




E R R A T A  

B I V W L - 1 8 7 5  

P R E D I C T I O N  O F  F I S S I O N  GAS R E L E A S E  FROM U 0 2  F U E L  

C .  E .  B e y e r  

C .  R .  Hann 

On page 2 2  change  t h e  f o l l o w i n g  e q u a t i o n  

t o  r e a d  

On page  2 6  t h e  s e c o n d  l i n e  o f  t h e  t e x t  r e a d s  

" . . . s h o w s  t h a t  t h e r e  i s  c 5 0 %  c h a n c e  t h a t  D  = 0 and K = 0 and  

t h u s  i n d i c a t e s . . . " ,  c h a n g e  - 5 0 %  t o  - 3 0 % .  



PREDICTION OF F ISS ION GAS 

RELEASE FROM UOq FUEL 

by 
C. E. Beyer 

and 

C.  R. Hann 

BATTELLE 
P A C I F I C  NORTHWEST LABORATORIES 

RICHLAND, WASHINGTON 99352 



TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . .  1.0 IN'TRODUCTION 1 

2 .0  SUMMARY AND CONCLUSIONS . . . . . . . . . . . . .  3 

3.0 HIGH TEMPERATURE GAS RELEASE MCIDEL . . . . . . . . .  4 

3.1 DATASELECTION . . . . . . . . . . . . . . .  4 

3.2 DATAREDUCTION . . . . . . . . . . . . . . .  10 

3.3 MODELS REVIEWED FOR HIGH TEMPERATURE GAS RELEASE . 13 

3.3.1 Volume Averaged Fuel  Temperature . 14 

3.3.2 T h e o r e t i c a l  Model . . . . . . . . .  15 

3.3.3 Loca l  Terr~perature D i s t r i b u t i o n  . 16 

3.3.4 E f f e c t i v e  D i f f u s i o n  C o e f f i c i e n t  Model . 16 

3 .4  SELECTION OF HIGH TEMPERATURE GAS RELEASE MODEL . 18 

3.4.1 Columnar G r a i n  Growth Region . 18 

3.4.2 Equiaxed G r a i n  Growth Region . 18 

3.4.3 R e g i o n o f  N o M i c r o s t r u c t u r a l  Chauge . 19 

3.4.4 D e s c r i p t i o n  o f  Model . . . . . . . . .  19 

3.5 CORRELATING THE MODEL TO THE DATA . . . . . . . .  20 

3 .6  EFFECTS OF DENSITY AND BURNUP . . . . . . . . .  25 

4 .0  LOW TEMPERATURE GAS RELEASE MODEL . . . . . . . . .  27 

4.1 DEVELOPMENT OF THE MODEL . . . . . . . . . .  27 

. . . . . . . . .  5.0 LIMITATIONS OF THE GAS RELEASE MODELS 31 

. . . . . . . . . . . . . . . . .  ACKNOWLEDGEMENTS 32 

. . . . . . . . . . . . . . . . . . .  REFERENCES 33 

. . . . . . . . . . . . . . . . . . .  APPENDIxA A-1 

. . . . . . . . . . . . . . . . . . .  APPENDIXB B-1 



PREDICTION OF FISSION GAS RELEASE FROM U02 FUEL 

C.  E. Beyer and C.  R. Hann 

1.0  INTRODUCTION 

High temperature (>1200°C) gas re l ease  f rom U02 f u e l  i s  an impo r tan t  

c o n s i d e r a t i o n  i n  steady s t a t e  r e a c t o r  s a f e t y  c a l c u l a t i o n s  because o f  i t s  

e f f e c t  on t h e  f u e l - t o - c l a d d i n g  gap conductance (and thus  f u e l  temperatures)  

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

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

i n t e r n a l  pressure i n  t h e  r o d  b e f o r e  acc i den t  c a l c u l a t i o n s  can be 

performed. Severa l  methods f o r  c a l c u l a t i n g  t h e  h i gh  temperature f i s s i o n  
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gas re l ease  have been proposed b u t  t h e  r e s u l t s  va r y  w i d e 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 r e l e a s e  i s  a  n o n l i n e a 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  f u e l ,  w i t h  

f u e l  temperature be ing  t h e  p r imary  c o n t r o l  1  i n g  parameter. The l a r g e  un- 

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 e n  

p rec l ude  a  r e l i a b l e  c o r r e l a t i o n  f o r  gas re lease .  These u n c e r t a i n t i e s  i n  

de te rm in i ng  f u e l  temperatures,  p l u s  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 h e  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 f u e l  w i t h  burnups o f  l e s s  

than  20,000 MWDIMTM i s  t y p i c a l l y  i n  t h e  range o f  2% o r  l owe r .  The 

r e l e a s e  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 he  h i gh  

temperature r e l e a s e  because t h e  gap conductance and i n t e r n a l  r o d  pressures 

change ve ry  1  i t t l e  when gas re l ease  i s  on t h e  o r d e r  o f  2%. A  low tempera- 

t u r e  re1  ease model w i l l  be used t o  extend gas re1 ease p r e d i c t i o n s  be1 ow 

temperatures o f  1200°C. 

The o b j e c t i v e s  o f  t h e  work r e p o r t e d  here were: 

' t o  eva lua te  t h e  open l i t e r a t u r e  da ta  and s e l e c t  those da ta  t h a t  were 
# 

w e l l  cha rac te r i zed  w i t h  r ega rd  t o  h i g h  temperature gas re l ease  and 

f u e l  temperatures,  



t o  reduce t h e  s e l e c t e d  da ta  t o  a  u s e f u l  f o rm  by  employing a  

cons i s  t e n t  and documented method, 

t o  s e l e c t  a  model ( o r  models) which bes t  descr ibes these da ta  and 

i s  c o n s i s t a n t  w i t h  known theo ry  and phenomenology o f  gas re l ease  

f rom l i g h t  wa te r  r e a c t o r  (LWR) UOq f u e l ,  and 

t o  c o r r e l a t e  t h e  gas re l ease  model ( o r  models) a g a i n s t  these 

data. 



2.0 SUMMARY AND CONCLUSIONS 

High and low temperature gas re l ease  models were developed 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  from U02 f u e l  because o f  t he  

impo r tan t  r o l e  o f  f i s s i o n  gas re l ease  i n  LWR s a f e t y  c a l c u l a t i o n s .  The h i g h  

temperature re1  ease model was f i t  t o  a  c o n s i s t e n t  and we1 1  cha rac te r i zed  

s e t  o f  45 da ta  p o i n t s  us ing a  mu1 ti p l e  1  i n e a r  r eg ress ion  code. The low 

temperature re1  ease model i s  a  m o d i f i c a t i o n  o f  one developed by Be1 lamy and 

R ich8  and i s  compat ib le  w i t h  t he  h i gh  temperature model ( i .e . ,  extends gas 

re1  ease p r e d i c t i o n s  t o  temperatures below 1200°C where t h e  h i g h  temperature 

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

The conc lus ions reached as a  r e s u l t  o f  t h i s  s tudy  are:  

1. The h i g h  temperature gas re l ease  model f i t s  t h e  da ta  we1 1  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  s tandard d e v i a t i o n  o f  4.7 

i n  percen t  re lease .  

2. I n  t h e  ope ra t i ng  range o f  c u r r e n t  design l i g h t  water  r eac to r s ,  

p r e v i o u s l y  proposed h igh  temperature re1  ease model s  a re  more 

conse rva t i ve  ( i . e . ,  p r e d i c t  l a r g e r  gas re l ease  f r a c t i o n s )  than 

t he  model developed here. 

3. Power h i s t o r i e s ,  l a r g e  a x i a l  power g rad ien t s ,  and f u e l  ter~ iperature 

es t imates  seem t o  be t h e  ma jo r  f ac to r s  which cause t he  l a r g e  

var iance  among gas re l ease  data.  A  d e f i n i t e  r e d u c t i o n  i n  t he  v a r i -  

ance r e s u l t s  i f  t h e  above parameters a re  c o n t r o l l e d .  

4. Burnup and d e n s i t y  have no de tec tab le  i n f l u e n c e  on h igh  temperature 

gas re l ease  over  t he  range 400 t o  18,000 MWDIMTM and 91.3 t o  98.0% 

t h e o r e t i c a l  dens i t y .  

5. Experimental  da ta  i n d i c a t e  t h a t  1  ow temperature gas r e 1  ease 

increases w i t h  i nc reas ing  burnup f o r  burnups g r e a t e r  than - 

20,000 MW DIMTM. 



3.0 HIGH TEMPERATURE GAS RELEASE MODEL 

3.1 DATA SELECTION 

From the open l i t e r a t u r e  74 f o r  high temperature gas 
release information were examined. Some sources did not supply new data 

b u t  did propose and discuss various models f o r  gas release,  while others 

provided data on gas release t ha t  were not applicable t o  l i gh t  water 

reactor U02 fuels .  Table 1 i s  a l i s t  of the sources and the data used in 
correlating the high temperature model. Before discussing.these data in 
detai 1 we w i  11 provide some background on 1 ) the methods used to  measure 

gas release,  2 )  the methods which provide data applicable t o  current 

co~nmercial reactor  fue l s ,  and 3) the general ra t ionale  we have used to  
s e l ec t  data f o r  the correla t ion.  

Data from out-of-reactor t e s t s  were not used because out-of-reactor 

gas re lease  data typical ly  do not agree well with in-reactor release data. 

Out-of-reactor t e s t s  usually consis t  of postirradiation annealing studies 
wherein i r radiated fuel i s  heated in the laboratory while simultaneously 

monitoring the release of gas. Results from these t e s t s  do not agree w i t h  

in-reactor release because the fuel i s  subjected t o  d i f fe ren t  environments. 

Laboratory annealing t e s t s  involve isothermal heating of fuel , while 

in-reactor fuel i s  subjected to severe temperature gradients on the order 

of 4000°C/cm. Current theori es l  ' I 8  indicate t ha t  temperature gradients 
have a strong influence on gas release. Laboratory t e s t s  a l so  do not sub- 
j e c t  the fuel t o  the continuing perturbations created by the f iss ioning 

process. These perturbations a re  thought t o  both impede and enhance gas 

movement. The gas i s  impeded by the creation of s t ructural  defects within 
the fuel matrix which can t rap the gas e i t he r  i n  the form of an atom o r  

bubble. Fission spiking can enhance gas release by 1 )  enabling the gas 

atom to  break away from these t raps ,  o r  2 )  i f  the gas i s  in bubble form 

i t  can promote resolution of the trapped bubble. 

In-reactor t e s t s  f o r  measuring gas re lease  can be separated i n to  two 

categories.  The f i r s t  employs a sweep gas technique while the second 



TABLE 1. High Temperature Gas Release Data 

GRAIN GROWTH 
FUEL HEAT 

SPECIMEN ENRICHMENT PELLET DIAMETER LENGTH RATING BURNLIP EQUIAXED COLUMNAR 
REFERENCE NUMBER (WT % 23511) ODllD (IN.) (IN.) IKWIFT) (MWOIMTM) (RIRo) IRIRo) 

CYRANO-(9,10)* CYRANO-I I 4.0 0.43310.M72 3.94 13.9 940 199012069~~ ** 
EXP. CYRANO-II I DID NOT USE BECAUSE POWER HISTORY VARIED -2Wo 

CYRANO-VI I I 4.0 0.51210.0472 3.94 11.5 1282 189011969°C ** 
HPR-129 (11)" 116-1 Dl  D NOT USE BECAUSE THERMOCOUPLE FA1 LURE WAS SUSPECTED EARLY I N  LIFE 

116-5 6.0 0.54110.126 19.0 22.8 4223 207012374°C ** 
117-1 6.0 0.545110.126 19.0 21.0 7148 206012329~~"" 
117-5 DID NOT USE BECAUSE OF THERMOCOUPLE FAILURE EARLY I N  LIFE 
117-6 DID NOT USE BECAUSE OF LARGE AXIAL FLUX GRADIENT ACROSS THE P I N  

BELGONUCLEAI RE (121 EPL-3 DID NOT USE BECAUSE POWER HI STORY VARIED - 16% 
AND CEA EPL-4 ,*- 2.4 0.2921 - 39.37 12.3 11,100 0.5256 

EPL-5 2.4 0.2921 - 39.37 13.5 3990 0.4582 
EPL-6 2.4 0.2921 - 39.37 15.1 14.400 0.6873 .5445 
EPL-7 DID NOT USE BECAUSE POWER HISTORY VARIED -2Wo 
EPL-8 01 D NOT USE BECAUSE POWER HI STORY VARIED - 2 W  
EPL-9 2.4 0.2921 - 39.37 14.9 18,300 0.6119 .4582 
EPL-10 2.4 0.2921 - 39.37 14.9 9940 0.6280 ,4906 
EPL-11 DID NOT USE BECAUSE POWER HI STORY VARIED -2Wo 
EPL-12 2.4 0.2921 - 39.37 13.3 8 9 0  0.6388 .4232 

