h i s  data by 130 t o  200°C (F igu re  42) w i t h  

the  l a r g e s t  d e v i a t i o n  a t  t he  peak hea t  r a t i n g  ( ~ 1 3  kW/f t ) .  However, the 

temperature nieasurements a t  the peak hea t  r a t i n g  show a  cons iderab le  amour1 t 

o f  va r i ance  (~200°C  d i f f e r e n c e )  among the  data making t h e  lower  temperature 

data p o i n t s  w i t h i n  100°C g f  the  code p r e d i c t i o n s .  

The expe r imen ta l l y  measured temperature d i f f e rences  between n e a r l y  

i d e n t i c a l  f u e l  rods,  e s p e c i a l l y  between IFA-3 and IFA-4, can p o s s i b l y  be 

exp la ined  by an accumulat ion o f  e r r o r s  f rom the thermocouple measurements, 

e s t i m a t i o n  o f  powers, and var iance  i n  i n i t i a l  gap s i z e .  Another c o n t r i b u t i n g  

source may be i n  gap c l o s u r e  k i n e t i c s  which i s  p o s t u l a t e d  t o  be a  r e l a t i v e l y  

f a s t  phenomenon o c c u r r i n g  r e l d t i v e l y  e a r l y  i n  l i f e .  Poss ib l y  t h e  IFA-4 

temperature measurements were made on t h e  f i r s t  excurs ion  t o  power so t h a t  

ve ry  1  i t t l e  r e l o c a t i o n  took p lace .  The IFA-3 temperature measurements were 

made a f t e r  a  few days o f  accumuSated burnup a l l o w i n g  the  f u e l  t o  r e l o c a t e  

and reduce the  gap s i z e .  

CEA-R- 3358 Data 

The da ta  r e p o r t e d  by Janv ie r  e t  a l . ,  ( 33 )  cons i s ted  o f  g r a i n  growth 

measurements ob ta ined  f rom rods i r r a d i a t e d  f o r  two o r  f o u r  r e a c t o r  cyc les .  

P e l l e t  d iameters were a  nominal 0.510 inches and d iamet ra l  gaps ranged 

f rom 0.004 t o  0.012 inches.  Nominal burnups achieved f o r  the  two se r i es  of 

l i s t s  were 3000 and 6000 MWd/MTM. Rod powers v a r i e d  between 3% t o  30% . 
from the  t ime-averaged powers over  t h e  i r r a d i a t i o n  p e r i o d  w i t h  peak powers 

o c c u r r i n g  a t  t he  f i r s t  s t a r t u p  and t he  l a s t  s t a r t u p  w i t h  the  h ighes t  
I .  



powers generally occurring a t  the s t a r t  of the l a s t  cycle. The power history 

makes i t  d i f f i c u l t  to  determine the operating condition that controlled grain 

growth. In i t i a l  power conditions may have established the niicrostructure 

observed during the postirradiation examination, b u t  the high powers toward 

the end-of-life may also have controlled the grain growth. There are many 

complicating factors  that  make i t  d i f f i c u l t  to re la te  the structure observed 

in a postirradiation examination with a temperature a t  a particular point in 

the irradiation history. These factors include the variation of gap conduc- 

tance with time and the production of f iss ion products that can a c t  as  impu- 

r i t y  atoms to  inhibi t  grain growth towards end-of-life. 

~ a i n ' ~ ' )  reported that  2 weeks operation a t  about 2000°C eliminated 

any evidence of a molten zone. Similar restructuring of the columnar grain 

growth region and the equiaxed grain growth region could also occur 

with new temperature conditions erasing old boundaries. An i r radiat ion t e s t  

by MacDonald (80) suggests that equiaxed grain growth was retarded by previous 

irradiation history. The t e s t  consisted of reirradiating a rod that  had 

achieved 484 full-power days a t  50% higher power. MacDonald's calculations 

suggested the diameter of grain growth should have increased about 0.050 inches 

for  an additional 22 full-power days whereas the measured amount was as  low 

as 0.010 inches. MacEwan and Hajaski (81) (as reported by MacDonald) showed 

that  grain growth was inhibited for  samples irradiated below 1500°C and sub- 

sequently raised to  1500 to 1750°C for  an additional 290 hours. Thus, the 

magnitude and deviation of power changes during irradiation could have a 

pronounced ef fec t  on grain growth because of the time-temperature relation- 

ship and the e f fec t  of fission-induced impurities. 

The power conditions that  established the grain growth observed in 

the CEA-R-3358 t e s t s  were not determined. We attempted to  simulate the 

thermal behavior by comparing GAPCON-THERMAL predictions based on: 

1 ) beginning-of-1 i f e  ( B O L )  powers and temperatures and 2 )  peak center1 ine 

temperatures ( in  most cases th is  corresponds to  maximum end-of-life powers) 

achieved during the irradiation history. The fuel temperatures were plotted 

as a function of fuel radius with the quoted grain growth measurements 



superimposed. The u n c e r t a i n t y  box f o r  t h e  g r a i n  growth da ta  represents  t he  

authors  r e p o r t e d  dimensional  u n c e r t a i n t i e s  and ou r  es t ima te  o f  t l O O ° C  on 

t h e  g r a i n  growth temperature.  A columnar g r a i n  growth temperature o f  

1700°C and an equiaxed g r a i n  growth temperature o f  1400°C was assumed 

based on e a r l i e r  ana lys is . (26987)  A l l  o f  t h e  sorbed gas was assumed t o  

have reac ted  w i t h  t he  c l add ing  and f u e l .  

The rods  w i t h  s i m i l a r  temperatures f o r  b e g i n n i n g - o f - l i f e  and peak con- 

d i t i o n s ,  samples 4710 and 41 12 (F igures  43 through 50) show good agreement 

between p r e d i c t e d  temperatures and g r a i n  growth measurements w i t h  the  

p r e d i c t e d  temperature p r o f i l e s  f a l l i n g  w i t h i n  o r  near  t he  u n c e r t a i n t y  boxes. 

These rods have a f u e l - t o - c l a d  gap s i z e  o f  4  t o  5  m i l s .  The BOL and peak 

temperatures f o r  t h e  4113 samples a l s o  show reasonable agreement w i t h  g r a i n  

growtn measurements (F igures  51 through 54) even though t h e  d i f ferences between 

BOL and peak c e n t e r l i n e  temperatures were ~300°C.  BOL temperatures f a l l  

w i t h i n  t he  lower  p o r t i o n  o f  t he  u n c e r t a i n t y  box (exc lud ing  4113-BE1) and 

peak temperatures w i  t h i n  t h e  upper p o r t i o n .  The except ion t o  t he  above was 

sample 4113-BE1 (F igu re  53) where bo th  p r e d i c t e d  BOL and peak temperatures 

were h i ghe r  than g r a i n  growth temperatures. The p r e d i c t e d  BOL and peak tem- 

pera tu res  f o r  t h e  4111 samples (F igures  55 through 58) a l s o  b racke t  t h e  

u n c e r t a i n t y  boxes f o r  g r a i n  growth as t hey  d i d  f o r  t h e  4113 samples; however, 

t h e  p red i c ted  peak temperatures a r e  s u b s t a n t i a l l y  h i ghe r  than t h e  g r a i n  bound- 

a r y  isotherms w h i l e  t h e  BOL temperatures a r e  underpred ic ted  by a l a r g e r  degree 

than i n  t h e  4113 samples. These r e s u l t s  were n o t  unexpected, however, s ince  

t he  BOL and peak c e n t e r l i n e  temperatures f o r  t h e  4111 samples d i f f e r  by 550 t o  

750°C. Both t h e  4111 and 4 i13  rods have f u e l - t o - c l a d d i n g  gap s i zes  o f  % I 2  m i l s .  

A comparison between t h e  CEA-R-3358 measured gas re l ease  va lues and 

those p red i c ted  by GAPCON-THERMAL-2 a r e  presented i n  Table 14. The code 

p r e d i c t s  0.03 t o  0.16 h i ghe r  gas re l ease  f r a c t i o n s  f o r  t h e  l a r g e  gap rods 

(41 11 and 41 1 3  samples) w h i l e  5 o f  t h e  8 rods w i t h  sma? ;er gaps (41 10 and - 
4112 samples) show good agreement w i t h  t h e  measured values ( w i t h i n  20.02 

re1  ease f r a c t i o n ) .  - .  



Several postulated effects  could explain the above resu l t s .  If the 

BOL rod powers se t  the grain growth boundaries and i f  we have overestimated 

the grain growth boundary temperatures by 100 to 1 50°C, good agreement 

would be obtained with the 4111 and 41 13 BOL temperatures. However, a1 1 

the 411 0 and 4112 grain growth temperatures would then be overpredicted. 

A more 1 i kely situation i s  that  while BOL temperatures may establish the 

in i t i a l  grain growth boundaries, higher temperatures are  required l a t e r  in 

l i f e  to move the boundaries due to  fission product impurities pinning. 

This would support the experimental work of MacDonald (80) discussed earl i e r  . 
Alternatively, deficiencies in modeling for burnup effects  and rods with 

relat ively large fuel -to-clad gaps (21  2 mils) would explain the code's 

overprediction of gas release for  the 4111 and 4113 rods. 

Another source of error  in the calculation of these temperatures and 

gas release fractions i s  the reported heat ratings which are  probably no 

better than 510%. Nominal heat ratings given for the power his tor ies  were 

used in these calculations. 



LIMITATIONS AND RECCMMENDATIONS 

GAPCON-THERMAL-1 was m o d i f i e d  t o  p rov i de  a  more a p p r o p r i a t e  ca l cu l a -  

t i o n a l  t o o l  f o r  comput ing gap conductance va lues i n  thermal  r e a c t o r  f u e l s .  

Th i s  ve r s i on  o f  t h e  code, GAPCON-THERMAL-2, s t i  11 con ta ins  c e r t a i n  1 i m i  t a -  

t i o n s  t o  i t s  a p p l i c a t i o n .  These l i m i t a t i o n s  stem p r i n c i p a l l y  from t h e  

s p a r s i t y  o f  w e l l - c h a r a c t e r i z e d  da ta  f o r  e s t a b l i s h i n g  performance models 

and f o r  check ing t h e  c a l c u l a t i o n a l  models. S ince t h e  code i s  based on 

emp i r i ca l  models as w e l l  as f i r s t  p r i n c i p l e s ,  t h e  l a c k  o f  w e l l - c h a r a c t e r i z e d  

da ta  can r e s u l t  i n  a  conse rva t i ve  c a l c u l a t i o n .  We have been unable t o  

l o c a t e  much we1 1 - cha rac te r i zed  da ta  f o r  thermal r e a c t o r  f u e l ,  w i t h  l a r g e  

d i ame t ra l  gaps, e s p e c i a l l y  i n  t h e  10 t o  15 kW/f t  range. Most of t he  da ta  

c o n t a i n  enough exper imenta l  u n c e r t a i n t i e s  t o  p rec lude  any th ing  b u t  a  bes t  

es t ima te  c a l c u l a t i o n .  Furthermore, some i n f o r m a t i o n  concern ing i n i t i a l  

c o n d i t i o n s  o r  o p e r a t i n g  h i s t o r y  i s  usual  i y  e i t h e r  comp le te ly  l a c k i n g  o r  

i s  i n c o n s i s t e n t  w i t h  o t h e r  i n f o r m a t i o n  i n  t h e  r e p o r t .  Eva lua t i on  o f  data 

r epo r t ed  i n  t h e  open l i t e r a t u r e  i s  c o n t i n u i n g ,  b u t  a  d e f i n i t e  need e x i s t s  

f o r  good da ta  a p p l i c a b l e  t o  commercial f u e l  i n  t h e  o p e r a t i n g  range o f  

i n t e r e s t .  

To f u r t h e r  improve t h e  thermal performance model ing capabi l i t y  o f  

t h e  code, e f f o r t s  are be in9  a p p l i e d  t o  b e t t e r  d e l i n e a t e  t h e  f o l l o w i n g  per-  

formance ana o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  f u e l .  A d d i t i o n a l  r e v i s i o n  

and v a l i d a t i o n  o f  t h e  code h i l l  be made as a d d i t i o n a l  da ta  becomes a v a i l a b l e .  

gap c l o s u r e  

r e s t r u c t u r i n g  

asymmetric hea t  t r a n s f e r  

neu t ron  cross s e c t i o n s  

he l ium s o r b t i o n  

f u e l  c l add ing  mect-mica1 i n t e r a c t i o n  

c l add ing  c r u d  and c o r r o s i  on 

thermal t r a n s i e n t s  

f l  ux depress i  on burnup dependence 



Gap C losure  

The area o f  gap c l o s u r e  i s  c u r r e n t l y  a  l i m i t i n g  aspec t  o f  t h e  GAPCON- 

THERMAL code because o f  t h e  l a c k  o f  d a t a  on t h e  k i n e t i c s  and magni tude o f  

gap c l o s u r e .  

Sources o f  gap c l o s u r e  i n c l u d e  c l a d d i n g  e l a s t i c  c o n t r a c t i o n  and creep,  

as we1 1  as f u e l  thermal  expansion, s w e l l  i n g  and c r a c k i n g .  Fuel  r e l o c a t i o n  

t y p i c a l l y  p r o v i d e s  t h e  most gap c l o s u r e ;  however, v e r y  l i t t l e  w e l l -  

c h a r a c t e r i z e d ,  q u a n t i t a t i v e  da ta  have been p u b l i s h e d  t o  model e a r l y - i n - l i f e  

gap c l o s u r e  caused by a  combinat ion o f  f u e l  s w e l l i n g  and f u e l  c r a c k i n g .  

The phenomena a r e  c u r r e n t l y  n o t  c o m p l e t e l y  unders tood and a r e  n o t  c u r r e n t l y  

amenable t o  a  r i g o r o u s  a n a l y t i c a l  s o l u t i o n .  

R e s t r u c t u r i n g  

R e s t r u c t u r i n g  o r  g r a i n  growth i s  an i m p o r t a n t  f a c t o r  i n  o x i d e  f u e l  tem- 

p e r a t u r e  c a l c u l a t i o n s  because t h e  f o r m a t i o n  o f  t h e  c e n t r a l  v o i d  reduces t h e  

heat  f l o w  p a t h  w h i l e  t h e  d e n s i f i c a t i o n  improves t h e  thermal  c o n d u c t i v i t y  o f  

t h e  f u e l .  C a l c u l a t e d  e f f e c t s  depend on t h e  amount o f  s i n t e r i n g ,  t h e  tempera- 

t u r e  a t  which s i n t e r i n g  beg ins,  and t h e  s i n t e r i n g  k i n e t i c s .  The v o i d  d i s t r i -  

b u t i o n  w i l l  a f f e c t  o t h e r  c a l c u l a t i o n s  such as f u e l  d imens iona l  changes. 

R e s t r u c t u r i n g  should  be t r e a t e d  as a  con t inuous  t ime-dependent process.  

GAPCON-THERMAL c o n t a i n s  a  t ime-dependent r e l a t i o n s h i p  f o r  columnar g r a i n  

growth,  (44) b u t  we have n o t  compared t h e  model w i t h  o t h e r s  a v a i l a b l e .  Some 

c o n t r o v e r s y  e x i s t s  as t o  t h e  temperatures a s s o c i a t e d  w i t h  t h e  m i c r o s t r u c t u r a l  

changes and t h e  p o s t u l a t e d  d e n s i t i e s  i n  t h e  r e s t r u c t u r e d  r e g i o n s .  F o r  exam- 

p l e ,  r e p o r t e d  equiaxed g r a i n  g rowth  temperatures v a r y  f r o m  1300 t o  1700°C, 

and columnar g r a i n  growth temperatures range f rom 1600 t o  2200°C. Rest ruc-  

t u r e d  f u e l  d e n s i t i e s  v a r y  f rom 92% T.D. t o  100% T.D. Some o f  t h e  s c a t t e r  can 

be a t t r i b u t e d  t o  t h e  use of d i f f e r e n t  assumptions f o r  c a l c u l a t i n g  t h e  f u e l  

temperatures f rom an exper iment  and t h e  d i f f i c u l t y  o f  measur ing r e s i d u a l  . . 
p o r o s i t y .  Temperature g r a d i e n t s  and p o r e  morphology would a l s o  i n f l u e n c e  



t he  resu l t s .  A 1  though com~ercial fuel does not typically operate a t  powers 

suff ic ient ly  high to produce restructuring, the ava i lab i l i ty  of a restructur- 

ing option will provide capability to  model overpower conditions and addi- 

tional experimental data. 

Asvmmetric Heat Transfer 

Onlv heat transfer i n  the radial direction and a concentric pel le t  

within the cladding are  considered. The conditions in an operating fuel p i n  

typically are  asymmetric, and the concentric case has been shown (45 )  to give 

higher fuel "emperatures. The concentric heat  transfer in GAPCON-THERMAL 

contributes to  t h e  higher temperature predicted by the code for large hot 

~ S C S .  Eorsequently, com?arison of the code w f t h  experimental results becomes 

more conservative a; the h o t  g 3 ~  increases. however, other phenomena such 

as gap closure caused by thermally induced cracking probably are  the largest 

sources of dispari ty  between calculated and experimental values for large 

hot  gaps. 

Neutron Cross Sections 

All the neutron cross sections in the code are for  2200 m/sec neutron 

velocities a t  room temperature. More appropriate values l ike  those from the 

Westcott formulation may be required i f  more accurate flux and fission gas 

values are needed. This code should n o t  be used to  determine accurate 

neutron flux values. The f iss ion gas generation values are sufficiently 

accurate fo r  the current technology. 

Helium Adsorption 

'+e current version o f  the code does not account for any helium 

adsorption by the fuel b u t  when quantitative data become available, a model 

for th i s  effect  can be added. Helium adsorption can be modeled by reducing 

the i n i t i a l  f i l l  gas pressure. 

Fuel-Cladding Mechanical Interaction 

GAPCON-THERMAL-2  does not have an adequate engineering mechanics base 

t o  couple cladding and fuel deformations with the thermal routines in the 

code. Efforts are  currently directed to  coupling the pressure-induced 



e l a s t i c  and creep de fo rmat ion  o f  t h e  c l add ing  t o  a l l  a x i a l  segments and 

t h e  i n t e r n a l  gas pressure.  A d d i t i o n a l  work i s  be ing  conducted t o  p rov ide  

a  bas i s  f o r  model ing t h e  e l a s t i c  and i n e l a s t i c  de fo rmat ion  o f  f u e l  and 

c l add ing  induced by d i f f e r e n t i a l  thermal expansion and f u e l  s w e l l i n g .  

Claddina Crud and Corros ion 

Th i s  v e r s i o n  o f  t h e  code does n o t  comple te ly  model c l add ing -coo lan t  

chemical i n t e r a c t i o n s .  The changes i n  c l add ing  mechanical p r o p e r t i e s  due 

t o  hydrogen abso rp t i on  a r e  n o t  determined. The c rud  t h i ckness  ( i nches )  

may be i n p u t  by t h e  user  through t h e  v a r i a b l e  CRUDTH. The code uses a  low 

c rud  thermal c o n d u c t i v i t y  va lue  o f  0.23 Btu/hr - f t -OF (84 

A l a t e  a d d i t i o n  was made t o  t h e  code t o  i n c l u d e  o x i d a t i o n  o f  t h e  

Z i r c a l o y  c l add ing  by t h e  coo lan t .  The c a l c u l a t i o n  o f  z i r con ium o x i d e  

th ickness  and t h e  assoc ia ted  temperature change i s  made i n  t h e  sub rou t i ne  

CORROS. (85)  The r a t e s  o f  r e a c t i o n  a r e  modeled f o r  PWR ( 0  < I C O R  < 3)  o r  

BWR (ICOR 2 3)  coo lan t  cond i t i ons .  The GAPCON-THERMAL-2 user  i s  cau t ioned  

t h a t  CORROS w i l l  p robab ly  n o t  c o r r e c t l y  model t h e  o x i d a t i o n  r a t e s  f o r  any 

s p e c i f i c  r e a c t o r .  The z i rcon ium d i o x i d e  thermal c o n d u c t i v i t y  used i n  

CORROS i s  c a l c u l a t e d  by an equat ion  g i ven  i n  Reference 86 based on o u t - o f -  

p i l e  da ta  on h i gh  d e n s i t y  z i r c o n i a .  

Thermal T rans ien t s  

Thermal t r a n s i e n t s  cannot be modeled w i t h  t h i s  o r  t h e  preceding ve r -  

s ions  o f  t h e  code. Thermal e q u i l i b r i u m  i s  assumed throughout  t h e  c a l c u l a -  

t i o n s .  Power changes a r e  assumed t o  occur  ins tan taneous ly  w i t h  zero thermal 

and mechanical r es i s tance .  

F l ux  Depression Burnup Dependence 

The va lues  o f  t h e  f l u x  depress ion used by t h e  code a r e  independent o f  

t ime  and power so t h e r e  a r e  no burnup dependent f l u x  depress ion c a l c u l a t i o n s .  

To es t ima te  t he  p o s s i b l e  e f f e c t s  due t o  burnup on f u e l  p i n  behav io r  t he  user  

can i n p u t  burnup-modif ied f lux-dependent  values. 



FIGURE 1. Typica l  Fuel P in Parameters That I n f l uence  Fuel-Cladding Heat T rans fe r  C o e f f i c i e n t  
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FIGURE 2.  GAPCON-THERMAL-2 F l o w  Sheet 
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F I G U R E  12. Schematic o f  Fuel Model for  Pressure Calculations 
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FIGURE 28. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Sample HCA, HPR-80. 
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FIGURE 29. GAPCON-THERMAL-2 Prediction of Sample HCD , HPR-80. 
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FIGURE 30. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Sample HBC, HPR-80. 
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FIGURE 31. GAPCON-THERMAL-2 Prediction of Sample H C C ,  HPR-80. 
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FIGURE 33. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel Cen te r l i ne  Temperature 
Versus Heat Rat ing f o r  Sample HBB, HPR-80. 
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FIGURE 34. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel Radia l  
Temperature P r o f i l e  f o r  Sample LFD, AECL-2662. 



AEC L-2662 

SAMPLE #LFH 
INITIAL GAP = 0.0039 INCHES 

I I I 

FUEL RADIUS, I NCHES 

FIGURE 35. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel  Radia l  
Temperature P r o f  i 1 e f o r  Sampl e LFH, AECL-2662. 
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FIGURE 36. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel  Rad ia l  
Temperature P r o f i l e  f o r  Sample LFM, AECL-2662. 
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FIGURE 37. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel  Radia l  
Temperature P r o f i  1 e f o r  Sample DFB, AECL- 1676. 
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FIGURE 38. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel Rad ia l  
Temperature P r o f  i 1 e f o r  Sample DFD, AECL- 1676. 
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FIGURE 39. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel Radia l  
Temperature P r o f i l e  f o r  Sample DFE, AECL-1676. 
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FIGURE 40. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel Center1 i n e  Temperature 
Versus L inear  Heat Rat ing f o r  Sample IFA-3, AE-318. 
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FIGURE 41. GAPCON-THERMAL-2 P r e d i c t i o n  o f  Fuel  C e n t e r l i n e  Temperature 
Versus L i n e a r  Heat Ra t i ng  f o r  Sample IFA-4, AE-318. 
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FIGURE 44. A Comparison o f  GAPCON-THERMAL-2 P red i c t i ons  With Grain 
Growth Measurements from CEA-R-3358, Sample 4112-BE1. 
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D E HGACEL -- NFLX - 
DFS I C D F  NFUEL 

D S I N Z  I C R E P  NOH 

DTEMP 1 0 0 ° F  - - I D E N S F  NPOW 1 0  

T I N L E T  ( 1 , l  ) 

T P L A S  1 2 0 0 ° C  - 

D V O I D Z  I COR NPRF I L 1 - xco 

EXTP I G A S  N T I M E  X H 

FRACAR I P E A K  PRCDH X N - - 

FRACH I R E L O C  *PROF I L 

VPLENZ 

FRACHE I R E L S E  - 
F RAC KR I R L  PSEUDO 

FRACN I STOR 

FRACX E I T  RADS 

FRDEN KB ROUC 

F R P U 0 2  KOOL ROUF 

F R S I N  L F U E L  S 

CRUDTH - 

* ~ ~ o ~ l ~ i l , l i  = 0.23, 0.63, 0.96. 1.21, 1.35. 1.41, 1.35, 1.21. 0.96, C.63, 0.23 

NOTE: ALL INPUT VARIABLES I N I T I A L I Z E D  TO ZERO EXCEPT AS SHOWN ABOVE. 



TABLE 2. F i s s i o n  Y ie l ds  Used f o r  Thermal F lux  I r r a d i a t i o n  

ISOTOPE 

YIELDS ( % )  FROM F ISS ION OF: 





REFERENCE 

1 1  

2 8 

2 9  
A 
-I 

N 
3  0  

3  1  

3 2  

3 3  

TABLE 4. Data Base Used t o  C o r r e l a t e  Gas Re lease Model 

TEMPERATURE 
MEASUREMENT 

TC* 

HEAT RATINGS CENTERLINE GAS RELEASE 
( k W / f t )  TEMPERATURE ( " C )  FRACTIONS 

1 2 . 5 - 1 5  1 7 0 0 - 2 2 0 0  0 . 0 4 4 - 0 . 2 3 2  

DATA 
POINTS 



TABLE 5. Base I n p u t  f o r  Paramet r ic  Study 

Fuel d e n s i t y  

Res t ruc tu red  d e n s i t y  

D e n s i f i c a t i o n  d e n s i t y  

U-235 c o n t e n t  

Fuel d i a m e t e r  

Cladding i n s i d e  d i a m e t e r  

Cladding o u t s i  de di  ameter  

Plenum volume 

9 4 W .  D.  

96.576 T.D. 

97% T.D. 

3 % 

0.4770 i n .  

0.4890 i n .  

0.5630 i n .  

2 .2  i n  3 

Cool a n t  i n l e t  t empera tu re  533 O F  

Coolant p r e s s u r e  1050 ps i  

F i l l  gas p r e s s u r e  1 atm 

Fi 1 1 gas composi t i  on 100% he1 i um 
Coolant t empera tu re  i n c r e a s e  20 FO 

Coolant-c ladding f i l m  c o e f f i c i e n t  25000 ~ t u / h r - f t ~ - ' ~  

Fuel s u r f a c e  roughness 0.000039 i n .  

Cladding s u r f a c e  roughness 0.00002 i n .  

Fuel m e l t i n g  t empera tu re  2790 O C  

Fuel column leng th  144 i n .  

N u h e r  of a x i a l  nodes 10 

Axial power p r o f i l e  0 .35 ,  0 .86 ,  1 .08,  1 .175,  

1 . 1 9 ,  1 .19 ,  1 . 1 9 ,  1 . 1 7 ,  

1 . 1 2 ,  0 .78 ,  0.37 

Power h i s t o r y  34.5 14.5 13.5 0.0 11 .0  17.0 13 .0  kW/ft 

0 60 120 180 240 330 360 days 

. All  o p t i o n  s i g n a l s  s e t  = 0--see  l i s t i n g  o f  o p t i o n s  page 34. 

New a x i a l  power p r o f i l e  - 0.75,  0 .80,  0 .85,  0 .90,  
. r e  0 .95 ,  1 . 0 ,  0 .95,  0.90,  

0 .85,  0 .80 ,  0 .75  



TABLE 6 .  Summary of Parametric Study 

Effect  
Cente r l  i  ne Internal  

Parameter Temperature O C  Pressure psi 

Base case 

Restructuring 

Constant power 

Best est imate relocation 

Conservative relocation 

Densi f i  ca t i  on 

Conservative gas re lease  

Retard gas re lease  

Cladding e l a s t i c  deformation 

P l a s t i c  fuel 

Rigid fuel 
Plenum volume doubled 

Densi f i  ca t i  on and bes t  
estimate relocation 

- 
-50" 

-100 

- 800 

- 400 

+ 300 

+10 

- 50 

-10 

none 

none 

-30 

+30 

Retard gas re lease ,  best s  imate -530 
71 ! -420 

re locat ion,  densi f ica t ion 

p f  = 96.5% TD 

Dished pe l l e t s  
volume = 2% 

none -30 

Plenum volume halved +15 +850 

Sorbed gas, 0.01 cc/gm +I70 BOL* +30 BOL 
1 4  1 2  1 4  H z ,  N 2 ,  CO none EOL -10 EOL 

F i l l  gas pressure 
20 atmosphere 

62  u~~~ 
New a x i a l  power shape none +I00 

Ref e ren ce 
Fi gu re 

*BOL = Beginning of Life  
EOL = End of Life 



TABLE 7. IFA 116 and 117 Condensed Fuel Assembly Power H i s t o r y  

Date 

4/4/68 

4/23 

5/30 

61 5 

611 1 

6/14 

611 8 

3/ 1 0169 

3/12 

3/18 

41  2 

616 

Power 
kW 

2 30 

Cumulative I r r a d i a t i o n  
Time 
Days 

15 

3 0 



TABLE 8. 