AECL-2662 (13) LFL 2.40 0.7638 9.57 18.0 2230 0.375 
LFF 2.40 0.7638 9.57 17.8 2230 0.582 
LF B 2.40 0.7638 9.57 17.3 2230 0.642 0.497 
LF S 2.40 0.7638 9.57 24.5 3120 0.697 0.631 
LFW 2.40 0.7638 9.57 25.0 3290 0.640 0.575 
LFT 2.40 0.7638 9.57 24.1 3290 0.735 0.659 
LFX 2.40 0.7638 9.57 24.9 3290 0.7l5 0.646 
LFK 2.40 0.7638 9.57 24.3 3120 0.712 0.633 
LFM 2.40 0.7638 9.57 22.7 3030 0.609 0.536 
LFH 2.40 0.7638 9.57 22.1 3030 0.7M 0.6M 
LFD 2.40 0.7638 9.57 22.1 3030 0.743 0.679 

AECL-22N (14) C BN 4.5 0.6429 6.02 17.1 2650 0.51 0.31 
(TEST X-501) C BO 4.5 0.6425 6.02 17.3 2670 0.52 0.37 

C BP 4.5 0.6425 6.02 16.8 2610 0.50 0.33 
C BR 4.5 0.642 6.02 17.4 2710 0.56 0.44 

4 C BT 4.5 0.6425 6.02 16.6 2620 052 0.43 
C BV 4.5 0.6425 6.02 17.5 2760 0.54 0.45 
C BY 4.5 0.6425 6.02 16.55 2630 0.55 ,- 0.47 
C BX 4.5 0.6425 6.02 17.1 2720 0.57 0.51 

AECL-1676 (15) D FE 4.34 0.748 6.26 35.8 794 0.74 
(TEST X-211) DFH 4.34 0.748 6.26 29.5 648 0.67 

DFD 4.34 0.748 6.26 29.05 658 0.70 
DFJ DID NOT USE BECAUSE POWER HISTORY VARIED -17% 
DFB 4.34 0.748 6.26 24.0 528 0.597 
0 FA 4.34 0.748 6.26 17.7 386 0.460 

CEA-R-3358 (16) 4110-AE1 2.98 0.5094 4.84 18.1 6416 0.6934 
-AE2 2.98 0.5094 4.84 17.6 6243 0.6549 
-BE1 2.98 0.5094 4.84 15.1 5222 0.5639 
-BE2 2.98 0.5094 4.84 17.8 6566 0.6009 

4111-AE1 DID NOT USE BECAUSE POWER HISTORY VARIED -20% 
-AE2 DID NOT USE BECAUSE POWER HI STORY VARIED -20% 
-BE 1 DID NOT USE BECAUSE POWER HI STORY VARIED -20% 
-BE2 D l  D NOT USE BECAUSE POWER H I  STORY VARIED -20% 

4112-AE1 2.98 0.5111 4.84 19.5 3453 0.6225 0.431 
-AE2 2.98 0.5110 4.84 17.7 3230 0.6133 0.421 
-BE1 2.98 0.5 111 4.84 15.4 2796 0.4330 
- BE2 2.98 0.5110 4.84 16.6 , 30l5 0.5794 0.279 

4113-AE1 2.98 0.5 138 4.84 17.1 3110 0.7627 0: 644 
-AE2 2.98 0.5 138 4.84 l5.6 2836 0.7442 0.564 
-BE1 2.98 0.5 138 4.84 16.0 2843 0.5794 0.411 
- BE2 2.98 0.5138 4.84 15.9 2895 0.7190 0.548 

* FUEL TEMPERATURES DETERMINED WITH THERMOCOUPLES 

** TEMPERATURE MEASUREMENT BY A THERMOCOUPLE AT FUEL CENTERL~NE/CORRECTEO CENTERLINE 
'TEMPERATURES FOR THAT PORTION OF THE FUEL WITHOUT AN ANNULAR HOLE AND THERMOCOUPLE 

PELLET 
DENSITY GAS RELEASE 
(%TD) (PERCENT) -- 
96.4 l5.0 



u t i l i z e s  sea led capsu le  i r r a d i a t i o n s .  Sweep gas exper iments a r e  based on 

c o n t i n u a l l y  c o l l e c t i n g  and m o n i t o r i n g  t h e  gas g i ven  o f f  d u r i n g  i r r a d i a t i o n .  

The amount o f  gas re leased  i n  sea led capsule  exper iments i s  determined by 

d e s t r u c t i v e  examinat ion a f t e r  t h e  f u e l  has been i r r a d i a t e d  f o r  a  s p e c i f i e d  

p e r i o d  o f  t ime.  The da ta  generated by t h e  sweep gas techn ique  a r e  gener- 

a l l y  ob ta ined  f rom f u e l  o p e r a t i n g  a t  l ow  hea t  r a t i n g s  and thus  temperature 

g r a d i e n t s  w i t h i n  t h e  f u e l  a r e  smal l  . Consequently, sweep gas exper iments 

may y i e l d  a t y p i c a l  r e s u l t s  because temperature g r a d i e n t s  a r e  b e l i e v e d  t o  

have a s u b s t a n t i a l  e f f e c t  on gas r e l e a s e  i n  commercial f u e l .  A comparison 

o f  sea led capsu le  da ta  a t  heat  r a t i n g s  >5 kW/f t  w i t h  sweep gas da ta19920  

ob ta ined  a t  l ower  hea t  r a t i n g s  b u t  w i t h  s i m i l a r  f u e l  temperatures (1700- 

2000°C) shows s i g n i f i c a n t  d i f f e r e n c e s  (e  .g . , sweep gas r e l e a s e  da ta  a r e  

o f t e n  more than  an o r d e r  o f  magnitude l owe r ) .  Consequently, sweep gas 

t e s t s  u s i n g  low hea t  r a t i n g s  were n o t  cons idered f o r  o u r  c o r r e l a t i o n .  

Data f rom t h e  CYRANO exper iments 9 , lO  which used t h e  sweep gas techn ique  

were used i n  o u r  c o r r e l a t i o n ;  however, these exper iments operated w i t h  

heat  r a t i n g s  l a r g e  enough (10-15 kW/ f t )  t o  have a s u b s t a n t i a l  thermal  

g r a d i e n t  (>2500°C/cm) and thus  p r o v i d e  r e l e v a n t  data.  The rema in ing  da ta  

i n  Table 1  come f rom sealed capsule  exper iments where in  gas r e l e a s e  was 

determined by d e s t r u c t i v e  p o s t i r r a d i a t i o n  examinat ion.  

To reduce t h e  amount o f  v a r i a b i l i t y  i n  t h e  gas r e l e a s e  data,  we have 

i d e n t i f i e d  f o u r  f a c t o r s  ( l i s t e d  i n  Table 2)  t h a t  m igh t  enhance t h i s  

v a r i a b i l i t y  and used them as da ta  s e l e c t i o n  c r i t e r i a .  These a re :  

1  . S to i ch i ome t r y  

2. V a r i a b l e  power o p e r a t i o n  

3. V a r i a b l e  a x i a l  power gene ra t i on  

4. Imprec ise  f u e l  temperature de te rmina t ions  

I t  has been shown t h a t  h y p e r - s t o i c h i o m e t r i c  U02 has s i g n i f i c a n t l y  

h i g h e r  f i s s i o n  gas r e l e a s e  than  s t o i c h i o m e t r i c  U O Z . ~ ~  ' T h i s  i s  n o t  unex- 

pected s i n c e  Xe and K r  have h i g h e r  d i f f u s i o n  r a t e s  i n  h y p e r - s t o i c h i o m e t r i c  

~ 0 ~ . ~ ~ 9 ~ ~  

S o u l h i e r  and ~ o t l e y ~ ~  have shown t h a t  v a r i a b l e  power h i s t o r i e s  can 

have a s i g n i f i c a n t  e f f e c t  on gas re l ease ;  t h i s  a l s o  may be expected s i nce  

v a r i a t i o n  i n  power i s  r e f l e c t e d  by a  temperature v a r i a t i o n .  



TABLE 2. Rat iona le  f o r  Es tab l i sh ing  
C r i t e r i a  f o r  Data Se lec t i on  

Factors That Enhance t h e  V a r i a b i l i t y  
o f  Gas Release C r i t e r i a  f o r  the  Se lec t ion  o f  Data 

1  . Sto ich iomet ry  1. Only s t o i c h i o m e t r i c  U02 (O/M 2.00 
k0.005) data were se lected 

2. Var iab le  power opera t ion  2. Only those data w i t h  a  r e l a t i v e l y  
constant  power opera t ing  h i s t o r y  
were considered. The maximum 
power (Pmax) over t he  1  i f e  o f  a  
f u e l  p i n  cannot be more than 15% 
g rea te r  than the  t ime averaged 
power (P t ime dvg) 

( i  .e. , - < 1.15) 
'time avg 

3. Va r i ab le  a x i a l  power generat ion 3. Only those experiments w i t h  s h o 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  were 
se lec ted  

Peak Power) < . 5)  
( ~ v ~  Power - 

4. Imprecise f u e l  -temperature 
determinat ions 

4. Only those experiments where f u e l  
temperatures were e i t h e r  measured 
a t  a  p a r t i c u l a r  p o i n t  i n  t he  f u e l  
o r  cou ld  be i n f e r r e d  from a  micro-  
s t r u c t u r a l  change were considered 

A l a r g e  v a r i a t i o n  i n  t he  a x i a l  power p r o f i l e  w i l l  r e s u l t  i n  a  l a r g e  

a x i a l  v a r i a t i o n  i n  f u e l  temperature, changing t h e  gas re lease f r a c t i o n s  

a long the  l eng th  o f  t h e  f u e l .  C o r r e l a t i n g  the  t o t a l  re lease o f  such a f u e l  

r od  w i t h  t h e  average temperature o f  t h e  f u e l  r od  can lead t o  e r r o r s  because 

gas re lease a long t h e  l eng th  o f  t h e  rod  i s  n o t  l i n e a r l y  dependent on 

temperature. 

F i n a l l y ,  the  u n c e r t a i n t i e s  i n  es t ima t i ng  f u e l  temperatures c o n t r i b u t e  

s i g n i f i c a n t l y  t o  the  v a r i a b i l i t y  o f  gas re lease data. Past methods have 

r e s u l t e d  i n  s i g n i f i c a n t  u n c e r t a i n t i e s  because f u e l  temperatures were seldom 



measured by thermocouples o r  i n f e r r e d  from temperature i n d i c a t o r s  such as 

g r a i n  growth r a d i i .  Temperatures were u s u a l l y  est imated through more 

i n d i r e c t  methods, such as making some assumption about t he  va lue  f o r  gap 

conductance. Furthermore, d i f f e r e n t  va lues f o r  thermal c o n d u c t i v i t y ,  

' g r a i n  growth temperatures, and f l u x  depressions were used by p rev ious  

i n v e s t i g a t o r s .  

Assuming a  gap conductance can lead  t o  s u b s t a n t i a l  e r r o r s  i n  f u e l  

temperatures because gap conductance has been shown t o  be a  ve ry  d i f f i c u l t  

parameter t o  es t ima te  w i t h o u t  prev ious knowledge o f  f u e l  temperatures. For 

example, a  f u e l  r od  w i t h  a  hea t  r a t i n g  o f  11 kW/ft w i t h  t he  h o t  f u e l - t o -  

c l a d  gap open can e a s i l y  have a  gas conductance o f  600 ~ t u l h r - f t 2 - O F  w i t h  

a  f u e l  c e n t e r l  i n e  temperature o f  1615°C. However, i f  t h e  h o t  f u e l - t o - c l a d  

gap were c losed  i n  t h i s  same f u e l  rod  a  gap conductance o f  -5000 B tu /h r -  

f t 2 - " F  would n o t  be unreasonable which would r e s u l t  i n  a  c e n t e r l  i n e  tem- 

pe ra tu re  o f  1180°C. 

Our e v a l u a t i o n  o f  t h e  gas r e l e a s e  data i n d i c a t e s  t h a t  t h e  l a s t  t h r e e  

f a c t o r s  ( v a r i a b l e  power o p e r a t i  on, v a r i a b l e  a x i  a1 powers, and imprec i  se 

temperature es t ima tes )  c o n t r i b u t e d  t he  most t o  t he  l a r g e  amount o f  va r iance  

among gas re l ease  da ta .  Nons to ich iomet r i c  f u e l  was a  problem i n  e a r l y  

i r r a d i a t i o n  t es t s ;2  however, s t o i  ch iometry  was we1 1  c o n t r o l  l e d  i n  l a t e r  

t e s t s .  The c r i t e r i a  used f o r  the  da ta  s e l e c t i o n  i s  an a t tempt  t o  reduce 

t he  v a r i a b i l i t y  o f  these f o u r  f a c t o r s  and thus  the  v a r i a b i l i t y  o f  t h e  

data.  O f  t h e  74 l i t e r a t u r e  sources evaluated,  18 were se lec ted  which 

supp l i ed  gas re l ease  da ta  a p p l i c a b l e  t o  LWR U02 f u e l .  Fu r t he r  e v a l u a t i o n  

o f  these 18 sources t o  determine whether they met t h e  requi rements l i s t e d  

i n  Table 2 r e s u l t e d  i n  r e j e c t i o n  o f  exper imenta l  data f rom 11 o f  them. 

These da ta  a r e  l i s t e d  i n  Table 3 a long w i t h  t he  s p e c i f i c  reasons f o r  t h e i r  

r e j e c t i o n .  The r e j e c t i o n  o f  these p a r t i c u l a r  experiments does n o t  mean 

t h a t  t hey  were n o t  w e l l  cha rac te r i zed  o r  executed, because t h e  main ob jec-  

t i v e  o f  most o f  these  exper iments was n o t  t o  eva lua te  gas re l ease  b u t  

o t h e r  f u e l  pe r f omance  parameters. 