Experimental  Resul t s  IFA-116 

Average 
Burnup . Pressure Temperature 

MWdIMT U02 p s i  O C  

646 

1277 

1602 

1831 

2065 
PIN 1 21 44 

2282 

2953 

3039 

3203 

3902 

4036 

IFA-116 Comparison 

Average 
Burnup Pressure Temperature Temperature 

646 

1277 

1602 

1831 

2065 

21 44 

PIN 5 2282 

2953 

3039 I 

3203 

3902 

4036 

*Input included time dependent axial power profile. 

GAPCON - THERMAL - 2 P r e d i c i t i o n s  

Local  
Temperature Pressure Burnup 

O C 

Loca l  
Pressure Temperature* Pressure* Burnup Burnup* 

Heat R a t i n g  

Heat Rat ing*  - -. 

19.98 19.36 

19.51 18.73 

18.88 18.18 

21.26 20.48 

21.73 21.05 

18.44 18.05 

21 .43 20.98 

20.52 19.69 

19.73 18.94 

19.01 18.31 

21.65 20.86 

20.77 20.00 



f 

P I N  1 

TABLE 9. GAPCON-THERMAL-2 HPR-129, IFA-117, Pins 1 and 3 Comparison 

Experimental Results IFA-117 

Average 
Pressure Temperature 

" C 

GAPCON - THERMAL - 2 Predictions 

Pressure 



TABLE 10. GAPCON-THERMAL-2 HPR-129, IFA-117, Pins 5 and 6 Comparison 

Experimental Resul t s  IFA-117 -- 

Average I n t e r n a l  Peak Fuel 
Burnup Pressure Temperature 

MWdIMT U07 p s i  " C 

122 46 1750 

456 38 1600 

644 4 1 1600 

1082 6 8 1775 

1659 9 9 2000 

PIN 5 2060 * * 

3543 142 2200 

41 62 156 21 50 

4676 199 2200 

5328 241 21 80 

5937 255 2025 

7073 255 1975 

551 

896 

1347 

P I N  6 
1663 . 
2867 

336 1 

3771 

GAPCON - THERMAL - 2 Pred ic t ions  - 
Peak Fuel I n t e r n a l  Local I n p u t  

Temperature Pressure Burnup Heat Rat ing 
" C p s i  MWd/MT U07 kW/f t 

1688 4 7 122 17.57 

1733 5 2 ' 454 18.17 

1991 61 644 19.81 

21 45 8 1 1083 20.74 

2 324 113 1664 22.35 

2226 128 2065 21.02 

21 07 178 3770 18.89 

21 70 208 4432 19.42 

21 91 2 31 4986 19.61 

2260 272 5690 20.41 

2267 300 6358 20.41 

2259 348 7546 00.10 

I n p u t  

15.83 

- 15.09 

15.40 

15.53 

16.74 

16.90 

15.33 

15.23 

15.92 

16.28 

16.57 

16.31 

Local 
Peak - 
20.07 

19.13 

19.52 

19.69 

21.22 

21 .42 

19.43 

19.31 

20.18 

20.64 

21 .oo 
20.67 



TABLE 1 1 .  GAPCON-THERMAL-2 AECL-2662 and -1676 Gas Release Comparison -- 

I n i t i a l  D iamet ra l  Gas Release F r a c t i o n  
2e ierence Sample No. Gap ( i n . )  Measured P r e d i c t e d  

~ E C L -  2662 LFD 0.004 0.458 0.487 

LFH 0.004 0.31 1 0.498 

LFM 0.004 0.155 0.500 

!"iECL- 1676 3FB 0.0035 0.179 0.368 

DFD 3.0035 (3.33Q 0.546 

DFE 0.0035 0.401 0.652 



x L Y l - 1 L a U n L L J = 7  
N N N N N N N N N  
Q Q Q Q 4 c C 5 Q Q  



TABLE 13. GAPCON-THERMAL-2 Grain Growth Rad i i  AECL-2588, X-23301 and X23303 Comparisons 

Pel 1 e t  I n i t i a l  Pel 1 e t  Rod 
Equiaxed Grain Growth Radius (%)*  

GAP-1 GAP-2 
Diameter Diametral Densi ty  Power Pred ic ted  Pred i  c ted  

Rod# ( i n )  Gap ( in )  ( %  T. D.) (kW/ f t )  Reported (BOL) (BOL) 

FAN 

FAD 

FA P 

FAT 

FAW 

FA Z 

FAR 

FAX 

FAS 

*Equiaxed Grain Growth Assumed t o  Occur a t  1400°C 

GAP-1 = GAPCON-THERMAL-1 

GAP-2 = GAPCON-THERMAL-2 



TABLE 14. GAPCON-THERMAL-2 CEA-R-3358 Gas Release Comparison 

I n i t i a l  D iametra l  Gas Release F r a c t i o n  
Sample No. Gap ( i n . )  Measured P r e d i c t e d  
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APPENDIX A 

INPUT VARIABLES FOR GAPCON-THERMAL-2 

Var iab le  Name D e f i n i t i o n  Comments and U n i t s  

D E Equivalent  diameter o f  t h e  coo lan t  passage ( i nches ) .  Ignored i f  SIGHF i s  g rea te r  than zero. 

EXTP Cool an t  pressure ( p s i  ) . 
HBC Heat t r a n s f e r  c o e f f i c i e n t  between basket and c ladd ing  ( B t u / h r - f t 2 - ~ ~ ) .  

SIGHF A s ignal  t o  speci fy  the  type o f  coo lan t .  

If SIGHF c 0, coo lan t  i s  water,  a  f i l m  c o e f f i c i e n t  w i l l  be ca l cu la ted .  
I f  SIGHF - 0, coo lan t  i s  unsyec i f i ed  and t i l e  f i l m  c o e f f i c i e n t  b r i l l  be se t  t o  SIGHF. 

V Coolant v e l o c i t y  ( f t l s e c ) .  Ignored i f  SIGHF i s  g rea te r  than zero. 

CPUDTH The thickness of c rud  on the  c ladd ing  ( inches) .  Assumed crud thermal c o n d u c t i v i t y  i s  
0.23 Btu/hr-f t -OF. 

D 
I 
--I 

I COR Signal f o r  PWR ( < 3 )  o r  BWR (>3) Zr -coo lan t  o x i d a t i o n  r a t e .  

TINLET I n l e t  coolant  temperature (OF) - near a x i a l  node number 1. ( I n  a d d i t i o n  t o  the  code t h a t  
permits the  user t o  i n p u t  coo lan t  temperature a t  each a x i a l  node. When TINLET (any 
a x i a l  code) = 0, then coo lan t  temperature f o r  t h a t  a x i a l  node i s  s e t  equal t o  
TINLET (1)  - no te  DTEMP i s  no t  used when nodal TINLETS a r e  used. 

DTEMP The a x i a l  AT across the  core, ( i  .e. T  o u t l e t  - T  i n l e t ) ,  n o t  used w i t h  nodal TINLET 
temperature. 

KOOL I f  a  value ( i n t e g e r )  g rea ter  than zero i s  assigned t o  KOOL, the  c ladd ing  I . D .  
temperature i s  t h e  same as the  coo lan t  temperature. 

NCLAD An in tege r  s ignal  t o  spec i f y  type o f  c ladd ing .  

I f  NCLAD = 0, c ladd ing  i s  Z i r ca loy .  
I f  NCLAD < 0, c ladd ing  i s  304 SS. 
I f  NCLAD > 0, c ladd ing  p rope r t i es  a r e  i n p u t  as described p rev ious l y  w i t h  the  number 

o f  po in t s  ( temperatures) i n p u t  equal t o  NCLAD. 

ZCLAD An in tege r  s ignal  t o  spec i f y  Zr-2 o r  Zr-4 c ladd ing .  Ma te r i a l  p rope r t i es .  

I f  ZCLAD > 0, c ladd ing  i s  Zr-4. 
If ZCLAD < 0, c ladd ing  i s  Zr-2. 

NOTE: NCLAD must have a  value o f  0  t o  use ZCLAD. 



V a r i a b l e  Name Def i n  i ti on and Comments 

ICDF 

I CREP 

KB 

DC I 

DCQ 

DFS 

DS I NZ 

DVQ I D Z  

RQ UC 

RQU F  

L  FUEL 

LVQIDZ 

N PO\\: 

FRDEN 

FRSIN 

FR35 

An i n t e g e r  s i gna l  t h a t  a1 1  ows t h e  user  t o  i nc l  ude changes i n  t he  pe l  1  e t - t o - c l  ad 
h o t  gap f rom e l a s t i c  d e f l e c t i o n  o f  t he  c l a d  due t o  d i f f e r e n t i a l  i n t e r n a l  and 
e x t e r n a l  pressures.  I f  ICDF+O, e l a s t i c  c l a d  d e f l e c t i o n  i s  taken i n t o  account.  
I f  ICDF=O, the o p t i o n  i s  n o t  used. I f  a  t a b l e  o f  creepdown va lues (see ICREP) 
i s  i n p u t ,  t h i s  o p t i o n  shou ld  n o t  be used. 

An i n t e g e r  s i gna l  t o  s p e c i f y  t h e  number o f  c l a d d i n g  creepdown va lues t o  be 
i n p u t .  

If ICREP=O i t  i s  assumed t h e r e  i s  no t ime dependent c l add ing  de fo rmat ion .  

If ICREP>O a  t a b l e  o f  t ime  versus c l a d d i n g  creepdown values must  be used. 
ICREP must equal t h e  number o f  t ime values used i n  t h e  t a b l e .  I n p u t  f o rma t  
F1O.O and E l  0.0 (one s e t  o f  va l  ues per  card )  . ( L i m i t  o f  20 va l  ues .) 

Outs ide  d iameter  of  a  secondary c l a d d i n g  o r  baske t  ( i n c h e s ) .  I f  DBQ i s  omi t ted ,  
no secondary c l a d d i n g  i s  assumed t o  e x i s t .  

Thermal c o n d u c t i v i t y  o f  t he  secondary c l a d d i n g  o r  baske t  ( B t u l h r - f t ° F ) .  

C ladding i n s i d e  d iameter  ( i n c h e s ) .  

C ladding ou t s i de  d iameter  ( i nches )  . 
Fuel pe l  l e t  d iameter  ( i n c h e s )  . 
I n i t i a l  d iameter o f  r e s t r u c t u r e d  f u e l  ( no rma l l y  equals  0 . )  ( i n c h e s ) .  

Diameter o f  i n i t i a l  c e n t r a l  v o i d  i n  the  f u e l  p e l l e t s  ( i n c h e s ) .  

A r i  t hmet ic  mean c l  adding I D  s u r f a c e  roughness ( i n c h e s ) .  

A r i t h m e t i c  mean f u e l  s u r f a c e  roughness ( i nches )  . 
Length o f  f u e l  column ( i n c h e s ) .  

Length of i n i t i a l  c e n t r a l  v o i d  i n  t he  f u e l  pe l1  e t s  ( i n c h e s ) .  

Number o f  a x i a l  f u e l  segments. (1  i m i  t o f  20 . )  

F r a c t i o n a l  d e n s i t y  o f  t h e  f u e l  pe l  l e t .  

F r a c t i o n a l  d e n s i t y  o f  r e s t r u c t u r e d  f u e l .  

The we igh t  f r a c t i o n  o f  the  U  which i s  2 3 5 ~  ( t h e  remainder i s  assumed t o  be 2 3 8 ~ ) .  



V a r i a b l e  Name - D e f i n i t i o n  and Comnents 
- - 

FR40 The we igh t  f r a c t i o n  o f  t he  Pu which i s  2 4 0 ~ u .  

The we igh t  f r a c t i o n  o f  t h e  Pu which i s  2 4 1 ~ u .  The rema in ing  f r a c t i o n  o f  Pu 
i s  assumed t o  be 2 3 9 ~ ~ 1 .  

FRPUQ2 The we igh t  f r a c t i o n  o f  t he  f u e l  which i s  Pu02 ( t h e  remainder i s  assumed t o  be 
U02). 

N  FUEL An i n t e g e r  s i g n a l  t o  s p e c i f y  t h e  use o f  r e c y c l e d  U0)-Pu02; f u e l  thermal 
c o n d u c t i v i t y  and me1 t i n g  temperature a r e  changed acFo rd ing l y .  

I f  NFUEL = 0  t h e  thermal c o n d u c t i v i t y  equa t i on  f o r  U02 i s  used. 

If NFUEL , 0  t h e  ther l i ia l  c o n d u c t i v i t y  equa t ion  f o r  r e c y c l e d  
U02-Pu02 (Pu02 a d d i t i o n s  up t o  5 wt%) i s  used. 

I f  NFUEL - 0, a  t a b l e  o f  thermal c o n d u c t i v i t y  va lues must be i n p u t .  

TM 

TPLAS 

RADS 

P  RC DH 

M e l t i n g  temperature of t h e  f u e l  ( " C ) .  I f  no va lue  i s  i n p u t  t h e  code uses 2790°C. 

The temperature a t  which t h e  f u e l  becomes p l a s t i c .  I f  no va lue  i s  i n p u t  t he  
code uses 1200°C. 

Radius o f  f u e l  p e l l e t  d i s h ,  inches 

Percent  o f  f u e l  column volume t h a t  i s  d i s h  volume ( i . e . ,  100 x t o t a l  d i s h  volume1 
t o t a l  f u e l  column volume).  
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APPENDIX B 

REVISIONS TO FISGAS 

The coding o f  t he  mathematical  models i n  t h e  FISGAS sub rou t i ne  o f  

GAPCON has been r e v i s e d  t o  improve t he  accuracy o f  t h e  c a l c u l a t i o n s .  Sev- 

e r a l  re f inements  have a l s o  been added. A d e s c r i p t i o n  o f  t h e  work f o l l o w s .  

The d i f f e r e n t i a l  equa t ions  f rom t h e  models i n  FISGAS f o r  t he  concent ra-  

t i o n s  o f  t h e  k r yp ton  i so topes  and o f  t h e  xenon i so topes  and t h e i r  p recursors  

were recoded i n  improved s o l u t i o n s  which avo id  an approx imat ion used i n  a 

m a j o r i t y  o f  t h e  o r i g i n a l  equa t ions .  The mathematical  model f o r  these i so topes  

was o the rw i se  unchanged. The number o f  equa t ions  f o r  t h e  model o f  t h e  f u e l  

i so topes  was reduced from 15 t o  6 .  The new s o l u t i o n s  r e t a i n  t h e  assumption 

t h a t  the  f l u x  remains cons tan t  over  a  t ime  s tep .  However, an o p t i o n a l  fea -  

t u r e  was added whereby t h e  i n p u t  t ime  s tep  can be subd iv ided  i n t o  equal 

i n t e r v a l s  over  each o f  which t h e  f l u x  i s  cons tan t .  P r o v i s i o n  i n  t h e  cod ing 

was a l s o  made f o r  two o t h e r  m o d i f i c a t i o n s ,  though n e i t h e r  was implemented. 