Not  a l l  data from the  experiments se lec ted  ( l i s t e d  i n  Table 1 )  were 

used because some of t h e  da ta  d i d  n o t  meet t h e  c r i t e r i a  l i s t e d  i n  Tab le  2. 



TABLE 3. References Rejected Which Contai ned 
Data App l icab le  t o  LWRs 

Reference Reason f o r  R e j e c t i o n  

1. M.G. B a l f o u r ,  "CVTR F i s s i o n  Gas Release," 
WCAP-3850-5. 

2. W.A. Beze l la .  "Ana l ys i s  o f  t h e  F i s s i o n  fases 
Released W i t h i n  Spent Yankee Fuel Rods, 
WCAP-6087. 

3. F.A. Brandt ,  e t  a1 ., " I r r a d .  Resu l ts ,  
N.S. Savannah Core I 1  P ro to t ype  Fuel 
Assemb. (Assemb. SAV-11-2 & SAV-11-3)," 
GEAP-3559. 

4. J.P. Hoffman, e t  a l . ,  "The Release o f  F i s s i o n  
Gases f r om Uranium,,Dioxide P e l l e t  Fuel a t  
H igh Temperatures, GEAP-4596. 

5. C. Lepsky, e t  a1 . , "Experimental  I n v e s t i g a t i o n  
o f  In -Reactor  Mo l t en  Fuel Performance ," 
Nucl . 'Tech. Vol . 16. 

6. R.D. MacDonald, e t  a1 . , "10,000 MWDITonne f r om 
UO2 Clad i n  T h i s  Z i r ca loy , "  Trans. Am. Nuc l .  
SOC., 7, 449-450. 

7. R.D. Page, "Eng ineer ing and Performance o f  
Canada's U02 Fu;l Assemblies f o r  Heavy k a t e r  
Power Reactors, IAEA Symp. on Heavy Water 
Reactors,Vienna (1967).  

8.  R. Sou lh ie r ,  e t . a l . ,  " E f f e c t  o f  Power Changes 
on F i s s i o n  Product  Gas Release f rom U02 Fuel ," 
Nucl .  App l .  Vo l .  5. 

9. C.N. S p a l a r i s ,  e t . a l . ,  "Residual and F i s s i o n  
Gas Release f r o m  UOp," GEAP-4314. 

10. W.J. Z ie lenbach,  e t . a l  . , "1rradia; jon Behav ior  o f  
Ox ide Fue ls  a t  H igh  Temperatures, BMI-1925. 

11. D.L. Zimmerman, " I r r a d i a t i o n  and P o s t i r r a d i a t i o n  
Examinat ion o f  N.S. Savannah T e s t  Fuel Element 
S1-A." GEAP-3342. 

1 .  No da ta  g i v e n  f rom which temperatures c o u l d  be 
determined. Temperature g rad ien t s  i n  t h e  a x i a l  

Peak d i r e c t i o n  were t o o  l a r g e  (axial power > 5 ) .  
avg . 

Power h i s t o r y  v a r i e d  

t 6 0  much Pt ime avg. 

3. Power h i s t o r y  v a r i e d  t oo  much > 1.15 
Pt ime av9. 

Peak A x i a l  - power > 1.15. avg. 

4. No temperature  d a t a  g i ven .  A x i a l  Peak power > 1 . l 5 .  avg. 

Peak 5. A x i a l  - power > 1.15. Vipac f u e l .  85% T.D. avg. 

6. No temperature  da ta  g i ven .  Power h i s t o r y  v a r i e d  too 

m U C h @ ~ e  avg. > 1.15 1 
7 .  No temperature  da ta  g i ven .  O/M r a t i o s  > 2.005. 

8. No temperature  da ta  g i ven .  

9. No temperature  da ta  g iven.  A x i a l  avg . power > 1.1 5. 

10. No temperature  da ta  g i ven .  

11. No temperature  da ta  given, Power h i s t o r y  v a r i e d  



w h i l e  o t h e r s  exper ienced thermocouple f a i l u r e s  e a r l y  i n  l i f e .  The s p e c i f i c  

reasons f o r  t h e  r e j e c t i o n s  o f  these da ta  a re  inc luded  i n  Table 1. Th is  

t a b l e  a l s o  shows the r e l a t i v e l y  smal l  number o f  exper iments t h a t  have con- 

c u r r e n t l y  used thermocouples t o  measure f u e l  temperatures w h i l e  measuring 

t h e  amount o f  gas re lease .  

3.2 DATA REDUCTION 

The da ta  f rom t h e  se lec ted  exper iments have been reduced t o  o b t a i n  

a r a d i a l  f u e l  temperature p r o f i l e  f o r  each da ta  p o i n t  us i ng  c o n s i s t e n t  

va l  ues f o r  U02 thermal c o n d u c t i v i t y  and g r a i n  growth temperatures. The 

reduced da ta  i n  terms o f  f u e l  c e n t e r l i n e  and sur face  temperatures a r e  

supp l i ed  i n  a t a b l e  i n  Appendix B. One dimensional  heat  t r a n s f e r  w i t h  one 

a x i a l  node was used i n  c a l c u l a t i n g  f u e l  temperatures (which i s  c o n s i s t e n t  

w i t h  t h e  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  and t h e  s h o r t  f u e l  

l e n g t h s ) .  

C a l c u l a t i n g  t h e  r a d i a l  temperature p r o f i l e  o f  a c y l i n d r i c a l  f u e l  

~ ~ l u m n  r e q u i r e s  t h e  f o l l o w i n g  i n fo rma t i on :  

* ope ra t i ng  power o f  t h e  f u e l  rod ,  

thermal c o n d u c t i v i t y  of t h e  f u e l  , 
f l u x  depress ion across t h e  f u e l  r ad ius ,  and 

f u e l  temperature a t  a known p o s i t i o n .  

A computer code, M A I N ,  was used t o  c a l c u l a t e  r a d i a l  temperature 

p r o f i l e s .  A l i s t i n g  and d e s c r i p t i o n  o f  t he  code i s  p rov ided  i n  Appendix A. 

The t ime-averaged power ou tpu t  o f  t h e  f u e l  was used i n  these ca l cu -  

l a t i o n s  and we se lec ted  o n l y  da ta  i n  which t h e  power h i s t o r i e s  v a r i e d  l e s s  

than 15% f rom the  t ime-averaged power. The thermal c o n d u c t i v i t y  equa t ion  

de r i ved  by Lyons, e t  a1 ., 7 6  ' 7 7  f o r  95% TD U02 was used, a l ong  w i t h  t he  

Maxwell -Euken7" 79 re1 a t i o n s h i  p 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 .  F l  ux depressions f o r  f u e l  w i t h  enr ichments 1 ess 

than 4 wt% U-235 were es t imated  by use of  a f l u x  depression sub rou t i ne  f rom 

t h e  GAPON-THERMAL-1 code." F o r  enr ichments g r e a t e r  than 4 wt% U-235, we 

have used a method p r o ~ o s e d  by Robertson.' '  Good agreement i s  ob ta i ned  

i n  comparing these two methods f o r  c a l c u l a t i n g  f l u x  depress ions 
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w i t h  a  more s o p h i s t i c a t e d  n e u t r o n i c s  code,  THERMOS.'^ One o f  t h e  c r i t e r i a  

s e t  down i n  Table  2  f o r  t h e  s e l e c t i o n  o f  gas r e l e a s e  da ta  was t h a t  f u e l  

temperatures must be o b t a i n e d  by t h e  use o f  thermocouples o r  f rom t h e  

o b s e r v a t i o n  o f  m i c r o s t r u c t u r a l  changes i n  t h e  f u e l  such as equiaxed and 

columnar g r a i n  growth.  The temperatures a s s o c i a t e d  w i t h  equiaxed and 

columnar g r a i n  growth boundar ies  a r e  somewhat u n c e r t a i n  w i t h  t h e  f o l l o w i n g  

temperature  ranges hav ing  been proposed i n  t h e  p a s t :  3 l 6  , 8 3 - 8 5  

1 -'00 - 1500°C f o r  equiaxec! q r a i n  growth 

lsOO - 1800°C f o r  c o l  uninar g r a i n  growth 

G r a i n  growth has been r e p o r t e d  f o r  h i g h e r  temperatures than  those 

l i s t e d  above; however, t h e  t ime- tempera tu re  r e l a t i o n s h i p  f o r  g r a i n  growth 

a t  s h o r t  t imes  can be used t o  e x p l a i n  t h e  d i f t e r e n c e s .  Hausner" '" ' has 

r e p o r t e d  o u t - o f - r e a c t o r  equiaxed g r a i n  growth r e s u l t s  f o r  p e l l e t s  f a b r i c a t e d  

by 5  d i f f e r e n t  procedures.  These r e s u l t s  were o b t a i n e d  f rom t e s t s  pe r -  

formed a t  temperatures between 1900-2300°C and t imes  o f  100 hours o r  l e s s .  

Due t o  t h e  d i f f e r e n t  g r a i n  growth c h a r a c t e r i s t i c s  o f  p e l l e t s  f rom each 

f a b r i c a t i o n  method, Hausner used t h e  da ta  t o  deve lop a  t ime- temperature  

r e l a t i o n s h i p  f o r  each o f  t h e  5  groups. An e x t r a p o l a t i o n  o f  these r e l a t i o n -  

s h i p s  t o  lower  temperatures and l o n g e r  t imes  i n d i c a t e s  t h a t  g r a i n  growth i s  

p o s s i b l e  a t  1400-1500°C f o r  t imes  between 10 and 500 hours.  

Ainscough, e t  a1 . e 3  have i n d i c a t e d  t h a t  equ iaxed g r a i n  growth asymptotes 

t o  a  l i m i t i n g  g r a i n  s i z e  f o r  a  s p e c i f i c  temperature  a t  r e l a t i v e l y  l o n g  t imes  

(200-700 hours)  and t h a t  w h i l e  o u t - o f - r e a c t o r  g r a i n  growth r e s u l t s  agree 

q u a l i t a t i v e l y  w i t h  i n - r e a c t o r  r e s u l t s ,  t h e  l a t t e r  w i l l  have s m a l l e r  l i m i t -  

i n g  g r a i n  s i z e s  due t o  t h e  r e t a r d i n g  e f f e c t  o f  f i s s i o n  p roduc ts  w i t h  i n c r e a s -  

i n g  burnup. Ainscough p resen ts  i n - r e a c t o r  da ta  t h a t  show f o r  temperatures 

of  1300°C, 1400°C and 1500°C t h e  l i m i t i n g  g r a i n  s i z e s  a r e  7.811, 11.511 and 

16.511 r e s p e c t i v e l y .  Thus an i n i t i a l  g r a i n  s i z e  between 6-811 would r e q u i r e  

a  temperature  o f  1350-1400°C f o r  t h e  o n s e t  o f  g r a i n  growth t o  be observed. 

S i m i l a r l y ,  an i n i t i a l  g r a i n  s i z e  o f  12-1411 would r e q u i r e  a  temperature  o f  

1450-1500°C. It shou ld  be p o i n t e d  o u t ,  however, t h a t  t h e  assumptions used 



by Ainscough t o  o b t a i n  i n - r e a c t o r  f u e l  terr~peratures were n o t  ava i l ab le ,  

making i t  impossib le t o  est imate t h e  u n c e r t a i n t i e s  -in these temperatures. 

The i n i t i a l  g r a i n  s izes  f o r  24 o f  the  45 selected data po in t s  were 

obtained. They vary between 4 t o  3 7 ~  w i t h  a mean o f  1 3 ~ .  I f  a dependency 

ex i s ted  between i n i t i a l  g r a i n  s i z e  and equiaxed g r a i n  growth temperature 

we would expect t o  over -pred ic t  temperatures and gas re lease f o r  a small 

gra ined f u e l  and under-predic t  temperatures and gas re lease f o r  a l a r g e  

gra ined fuel  by choosing a 1400°C temperature f o r  equiaxed g r a i n  growth 

(as we have done below). However, we have no t  observed such an e f f e c t  

over t h e  range o f  the  data. This  does n o t  mean t h a t  no such dependency 

e x i s t s  because o t h e r  sources o f  e r r o r  may be obscuring t h i s  e f f e c t .  It 

should a l s o  be pointed ou t  t h a t  we do n o t  have i n i t i a l  g r a i n  s izes  f o r  

nea r l y  h a l f  o f  t he  data po in ts .  

Recomnendations by o the r  i nvest iga tors1°  " ' 8 4  f o r  an equi axed g r a i n  

growth temperature, i r r e s p e c t i v e  o f  i n i t i a l  g r a i n  s ize ,  i nd i ca tes  t h a t  a 

value between 1400 and 1500°C i s  the most consis tent .  

Ch r i  stensene has presented t h e  most re1  i a b l  e i n-reac tor  measure- 

ments f o r  a columnar g r a i n  growth temperature p rov id ing  a mean temperature 

o f  1648°C + 62°C (20) f o r  40 hours i r r a d i a t i o n .  These data  were obtained 

from th ree  capsules i r r a d i a t e d  w i t h  th ree  thermocouples each. The thenno- 

couples were l oca ted  a t  var ious r a d i i  on the f u e l  mid-plane, p rov id ing  an 

accurate means o f  temperature measurement f o r  g r a i n  growth. 