One o f  these pe rm i t s  t he  energy pe r  f i s s i o n  t o  depend on t h e  i so tope ;  t h e  

o t h e r  pe rm i t s  t h e  c ross  sec t i ons  o f  bo th  f u e l  and f i s s i o n  p roduc t  i so topes  

t o  be a  l i n e a r  combinat ion o f  t h e  thermal and f a s t  c ross  sec t i ons ,  r a t h e r  

than one o r  t h e  o t h e r ,  as a t  p resen t .  Th i s  l a t t e r  m o d i f i c a t i o n  i s  an e a r l y  

a t t emp t  t o  c o r r e c t  f o r  t h e  inadequacy o f  t h e  thermal c ross  sec t i ons .  

The accuracy of t h e  r e v i s i o n s  was checked by comparison w i t h  s o l u t i o n s  

of t he  o r i g i n a l  equa t ions  found by ALCHEMY, a  genera l  purpose nuc lea r  t r a n s -  

muta t ion  code. (46)  The i n t e r n a l  FISGAS i s o t o p e  da ta  and a  f l u x  t y p i c a l  of 

a  commercial l i g h t - w a t e r  power r e a c t o r  were used i n  t h i s  comparison. Calcu- 

l a t i o n s  were made a t  17  t i m e  p o i n t s ,  r a n g i n g  f rom 4 hours t o  1080 days. 
* S o l i d  agreement f o r  t h e  f i s s i o n  gas concen t ra t i ons  was ob ta i ned  i n  t h e  

8 - f i g u r e  answers, i n d i c a t i n g  t h a t  t h e  cod ing l o g i c  e r r o r s  were min imal  and 

C . s i n g l e  p r e c i s i o n  a r i t h m e t i c  was adequate. The f a s t  c ross sec t i ons  were 

n o t  checked. For t h e  f u e l  i so topes ,  t h e  comparison was between t h e  15 

equat ions i n  ALCHEMY and t h e  6 equa t ions  i n  FISGAS. The agreement i s  



cops idered  adequate f o r  FISGAS purposes; t h e  s o l u t i o n s  f o r  U-235 and U-238 

a re  exac t  and t h e  s o l u t i o n s  f o r  t h e  p l  utoniums agree t o  w i t h i n  a  f r a c t i o n  

o f  a  percen t  f o r  Pu-239 and t o  a  few percen t  f o r  Pu-240 and Pu-241 a t  t h e  

l o n g e r  t imes .  A t  t h e  s h o r t e r  t imes,  where t h e  n e g l e c t  o f  t h e  i n t e r m e d i a t e  

i so topes  i n  t h e  p l u ton ium p roduc t i on  cha in  i n  t h e  shor tened s e t  o f  equa t ions  

has i t s  ma jo r  e f f e c t ,  t h e  concen t ra t i ons  o f  t h e  p lu ton iums a re  t o o  sma l l  t o  

i n f l  uence t h e  r e s u l t s  s i g n i f i c a n t l y .  Two f u r t h e r  t e s t s  were made w i t h  

ALCHEMY alone, t o  check on t h e  magnitude o f  two o t h e r  r e a c t i o n s  c o n t r i b u t i n g  

t o  Pu-239 p roduc t i on  v i a  Pu-238. One o f  these  i s  f rom U-235 cap tu re ,  which 

was i n c l u d e d  i n  t h e  15 equa t ions  i n  t h e  e a r l i e r  FISGAS s e t ,  and t h e  o t h e r  

i s  f rom t h e  (n,2n) r e a c t i o n  i n  U-238, which was no t .  Both e f f e c t s  a re  a  

smal l  f r a c t i o n  o f  a  percen t  a t  t h e  l onge r  t imes and a re  cons idered  n e g l i g i b l e .  

A l though these  r e s u l t s  were ob ta i ned  w i t h  thermal c ross  sec t i ons  t h a t  a re  

cons idered  inadequate,  t h e  conc lus ions  shou ld  remain v a l i d  w i t h  more s u i t a b l e  

c ross  sec t ions .  

Inadequacy i n  FISGAS and Recommended Rev i s i on  

The thermal c ross  s e c t i o n s  i n  FISGAS a r e  inadequate,  e s p e c i a l l y  con- 

s i d e r i n g  t h e  r e l a t i v e  s o p h i s t i c a t i o n  o f  t h e  mathematical  model f o r  t h e  

c a l c u l a t i o n  o f  f u e l  and gaseous f i s s i o n  p roduc t  concen t ra t i ons .  The f a s t  

c ross  s e c t i o n s  have n o t  been examined i n  d e t a i l ;  however, t h e i r  adequacy i s  

r e l a t i v e l y  un impor tan t  i n  GAPCON-THERMAL. The inadequacy of  these thermal  

c ross  sec t i ons  was e v i d e n t  when t h e  changes were t e s t e d  which p e r m i t t e d  t ime  

s tep  s u b d i v i s i o n  w i t h  r e c a l c u l a t i o n  of t h e  f l u x  t o  m a i n t a i n  cons tan t  power. 

The f l u x  r ose  u n r e a l i s t i c a l l y .  For  example, i n  one t e s t  i n  which t h e  f l u x  

change p e r  s u b d i v i s i o n  was r e s t r i c t e d  t o  1% o r  l e s s ,  so t h a t  f r e q u e n t  sub- 

d i v i s i o n s  were made, t h e  f l u x  a t  90 days was a lmost  double t h e  o r i g i n a l  f l u x .  

I n  ano ther  t e s t  i n  which no s u b d i v i s i o n s  were made of  t h e  17 i n p u t  t ime  

s teps,  t he  f l u x  a t  90 days was o n l y  25% g r e a t e r  than t h e  o r i g i n a l  f l u x  b u t  

t h e  f l u x  a t  1080 days was 8  t imes t h e  o r i g i n a l  f l u x .  

These u n r e a l i s t i c  numbers can be a t t r i b u t e d  p r i n c i p a l l y  t o  t h e  c ross  

s e c t i o n  o f  U-238. Most o f  t h e  p l u ton ium p roduc t i on  i n  l i g h t  wa te r  r e a c t o r s  

i s  due t o  t h e  resonance abso rp t i on  o f  neut rons i n  U-238. The U-238 c ross  



s e c t i o n  i n  FISGAS i s  t he  2200 ni lsec va lue .  Hence t h e  p l u ton ium p roduc t i on  

i s  s e r i o u s l y  underest imated and, f o r  t he  model t o  m a i n t a i n  cons tan t  power, 

the  f l u x  must be inc reased  u n t i l  t h e  r a p i d l y  d e p l e t i n g  U-235 can p r o v i d e  

the  f i s s i o n s .  The f o l l o w i n g  t a b l e ,  which g i ves  c ross  sec t i ons  r e l a t i v e  t o  

U-235 absorp t ion ,  i l l u s t r a t e s  t h e  e f f e c t  more q u a n t i t a t i v e l y .  The two se t s  

o f  numbers a r e  n o t  s t r i c t l y  comparable because of t he  d i f f e r e n t  f ue l s ,  b u t  

a re  c l o s e  enough t h a t  t he  d i f fe rences  a r e  ma in l y  due t o  t h e  n e g l e c t  o f  

ep i thermal  cross sec t i ons  i n  FISGAS. The U-238 abso rp t i on  c ross  s e c t i o n  

i s  o n l y  about 115 of  what i t  should  be. The Pu-240 c ross  s e c t i o n  i s  even 

more i n  e r r o r  b u t  i t s  e f f e c t  i s  sma l l e r .  The Pu-239 and Pu-241 c ross  sec- 

t i o n s  a r e  1  i kew i se  i n  e r r o r ,  by about  a  f a c t o r  o f  two. 

(47)  
ZODIAC - 3.0% U-235 FISGAS - 3.4% U-235 

I so tope  A b s o r p t i o n  F i s s i o n  A b s o r p t i o n  F i s s i o n  

U-235 1  .OOO 0.811 1  .OOO 0.798 
U-238 0.01 92 0.0016 0.0039 0.0 
Pu-239 3.316 2.108 1.602 1 .068 
Pu-240 4.060 0.010 0.418 0.0 
Pu-241 2.922 2.195 1 .948 1.371 

I 

The e f f e c t  o f  these c ross  sec t i ons  i s  s e r i o u s  enough t h a t  t he  o p t i o n  

f o r  s u b d i v i d i n g  t he  t ime  s t e p  and r e c a l c u l a t i n g  t h e  f l u x  shou ld  n o t  be used 

u n t i l  t he  cross sec t i ons  a r e  changed. I n  a d d i t i o n ,  each t ime  should  be r u n  

as a  separate  case so t h a t  t h e  y i e l d s  o f  t h e  f i s s i o n  p roduc ts  a r e  c a l c u l a t e d  

o n l y  w i t h  t he  o r i g i n a l  fue l  composi t ion.  Th i s  procedure i s  e f f e c t i v e l y  what 

was done w i t h  t h e  f l u x  and t he  y i e l d s  i n  t h e  p rev i ous  ve rs i on  o f  FISGAS. 

To remedy t h i s  s i t u a t i o n ,  i t  i s  recommended t h a t  another  c ross  s e c t i o n  
(48) 

model, say t h e  Westco t t  formal ism,  be i n s e r t e d  i n  FISGAS as soon as poss ib l e .  

Th i s  i s  t h e  model used i n  ALTHAEA, though a  s i m p l i f i e d  v e r s i o n  o f  t h e  ALTHAEA (49) 

model would p robab ly  s u f f i c e .  I n  t h e  Wes,tcott formal  ism, t h e  e f f e c t i v e  c ross  

s e c t i o n  i s  w r i t t e n  as 

- .  C = o ( g  + r s )  
0 



where oo i s  t h e  2200 m/sec va lue,  g  c o r r e c t s  f o r  non - l / v  and temperature 

e f f e c t s  i n  the  thermal energy range, s  c o r r e c t s  f o r  ep i the rma l  e f f e c t s ,  and 

r accounts f o r  t h e  ep i the rma l / the rn ia l  f l u x  r a t i o .  Th i s  fo rma l i sm has been 

w i d e l y  used i n  burnup c a l c u l a t i o n s ,  and a l a r g e  amount of exper ience  has 

accrued about  i t s  use. The major  e f f o r t  i n  i n s e r t i n g  t h e  fo rma l i sm would 

be t o  p r o v i d e  t a b l e s  o f  g  and s  f o r  each i s o t o p e  and r e a c t i o n  t ype ,  p r e f -  

e r a b l y  as a  f u n c t i o n  o f  temperature.  The parameter r i s  t h e  same f o r  a l l  

i so topes .  

T h i s  r e v i s i o n  would app l y  o n l y  t o  t h e  thermal c ross  sec t i ons  i n  FISGAS. 

The f a s t  c ross  sec t i ons  may need an analogous r e v i s i o n ,  b u t  p robab ly  n o t  

c r u c i a l l y  a t  t h i s  t ime.  

The Xenon Equat ions i n  FISGAS 

The f o l l o w i n g  14 d i f f e r e n t i a l  equa t ions  f o r  t h e  xenon i so topes  and t h e i r  

p recu rso rs  were deduced from t h e  cod ing  of t he  e a r l i e r  v e r s i o n  o f  FISGAS. 

The n o t a t i o n  i s  p r i n c i p a l l y  t h a t  of FISGAS. 





I n  these equat ions,  Fi i s  t h e  f i s s i o n  y i e l d  o f  i s o t o p e  i, h e r e a f t e r  

assumed cons tan t  over  each t ime  i n t e r v a l ,  and Ai i n  t h e  equa t i on  f o r  i s o -  

tope j i s  t h e  f r a c t i o n  o f  t h e  t r ansmu ta t i on  r a t e  XiNi o f  i s o t o p e  i which 

r e s u l t s  i n  i so tope  j. The h a l f - l i f e  Ti g i ven  f o r  i i s  taken f rom t h e  BNW 

Cha r t  o f  t h e  ~ u c l i d e s , ( ~ ~ )  1969, and does n o t  correspond e x a c t l y  w i t h  h i ,  t h e  

decay cons tan t  g i ven  i n  the  FISGAS data.  The oi i s  t h e  thermal a b s o r p t i o n  

c ross  s e c t i o n s  i n  FISGAS. The numbers i n  parentheses by t h e  thermal c ross  

sec t i ons  a r e  t h e  f a s t  c ross  sec t i ons ;  these a r e  seen t o  be s e t  t o  ze ro  f o r  

these i so topes  i n  FISGAS. 

S ince t h e  o n l y  xenon q u a n t i t y  t r a n s m i t t e d  t o  GAPCON f rom FISGAS i s  

t he  t o t a l  xenon concen t ra t i on ,  t h e  s o l u t i o n  technique adapted i n  t h e  

recod ing  was t o  focus  on c a l c u l a t i n g  t h i s  t o t a l  concen t ra t i on  r a t h e r  than  

t h e  concen t ra t i ons  o f  t h e  i n d i v i d u a l  i so topes .  The s o l u t i o n  i s  c h a r a c t e r i z e d  

by t h e  presence o f  a  term f o r  each t r ansmu ta t i on  cons tan t  X i A t ,  where A t  i s  

the  t ime  i n t e r v a l ;  the  task  i s  t o  determine a l g e b r a i c a l l y  t h e  c o e f f i c i e n t  o f  

each term i n  t h i s  s o l u t i o n .  The a lgebra  i s  s t r a i g h t f o r w a r d  b u t  ted ious ,  and 

o n l y  sketchy d e t a i l s  w i l l  be g iven .  

The f i r s t  s t ep  i n  t h e  procedure was t o  d i a g o n a l i z e  t h e  m a t r i x  r ep re -  

s e n t a t i o n  o f  equa t ions  ( 1 ) - ( 1 4 ) .  That  i s ,  q u a n t i t i e s  C were determined 
j 

as l i n e a r  combinat ions o f  t h e  Ni such t h a t  ( 1 ) - ( 1 4 )  c o u l d  be rep laced  by  

an e q u i v a l e n t  s e t  of 14 equat ions,  each o f  t h e  form 



The Y .  i n  (15)  a r e  s i m i l a r l y  l i n e a r  combinat ions o f  t h e  Fi. Express ions 
J 

f o r  these l i n e a r  comb ina t ions  w i l l  be g i v e n  l a t e r .  The advantage o f  

exp ress ing  t h e  s o l u t i o n s  of ( 1 ) - ( 1 4 )  i n  terms of  t h e  C .  r a t h e r  than  t h e  
J 

Ni i s  t h a t  t h e  s o l u t i o n  o f  each e q u a t i o n  i n  t h e  form of  (15)  can be w r i t t e n  

That  i s ,  C .  depends on t i m e  o n l y  th rough  t h e  t r a n s m u t a t i o n  c o n s t a n t  X.At  
J J 

I n  terms o f  t h e  hi, c l e a r l y  f o r  t h e  t i m e  i n t e r v a l  A t  

For  reasons which w i l l  be e x p l a i n e d  l a t e r ,  t h e  r e s u l t  w i l l  be w r i t t e n  i n  

terms o f  t h e  change i n  xenon c o n c e n t r a t i o n ,  as 
V 
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The C: i n  these equa t ions  a r e  t h e  va lues of t h e  Ci a t  t h e  beg inn ing  

o f  a  t ime  s tep;  t h e  C? + ACi f o r  one t ime  s tep  a r e  thus t h e  Ci f o r  t h e  n e x t  
1 

t ime  s tep .  The o r d e r  i n  which t h e  ACi a r e  g i ven  i s  t h e  o r d e r  i n  which t hey  

a r e  c a l c u l a t e d  i n  F ISGAS.  Th i s  o rde r  was chosen t o  s i m p l i f y  t h e  c a l c u l a -  

t i o n  f o r  m u l t i p l e  t i m e  s teps .  The f i r s t  two, Cl15 and CllY have c o n t r i -  

b u t i o n s  p r o p o r t i o n a l  t o  A t  because t h e i r  Xi a r e  zero;  t h e i r  c o n t r i b u t i o n s  

never van ish.  The n e x t  two, Clog and Cl12, have no r a d i o a c t i v e  decay and 

smal l  c ross  sec t i ons ;  t h e i r  c o n t r i b u t i o n s  e v e n t u a l l y  van ish,  b u t  n o t  f o r  

f l u x  t imes o f  p r a c t i c a l  i n t e r e s t .  The c o n t r i b u t i o n s  o f  these f o u r  a r e  

thus  always p resen t  f o r  a  t ime  s tep .  The remain ing t e n  a l l  decay r a d i o -  

a c t i v e l y  f a s t  enough t h a t  they  approach an e q u i l i b r i u m  va lue  i n  t imes o f  

p r a c t i c a l  i n t e r e s t ;  t h e i r  ACi w i l l  e v e n t u a l l y  van ish  i n  a  t ime  s t e p  because 

t he  square b racke t  c o e f f i c i e n t  o f  t h e  1  - e  -XiAt becomes zero.  The f i r s t  

o f  these l a s t  ten,  Cl18 and Cl14, have a l s o  nonzero cross sec t i ons  and 

appear i n  o r d e r  o f  van i sh i ng  o f  t h e i r  c o n t r i b u t i o n s .  The rema in ing  e i g h t  

have o n l y  r a d i o a c t i v e  decay and a re  ar ranged i n  o rde r  of van i sh i ng  o f  t h e i r  

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

The Krypton Equat ions i n  FISGAS 



The d e f i n i t i o n s  of t h e  q u a n t i t i e s  and t h e  method of  s o l u t i o n  a r e  t h e  

same as f o r  t he  equat ions f o r  t h e  xenon i so topes  and t h e i r  p recursors .  The 

k r yp ton  equat ions a r e  much s imp le r ;  however, they  a r e  fewer i n  number and 

no p recursors  a r e  inc luded .  I n  a d d i t i o n ,  t he  f a c t s  t h a t  XloE and XlO5 a r e  

zero and t h a t  Kr-83 transmutes comple te ly  t o  Kr-84 make a  f u r t h e r  simp1 i f i c a -  

t i o n  poss ib l e :  o n l y  ClO3 and ClO4 must be f o l l o w e d  separa te ly .  The change 

i n  k r yp ton  concen t ra t i on  i n  a  t ime  i n t e r v a l  A t  can be w r i t t e n  as 

where - 

''103 = [ F3 - '1 03 'YO3 



and 

The r a d i o a c t i v e  decay r a t e  o f  ClO3 i s  such t h a t  ClO3 q u i c k l y  reaches an 

e q u i l i b r i u m  va lue  and ACIo3 vanishes f o r  subsequent t ime  s teps .  Con t r i bu -  

t i o n s  from t h e  o t h e r  Ci a r e  always p resen t .  

The Fuel I so tope  Equat ions i n  FISGAS 

The f o l l o w i n g  15 d i f f e r e n t i a l  equat ions f o r  t he  f u e l  i so topes  and t h e i r  

p recursors  were deduced f rom t h e  coding o f  t he  e a r l i e r  ve rs i on  o f  FISGAS. 



- 
X12 - +2 U 237 (9 

T12 = 6.75 d .  
- 
- ucll 'oll 

CJ cll = 6 b (0.3) 



These equat ions d i f f e r  i n  form f rom t h e  xenon and k r yp ton  equat ions 

i n  one impo r tan t  aspect:  t he  fue l  i so tope  equat ions have no e x t e r n a l  source 

terms. I n  a d d i t i o n ,  t h e  concent ra t ions  of  t h e  f i s s i o n i n g  i so topes  a re  

needed t o  determine t h e  f i s s i o n  p roduc t  y i e l d s  and t h e  f l u x  t o  ma in ta i n  a  

g iven  power l e v e l .  Cons idera t ion  o f  these d i f f e rences  has l e d  t o  use o f  

a  m o d i f i c a t i o n  o f  t he  s o l u t i o n  procedure used f o r  t he  gaseous p roduc t  

equat ions:  t h e  Ni r a t h e r  than t he  ACi a re  c a l c u l a t e d  e x p l i c i t l y .  



More s i g n i f i c a n t l y ,  f u r t h e r  cons ide ra t i on  of t h e  uses of  t h e  f u e l  i s o -  

topes has a l s o  r e s u l t e d  i n  t h e  e l i m i n a t i o n  of  9 of  t he  equat ions.  Th is  

d e c i s i o n  was made p r i m a r i l y  on t h e  bas i s  of  t h e  f o l l o w i n g  p o i n t s :  ( 1 )  The 

pr imary purpose o f  FISGAS c a l c u l a t i o n s  i s  t o  f i n d  t h e  k r yp ton  and xenon 

concent ra t ions ,  ( 2 )  o n l y  U-235, U-238, Pu-239, and Pu-241 f i s s i o n  y i e l d s  

a re  prov ided,  and ( 3 )  f i s s i o n  energy re l ease  f rom o n l y  t h e  p r i n c i p a l  f i s -  

s i o n i n g  i so topes  i s  s u f f i c i e n t  f o r  de te rmin ing  t h e  f l u x .  I n  o t h e r  words, 

the c o n t r i b u t i o n s  of t h e  neg lec ted  i so topes  a re  n e g l i g i b l e  e i t h e r  because 

they a r e  smal l  a t  t h e  l onge r  t imes o r  occur  a t  such s h o r t  t imes t h a t  t he  

xenon and k r yp ton  concent ra t ions  a re  sma l l .  The 6 equat ions r e t a i n e d  a re  

Note t h a t  t h r e e  o f  these equat ions a r e  s l i g h t l y  mod i f ied  from t h e  o r i g i n a l s :  

t h e  equa t ion  f o r  Np-239 assumes t h a t  U-239 i s  always i n  e q u i l i b r i u m  w i t h  

U-238 and t he  equat ions f o r  Pu-239 and Pu-240 have each dropped a  term as 

n e g l i g i b l e .  



The s o l u t i o n s  o f  these equat ions can be w r i t t e n  



The E a r l i e r  FISGAS Approx imat ion 

The approx imat ion  made i n  t h e  e a r l i e r  v e r s i o n  of FISGAS i n  s o l v i n g  

t he  equa t ion  f o r  t h e  concen t ra t i on  o f  a  daughter i s o t o p e  can be i l l u s t r a t e d  

by t h e  f o l l o w i n g  t y p i c a l  equa t ion .  L e t  

where X - 
j - 'ajm + j , and Ai-l i s  t h e  f r a c t i o n  o f  t h e  t ransmuta t ions ,  

xi-1 Ni-l of i s o t o p e  i - 1  which r e s u l t  i n  i so tope  i; bo th  Ai-l and t h e  X j  
a re  assumed cons tan t .  The formal  s o l u t i o n  t o  (1 )  can be w r i t t e n  as 

The e a r l i e r  FISGAS approx imat ion  was t o  assume 

so t h a t  ( 2 )  became 

-xi t 
N~ ( t )  h Ni (o)e + Ai-l X i - 1  N i - 1  

Th i s  approx imat ion  i s  n o t  as accura te  as t h e  improved method 

desc r i  bed e a r l  i e r  . 
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APPENDIX C 

MODELS AND DATA UiiALTERED FROM GAPCON-THERMAL-1 

The f o l l o w i n g  models a r e  u n a l t e r e d  from t h e  p r e v i o u s  v e r s i o n  o f  

GAPCON-THERMAL and t h e  d e s c r i p t i o n s  a r e  repea ted  i n  t h i s  s e c t i o n .  

U O p  Thermal C o n d u c t i v i t y  

P o r o s i t y  C o r r e c t i o n  

Fuel  Thermal Expansion 

R e s t r u c t u r i n g  

F i s s i o n  Produc t  Swel l  i n g  

S t o r e d  Thermal Energy - HCAP and CARL 

F l u x  Depress ion - DEPRES 

P r o p e r t i e s  o f  Z r  and S t a i n l e s s  S t e e l *  

C ladd ing  E l a s t i c  D e f l e c t i o n  

C ladd ing  Creep 

Gas P r o p e r t i e s  

I n t e r n a l  Gas Pressure  Model 

Power and Coo lan t  Temperature P r o f i l e s  - POWDIS 

A x i a l  Segments f o r  A n a l y z i n g  Power P r o f i l e s  

R a d i a t i o n  Heat T r a n s f e r  

R a d i a l  Temperature C a l c u l a t i o n s  - RTEMP 

Water - to-Cladd ing Heat T r a n s f e r  C o e f f i c i e n t  - HTCW 

L i n e a r  I n t e r p o l a t i o n  - TERP and TEPP 

. '  
* See n o t e  bot tom o f  page C-9. 



UO Thermal C o n d u c t i v i t y  Equat ion -2 
The code u t i  1  i z e s  t he  thermal c o n d u c t i v i t y  equat ion de r i ved  by 

Lyons, e t  a l .  ( 5 1 y 5 2 )  f o r  95% TD U O ~  

K = Thermal conduc t i  v i  t y  (W/cm-"C) 

T = Temperature (OC) 

Equat ion 1  y i e l d s  an i n t e g r a l - t o - m e l t  va lue of 93 W/cm, i s  a  b e s t  es t ima te  

o f  t h e  data,  and rep laces  Equat ion 2  below which i s  based on e x t r a p o l a t i o n  

o f  Godfreys , e t  a1 . (53)  da ta  from 1100°C t o  t h e  m e l t i n g  p o i n t  

K = Thermal c o n d u c t i v i t y  (Wlcm-"C) 

T  = Temperature ( O K )  

P o r o s i t y  Co r rec t i on  Fac to r  f o r  U02 Thermal C o n d u c t i v i t y  

The Maxwell-Eucken ( 5 4 y 5 5 )  r e l a t i o n s h i p ,  Equat ion 3, i s  used t o  account 

f o r  e f f e c t s  o f  p o r o s i t y  on U02 thermal c o n d u c t i v i t y  

Kp = thermal  c o n d u s t i v i  t y  o f  U02 w i t h  p o r o s i t y ,  P 

kl 00 = thermal  c o n d u c t i v i t y  of 100% dense U02 

P = volume f r a c t i o n  o f  p o r o s i t y  

6 = p o r o s i t y  c o e f f i c i e n t  ( B  = 0.5 i s  used f o r  f u e l  d e n s i t i e s  g r e a t e r  
than 90% TD) 

The va lue  o f  0.5 f o r  be ta  i s  based on recommendations o f  B e l l e ,  

e t  a l .  (56)  



Equat ion 3 i s  used as a mu1 t i p 1  i e r  t o  t h e  U02 thermal c o n d u c t i v i t y  

equa t ion  : 

F = i r a c t i s n  o f  theoret ical  dei7s-i t y  

The Maxwell -Eucken r e l a t i o n s h i p  rep laces  the  Loeb ( 5  ') c o r r e c t i o n  

(Equat ion 5 )  used o r i g i n a l l y  i n  GAPCOM (8) 

K? = klOO ( - .) (n100 - ) = klOO(l - "P) 
00 

p = d e n s i t y  

P = volume f r a c t i o n  o f  p o r o s i t y  

a = p o r o s i t y  c o e f f i c i e n t  (a = 2.5 i n  G4PCON) 

The Loeb equat ion was a recommendation of t he  I A E A  Panel on Thermal 

~ o n d u c t i v i t ~ ' ~ ~ )  wherein t h e  va lue o f  a lpha ranged f r o m  1 t o  4. The use df 
t h e  ?,!axwell-Eucken r e l a t i o n s h i p  reduces some o f  t h e  conse rva t i on  i n  fue l  

temperatures f o r  1 ow dens i t y  f ue l  , 

Thermal Expansion of  U02 - Subrout ine EXPAND 

We use an equat ion  developed by Conway, F i n c e l ,  and Hein (38)  to 

c a l c u l a t e  thermal expansion f o r  U02. I t  i s  t h e  bes t  a v a i l a b l e  f o r  UOp. 

Note: The equat ion  o f ten  appears w i t h  a pos i  t i v e  1 . 7 2 3 ~ 1 0 - ~  which 

i s  a t ypograph ica l  e r r o r  (59)  

An average a lpha i s  c a l c u l a t e d  w i t h  Equat ion 7. 