For f u r t h e r  i n s i g h t  i n t o  the  s e l e c t i o n  o f  temperatures f o r  g r a i n  

growth, an ana lys i s  was performed t o  determine the  temperature d i  f fe rence 

between the co l  umnar and equi axed boundaries. Equi axed and co l  umnar g ra in  

growth nieasurements from CEA-R-335816 and CVNA-14Ze4 capsule experiments 

were used i n  t h e  ana lys is .  The mean of these data gave a temperature 

d i f f e r e n c e  o f  300°C w i t h  a l a  unce r ta in t y  of 80°C. 

Considering the  above fac ts ,  

the most cons i s ten t  values quoted f o r  equiaxed g r a i n  growth are  

between 1400-1 500°C, 

a bes t  est imate f o r  c o l  urr~nar g r a i n  growth i s  ~1650"C,  and 



t h e  temperature d i f f e r e n c e  between columnar and equiaxed g r a i n  

growth tenlperatures i s  %300°C. 

We have se lec ted  1400°C and 1700°C as t he  temperature boundaries f o r  

equiaxed and columnar g r a i n  growth, r e s p e c t i v e l y .  

As w i l l  be discussed l a t e r  i n  C o r r e l a t i n g  t h e  Model t o  t h e  Data, gas 

re l ease  da ta  from experiments wherein thermouples were used t o  measure 

f ue l  temperatures agree q u i t e  w e l l  w i t h  gas re lease  da ta  wherein g r a i n  

growth boundaries were used t o  i n f e r  fue l  temperatures. The good agreement 

i n d i c a t e s  t h a t  the  above est imates o f  g r a i n  growth temperatures a r e  

s a t i s f a c t o r y .  

As s t a t e d  before,  e a r l  i e r  a t tempts a t  c a l c u l a t i n g  a  r a d i a l  temperature 

p r o f i l e  f o r  gas re lease  da ta  were based on assumptions as t o  t h e  gap con- 

ductance of t he  ope ra t i ng  f u e l  rod. However, t h e  u n c e r t a i n t i e s  i n  e s t i m a t i n g  

gap conductance can l ead  t o  e r r o r s  as l a r g e  as 500°C i n  c e n t e r l i n e  tempera- 

t u res ,  whi 1  e  t he  e r r o r s  assoc ia ted  w i t h  m i c r o s t r u c t u r a l  and thermocouple 

measurements can l ead  t o  e r r o r s  ( l a )  i n  c e n t e r l i n e  temperatures o f  %120°C 

and 180°C r e s p e c t i v e l y  (power and U02 thermal c o n d u c t i v i t y  u n c e r t a i n t i e s  

a r e  a l s o  i nc l uded  i n  these l a  es t imates) .  Because o f  t he  l a r g e  e r r o r  

assoc ia ted  w i t h  assumed gap conductances, t h e  l a t t e r  two methods (micro-  

s t r u c t u r e  and thermocouple measurements) were used t o  determine fue l  tem- 

pera tu res  r a t h e r  than t h e  l e s s  p r e c i s e  method o f  e s t i m a t i n g  gap conductance. 

3.3 MODELS REVIEWED FOR HIGH TEMPERATURE GAS RELEASE 

E x i s t i n g  models f o r  gas re l ease  can be arranged i n t o  f o u r  ca tegor ies :  

1. those t h a t  c o r r e l a t e  gas re l ease  aga ins t  r o d  averaged c o n d i t i o n s  

( e i t h e r  average heat  r a t i n g  o r  average temperature);  

2. those t h a t  descr ibe  t he  movement o f  f i s s i o n  gas w i t h i n  t he  f u e l  

s o l e l y  on t h e o r e t i c a l  cons idera t ions ;  

3. those t h a t  c o r r e l a t e  gas re l ease  aga ins t  l o c a l  ope ra t i ng  condi -  

t i o n s  o f  t h e  f u e l ;  

4. and those  t h a t  use an e f f e c t i v e  d i f f u s i o n  parameter, D; t o  

c o r r e l a t e  gas re lease  aga ins t  a  f u e l  temperature and t ime.  



3.3.1 Volume Averaged Fuel Temperature 

Models5 based on rod volume-averaged fuel temperatures are undesir- 

able because actual gas re lease  i s  dependent on local conditions and i s  a 
nonlinear function of temperature. Since temperatures vary both ax ia l ly  

and rad ia l ly  within a cylindrical  fuel column, gas release will a lso  vary 

in the axial  and radial d i rect ions .  

I f  axial  temperatures a re  held re la t ive ly  constant (as was done with 

the selected da ta )  and gas release is correlated against  a local volume- 

averaged temperature in the radial d i rec t ion ,  errors  can s t i l l  ex i s t  

because the volume-average temperature i s  strongly weighted by the outer 

surface of the fue l ,  where temperatures a r e  between 400 - 1200°C. I t  

has been shown t ha t  gas release below 1200°C i s  while gas 
release from fuel in the columnar grain growth region (1700°C and above) 

has been s h o ~ n ~ " ~ ' ~ ~  t o  range from 70 - 95%. The central  portion of the 

f u e l ,  however, will have l e s s  influence on volume-average temperature. Gas 

re lease  can be correlated against  volume-average temperature with some 

degree of success because fuel surface temperatures fo r  the majority of gas 

re lease  data are  in a narrow temperature range between 350 - 700°C, and for  

s imilar  fuel capsule designs an increase i n  fuel surface temperature will 

correspond to  a s imilar  increase in the center temperature. I t  i s  s t i l l  

possible, however, tha t  such a model can lead t o  s ign i f ican t  e r rors  in the  

prediction of gas re lease  because the variable t h a t  i s  correlated against  

gas re lease ,  volume-average temperature, i s  strongly influenced by a tem- 

perature region which has negligible gas release.  For example, i t  is 
possible t o  use a fuel capsule design which would provide a fuel surface 

temperature of 400°C and a centerl ine temperature of 2000°C, result ing in a 

vol ume-average temperature of 11 13°C. Correspondingly, a capsul e w i t h  the 

same volume-average temperature, but a lower heat ra t ing ,  could have sur- 
face and center1 ine temperatures of 750 and 151 5"C, respectively.  The 

former capsule design will release a larger  amount of gas because i t  has a 

substantial  portion of fuel in the temperature region, 1700°C and above, 

while the l a t t e r  design w i t h  a center l ine  of 1515°C has essen t ia l ly  no 

fuel i n  this h i g h  gas release zone. 



An experiment performed by W. J. Zielenbach, e t  a1.,27 i l l u s t r a t e s  t he  

h i g h  gas re l ease  r a t e s  e x h i b i t e d  i n  t he  temperature reg ion  of  1700°C and 

above. I n  t h i s  exper iment severa l  U02 capsules were i r r a d i a t e d  w i t h  
ex t reme ly  h igh  f u e l  su r face  temperatures (1  200-1 9 0 0 " ~ ) .  Capsules w i t h  fue l  

su r f ace  temperatures between 1700 - 1800°C and c e n t e r l i n e  temperatures 

between 1900 - 2100°C re leased  70 - 95% o f  t h e i r  gas. The volume-average 

temperatures o f  these capsules were approx imate ly  1900°C. Using t he  volume- 

average temperature model o f  Hoffman and c o p l i n Y 5  one would es t imate  t h a t  

these capsules should re l ease  around 40% of t h e i r  gas. Th is  example p o i n t s  

o u t  t he  e r r o r s  t h a t  can be encountered i n  app l y i ng  t he  volume-average 

temperature model t o  a f u e l  design t h a t  i s  n o t  t y p i c a l  o f  t h e  data used t o  

develop t he  model . 
The models based on r o d  average heat r a t i n g 6  have some obvious s h o r t -  

comings i n  t h a t  f u e l  temperatures can vary  s i g n i f i c a n t l y  f o r  d i f f e r e n t  f u e l  

r o d  designs a t  t h e  same heat r a t i n g s .  Data f rom d i f f e r e n t  f u e l  r o d  designs 

c o r r e l a t e d  i n  t h i s  manner almost always have a l a r g e  amount o f  v a r i a b i l i t y .  

These models a l so  have t he  same problems as volume-average temperature 

models, i n  t h a t  gas re l ease  i s  n o n l i n e a r l y  dependent on l o c a l  c o n d i t i o n s  

of t he  f u e l ,  making a c o r r e . l a t i o n  based on averaged c o n d i t i o n s  sub jec t  t o  

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

3.3.2 Theo re t i ca l  Models 

Using a t h e o r e t i c a l  model7 t o  descr ibe  t he  movement o f  f i s s i o n  gas 

w i t h i n  t he  f u e l  would be an i d e a l  way t o  p r e d i c t  gas re lease;  however, gas 

re l ease  on a t h e o r e t i c a l  bas i s  has proven t o  be an ext remely  complex sub jec t  

w i t h  many c o n t r o l 1  i n g  parameters (bo th  m a t e r i a l  and ope ra t i ng ) .  Th is  

approach r e q u i r e s  a r a t h e r  l a r g e  computer program j u s t  t o  s imu la te  gas 

re l ease  and knowledge o f  a l a r g e  number o f  phys i ca l  parameters, which cur-  

r e n t l y  makes i t  i m p r a c t i c a l  f o r  a wide range o f  f u e l  designs. Also, i t  

s t i l l  remains t o  be proved t h a t  such a nlodel can be used w i t h  a h i g h  degree 

of conf idence and w i t h o u t  any compensating assumptions t o  b r i n g  t he  model 

i n t o  agreement w i t h  t he  da ta .  



3.3.3 Loca l  Temperature D i s t r i b u t i o n  

Emp i r i ca l  model s1 based on t h e  l o c a l  temperature d i s t r i b u t i o n  w i t h i n  

t h e  f ue l  a r e  u s u a l l y  c o r r e l a t e d  a g a i n s t  two d i f f e r e n t  types o f  exper iments:  

those  exper iments t h a t  measure l o c a l  f i s s i o n  gas concen t ra t i ons  w i t h i n  t he  

f u e l  by d r i l l i n g  smal l  cores o f  f u e l  and measuring t h e  r e t a i n e d  gas, and 

those  t h a t  measure t h e  gas re leased  f rom i r r a d i a t e d  f u e l  capsules.  The 

l o c a l  temperature model can be s e m i q u a n t i t a t i v e l y  checked a g a i n s t  t h e  

former  t ype  o f  exper imenta l  data;  however, t h e r e  i s  a  l a r g e  degree of  

v a r i a b i l i t y  w i t h i n  t h e  r e t a i n e d  gas da ta  so t h a t  t h e  accuracy o f  a  model 

based e n t i r e l y  upon these da ta  i s  ques t ionab le .  A ma jo r  source o f  v a r i -  

a b i l i t y  i n  bo th  t ypes  o f  da ta  i s  i n  t h e  es t ima te  o f  t h e  f u e l  temperatures 

and t h e  v a r i a b i l i t y  o f  ter r~peratures over  t h e  i n - r e a c t o r  i r r a d i a t i o n  h i s t o r y .  

3.3.4 E f f e c t i v e  D i f f u s i o n  C o e f f i c i e n t  Model 

The use o f  an e f f e c t i v e  d i f f u s i o n  parameter, D' , t o  e m p i r i c a l l y  f i t  a  

d i f f u s i o n  model a g a i n s t  gas r e l e a s e  was f i r s t  used by Booth2 and has subse- 

q u e n t l y  been used by o t h e r   investigator^^'^ t o  desc r i be  bo th  i n - r e a c t o r  and 

ou t -o f - r eac to r  gas re l ease .  Out -o f - reac to r  da ta  were n o t  used i n  t h e  p re -  

sen t  study; consequent ly ,  f u r t h e r  d i scuss ions  i n  t h i s  s e c t i o n  a r e  d i r e c t e d  

toward i n - r e a c t o r  data.  Boo th 's  d e r i v a t i o n  o f  t h i s  simp1 e  d i f f u s i o n  model 

f rom F i c k ' s  equa t ions  f o r  volume d i f f u s i o n  depended on t h e  assumption t h a t  

an e q u i v a l e n t  sphere can be used t o  approximate t h e  boundary c o n d i t i o n s  f o r  

gas re lease .  The approximate s o l u t i o n  o f  Boo th 's  model f o r  smal l  r e l e a s e  

f r a c t i o n s  (F <0.2) i s :  

I n  t h i s  express ion  F i s  t he  f r a c t i o n a l  r e l ease  o f  s t a b l e  f i s s i o n  gas, t i s  

the i r r a d i a t i o n  t ime and 

where a  i s  t he  r a d i u s  o f  t he  e q u i v a l e n t  sphere and D i s  the  d i f f u s i o n  

c o e f f e c i e n t  used b y  c l a s s i c a l  d i f f u s i o n  t heo ry .  From d i f f u s i o n  t heo ry  



where Do i s  a constant, Q i s  the  a c t i v a t i o n  energy, R i s  the  gas constant 

and T i s  temperature. When D '  i s  co r re la ted  aga ins t  temperature the a 2 

term i s  usua l ly  inc luded i n  the  Do t e n .  