EXPAND c a l c u l a t e s  t h e  inc rease  i n  f u e l  r a d i u s  caused by thermal expansion 

o f  t h e  f u e l  as f o l l o w s .  The fue l  p e l l e t  i s  d i v i d e d  i n t o  50 e q u a l l y  spaced 

r a d i a l  increments.  Each annu la r  r i n g  formed i s  assumed t o  be a f r e e  body 

a t  i t s  average temperature T. The inc rease  i n  r a d i u s  of  each r i n g  due t o  

thermal expansion i n  t he  c i r c u m f e r e n t i a l  d i r e c t i o n  i s  c a l c u l a t e d  from: 

bRc = (L R avg ( T  - Tr) 

where ARC = inc rease  i n  r a d i u s  due t o  expansion i n  t h e  c i r c u m f e r e n t i a l  

d i  r e c t  i on 

a = l i n e a r  c o e f f i c i e n t  o f  thermal expansion 

R = average r a d i u s  o f  t he  increment  
avg 

T = average temperature o f  t h e  increment  
("c) 

T, = room temperature (25'C). 

The code t h e n  f i n d s  t h a t  node i n  which t h e  maximum inc rease  i n  r a d i u s  

occurs,  and i t  i s  assumed t h a t  a l l  t h e  thermal  expansion t h a t  occurs  i n s i d e  

t h a t  increment  i s  accounted f o r  by t he  r a d i u s  i nc rease  o f  t h a t  increment .  

EXPAND then  c a l c u l a t e s  t h e  inc rease  i n  t h i ckness  o f  each node o u t s i d e  t h e  

node o f  maximum c i  r c u m f e r e n t i  a1 expansion f r om 

where A t i  = i nc rease  i n  t h i ckness  o f  increment  i due t o  thermal  expan- 

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

t = i n i t i a l  t h i ckness  o f  node i. 

The t o t a l  i nc rease  i n  f u e l  r a d i u s  due t o  thermal  expansion i s  t h e n  

assumed t o  be: 
L 



where AR = t o t a l  increase in fuel radius due t o  thermal expansion 

L = the number of the increment immediately outside t h a t  increment 

in which occurs (numbering s t a r t s  with the outermost 

increment being 1 ) . 
Fuel Restructuring 

Fuel res t ructur ing i s  assumed t o  occur t o  some temperature t h a t  i s  

dependent on time a t  power. The re la t ionship  used in GAPCON was derived 

from data presented by Christensen: (44 )  

l/TRS = 0.00001367 loglO ( t )  + 0.000480 [11 1 

where TRS = temperature t o  which res t ructur ing occurs ( O K )  

t = time a t  power (hr) .  

As Christensen indicated,  a unique res t ructur ing temperature-time 

re la t ionship  should be used fo r  each combination of burnup (xenon content 

of the pores) and thermal gradient .  The above re la t ionship  was derived t o  

represent  an average over the l i f e  of a fuel pin. 

A restructured fuel radius and center  hole radius a re  calculated based 

on the above res t ructur ing temperature and the ( inpu t )  density of res t ruc-  

tured fue l .  The temperature d i s t r ibu t ion  calcula t ions  a re  then repeated 

f o r  the restructured fuel p i n .  

Fuel Fission Product Swelling 

Expansion due t o  fuel swelling i s  calculated from the  re la t ionship  

proposed by Geithoff, (39 )  e t  a l . :  



where dVB = change i n  volume due t o  burnup ( f i s s i o n  p roduc t  

s w e l l  i ng) 

f = f r a c t i o n a l  d e n s i t y  

h f  = s w e l l i n g  r a t e  f o r  e n t i r e  f u e l  rod ,  presumed t o  be 1.6% 

A V / V  pe r  10,000 MWd/MTM 

V = volume o f  f u e l  pe r  u n i t  l e n g t h  f 
hc = a d d i t i o n a l  s w e l l i n g  i n  f u e l  between 1300 and 1700°C, 

presumed t o  be 0.4% aV/V pe r  10,000 MWd/MTM 

V = volunie o f  fue: between 1300 and 1700°C 
C 

BU = Burnup, MWd/MTM 

Vh = volume o f  f u e l ,  above 1700°C 

W'= volume o f  f u e l  below 1  300°C. 

I t  i s  assumed t h a t  1 /3  o f  the  volume inc rease  i s  l o n g i t u d i n a l ;  

the re fo re ;  

S to red  Thermal Energy - Subrout ines HCAP and CARL 

An o p t i o n  f o r  c a l c u l a t i n g  s t o r e d  energy of t h e  f u e l  was added t o  

GAPCON-THERMAL because s t o r e d  energy i s  t h e  main parameter i n  a  s a f e t y  

e v a l u a t i o n  o f  t h e  f u e l  system. Some acc iden t  codes use s teady -s ta te  codes 

t o  i n i t i a l i z e  temperature p r o f i l e s ;  some index  on a  vo l ume t r i c  average tem- 

pe ra tu re  p r o f i l e s ;  some index  on a  vo l ume t r i c  average temperature;  o t h e r s  

may use t h e  s t o r e d  energy per  u n i t  volume o r  mass o f  f u e l .  A l l  o f  t h e  

above parameters a r e  i n c l u d e d  as o u t p u t  o f  t h e  code. 

Two methods a r e  a v a i l a b l e  f o r  c a l c u l a t i n g  s t o r e d  energy f o r  each a x i a l  

segment f rom t h e  hea t  c a p a c i t y  and temperature o f  t h e  f u e l .  One method 

approach approximates t h e  s t o r e d  energy by u s i n g  t h e  volume average tem- 

pe ra tu re  o f  an a x i a l  segment m u l t i p l i e d  by t h e  en tha lpy  f o r  t h a t  temperature.  

However, due t o  t h e  n o n l i n e a r i t y  of hea t  c a p a c i t y  i n  c e r t a i n  temperature 

regimes t h i s  approx imat ion  can be o f f  as much as 20%. The second method i s  

more exac t  i n  t h a t  t h e  p e l l e t  i s  d i v i d e d  i n t o  50 c o n c e n t r i c  annu la r  r i n g s  

o f  u n i t  l e n g t h  and t h e  s t o r e d  energy c o n t r i b u t i o n  o f  each r i n g  i s  summed. 



m = mass o f  segment ( i ) ,  grams i 
Ti = temperature o f  segment (i), 

C ( t )  = heat  capac i ty ,  ca'l/mole-'k 
P  

E = s to red  energy 

- 
E = s to red  energy a t  vo lume t r i c  average 

temperature i 

The r e l a t i o n s h i p  used i n  t he  code t o  descr ibe  hea t  c a ~ a c i t v  of  UO, as a  

f u n c t i o n  o f  temperature i s  taken from K e r r i s k  and C l i f t o n .  (60) 

F lux  Depression - Subrout ine DEPRES 

DEPRES i s  a  subrou t ine  which est imates t h e  r a d i a l  f l u x  depress ion pro-  

f i l e  f o r  i r r a d i a t i o n s  conducted i n  a  thermal f l u x .  These c a l c u l a t i o n s  a re  

mod i f i ed  s l i g h t l y  t o  use t he  a s - f a b r i c a t e d  fue l  d e n s i t y  i n s t e a d  o f  t h e o r e t -  

i c a l  d e n s i t y  on t he  f l u x  depress ion c a l c u l a t i o n .  

The model used i n  t h e  f l u x  depress ion c a l c u l a t i o n  i s  based on a  r e p o r t  

by Robertson. ( 6 ' )  The m o d i f i e d  Bessel f u n c t i o n  i s  approximated by t h e  f i r s t  

f o u r  terms o f  i t s  i n f i n i t e  s e r i e s  exoansion. (62)  DEPRES should n o t  be 

used w i t h  mixed ox ide  no r  w i t h  U02 above 2.4% u ~ ~ ~ .  DEPRES does n o t  ca lcu-  

l a t e  a  f l u x  depress ion burnup dependence. 



PROPERTIES OF ZIRCALOY 

Thermal 
~ o n d u c t i v i  t y ( 6 3 )  

Temp. _ . ( B t u / h r - f t  O F )  

(OF) Zr -2  Zr-4 

Y i e l d  Young's 
S t reng th  Modul us Po i sson ' s  
(psi> ( P S )  R a t i o  

44,800 13.8 x  l o 6  0.370 

34,800 13.0 c l o 6  0.400 

23,800 12.1 x  l o 6  0.446 

1  5,800 11.1 x  10 6  0.492 

12,100 13.1 x  l o 6  0.492 

Meye r 
A1 pha* Hardness** 

( i n . / i n . " F )  (kg/cm2 

* ALPHA = L i n e a r  c o e f f i c i e n t  o f  thermal expansion 
**Meyer Hardness i s  assumed t o  be equal  t o  3x Y i e l d  S t reng th  



PROPERTIES OF 304 SS 

Thermal Y i e l d  Young I s  Meye r 
Temp. C o n d u c t i v i t y  ~ t r e n g t h ( 1 )  Modulus Po isson 's  Alpha Hardnes ( 3 )  
(OF) ( B t u l h r - f t  O F )  ( p s i )  ( p s i )  R a t i o  ( i n . / i n . " F )  (kglcm 2 ) 
100 8.50 30,000 2 8 . 1 x 1 0 6  0.267 9.15 x  lo- '  6,340 

(1 )  Alpha = L i n e a r  c o e f f i c i e n t  o f  thermal expansion 
(2 )  Meyer Hardness i s  assumed t o  be equal  t o  3X Y i e l d  S t reng th  
( 3 )  NOTE: Annealed va lues,  user  should  supp ly  y i e l d  s t r eng ths  f o r  

s p e c i f i c  c l add ing  i f  c o l d  worked. 



Cladding E l a s t i c  D e f l e c t i o n  

Since t h e  w a l l  th i ckness  f o r  most commercial f u e l  c l add ing  i s  g r e a t e r  

than one- ten th  t h e  rad ius ,  (64)  we used t he  t h i c k - w a l l  vessel  formulas i n  an 

e l a s t i c  d e f l e c t i o n  o p t i o n  f o r  GAPCON-THERMAL. The o p t i o n  should n o t  be 

used i f  the  c l add ing  diameters a re  ob ta ined  from a  creep c o l l a p s e  code 

because a  double c o r r e c t i o n  may be i n a d v e r t e n t l y  prov ided.  

The genera l  t a n g e n t i a l  and r a d i a l  s t r e s s  r e l a t i o n s  ( ~ a m 6 ' s  equa t ions)  

a re :  (6 5 )  

where S  = t a n g e n t i a l  s t r ess ,  ( p s i  ) t 

S, = r a d i a l  s t r ess ,  ( p s i )  

"1 = un i  form i n t e r n a l  pressure,  ( p s i  ) 

"2 = un i  form ex te rna l  pressure,  ( ps i  ) 

r1 = c l add ing  i n n e r  r ad ius ,  ( i n .  ) 

r2 = c l a d d i n g  ou te r  r ad ius ,  ( i n .  ) 

Now a t  t h e  i n n e r  boundary ( i  .e., r = r1 ) , the  t a n g e n t i a l  e l o n g a t i o n  i s  : (64)  

where t = t a n g e n t i a l  e l onga t i on ,  ( i n . / i n .  ) 

p = Poisson 's  Ra t i o  

E = Young's Modulus, ( p s i )  



As a  r e s u l  t , t h e  change i n  c l add ing  i n n e r  r a d i  us, Arl , due t o  i n t e r n a l  and 

e x t e r n a l  p ressure  i s  : 

- Arl - rl 

~ ( r ~ '  - r12) [(r12Pl - r 2 2 ~ 2 ) ( 1  - U) 4. (P, - P ~ ) ( Y ~ ~ )  (1 + u)] L211 

where = 

Ar l  = change i n  c l add ing  i n n e r  r a d i u s ,  ( i n . )  

S u b s t i t u t i n g  va lues  f o r  PWR c l a d d i n g  da ta  i n t o  Equat ion 15 and u s i n g  
6  

p = 0.492 and E = 11 .1 x10 p s i ,  we ob ta ined  these va lues :  

Case 1  

Wi th  P1 = 0  and P2 = 2250 p s i  , Arl = -0.000349 i n .  

Case 2  

With P1 = 600 p s i  and p2 = 2250 p s i ,  Ar ,  = -0.000261 i n .  

Cladding Creep 

Creep o f  t h e  c l add ing  w i l l  c o n t r i b u t e  t o  gap c l o s u r e  and thus  lower  

f u e l  temperatures. Creepdown i s  c u r r e n t l y  a  user  o p t i o n  (see s e c t i o n  on 

i n p u t  i n s t r u c t i o n s )  i n  t h a t  a  t a b l e  o f  c l add ing  d iameters  as a  f u n c t i o n  

o f  t ime must be supp l i ed .  The o p t i o n  has been used t o  s imu la te  var ious  

gap c l o s u r e  data.  Cladding d iameters  can a l s o  be ob ta ined  f rom t h e  ou t -  

p u t  o f  BUCKLE ( 6 L )  and COVE (6 6, which c o n t a i n  un i f o rm  creepdown r a t e s .  



I n t e r n a l  Gas P r o p e r t i e s  

The thermal c o n d u c t i v i t y  of a  m i x t u r e  of gases a t  l ow d e n s i t y  i s  

c a l c u l a t e d  from: (1  5) 

where t h e  Xi and X .  a r e  mole f r a c t i o n s ,  and t h e  ki i s  t h e  thermal  conduc- 
J 

t i v i t y  o f  t h e  pure  components. The c o e f f i c i e n t s  Bij a re  computed from: (15 

where t h e  Mi and M .  a r e  mo lecu la r  we igh ts  o f  t h e  pure  components, and t h e  
J 

ui and p. a r e  v i s c o s i t i e s  o f  t h e  pure  components. V i s c o s i t i e s  o f  t h e  pure  
J 

gases a re  es t imated  from: (1 5) 

where T i s  temperature i n  O K ,  a i s  t h e  c h a r a c t e r i s t i c  d iamete r  o f  t h e  

mo lecu le  and zli i s  a  f u n c t i o n  o f  ( K / E ) T ( K  i s  t h e  Boltzman cons tan t  and 

: i s  a  c h a r a c t e r i s t i c  energy o f  i n t e r a c t i o n  between molecules o f  a  pure  gas) 

Values o f  a and (E /K )  f o r  va r i ous  gases and a t a b l e  o f  R as a  f u n c t i o n  o f  

(K/E)T a re  t a b u l a t e d  i n  Reference 15. 

For  monatomic gases, thermal  c o n d u c t i v i t y  o f  t h e  pure gas i s  c a l c u l a t e d  

from: ( 1  5) 



For nitrogen and hydrogen, thermal conductivity i s  estimated from: 

where C i s  heat capacity a t  constant pressure, and R i s  the gas constant 
P 

(1.987 cal/gmole/"K). 