From t h i s  simple d i f f u s i o n  model i t  i s  pred ic ted t h a t  gas re lease i s  

a func t i on  o f  both temperature and time; however, as discussed i n  the  

sec t ion  on E f fec ts  o f  Density and Burnup, the  data t h a t  met our c r i t e r i a  

show no burnup dependence ( i  . e. , no t ime dependence). Disregarding the  

t ime dependence o f  a d i f f u s i o n  model s t i l l  leaves the  quest ion as t o  what 

f u e l  temperature should be used t o  obta in the  e f f e c t i v e  d i f f u s i o n  coef- 

f i c i e n t .  The most l o g i c a l  approach would be a volume averaged temperature, 

bu t  as discussed i n  the  sect ion on Volume Averaged Temperature e r r o r s  can 

be introduced when f u e l  temperatures are volume averaged and co r re la ted  

against  gas release. 

A l o c a l  temperature model could be used wherein release f r a c t i o n s  

have been determined f o r  s p e c i f i c  temperature regions. From these f r a c t i o n s  

a D' could be determined f o r  each temperature region. This method would 

be he lp fu l  i n  determining what d i f f u s i o n  mechanisms are  c o n t r o l l i n g  gas 

re lease and t h i s  should be pursued f u r t h e r  t o  obta in  a b e t t e r  mechanist ic 

understanding o f  the process. It would be expected t h a t  d i f f e r e n t  mechanisms 

w i  11 dominate w i t h i n  the  various temperature regions. 

Other approaches using the d i f f u s i o n  model are based on a separate 
2 determinat ion of a which i s  assumed t o  be a func t i on  of the surface-to- 

volume r a t i o  which i s  i n  t u r n  a func t i on  o f  f u e l  densi ty .  The gas release 

data used i n  t h i s  study d i d  no t  show any dependence on f u e l  densi ty .  

Many o f  the models discussed above have been co r re la ted  against  a 

substant ia l  amount o f  data, bu t  because a l a rge  amount o f  v a r i a b i l i t y  i s  

associated w i t h  the data the uncer ta in t i es  i n  the models a re  q u i t e  large.  

As s ta ted  e a r l i e r ,  the v a r i a b i l i t y  i s  o f t e n  the r e s u l t  o f  poor ly  character- 

i zed  data (e.g., w i t h  regard t o  temperatures, powers, O/M r a t i o s ,  e t c .  ) .  
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3.4 SELECTION OF HIGH TEMPERATURE GAS RELEASE MODEL 

The model chosen t o  desc r i be  t h e  se lec ted  gas re l ease  data i s  based 

on l o c a l  temperatures. We have se lec ted  t he  f o l l o w i n g  reg ions  w i t h i n  t h e  

f u e l  t o  desc r i be  h i gh  temperature gas re l ease :  

columnar g r a i n  growth reg ion ,  1700°C and above 
equiaxed g r a i n  growth reg ion ,  1400 t o  1700°C 

no m i c r o s t r u c t u r a l  change, 1200 t o  1400°C 

The form o f  our  model i s  based on b o t h  exper imenta l  da ta  and c u r r e n t  

t h e o r i e s  f o r  h i g h  temperat.ure gas re lease .  Gas re lease  below 1200°C i s  

descr ibed  by t h e  l ow  temperature gas re l ease  model. 

3.4.1 Col umnar G ra in  Growth Region 

Measurements o f  t h e  f i s s i o n  gas concent ra t ions  w i t h i n  t h e  columnar 

g r a i n  growth r e g i o n  i n d i c a t e  t h a t  between 70 t o  95% o f  t h e  gas produced 

i n  t h i s  r e g i o n  i s  Several  have proposed 

t h a t  t he  colurr~nar g r a i n  growth r e g i o n  i s  a  r e g i o n  o f  h i gh  m o b i l i t y  f o r  

pores c o n t a i n i n g  gas, i .e . ,  p o r o s i t y  f rom t h e  f a b r i c a t i o n  process o r  t h a t  

c rea ted  by t h e  accumulat ion o f  gas. These i n v e s t i g a t o r s  suggest t h a t  t h e  

g a s - f i l l e d  pores become l e n t i c u l a r  i n  shape and move up t h e  temperature 

g r a d i e n t  toward t h e  c e n t r a l  vo id .  Whatever t h e  exp lana t i on  f o r  gas re l ease  

i n  t h i s  reg ion ,  i t  i s  apparent  t h a t  the  phys i ca l  c o n d i t i o n s  w i t h i n  t h e  

r e g i o n  o f  columnar g r a i n  growth enhance gas re lease ,  as evidenced by t h e  

l a r g e  f r a c t i o n  o f  gas re leased i n  t h e  reg ion .  

3.4.2 Equiaxed Gra in  Growth Region 

Measurements o f  t he  f i s s i o n  gas concent ra t ions  w i t h i n  t he  equiaxed 

g r a i n  growth r e g i o n  have i n d i c a t e d  t h a t  between 10 t o  40% o f  t h e  gas pro-  

duced i n  t h i s  r e g i o n  i s  re leased.  9 ' 2 2  Gas atoms and c l u s t e r s  o f  gas atoms 

w i t h i n  t h i s  r e g i o n  should be somewhat mob i le  because i f  the  g r a i n  bounda- 

r i e s  a t t a i n  some degree o f  m o b i l i t y  as evidenced by g r a i n  growth t h e r e  

must be enough thermal energy p resen t  t o  a l l o w  some of t h e  t rapped f i s s i o n  

gas t o  break away f rom t h e  weaker t r a p p i n g  s i t e s  and f i n d  i t s  way t o  an 

open pore. 



3.4.3 Region o f  No M i c r o s t r u c t u r a l  Change 

F i s s i o n  gas concen t ra t i ons  i n  t he  1200 - 1400°C r e g i o n  i n d i c a t e  t h a t  

l e s s  t han  10% o f  t h e  gas produced i n  t h i s  r e g i o n  i s  r e l e a ~ e d . ~ ' ~ ~  The 

exper iments performed by ~ e w i s ~ ~  i n d i c a t e  t h a t  f o r  temper tures below 

1200°C, n e a r l y  100% o f  t he  gas i s  r e ta i ned .  Several  o t h e r   investigator^"^^ 
have a l s o  concluded t h a t  t h e  d i f f u s i o n  o f  f i s s i o n  gas below 1200°C i s  negl  i- 

g i b l e .  These conc lus ions  a r e  based on gas r e l e a s e  da ta  f rom f u e l  rods  w i t h  

cen te r1  i n e  temperatures o f  1  ess than  1200°C. 

3.4.4 D e s c r i p t i o n  o f  Model 

We have developed t he  f o l l o w i n g  model f o r  h i g h  temperature gas re lease :  

where 

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

XI = 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  1200 t o  1400°C 

X 2  = 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  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 and above ( r e g i o n  o f  columnar g r a i n  growth)  

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  X 2  

C = f r a c t i o n  o f  gas re l eased  f rom r e g i o n  X3 

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

and X3) i s  es t imated  by t a k i n g  the  r a t i o  o f  t h e  c ross - sec t i ona l  area between 

t he  temperatures t h a t  bound t h e  r e g i o n  t o  t h e  t o t a l  c ross - sec t i ona l  area o f  

the p e l l e t .  The e f f e c t s  o f  f l u x  depress ion a re  a l s o  inc luded .  The cross-  
s e c t i o n a l  areas of each temperature r e g i o n  a r e  ob ta ined  f rom t h e  r a d i a l  



temperature p r o f i  l e s  t h a t  have been determined f rom t h e  temperature data 

( thermocouple o r  m i c r o s t r u c t u r a l )  assoc ia ted  w i t h  each da ta  p o i n t ,  as 

exp la ined  i n  t h e  s e c t i o n  on Data Reduct ion.  

3.5 CORRELATING THE MODEL TO T H E  DATA 

Us ing a  m u l t i p l e  l i n e a r  r e g r e s s i o n  code, we f i t  the  model t o  t h e  

reduced da ta  (XI, X 2  and X3) and ob ta ined  es t imates  of 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 .  I n  t h e  f i r s t  a t t emp t  

a t  a  r eg ress i on  a n a l y s i s , i t  was d iscovered  t h a t  t he  XI and X 2  v a r i a b l e s  

a r e  1  i n e a r l y  dependent on each o t h e r  ( i  .e. , XI = GX2). Regressing X 
1  

a g a i n s t  X 2  we f i n d  t h a t  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  i f  two temperature r a d i i ,  such as t h e  1700°C 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 - sec t i on  of t h e  f u e l ,  

then  any o t h e r  temperatures and t h e i r  r a d i i  can be de f i ned .  A s o l u t i o n  

o f  t h e  heat  t r a n s f e r  equa t ions  w i l l  show t h a t  XI i s  1  i n e a r l y  dependent on 

X2, b u t  t h i s  i s  n o t  covered here.  

I f  da ta  were a v a i l a b l e  w i t h  c e n t e r l i n e  temperatures l e s s  than t h e  

upper boundary o f  X 2  ( i  .e. ,<1700°C), then  X 1  would be independent o f  X2 

s i nce  o n l y  one temperature boundary d e f i n e s  X 2  and thus  t h e  c o e f f i c i e n t s  A 

and B  cou ld  be determined through reg ress i on  a n a l y s i s .  Because a l l  o f  t h e  

se l ec ted  da ta  c o n t a i n  cen te r1  i ne temperatures g r e a t e r  than  1700°C, we can- 

n o t  separate  these two c o e f f i c i e n t s  due t o  t he  dependency between XI and X2. 

Consequently, t h e  r e g r e s s i o n  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  B'  = 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  

o f  gas re leased .  The c o e f f i c i e n t  B'  ob ta ined  i n  o u r  r e g r e s s i o n  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  o f  o u r  model. S ince XI can 

be r e l a t e d  i n  terms o f  X 2  (over  t h e  range of o u r  da ta )  w i t h  t h e  l i n e a r  

r e l a t i o n s h i p  X1 = GX2 (as d iscussed above), o u r  model can be expressed i n  

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



The coefficient B '  obtained from our regression analysis can be expressed by 

and since B '  = 0.177 and G = 0.727 a value for  either A or B  can be chosen 

on the basis of previous experimental evidence t o  get the other coefficient. 

As discussed earl i e r ,  experiments9 ' ' 2 2 ' 2 6  have been conducted in which 

s~iiall cores of fuel were ultrasonically dri l led a t  various distances from 

the centerline of the pellet  t o  determine the concentration of retained 

fission gas across the pellet  radius. These experiments indicate t h a t  less  

than  10% of the gas produced in the 1200 - 1400°C range ( X I )  and 10 - 40% 

in the region of equiaxed grain growth ( X 2 )  i s  released. To be consistent 

with th is  evidence, we have selected a 5% release for region X I  which yields 

14.1% for the equiaxed region ( i . e . ,  B  = B '  - A - G  = 0.177 - 0.05 (0.727) 

= 0.141) t o  obtain our ful l  model : 

Estimating the partitioning of the A and B  coefficients in terms of B '  does 

n o t  compromise the accuracy of estimating gas release for fuel operating 

with center1 i ne temperatures greater t h a n  1700°C. Gas re1 ease for  fuel 

with centerline temperatures between 1200°C and 1700°C is  between 1% to 4%, 

as calculated from the h i g h  temperature model. An error in partitioning 

A and B can resul t  in a maximum error of only 1% release for the above 

temperature range, even i f  there are gross errors in our partitioning of 

the A and B coefficients (as in the extreme case where A = 0.0 and B  = 0.177) 

While the possible percentage error i s  great,  i t  i s  doubtful that  gas release 

measurements in these low release regions can be measured with greater accu- 

racy. Also, in most fuel performance calculations i t  i s  not c r i t i ca l  i f  the 

release rate i s  predicted t o  be 2% b u t  i s  really only 1%; however, i t  does 

become c r i t i ca l  i f  the release rates are predicted to be 30% b u t  really are 

around 10%. Consequently, i t  i s  the higher gas release term (0.807 X 3 )  which 

i s  of greatest interest  and has the largest influence on calculations for  

steady s t a t e  operation. I t  should also be noted t h a t  the 80.7% release pre- 

dicted i n  this analysis for  the columnar grain growth region ( X 3 )  agrees 



q u i t e  w e l l  w i t h  t h e  co re  d r i l l i n g  exper iments which show t h a t  70 - 95% o f  

t h e  gas i n  t h i s  r e g i o n  i s  re leased .  

P r e d i c t e d  pe rcen t  r e l e a s e  as determined f rom the  model i s  compared 

w i t h  t h e  exper imenta l  da ta  i n  F i g u r e  1 .  I f  p e r f e c t  agreement e x i s t e d  

between t he  model and t h e  data,  a l l  o f  t h e  p o i n t s  would l i e  on t h e  45" 

s loped  l i n e  which begins a t  t h e  o r i g i n .  The upper dashed l i n e  i n  t h i s  

f i g u r e  i s  t he  upper 95% con f idence  1 i m i t  o f  ou r  da ta  which can be rep re -  

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

where F, XI, X2 and Xg a r e  t h e  same v a r i a b l e s  used i n  t h e  bes 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  you can be 

95% c o n f i d e n t  t h a t  f u t u r e  gas r e l e a s e  da ta ,  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 .  
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FIGURE 1. A Comparison o f  t h e  High Temperature Release 
Model and t h e  Data 
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As a  check on t h e  v a l i d i t y  o f  ou r  g r a i n  growth boundary temperatures, 

we compared t h e  41 data p o i n t s  based on g r a i n  boundaries t o  es t imate  f u e l  

temperatures t o  t h e  4  data p o i n t s  t h a t  were ob ta ined  from thermocouple 

measurements. Good agreement between these two types o f  da ta  i s  i l l u s t r a t e d  

by p l a c i n g  a  l a  band around t h e  da ta  i n  F igu re  1  and n o t i n g  t h a t  t h r e e  of 

t he  f o u r  thermocouple data l i e  w i t h i n  t h i s  band and t he  f o u r t h  w i t h i n  a  

1.50 band. Th i s  would i n d i c a t e  t h a t  ou r  s e l e c t i o n  o f  g r a i n  growth tempera- 

t u r e s  i s  s a t i s f a c t o r y .  

A  comparison o f  ou r  model t o  models t h a t  have been proposed by o t h e r  

i n v e s t i g a t o r s 1  '5 i s  shown i n  F igures  2  and 3. F i gu re  2  shows t he  data and 

the  r e l a t i o n s h i p  Hoffman and Cop1 i n  used i n  t h e i r  v o l  ume-average temperature 

model. A lso  i nc l uded  i s  t h e  proposed h i g h  temperature model expressed i n  

terms o f  volume-average temperature, which was accomplished by s e l e c t i n g  a  

t y p i c a l  commercial BWR f u e l  rod* and va ry i ng  t he  power r a t i n g s  w h i l e  ho ld-  
2  i n g  gap conductance cons tan t  a t  1000 Btu/hr - f t -OF t o  i n s u r e  t h e  same f u e l  

su r 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 lue  f o r  gas re l ease  f rom o u r  model 

and t o  c a l c u l a t e  a  volume-average f u e l  temperature t o  be used i n  p l o t t i n g  

the  curve f o r  ou r  h i g h  temperature model i n  F igu re  2. Th is  f i g u r e  i n d i c a t e s  

t h a t  t he  s c a t t e r  i n  t he  da ta  used by Hoffman and Cop 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 he  data used f o r  t h e  model developed 'here,  as rep re -  

sented by t he  95% conf idence band. The 95% conf idence band i n  F igu re  2  

bounds 95% o f  our  data.  Th i s  comparison p rov ides  a d d i t i o n a l  suppor t  f o r  

t he  f a c t  t h a t  t he  parameters we have 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 he  

da ta  do indeed l e a d  t o  s u b s t a n t i a l  amounts of  va r iance  between gas re l ease  

data.  The r e l a t i o n s h i p  developed here i s  a l s o  l e s s  conse rva t i ve  f o r  volume- 

average f u e l  temperatures between 900 and 1525"C, which i s  t he  ope ra t i ng  

range o f  t he  peak power rods w i t h i n  niost commercial LWR's. For  example, 

a t  a  volume-average temperature o f  1200°C ( f u e l  ope ra t i ng  a t  %13 k w / f t )  

the  Hoffman and C o p l i n  model would p r e d i c t  a  24% inc rease  w h i l e  t h e  bes t  

es t imate  model developed here would p r e d i c t  13%. 
- .. 

*Changing t he  f u e l  r o d  des ign w i l l  s h i f t  t he  curve  represented by t h e  model. 
I n  most cases t he  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 
fue l  r o d  des igns a r e  u s u a l l y  s i m i l a r .  
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Figure  3 shows a comparison o f  our model w i t h  the  Lewis1 model i n  

terms o f  a vo l  ume-average temperature f o r  a t y p i c a l  BWR f u e l  design. As 

seen here, the  Lewis model i s  much more conservat ive than even the  95% 

upper l i m i t  o f  our r e l a t i o n s h i p .  This  i s  no t  t oo  s u r p r i s i n g  s ince  Lewis 

intended the  model t o  be conservat ive;  however, i t  seems t o  be o v e r l y  

conservat ive i n  terms o f  t he  data and model repor ted  here. 

3.6 EFFECTS OF DENSITY AND BURNUP 

There appears t o  be no general agreement on t h e  e f f e c t s  o f  dens i ty  and 

burnup on h igh  temperature gas re lease f o r  LWR U02 fue l .  The range o f  the  

data w i t h  respect  t o  the  parameters o f  t h e o r e t i c a l  dens i ty  and burnup i s  

91.3% TD t o  98.0% TD and 400 MWD/MTM t o  18,300 MWD/MTM. To detertii-ine i f  

e i t h e r  o f  these two parameters have an e f f e c t  on the  data, a 1 inear  term 

was added f o r  each o f  these parameters t o  the  temperature dependent model 

a l ready  der ived,  as shown below: 

F = AX, + BX2 + CX3  + DP 

and F = AXl + BX2 + CX3  + KM 

where A, 0, C, XI, X 2  and X3 a re  the  terms a l ready  described i n  t he  tempera- 

t u r e  dependent model and 

D = c o e f f i c i e n t  descr ib ing  the l i n e a r  dependence 
between dens i ty  and gas re lease 

P = percent of t h e o r e t i c a l  dens i t y  

K = c o e f f i c i e n t  descr ib ing  the  l i n e a r  dependence 
between burnup and gas re1 ease 

M = burnup 

F i t t i n g  these two models aga ins t  the  data has shown t h a t  t he  l i n e a r  coef-  

f i c i e n t s  f o r  burnup and dens i ty ,  D and K, have a l a r g e  amount o f  var iance. 

Standard dev ia t ions  associated w i t h  the  l i n e a r  c o e f f i c i e n t s ,  oD and oK, 

are approximately equal t o  the c o e f f i c i e n t s  themselves. Using a t t e s t  t o  

deteni i ine the  probabi 1 i t y  t h a t  



- 1  and D  = 0  and K =  0  ( i .e. ,  t = - -  
a~ D 

shows t h a t  t h e r e  i s  ~ 5 0 %  chance t h a t  D  = 0  and K = 0  and thus  i n d i c a t e s  

t h a t  n e i t h e r  burnup n o r  d e n s i t y  has a  s i g n i f i c a n t  i n f l u e n c e  on t h e  data.  

If burnup o r  d e n s i t y  e f f e c t s  were s i g n i f i c a n t  b u t  non l i nea r ,  t h e  l i n e a r  

terms woul d  s t i  11 have been s i g n i f i c a n t  because t h e y  would have descr ibed  

some of  t h e  e r r o r  s t r u c t u r e  i n  t h e  data c o n t r i b u t e d  by these two v a r i -  

ab les  and r e s u l t e d  i n  lower  va lues f o r  oD and oK. As an a d d i t i o n a l  check, 

t h e  r e s i d u a l  va r i ance  o f  each i n d i v i d u a l  da ta  p o i n t  was p l o t t e d  a g a i n s t  

b o t h  burnup and d e n s i t y  and no s t r u c t u r e  was apparent w i t h i n  t h e  da ta  

t h a t  m i g h t  i n d i c a t e  a  dependency on these two v a r i a b l e s .  

A l though  t h e  da ta  we have accumulated do n o t  i n d i c a t e  any dependency 

between gas r e l e a s e  and t h e  two v a r i a b l e s ,  burnup and d e n s i t y ,  t h i s  does 

n o t  mean t h a t  such dependencies do n o t  e x i s t .  There may be a  smal l  sec- 

ondary e f f e c t  w i t h i n  t h e  range of  o u r  data;  however, t h e  e r r o r  f rom o t h e r  

sources w i t h i n  t h e  da ta  obscures these e f f e c t s .  A lso,  i t  shou ld  be noted 

t h a t  t h e  da ta  covers  t h e  range of U02 d e n s i t i e s  91.3 t o  98.0% TD. Exper i -  

mental  evidence i n d i c a t e s  t h a t  f u e l s  w i t h  d e n s i t i e s  l e s s  than  90% TD 

r e l e a s e  more gas than  f u e l s  w i t h  d e n s i t i e s  g r e a t e r  than 90% TD. I n  r ega rd  

t o  a  p o s s i b l e  burnup dependency, i t  has been proposed by seve ra l  i n v e s t i -  

g a t o r s  t h a t  t h e  f i s s i o n  gas bubbles r e t a i n e d  a t  t h e  g r a i n  boundar ies i n  

f u e l  o p e r a t i n g  below 1700°C may become numerous enough t o  1  i n k  up a t  h i g h  

burnups and fo rm a  network by which gas can escape t o  an open pore and be 

re leased .  Most o f  t h e  data we c o l l e c t e d  f rom t h e  l i t e r a t u r e  have burnups 

between 4,000 MWD/MTM and 12,000 MWD/MTM, w i t h  a  few da ta  p o i n t s  go ing  o u t  

t o  18,000 MWD/MTM. We cou ld  n o t  o b t a i n  da ta  f rom w e l l  de f i ned  exper iments 

on f u e l  des igns t y p i c a l  o f  commercial thermal  r e a c t o r  f u e l  f o r  burnups 

g r e a t e r  than  20,000 MWD/MTM. The need f o r  such h i g h  burnup da ta  i s  

apparen t  s i n c e  t h e  h i g h  burnup rods  i n  p r e s e n t l y  o p e r a t i n g  r e a c t o r s  may 

reach  burnups of 40,000 - 50,000 MWD/MTM. 



4.0 LOW TEMPERATURE GAS RELEASE MODEL 

4.1 DEVELOPMENT OF THE MODEL 

Low temperature gas re l ease  i s  dominated by a knock-out mechanism2 

which i s  caused by a f i s s i o n  fragment pass ing through t he  f u e l  su r face  and 

e j e c t i n g  a p o r t i o n  o f  t he  atoms near t h e  sur face .  The m a t e r i a l  knocked o u t  

inc ludes  t he  m a t r i x  m a t e r i a l  and any t rapped gas i n  t h a t  l o c a t i o n .  The 

amount o f  knock-out i s  a  f u n c t i o n  o f  specimen sur face  area and i r r a d i a t i o n  

dose. 

The low temperature gas re l ease  model proposed by Bellamy and R iche  

was mod i f i ed  f o r  t h i s  c o r r e l a t i o n .  The Bellamy and R ich  model was se lec ted  

because i t  was t he  o n l y  one found i n  t he  l i t e r a t u r e  t h a t  supp l ied  and 

adequately descr ibed  da ta  appl  i c a b l  e  t o  LWR U02 f u e l  . The model expresses 

low temperature gas re lease  i n  terms o f  t he  e f f e c t i v e  surface-to-volume 

r a t i o  o f  t he  f u e l ,  t he  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 he  

f o l  1  owing manner: 

, >. 
- 

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  sur face- to -vo l  ume r a t i o  of t h e  

f u e l  ( a  f u n c t i o n  o f  d e n s i t y  and burnup),  (cm-' ) 
a = r e c o i l  range o f  f i s s i o n  fragment ( 7  x  cm) 
v = volume o f  f u e l  e j e c t e d  f rom t h e  f u e l  su r face  by 

"knock-out"  ( 2 x cm3) 
3 f = f i s s i o n  r a t e ,  ( f i s s i ons / cm /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 Bellamy and R i ch  f rom gas re l ease  data 

obta ined f rom f u e l  rods over a  wide range o f  burnups (7,000 - 43,000 MWDIMTM). 



Fuel c e n t e r l i n e  temperatures were l e s s  than  1250°C f o r  a l l  t h e  data,  which 

i s  c o n s i s t e n t  w i t h  the  h i gh  temperature model t h a t  assumes d i f f u s i o n a l  

r e l e a s e  i s  i n s i g n i f i c a n t  below 1200°C. T h e i r  da ta  show a marked inc rease  

i n  gas r e l e a s e  f o r  burnups g r e a t e r  than  26,000 MWD/MTM. An exper iment 

performed by  B l  i eberg ,  e t  a1. ," w i t h  f l a t  p l a t e  U02 f u e l  e lements a1 so 

i n d i c a t e d  t h a t  1 ow temperature gas re l ease  inc reases  by  a s u b s t a n t i a l  

amount a t  h i g h  burnups. The inc rease  i s  b e l i e v e d  t o  a r i s e  p a r t l y  f rom 

t h e  i n t e r c o n n e c t i o n  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  boundar ies weakened by  gas bubbles which 

inc reases  the  e f f e c t i v e  su r f ace  area o f  t h e  f u e l .  T h i s  behav io r  i s  substan- 

t i a t e d  by t h e  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 i ve  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 i ng .  A p l o t  of 

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

equa t ion  o f  Bel lamy and R ich  f o r  low temperature gas re l ease ,  i s  shown i n  

F i g u r e  4. The da ta  i n  F i g u r e  4 a r e  f rom f u e l  w i t h  an as-manufactured 
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FIGURE 4. UO Surface-To-Volume R a t i o s  as a 
~ u 6 c  t i on o f  Burnup 



S 
dens i t y  o f  98% TD. The increase i n  v f i t s  an exponential  f u n c t i o n  f a i r l y  

w e l l  f o r  burnups o f  17,000 MWD/MTM and g rea te r  by the  fo l l ow ing  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 (c.9391X) V ( 2 )  

where 

S - ( 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  v 
o f  the  f u e l  dens i t y )  

X = burnup i n  atom percent 

PER CENT THEORETICAL DENSITY 

The func t i ona l  r e l a t i o n s h i p  g iven i n  F igure  5 f o r  the  r a t i o  i n  terms o f  
S  the  f u e l  as-manufactured t h e o r e t i c a l  dens i t y  ( i  e . ,  [ i n i t i a l ] )  was taken 

from ~ e w i s .  3 1  By s u b s t i t u t i n g  the  r e l a t i o n s h i p  f o r  t he  sur face- to-vol  ume 

r a t i o  as a  f u n c t i o n  o f  burnup i n  Equation 2 i n t o  Equation 1, we can compare 

r e s u l t s  from the low temperature re lease model w i t h  the  data o f  Bellaniy 

and Rich, as shown i n  F igure  6. The model p red i c t i ons  agree very we l l  

w i t h  t h i s  se t  o f  data. We have n o t  attempted t o  c o r r e l a t e  the  low tempera- 

t u r e  re lease model t o  a  l a r g e  volume o f  data as was done w i t h  t h e  h igh  tem- 

perature re lease model because o f  t he  small e f f e c t s  o f  low temperature gas 

re lease on gap conductance ca l cu la t i ons .  This  approach makes the  accuracy 

o f  the  model somewhat uncer ta in;  however, i n  our  op in ion  the  model ade- 

quate ly  describes low temperature gas re lease t o  w i t h i n  - + 1% re lease.  