This calculational technique was checked against gas-mixture thermal 

conductivity data reported by von Ubisch. (67 )  For ternary mixtures of 

he1 i um, krypton, and xenon covering extremes of composition and temperatures 

from 29 t o  520°C, calculated gas thermal conauctivi t i e s  were in a l l  cases 

within 10% of the values reported by von Ubisch and in most cases were 

within 5% of the reported value. 

Gas Pressures* 

Fuel rod gas pressures are calculated in the code with the following 

relationship: 

where 

N = number of axial segments 
T M = total  moles of gas in the free volume of the fuel rod 

viV = volume of center void of segment i 

~ i '  = terrlperature of the center void of segment i 
P V = plenum volume of the fuel rod 
P T = temperature of the plenum, assumed to be equal t o  the out let  

coolant temperature +lO°F 

vig = volume of the pellet-to-clad gap of segment i 

~i~ = the average temperature between the fuel surface temperature 

and inside clad temperature a t  segment i .  

*Modified s l ight ly  to include fuel axial expansion into fission gas plenum; 
previous versions used the input value for plenum volume. 



Power and Coolant  Temperature P r o f i l e  - Subrou t ine  POWDIS* 

A power p r o f i l e  which i s  norma l i zed  t o  average p i n  power can be i n p u t  

t o  t h e  code as descr ibed  i n  t h e  Table  of I n p u t  Va r i ab l es .  The norma l i zed  

power p r o f i l e  when p l o t t e d  versus X/L i n t e g r a t e s  t o  1 .0  w i t h  t he  peak 

o f  t h e  p r o f i l e  be ing  equal  t o  t h e  peak powerlaverage power r a t i o  f o r  t h a t  

p i n .  The p r o f i l e  has t o  c o n t a i n  va lues which bound each a x i a l  segment 

a long  t h e  p i n  s i n c e  power i s  l i n e a r l y  i n t e r p o l a t e d  f rom t h e  p o i n t s  t h a t  

bound each a x i a l  segment. Thus t h e  number of i n p u t  va lues f o r  t h e  power 

p r o f i l e  has t o  be equal t o  N + 1, N be ing  number o f  segments. For  example, 

i f  t h e  f i r s t  two va lues en te red  f o r  t h e  norma l i zed  power p r o f i l e  were 0.2 

and 0.5, 0.35 would be used f o r  t h e  f i r s t  segment. 

The a x i a l  temperature p r o f i l e  of t h e  c o o l a n t  i s  c a l c u l a t e d  f rom t h e  

power p r o f i l e ,  t h e  temperature g r a d i e n t  of t h e  c o o l a n t  across t h e  core,  and 

t h e  i n l e t  c o o l a n t  temperature.  A reasonable  approx imat ion  of t h e  c o o l a n t  

temperature p r o f i l e  can be made by assuming a  d i r e c t  c o r r e l a t i o n  between 

i n t e g r a t e d  f r a c t i o n  o f  power a long  t h e  p i n  t o  t h e  c o o l a n t  temperature 

g r a d i e n t .  A power f r a c t i o n  i s  c a l c u l a t e d  f o r  each a x i a l  segment by i n t e -  

g r a t i n g  t h e  power f rom t h e  bottom of t h e  p i n  t o  each a x i a l  segment and 

d i v i d i n g  t h a t  power by t h e  t o t a l  power of t h e  p i n  ( i  .e. ,  t h e  i n t e g r a t e d  

power f r a c t i o n  f o r  t h e  a x i a l  segment a t  t h e  t o p  edge of  t h e  f u e l  i s  1 .0 ) .  

Thus, i f  70% o f  t h e  power o f  a  p i n  was l o c a t e d  i n  t h e  lower  h a l f  o f  t h e  
p i n ,  t he  a x i a l  segment a t  t h e  m idd le  o f  t he  p i n  would have a c o o l a n t  tempera- 

t u r e  equal t o  Tinlet + 0.7 ATcore. Cons ider ing  t h e  in tended  use o f  t h e  code 

and i t s  accuracy (which i s  1  i m i t e d  by o t h e r  areas o f  t h e  code) ,  t h e  add i -  

t i o n a l  computer t ime  r e q u i r e d  t o  per fo rm a  more ex tens i ve  h y d r a u l i c s  c a l c u l a -  

t i o n  i s  n o t  j u s t i f i e d .  

A x i a l  Segments 

The code cons iders  a  s p e c i f i e d  number w i t h  a  l i m i t  of 20 o f  a x i a l  seg- 

ments. Each equal  l e n g t h  a x i a l  segment has i t s  own f ue l ,  f i s s i o n  gas inven-  

t o r y ,  hea t  r a t i n g ,  c o o l a n t  temperature and p e l l e t - t o - c l a d  gap. S ince o n l y  

* When nodal TINLETS a re  used t h e  c o o l a n t  temperature inc rease ,  aTEMP, across 
t h e  co re  i s  n o t  used. 



radial heat flow i s  considered, the temperature profi le  of each axial seg- 
ment i s  calculated a t  the center of the segment using the heat rating and 

coolant temperature associated with the mid-point of the axial segment (see 

section on the power and coolant temperature profi le)  . One radial tempera- 
ture profile describes the thermal conditions of the en t i re  axial segment. 
Thus, a more accurate axial temperature profi le  i s  obtained the greater the 

number of segments, b u t  ten axial segments are usually suff ic ient .  

Heat Transfer by Radiation 

The radiant heat transfer coefficient,  h r ,  i s  determined from: 

but, 

therefore,  

where oSB i s  the Steffan-Boltzman constant, c l  and E are emissivities of 2 
the fuel surface and cladding surface respectively, Al and A2 are the fuel 

and cladding surface areas, respectively, and T I  and T2 are temperatures of 

the fuel and cladding surfaces, respectively. 

Radial Temperature Calculations Subroutine RTEMP 

The temperature drop through the fuel i s  calculated by dividing the 
fuel region into 50 radial increments, then calculating the temperature 



drop across each increment assuming t ha t  thermal conductivity and volu- 

metric heat generation r a t e  i s  constant within each increment. The ca l -  

cula t ion proceeds as follows: the heat generated within an increment i s  

determined from the  t o t a l  heat generation r a t e ,  increment volume, and the 

f lux depression t ab le  provided previously; an average temperature of the 

increment i s  assumed; and appropriate thermal conductivity value i s  assigned; 

temperature drop across the increment and, therefore ,  average temperature i s  

ca lcula ted;  and the calculated average temperature i s  compared t o  the assumed 

value. I f  the assumed and calculated values do not agree,  a  new value i s  

assumed and the process i s  repeated. The temperature drop across each incre-  

ment i s  calculated from: 

where A T  = temperature drop across increment i  

q" '  = heat generated in increment i  

k = fuel thermal conductivity 

r i  = ins ide  radius of increment i  

0 
= outside radius of increment i  

i  = heat t ransferred in to  increment i. 

Water-to-Cladding Heat Transfer Coefficient  Subroutine HTCW 

HTCW i s  a  subroutine used t o  ca lcu la te  the  cladding-to-coolant heat 

t r an s f e r  coef f i c ien t  i f  the coolant i s  water ( i f  SIGHF i s  l e s s  than zero) .  

The calcula t ion i s  based on the Dittus-Boelter (6 8, equation: 

where 

h f  = cladding-to-coolant heat t r ans fe r  coef f i c ien t  

k = thermal conductivity of coolant (Btu/hr f t  O F )  



De = equivalent diameter of coolant passage ( i n . )  

V = coolant velocity ( f t l s e c )  
3 

p = coolant density ( I b s l f t  ) 

p = coolant viscosity ( lb l f t - sec)  

Pr = Prandtl number = C p/k 
P 

All coolant properties are  evaluated a t  the mean temperature of the 

coolant film. The properties of water as a function of temperature are 

included in the subroutine. The values used are those tabulated in 

Krieth. (69) 

Linear Interpolation - Function TERP and TEPP 

TERP and TEPP a re  l inear  interpolation functions which are  called 

frequently to  interpolate the many tables of values that are  used through- 

out the program. 

TERP accesses one array which contains values for  both the dependent 

and i ndependent variables. 

TEPP accesses two arrays, one for  each of the dependent and independent 

variables. 





APPENDIX D 

INPUT VALUES TO GAPCON-THERMAL-2 USED AS PART OF THE CODE EVALUATION 





Sample No. HPR-124 IFA-117 ( P i n  #1)  

A lphabe t i ca l  L i s t i n g  of I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS FR35 0.06 LVOIDZ 2.5 SIGHF 25000.0 
* 
TIME - FR40 - M I N I  0 

FR41 - NCLAD 0 

HBC - - NCON 0 --- 

HGACEL - NFLX 9 
3 

I CDF 0 NFUEL 0 

TM 2 --. 

TPLAS ;20C°C - 

I C R E P  0 NOH 0 

DTEMP t-66Pf 20 -- - IDENSF 0 NPOW W 4  VPLENZ 0.293 

DVOIDZ 9.126 IFLUX 0 NPRF I L 1 

I G A S  0 NTIME 14 G) - 
XCO - 

EXTF - 

I P E A K  1 PRCDH 2.0 

IRELOC 1 *PROFIL (1  ,I ) - 

FRACAR - 

ZCLAD - FRACH - 

FRACHE 1 - 0  IRELSE 0 

IRL 0 * PSEUDO FRACKR - 
ISTOR 0 FRACN - 

@see Attachment A 
I T  RADS 0.2333 FRACXE - 

FRDEN O-9' '(5- ROUC 0.2E-4 

KOOL ROUF O.39E-4 

LFUEL l9 .705 S - FRSIN - 

*PSEUDO ( 1  ) = See Attachment A 

*TIME (1  ) = See Attachment A 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except  as shown above. 



ATTACHMENT A ( I FA- 11 7 P i n  #1)  

F l  ux Depress ion Val ues 

Power H i s  t o r y  Case 

PSEUDO ( 1 )  = 19.9, 19.9, 20.7, 22.6, 23.6, 23.3, 21.9, 19.5, 
20.2, 20.2, 20.4, 21.0, 20.9, 20.7, 

TIME ( 1 )  = 0.0, 3.1,  11.3, 15.5, 24.9, 37.5, 56.7, 83.9, 
98.0, 109.6, 124.3, 137.8, 147.3, 158.7 

C o n t r o l  1 ed Cyc le  Case 

NTIME = 13 

PSEUDO ( 1 )  = 20.83, 20.83, 20.7, 16.58, 12.43, 8.29, 4.14, 0.0, 
4.14, 8.29, 12.43, 16.58, 20.7 

TIME ( 1 )  = 0.0,  140.0, 140.1, 140.2, 140.3, 140.4, 140.5, 
140.6, 140.7, 140.8, 140.9, 141.0, 14.1.1 



Sample No. HPR-129 IFA-117 ( P i n  #3)  

A lphabe t i ca l  L i s t i n g  o f  I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS 1 - 0  FR35 0.06 LVOIDZ 19.7 SIGHF 25000.0 
* 

D BO - FR40 - M I N I  - TIME 

DCI 0.5539 FR41 - NCLAD - 

DCO 0.614 H BC - NCON TINLET 464.0 

D E 0 HGACEL - NFLX 9 @ TM 2790°C- 

DFS 0.5455 I CDF - NFU EL - 
- TPLAS 1200°C - .- 

DSINZ - ICREP - NOH - V - .- 

DTEMP - -0-0 IDENSF - NPOW *4 VPLENZ 0.293 

DVOIDZ 0-126  IFLUX - NPRF I L 1 XCO - 

EXTP - JGAS - X H - 

FRACAR - IPEAK 1 PRCDH 2.0 X N - 

FRACH - IRELOC 1 *PROFIL ( 1  $ 1 )  - ZC LAD - 
FRACHE 1.0 IRELSE - 

FRACKR - I RL - - * PSEUDO 

FRACN - ISTOR - 

FRACXE - I T  RADS 0.2333 @ See Attachment B 

FRDEN O w g 7  KB - ROUC 0.2E-04 

KOOL - 

FRSIN 
- 

LFUEL 19.705 S - 

*PSEUDO (1  ) = See Attachment B 

*TIME ( 1 )  - - See Attachment B 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except  as shown above. 



ATTACHMENT B (IFA-117 P i n  #3) 

F l  ux Depressi  on Values 

Power H i s t o r y  Case 

PSEUDO ( 1 )  = 17.4, 17.4, 18.1, 19.8, 20.7, 24.3, 22.8, 20.3 
20.6, 21.1, 21.9, 22.0, 21.8, 21.6 

TIME (1 )  = 0.0, 3.1, 11.3, 15.5, 24.9, 37.5, 46.7, 83.9 
98.0, 109.6, 124.3, 137.8, 147.3, 158.7 

C o n t r o l l e d  Power Cyc le  

NTIME = 13 

PSEUDO ( 1 )  = 21.08, 21.08, 21.6, 17.29, 12.97, 8.6 
4.3, 0.0, 4.3, 8.6, 12.97, 17.29, 21.6 

TIME ( 1 )  = 0.0, 140.0, 140.1, 140.2, 140.3, 140.4, 140.5, 
140.6, 140.7, 140.8, 140.9, 141.0, 141.1 



Sample No. HPR-129 IFA-117 ( P i n  #5)  

A l p h a b e t i c a l  L i s t i n g  of I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS 1 - 0  FR35 0.06 LVOIDZ 2 .5  SIGHF 25000.0 

- * 
DBO FR40 - MINI  - TIME 

DCI 0.5538 FR41 - 
NCLAD - 

DCO 0.614 HBC - TINLET 464.0 - 
NCON 

DE - HGACEL - NFLX gb TM 2790°C - 

DFS 0.5455 ICDF - NFUEL - TPLAS 1200°C - 

DSINZ - ICREP - NOH - v - 

DTEMP WBPF 2 0 - 0  IDENSF - 
P 

NPOW 3-0- 4 VPLENZ 0 - 2 9 3  

DVOIDZ 0.126 IFLUX - NPRF I L 1 XCO 
- 

EXTP - NTIME 14 (5- X H - IGAS - 
FRACAR - IPEAK 1 PRCDH 2.0 X N 

- 

FRACH - IRELOC 1 *PROFIL ( 1 , l )  - ZCLAD - 

FRACHE ' - 0  IRELSE - 

FRACKR - IRL - 'PSEUDO 

FRACN - ISTOR - - 

FRACXE - I T  RADS 0.2333 a See At tachment  

FRDEN Os913 Kt3 - ROUC 0.2E-4 

KOOL - ROUF O.39E-4 

FRSIN - LFUEL 19.7 S - 

*PSEUDO (1 ) = See Attachment C 

*TIME ( 1 )  = See Attachment C 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  ze ro  excep t  as  shown above. 