FIGllRE 5. Measured Surface Area (BET) as a  Funct ion o f  
Percent Theore t ica l  Densi ty  f o r  S in tered U02 
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5.0 LIMITATIONS OF THE GAS RELEASE MODELS 

N e i t h e r  model should  be used beyond t h e  range o f  d a t a  un less  t h e  

e x t r a p o l a t e d  r e s u l t s  can be checked a g a i n s t  o t h e r  sources o f  data .  The 

models shou ld  n o t  be used where a  s i g n i f i c a n t  volume o f  t h e  f u e l  i s  m o l t e n  

(>20%), because t h e  m o l t e n  f u e l  may r e l e a s e  more than  t h e  maximum 80%. 

A l though  t h r e e  d a t a  p o i n t s  used i n  t h e  c o r r e l a t i o n  have temperatures above 

t h e  me1 t i n g  p o i n t  o f  t h e  f u e l  and t h e y  agree q u i t e  we1 1  w i t h  t h e  model, 

these  da ta  p o i n t s  were f rom f u e l  rods  w i t h  l e s s  than  20 volume-percent o f  

t h e  f u e l  mo l ten .  The h i g h  temperature  model shou ld  a l s o  be r e s t r i c t e d  t o  

t h e  d e n s i t y  and burnup range o f  o u r  data ,  91.3 - 98.0% TD and 400-18,300 

MWD/MTM r e s p e c t i v e l y .  A l though  no d e n s i t y  o r  burnup dependencies were 

found i n s i d e  t h e  range o f  o u r  d a t a  t h e r e  Iiiay be some s t r o n g  dependencies 

o u t s i d e  t h i s  range, as was d iscussed  i n  t h e  s e c t i o n  o f  E f f e c t s  o f  D e n s i t y  

and Burnup. The l o w  temperature  r e l e a s e  model i s  l i m i t e d  t o  temperatures 

<1200°C and burnups <45,000 MWD/MTM and should  be used i n  comb ina t ion  

w i t h  t h e  h i g h  temperature  r e l e a s e .  

Both  models shou ld  b e l i m i t e d  t o  s teady s t a t e  f u e l  o p e r a t i o n  u n t i l  

gas r e l e a s e  d a t a  become a v a i l a b l e  f o r  s i g n i f i c a n t  power t r a n s i e n t s  of a  

s h o r t  t i m e  d u r a t i o n  (e.g., a c c i d e n t  t r a n s i e n t s ) .  However, t h e  models 

can be used f o r  normal o p e r a t i n g  power changes, u s i n g  t h e  r e l e a s e  a l g o r i t h m  

developed by N o t l e y E 8  which i s  based on exper imenta l  ev idence froni  

Soul h i e r  and N ~ t l e y ; ~  p r o v i d i n g  t h e  new power l e v e l  m a i n t a i n s  an equ i -  

l i b r i u m  v a l u e  f o r  s e v e r a l  hours.  
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APPENDIX A 

DESCRIPTION AND LISTING OF THE PROGRAM MAIN 

The computer code MAIN was developed to compute radial temperature 

profiles across cylindrical fuel specimens given a location and a tempera- 

ture within the fuel.  The fuel was divided into 50 annular rings and the 

temperature difference across each increment was calculated assuming that  

the thermal conductivity and volumetric heat generation are constant within 

each ring.* The heat balance on an annular ring can be written as: 

(heat in)  + (heat generated) = (heat out) - 

where q r  = heat entering annular ring a t  r .  per unit length 
1 

(calculated from the total  heat generation rate  of 

the fue l ,  volume of fuel between center l ine and 

r and the flux depression) i ' 
r = inside radius of annular ring i . 
q = heat generation for  this  particular annular ring 

(calculated from the total  heat generati on 

rate  of the fuel ,  volume of annular ring, and the 

flux depression). 

k = thermal conductivity of the fuel 

r = any radial position within the ring 

By integrating th is  expression with respect to temperature and radius the 

following equation i s  found. 

*This assumption i s  valid because the size of the rings are small enough 
that  heat generation i s  relatively constant across them and because the 
AT across each ring i s  small and thus the variation of thermal conduc- 
t iv i ty  i s  also small. 



Using t h i s  equa t ion  and knowing t h e  temperature a t  a  node i n  t h e  

f u e l  ('known, Tknown) t h e  temperature a t  t h e  neares t  ou te r  boundary o f  

an annu la r  r i n g  ( r o ,  To) can be c a l c u l a t e d  as f o l l o w s :  an average 

temperature o f  t h e  r i n g  i s  assumed; an app rop r i a t e  thermal conduct-  

i v i t y  va lue  i s  assigned; temperature drop across the  increment  and, 

t h e r e f o r e ,  average temperature i s  c a l c u l a t e d ;  and t h e  c a l c u l a t e d  

average temperature i s  compared t o  t h e  assumed va lue.  I f  t h e  assumed 

and c a l c u l a t e d  va lues do n o t  agree, a  new va lue  i s  assumed and t h e  pro-  

cess i s  repeated.  When agreement i s  reached t o  w i t h i n  1°F t h e  process 

proceeds t o  t h e  n e x t  annu la r  r i n g  and con t inues  i n  t h i s  manner u n t i l  

t h e  o u t s i d e  sur face o f  t h e  f u e l  i s  reached and t h e  temperature p r o f i l e  
T from rknown and known t o  t h e  sur face o f  t h e  f ue l  i s  known. A s - i m i l a r  

method i s  then used t o  o b t a i n  t h e  temperature p r o f i l e  f rom rknown t o  t he  

c e n t e r  1  i n e  o f  t h e  f u e l .  

The i n p u t  da ta  r e q u i r e d  t o  r u n  t he  program i s  l i s t e d  below: 

Var i  ab l e  
Var i  ab l  e  Name Loca t i on  Comments 

L i  near  Power (KW/ ft ) P Cols .  1-10 --- 

Outer  P e l l e t  Radius RFS Cols. 11 -20 - - - 
( i n . )  

I n n e r  Pel l e t  Radius R V I O D  Cols.  21-30 - - - 
( i n . )  

P e l l e t  Dens i t y  

E n r i  chmen t 

DEN Col s  . 31 -40 F r a c t i o n a l  densi  t v  o f  
t h e  f u e l  p e l l e t  % T.D. bd  

FR35 201s. 41-50 Weight f r a c t i o n  o f  t h e  U 
which i s  U-235 
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Temperature (OF) TG Col s  . 51 -60 Temperature w i  t h i  n  
t h e  fue l  

Loca t i on  o f  Temperature FRACRG Cols. 61 -70 I n  terms o f  t h e  
f r a c t i o n  of  pe l  l e t  
r ad ius  R 

TG - 
RFS 

No. of  Data Po in ts  
I n p u t  f o r  F lux 
Depression NFLUX Cols. 71 -75 I f  t h i s  i s  l e f t  

b lank  t he  code w i l l  
ca l  cu l  a t e  i t s  own 
fl ux depression 
va l  ues . 

The data l i s t e d  above a r e  conta ined on t h e  f i r s t  ca rd  i n  columns 1 t h r u  

75. I f  f l u x  depressions a r e  t o  be i n p u t  (recommended f o r  enr ichments 

> 4%) NFLUX a d d i t i o n a l  cards a r e  r e q u i r e d  w i t h  each ca rd  con ta in i ng  a - 
diameter  ( inches)  i n  columns 1-10 and t h e  r e l a t i v e  neu t ron  f l u x  a t  t h a t  

diameter i n  columns 11-20. The cards must be arranged so t h a t  t h e  

diameters a re  e i t h e r  i n  ascending o r  descending o rde r .  As many cases 

can be i n p u t  as des i r ed  w i t h  t h e  f l u x  depress ion cards ( i f  des i red)  

f o l l o w i n g  each da ta  card. 

A l i s t i n g  o f  t h e  code i s  g i ven  here a long w i t h  a  sample problem. 



L i s t i n g  o f  M A I N  

PhOGRAU M A I N  7 4 / 7 4  O P T = I  FTN 4 . l t R E L  0 6 / 2 0 / 7 4  17.45.03. 

PROGRAM MAIN ( INPUTtOUTPUTtPUNCH1TAPE5=INPUTt  TAPE6=OUTPUT 1 
D I M E N S I I N  R V ( 8 t 1 0 D ~ ~ B B ( 8 t 1 0 0 ~ t Q ~ 6 O ~ t R ~ 6 O ~ t T T ( 6 0 ~ J S ~ 6 O ~ t D U M ~ 6 O ~ ~ O O  

X U M l 6 0 )  r ? I N ( 6 D ) r T S R ( 6 0 )  
l C O R ( O t l ~ = ( ( I ~ O Z 5 f ~ 9 5 ~ * ~ 0 / ~ 1 i + ~ 1 ~ - 0 ~ * ~ 5 ~ ~ ~ * ~  ( 3 8 . 2 4 / ( 4 0 2 . 4 + 1 ) ) +  

X(6.1256E-l3+((Tt273.)CC3) ) )  

1 C 3 N T I N U I  
R E A D ( 5 r 6 O l )  P t R i S t R V O I O t O E N t F R 3 5 t T G t F R A C R G t N F L U X  
IF (P.LE.D)  GO T I  9 9 9  
a I = 3 . 1 4 1 5 9  
Y F = I I  
F R 3 8 = (  1 - F R 3 5 )  
3FS=2*RES 
3ENSIT=18.97  
I F  ( N F L J X )  9 J t 9 0 r 6 0  

90 CALL O E a R E S ( D E N S I T t F R 3 5 t F R 3 8 t O F S t R V )  
GO TO 80 

60 R E A O ( 5 t 7 0 )  ( ( R V ( I t  J )  t I = l r 2 )  t J f l t N F L U X )  
75  N F = N F L U I  
80 CDNTINUE 

C  CALCULATE THE VOLUME HEAT GENERATION I N  FUEL 
PTOT=P*3413. 
~FT3=QTlT/(PI*(RFS+*2-RVOID**2))Ci44 

C  SET UP SYSTEM OF N  NODES OF EQUAL T H I C K N E S S t R A D I I  I N  FEET 
Y = 5 0  
A A i = N  
O R = ( R F S - R V O I D ) ? A A I / 1 2 .  
RD=RFS/12. 
3 1  1 0 0  I = l r N  

C  R  I S  I N  FEET 
R ( I ) = R O - D R + ( I - 1 )  
3 R R = ( 2 * 3 ( I ) - O R )  +12. 
2 4 T I O = T E R P ( R R R t R V t Z t N F )  
?3R=R(  I )  -DR 
3 1  I ) = P I *  ( R ( I ) * * 2 - R D R * * Z ~ * R A T I O * P F T 3  

1 0 0  2 3 N T I N U S  
C 30RRECT FOR ACCUMULITIOY OF ERROR I N  HEAT GENERATION 

s u n p = o .  
3 1  1 1 0  I r i t N  

1 1 0  S U H P = S U ~ Q + Q ( I )  
:ORR=QTIT/SUUP 
: l R R I = C I R R  
1 3  1 2 0  I = i . N  

1 2 0  3 ( I I = C O R R * Q ( I )  
7 I N ( l I = 1 T O T - P ( 1 )  
DD 8 0 1  1 = 2 r N  

8 G i  1 I N ( I ) = 1 1 N ( I - I ) - Q ( I )  
DJ  1 3 0  I = I t N  

1 3 0  Q ( I ) = R F S / l 2 . - D R s ( I - 1 )  
Q;RAIN=F?ACRG*RFS/iE 
DO 1 4 0  I = 1 t N  
I F  ( R I I )  .LE.RGRAIU) GO TO 1 5 0  

1 4 0  CONTINUE 
1 5 0  CONTINUE 

3 3 G Z = A B S ( R G R A I N - R ( I )  I 
I F ( R O G 2 ~ L E . O . 0 0 1 )  GJ TO 1 5 5  
P D G l = A R j  ( R ( 1 - 1 )  -RGRAIN)  
I F  (RDGl.LE.ROG2) GO TO 1 6 0  