ATTACHMENT C (IFA-117 P i n  #5) 

F lux  Depression Val u2s 

Power H i  s t o r y  Case 

PSEUDO ( 1 )  = 17.4, 17.4, 18.1, 19.8, 20.7, 24.4, 21.2, 
18.9, 19.4, 19.6, 20.2, 20.4, 20.3, 20.1 

Cont ro l  1 ed Power Cycle 

NTIME = 13 

PSEUDO (1 )  = 20.02, 20.02, 20.1, 16.1, 12.8, 4.0, 0.0, 4.0, 
8.0, 12.0, 16.1, 20.1, 21.6 

T IME ( 1 )  = 0.0, 140.0, 140.1, 140.2, 140.3, 140.4, 140.5, 
140.6, 140.7, 140.8, 140.9, 141 .O,  141.1 



l e  No. HPR-129 IFA-117 ( P i n  #6) 

A lphabe t i ca l  L i s t i n g  o f  I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS FR35 0-06  

FR40 - 

FR41 - 

HBC - 

LVOIDZ 2.5 SIGHF 25000.0 
* 
TIME M I N I  - 

DCI 0.5531 

DCO 0.614 

D E - 

DFS 0.5452 

D S I N Z  - 

DTEMP -FBBPF 2 0 - o  - 

DVOIDZ O . l Z 6  

EXTP O 

NCLAD - 

NCON - TINLET 464.0 

NFLX 9 6 HGACEL - 

I CDF - 

I C R E P  - 

NFUEL - TPLAS 1200°C - - 
NOH - 

NPOW -+ 4 IDENSF - VPLENZ 0.293 

xco - 

X H - 
IFLUX - 

I G A S  - 

IPEAK 1 

IRELOC 

IRELSE - 

NPRF I L  1 

NTIME 14 0- 
PRCDH 2.0 

*PROFIL ( 1 , l )  - 
FRACAR - 

FRACH - 

FRACHE 

X N - 

ZCLAD - 

* PSEUDO FRACKR - 

FRACN 
- 

FRACXE 
- 

FRDEN O S 9 l 4  

FRPU02 - 

FRSIN 
- 

IRL - 

ISTOR - 

I T  

KB 
- 

KOOL 
- 

LFUEL 19-685 

@ See Attachment D 

*PSEUDO ) = See Attachment D 

*TIME ( 1 )  - - See Attachment D 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except  as shown above. 



ATTACHMENT D ( I FA- 1 1 7 P i  n #6) 

' F l  ux Depress ion Val ues 

Power H i s  t o r y  Case 

PSEUDO (1 )  = 15.7, 15.7, 15.0, 15.4, 16.2, 15.9, 15.5, 
15.3, 15.2, 15.9, 16.3, 16.6, 16.4, 16.3 

TIME (1 )  = 0.0, 3.1, 11.3, 15.5, 24.9, 37.5, 46.7, 
83.9, 98.0, 109.6, 124.3, 137.8, 147.3, 158.7 

C o n t r o l l e d  Power Cyc le  

NTIME = 13 

PSEUDO ( 1 )  = 15.7, 15.7, 16.3, 13.0, 9.78, 6.52, 3.26, 
0.0, 3.26, 6.52, 9.78, 13.0, 16.3 

TIME ( 1 )  = 0.0, 140.0, 143.1, 140.2, 140.3, 140.4, 140.5, 
140.6, 140.7, 140.8, 140.9, 141.0, 141.1 



Sample No. HPR-129 IFA-116 P i n  #1 

A l p h a b e t i c a l  L i s t i n g  o f  I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS 1 . O  FR35 0.0601 LVOIDZ 2.5 SIGHF 25000.0 
* 

DBO - FR40 - MINI  - TIME 

DC 0 0.614 HBC - !ICON - 
/. . 

TINLET 464 

D E - HGACEL - NFLX 9 b TM 279G°C - 

DFS 0.5455 ICDF - TPLAS -- 1200°C - 

DSINZ - ICREP - NOH - V - 

DTEMP - 3 W T - 2 0  - IDENSF - NPOW .W 4 --- - VPLENZ 0.293 

DVOIDZ 0.126 IFLUX - NPRFIL 1 - X C O  - 

EX TP - IGAS - NTIME 13 X H - 

FRACAR - IPEAK 1 PRCDH - 2.0 X N - - 
FRACH - IRELOC 1 *PROFIL ( 1 , l )  - ZCLAD - 
FRACHE 1.0  

FRACKR - 

FRACN - 

FRACXE - 

FRDEN 0.969 

FRSIN - 

IRL - - * PSEUDO 

ISTOR - 

I T  RADS 0.2333 a See A t tachmen t  E 

KOOL - ROUF 0.39E-4 

LFUEL 19.685 S - 

* p S E " ~ 0  ( 1 )  = See At tachment  E 

*TIME ( 1 )  = See At tachment  E 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  z e r o  e x c e p t  a s  shown above. 



ATTACHMENT E (IFA-116 P in  #1) 

F lux  Depression Val ues P in  #1 

Power H i s t o r y  Case 

PSEUDO ( 1 )  = 19.13, 19.13, 18.68, 18.07, 20.35, 20.8, 17.65, 
20.51, 19.64, 18.89, 18.20, 20.73, 19.88 

TIME (1 )  = 0.0, 15.0, 30.0, 38.0, 43.0, 48.0, 50.0, 53.0, 
68.0, 70.0, 74.0, 89.0, 92.0 



SampleNo. HPR-129 I F A - 1 1 6 P i n # 5  

A lphabe t i ca l  L i s t i n g  o f  I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS 7.0 FR35 0.0601 LVOIDZ 2.5 SIGHF 25000.0 - 
* 

DBO - FR40 - M I N I  - - TIME 

D C I  0.5538 FR41 - - - NCLAD - 
DCO 0.614 H BC - NCON TINLET 464 - 
D E - HGACEL - NFLX 9 0 TM 2790°C - 

DFS 0.5455 ICDF - NFIJEL - TPLAS 1200°C - 

D S I N Z  - ICREP - NOti - - - - V 

DTEMP SBBeF 20 - - IDENSF - NPOW -+?-A VPLENZ 0.293 

DVOIDZ 0.126 IFLUX - NPRF I L 1 XCO - 
-- - 

I G A S  NTIME 13 -. X H - EXTP - 

FRACAR - IPEAK 1 PRCDH 2.0 X N - 

FRACH - IRELOC 1 *PROFIL ( 1 , l )  - ZCLAD - 

FRACHE 1.0 IKELSE - 

FKACKR - I RL - * PSEUDO 

FRACN - ISTOR - 

FRACXE - I T  RADS 0.2333 (3 1 See Attachment F 

FRDEN 0.913 KB - ROUC 0.20E-4 

FRPU02 - KO0 L - ROUF 0.39E-4 

FRS I N - LFUEL 19.685 S - 

*PSEUDO (1 ) = See Attachment F 

*TIME ( 1 )  = See Attachment F 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except  as shown above. 



ATTACHMENT F (IFA-116 Pin  #5) 

Flux Depression Val ues P in  #1 

Power H i s t o r y  Case 

PSEUDO (1) = 19.13, 19.13, 18.68, 18.07, 20.35, 20.8 17.65, 
20.51, 19.64, 18.89, 18.20, 20.73, 19.88 

TIME (1) = 0.0, 15.0, 30.0, 38.0, 43,0, 48.0, 50.0, 53.0, 
68.0, 70.0, 74.0, 89.0, 92.0 



Sample No. IFA-130 (2  cases 

A lphabe t i ca l  L i s t i n g  of I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS 1.0 FR35 0.06 LVOIDZ - SIGHF 10000.0 
- 

DBO - FR40 - M I N I  - TIME 

D C I  0.5024 FR41 - NCLAD - . 
DCO 0.5575 H BC - NCON - TINLET 464- 0 

D E - HGACEL - NFLX 9 0 TM 2790°C - 
DFS 0.4902 I CDF - NFUEL - - TPLAS 1200°C - 

D S I N Z  - I C R E P  - NOH - V - 

DTEMP SBBeF20.0 IDENSF - - - NPOW '-t* 1 VPLENZ fl.7 

DVOIDZ 0.069 IFLUX - NPRF I L 1 XCO - 
EXTP - I G A S  - NTIME 5 X H - 
FRACAR - IPEAK - PRCDH - X N - 

FRACH - IRELOC 1 *PkOFIL ( 1 , l )  - ZCLAD - 

FRACHE 1 .0  IRELSE - 

FRACKR - IRL - *PSEUDO 

FRACN - ISTOR - 

FRACXE - I T  RADS a See Attachment G 

FRDEN 0.90 & 0.94 KB - ROUC O.1E-3 

FRPU02 - KOOL - ROUF 0.4E-3 

FRSIN - LFUEL 18.3 S - 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except as shown above. 



ATTACHMENT G ( IFA- 1 3 0  & I FA-) 31 ) 

Flux Depression Values (88) 



Sample No. IFA-131 (3 cases) 

A lphabe t i ca l  L i s t i n g  of I n p u t  Parameters f o r  GAPCON-THERMAL-,? 

ATMOS 1.0 FR35 0.06 LVOIDZ - SIGHF 10000 

DBO - FR40 - M I N I  - 
DCI 0.5024 FR41 - NCLAD - 

DCO 0.5575 HBC - NCON - 
/"\ 

D E - HGACEL - NFLX gU 

NFUEL - 
D S I N Z  - I C R E P  - NOH - -. 

DTEMP '4€lfPF 2o - IDENSF - NPOW 3 6 -  1 

DVOIDZ 0.069 IFLUX - NPRF I L 1 

EXTP - I G A S  - NTIME 5 

FRACAR - I P E A K  - PRCDH - 
FRACH - IRELOC 1 *PROFIL ( 1 , l )  - 

* 
TIME 

TINLET 464 

TM 2790°C - 
TPLAS 1200°C - 
V - 

VPLENZ 0.2 

ZCLAD - 

FRACHE IRELSE - 

FRACKR - 'IRL - * PSEUDO 

FRACN - ISTOR - 

FRACXE - I T  RADS @ See Attachment G 

FRDEN O S g 4  KB - ROUC 0.1 E-3 

FRPU02 - KOOL - ROUF 0.4E-3 

- FRS I N - LFUEL 18.3 S 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except  as shown above. 



Sample No. WCAP-2923 Capsule I S t a r t u p  

A l p h a b e t i c a l  L i s t i n g  o f  I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS ~ ~ 3 5  0.0064 LVOIDZ - SIGHF - 
* 

DBO - FR40 - M I N I  - TIME 

DCI 1.2745 FR41 - NCLAD -1 

DCO 1.3245 HBC - NCON - TINLET 250 
- 

D E - HGACEL - NFLX - TM 2790°C - 

DFS l . 2 5  I CDF NFUEL - TPLAS 1200°C - - 

DSINZ - I C R E P  - NOH - V - 

DTEMP 100°F - IDENSF - NPOW 10 1 VPLENZ 1.0 

DVOIDZ 0.068 IFLUX - NPRF I L  1 - - xco 

EXTP - I G A S  - NT I ME 8 X H - 

FRACAR - IPEAK - PRCDH - X N - 

FRACH - IRELOC *PROFIL (1, l)-  ZCLAD - 

FRACHE S O  IRELSE - 
FRAC KR 

- IRL - * PSEUDO 

FRACN - ISTOR - 
FRACXE - I T  RADS - 

FRDEN 0.95 KB - ROUC 0.1E-4 

FRPU02 - KOOL - ROUF 0.4E-4 

FRS I N - LFUEL 4.5 S - 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except as shown above. 



Sample No. WC4P-2923 Capsule I "Steady S ta te "  

A lphabe t i ca l  L i s t i n g  o f  I n p u t  Parameters f o r  GAPCON-THERMAL-2 

ATMOS 1.0 ~ ~ 3 5  0.0064 LVOIDZ - SIGHF - 

- - - * 
DBO FR40 M I N I  TIME - 

DCI 1.2745 FR41 - - NCLAD -1 

DCO 1.3245 HBC - - TINLET 243 

D E - HGACEL - NFLX TM 2790°C - - 
DFS 1.25 ICDF - NFUEL - TPLAS 1200°C - - - 
DSINZ - - - - ICREP - NOH V 

DTEMP -- 100°F IDENSF - NPOW 1 VPLENZ 0.44 
-- 

DVOIDZ 0.068 IFLUX - NPRF I L 1 -- - XCO - 

- EXTP - I G A S  - NT I ME 8 X H 

FRACAR - IPEAK - PRCDH - X N - - 
FRACH - IRELOC 1 ZC LAD - 

FRACHE 1.0 IRELSE - 

FRACKR - I RL - * PSEUDO 

FRACN - ISTOR - 

FRACXE - I T  RADS - 

FRDEN 0.95 KB - ROUC 0.1E-4 

FRPU02 - KOOL - ROUF 0.4E-4 

FRSIN - LFUEL 4a5 S - 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero  except  as shown above. 



Sample No. NCAP-2923 Capsule I 1  ( 2  cases) 

A l p h a b e t i c a l  L i s t i n g  of I n p u t  Parameters f o r  GAPCON -THERMAL-2 . 

ATMOS 1.0 FR35 0.0082 LVOIDZ 0 . SIGHF ~ O O O O  
* 

D BO - FR40 - M I N I  - TIME 

DCI 1.2745 FR41 - NCLAD - 1 

DCO 1.3244 H BC - NCON - TINLET - 245 

D E - HGACEL - NFLX - TM 2790°C - 

DFS 1 - 2 5  I CDF - NFUEL - TPLAS 1200°C - 

DSINZ - I C R E P  NOH - V - - 

DTEMP 100°F - - IDENSF - ' NPOW 1 VPLENZ 0.44 

DVOIDZ 0.068 IFLUX - NPRF I L  1 XCO - 
- 

EXTP - IGAS - NTIME 12 X H 

FRACAR - IPEAK - PRCDH - X N 
- 

FRACH - IRELOC 0 & 1 *PROFIL ( 1 , l )  - ZCLAD - 

FRACHE 1.0 IRELSE - 

FRACKR - I RL - * PSEUDO 

FRACN - I STOR - 

FRACXE - I T  RADS 

FRDEN 0.95 KB - ROUC 0. IE-4 

FRPU02 - KOOL - ROUF 0.4E-4 

FRSIN - LFUEL 4.5 S - 

NOTE: A l l  i n p u t  v a r i a b l e s  i n i t i a l i z e d  t o  zero except as shown above. 
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