M A I N  
M A I N  
MA I N  
M A I N  
M A I N  
M A I N  
M A I N  
M A I N  
M A I N  
MA I N  
M A I N  
M A I N  
M A I N  
M A I N  
M A I N  
M A I N  
M A I N  
MA I N  
M A I N  
MA I N  
M A I N  
M A I N  
M A I N  
MA I N  
M A I N  
M A I N  
M A I N  
M A I N  
M A I N  
MA I N  
M A I N  
M A I N  
M A I N  
M A I N  
MA I N  
MA I N  
U A I N  
MA I N  
M A I N  
MA I N  
M A I N  
H A I N  
M A I N  
MA I N  
M A I N  
M A I N  
M A I N  
MA I N  
M A I N  
M A I N  
H 4  I N  
M A I N  
M A I N  
M A I N  
M A I N  
MA I N  
M A I N  



Listing o f  MAIN 

PROGRAM M A I N  7 + / 7 4  0PT:i FTN 4.1tPEL 

1 5 5  2 3 H T I N U E  
9 5 R A I N = I ( I )  
n = I  
5 3  TO 1 7 0  

1 6 0  RG5AIN:Rt I -1 )  
Y = ( I - I )  

1 7 5  2ONTINUE 
C 3 I G I Y  TZMPERATURE CALCULATIONS FROM A  KNOHN TEMPERATURE 
C TO THE CENTER 3 F  THE FUEL 

I D  2 4 9  1-M,N 
P Z = Q ( I )  
5 3 R = R ( I )  -DR 
I F  (1.GT.H) GO TO 1 8 0  
TAV=TG 
TZ=TG 
TT(Ml=T;  
G3 TO 1 3 0  

1 8 0  T A V = T T ( I )  
T Z = T T ( I )  

1 0 0  2ONTINUE 
TAVC=(T4V-32. ) / l .B  
TAVK=TAJC+273.  
2=57.84TCOR(DEN9TPVC) 
I F  (RDR.LT.1.E-20) GO T I  2 0 0  
T E R M = ( R I R * C Z / ( R Z * * 2 - R D R C L 2 ) - Q I N ( I ) / Q (  I ) ) * A L O G ( R Z / R D R )  
;3 TO 210 

2 0 0  TERM=O. 
2 1 0  TT (I+1~=TZ+Q(I)/(Z.+PI*3)C(.5-TERM) 

T P V l = ( T Z + T T ( I + l ) ~ / Z  
TTAV=TAV 
1 IFF:ABj  (TAV-TAU11 
I F  (DIF'-1.)  2 4 0 ~ 2 4 0 * 2 2 0  

2 2 5  T A V = T A V l  
I M E - I M E t I  
I F  ( I M E - 1 0 )  1 9 0 ~ 2 3 0 , 2 3 0  

2 3 5  d i I T E  ( 5 . 6 0 2 )  TTAV, TAV1 
24G INE=O 

I F  ( R t R A I N . G E . R ( I ) )  GO TO 2 9 5  
a T = Q I N ( V - 1 )  
3 3  3 0 0  IK=E,M 
I = M - I K t Z  
R Z = R ( I )  
R 2 2 = ( 2 . * R ( I ~ + D Q ~ + i 2  
RDRO=R (I 1 +OR 
R A T I O = T E Q P ( R R R . R V ~ Z ~ N F )  
!I( I) = P I 4  ( R Z * * Z - R D P 3 + * 2 )  * R A T I O C Q F T 3  

3LG CONTINUE 
C CJRRECT FOR ACCJM 

SUHQ=O. 
3 3  3 1 0  IK=2.M 
I = M - I K t ?  

3 1 0  SUMQ=SU4P-Q(1) 
3 3 4 R = ( Q I O T - P T )  /SU4Q 

C 3 E G I N  T f  MPERATURE CALCULATIONS FROM A  KNOHN TEMPERATUSE 
C TO THE OUTSIDE S l R F A C E  OF THE FUEL 

13 3 2 0  I K = 2 r H  
I = M - I K t ?  

M A I N  5 9  
M A I N  60 
M A I N  6 1  
MA I N  6 2  
M A I N  6 3  
WAIN 6 4  
M A I N  6 5 
MA I N  6 6  
M A I N  6 7 
MA I N  6 8  
M A I N  6  9  
MLL I N  7  0  
M A I N  7  1 
M A I N  7  2  
M A I N  7  3  
M A I N  7 4  
M A I N  7  5  
H A I N  7 6  
M A I N  7 7  
MA I N  7  8  
M A I N  7 9  
M A I N  8 0  
M A I N  8 1 
H A I N  8  2  
H A I N  8 3  
M A I N  8  5  
WAIN 8 5  
M A I N  8  6  
M A I N  8 7  
M A I N  8 8  
M A I N  8 9  
M A I N  9 0  
M A I N  9 1  
M A I N  9  2  
M A I N  93 
M A I N  9  4  
M A I N  9 5  
M A I N  9 6  
M A I N  97 
M A I N  9 8  
M A I N  9 9  
H A I N  1 0 0  
M P I N  1 0 1  
M A I N  1 0 2  
M A I N  1 0 3  
H A I N  I 0 5  
HA I N  1 0 5  
M A I N  1 0 6  
HA I N  1 0  7  
M A I N  1 0 8  
M A I N  10 9 
MA I N  110 
MA I N  111 
M A I N  1 1 2  
M A I N  1 1 3  
M A I N  1 1 4  
U A I N  1 1 5  



L i s t i n g  o f  MAIN 

4  O i l  

FTN 4.14PEL G 6 / 2 0 / 7 4  17.45.03. 

3 ( I l = C O I R * Q ( I l  
3 3  2 9 0  I K = 2 * M  
1 - M - I K + I  
I Z = R ( I  I 
SDRO=R(I  I +OR 
IF (1.Lr.M) GO T O  2 5 0  
TAJ=TG 
TZ=TG 
5 3  TO 260 
TAV=TT ( I  I 
r z = T T ( I I  
T4VC=(T4V-32. l /1 .3  
TAVK=TAVC+273 
~=57.8*TCOP(OENlTAVCl  
TERM~(RZ**2/(4Z**2-RORO**2l-QIN(I-ll / Q ( I l  lCALOG(RZ/RORO1 
TT ( I - l ) = T Z + Q ( I ) /  ( 2 . *P I *C IC ( .5 -TERW 
T A V l = ( T Z + T T ( I - 1 1 1 1 2  
9 I F F = A B j ( T A V - T A V 1 1  
I F  ( D I F ' - 1 1  2 9 0 s  290, 270 
TAV=TAVL 
IME= IME+  1 
I F ( 1 M E - 1 0 1  2 b G , 2 8 0 ~ 2 8 G  
A ? I T E  (6 ,6021  TTAV, T A V l  
INE=O 
VOLUME 4VERAGE THE TEMPERATURE 
X N T I N U E  
T S R ( N + I I  =RVOIO 
3 3  COO I = l s N  
3 I = I  
T S R ( I 1  =IF?,-( (RFS-RVOID1 /AA iC  ( B I - i . J I  I 
J A F R = ~ T ~ R ~ l l * * 2 - T S R ~ 2 l * * 2 l * P I * ( ( T T ( i l + T T ~ 2 ~ ~ ~ ~ 5 l  
3 3  4 1 0  I z 2 . N  
V~FR=VAFR+(TSR(Il**2-TSP(I+il**2l*PI* ( ( T T ( I 1  + T T ( I + i I  I * O . 5 1  
:ONTINUI  
VAVGT=V4FR/( (RFS* *2 -E :VOIO* *2 ) *P I I  
VAVGTC=(VAVGT-32.1/1.8 
0 3  4 2 0  I = l s N  
B B l l . I l = T T ( I )  

UP I N  1 1 6  
MAIN 1 1 7  
U A I N  1 1 8  
UA I N  1 1 9  
M A I N  1 2 0  
MAIN 1 2 1  
U A I N  1 2 2  
MA I N  1 2 3  
MA I N  1 2 4  
MAIN  1 2 5  
MA I N  1 2 6  
MAIN  1 2 7  
MA I N  1 2 8  
MA I N  1 2 9  
MA I N  1 3 0  
MAIN 1 3 1  
M A I N  1 3 2  
MAIN  1 3 3  
MA I N  1 3 4  
M A I N  1 3 5  
M A I N  1 3 6  
MAIN  1 3 7  
M A I N  1 3 8  
MAIN  1 3 9  
M A I N  1 4 0  
MAIN  1 4 1  
MA I N  1 4 2  
MA I N  1 4 3  
MA I N  1 4 4  
M A I N  1 4 5  
M A I N  1 4 6  
MAIN  1 4 7  
M A I N  1 4 8  
Y A I N  1 4 9  
MA I N  1 5 0  
MAIN 1 5 1  
MA I N  1 5 2  
MAIN  1 5 3  
MAIN  1 5 4  
MA I N  1 5 5  
MA I N  1 5 6  
MAIN  1 5 7  
MAIN  1 5 8  
MAIN  1 5 9  
HA I N  1 6 0  
MAIN  1 6 1  
MA I N  1 62 
M A I N  1 6 3  
UA I N  1 6 4  
MAIN  1 6 5  
M A I N  1 6 6  
MAIN  1 6 7  
MAIN  1 6 8  
M A I N  1 6 9  
M A I N  1 7 0  
MAIN, 1 7 1  
M A I N  1 7 2  



L i s t i n g  o f  M A I N  

PROGRAM M A I N  7 C / 7 4  O a T = l  FTN 4 . l+REL 

?4TO=TE? ' (RRRsRVr2rNF)  MA I N  
RATO=RATO+CORRl M A I N  
V C 0 1 2 = V i 2 0 O C ( R A T l 2 + R A T 1 4 ~ / 2  M A I N  
V : D 1 4 = V l 4 0 0 + ( R A T l 4 t R A T i 7 ~ / 2  M A I N  
V:Dl7=Vi7QO+(PAT 174RATO)  1 2  M A I N  
FRACGR=O. 21285+VCD14tOO79889*VCOl7 M A I N  
TFS=TT ( 1 )  M A I N  
TCL=TT ( 5 1 )  MA I N  
D J  5 0 0  I = l r N  M A  I N  
T S ( I ) = R ( I ) + 1 2  M A I N  
l U M ( I ) = ( T T  ( 1 ) - 3 2 . ) / i . e  MA I N  
D 3 U M ( I ) = ( T S ( I ) + 2 . 5 4 )  MA I N  

5 C J  :ONTINUI  MA I N  
d R I T E ( 6 s  7 0 0 )  M A I N  
Y R I T E ( b s 6 0 5 )  P r R F S r R V O I l s D E N . F R 3 5 , f t , F R A C R G  M A I N  
d ? I T E ( b r  7 0 5 )  M A I N  
d P I T E ( 6 s b 0 6 )  MA I N  
d R I T E ( b r 6 0 7 )  ( R V ( I r J ) r R V ( 2 r J ) r J = I r N F )  M A I N  
d R I T E ( 6 r  7 1 0 )  MA I N  
d P I T E ( b r 7 1 5 )  V A V G T r V A V G T C r V C O l 2 r V C D l 4 r V C O i 7  MAIN 
d R I T E ( b r 6 0 3 )  ~ T S ~ I ~ r T T ~ I ~ r D O U M ~ I ~ r D U M ~ I ~ r I ~ l ~ N ~  MA I N  
G3 TO 1 M A I N  

9 9 9  STOP M A I N  
70 F3RMAT ( 2 F l O . Q )  M A I N  

6 0 1  F IRMAT ( 7 F l O .  0.1:) MA I N  
6 C 2  F3RMAT ( l H 0  *'NO vOYVERGEYCE TEUP=".F7.2r' CALCULATED TEMP."rF7.2 M A I N  

XI/) M A I N  
6 0 3  FORMAT (1HOr  M A I N  

X?4Xr"RADIUS'r  l O X r ' T E M P E R A T U 4 E ~ r 1 5 X r ' R A O I U S " r  12x9 '1  EMPERATURE"r / r24  M A I N  
X X ~ ' ( I N C H E S ) " I I X r " ( D E G  F ) ' ~ l B X ~ ' ( C M ) " r l 5 X r " ( D E G  C ) " r / / r  (24X1F6.4r9X M A I N  
X r F i 0 . 2 r 1 7 X r F 6 . 4 r  1 3 X s F i O . Z r )  ) MA I N  

6 C 5  F9RMAT ( l r  M A I N  
X40Xr"HEAT RATING ' r 4 X s  F6.2rZX*'KW/FT"v/ M A I N  
X43Xr"FUEL RADIUS ' r4XrFB.Sr2Xr ' INCHES\ /  MA I N  
X43Xr'CENT ER VOID R A D I U S  " r 4 X r F 8 . 5 r 2 X r " I N C H E S " r /  M A I N  
XCO Xr'FUEL DENSITY ' r l X r F 8 . 5 r 2 X r /  MA I N  
XCOXr'WEIGHT F R A C T I d N  U 2 3 5  " r 4 X r F 8 . 5 ~ 2 X r /  M A I N  
XCOXr'COLUMAR GRAIN GROWTH TEMP. " r 4 X r F 8 . D r Z X r " D E G  F"r / M A I N  
X4OXr'FRPCT I O N  OF RAOIUS FOR CGG " r k X r F 8 . 5 * 2 X * / / )  M A I N  

6 0 6  F 3 R ~ A T ( / r 4 C X r " D I A ~ E f E 4  ( I N ) ' r l 2 X r " F L U X  R A T I O " * / )  MA I N  
6 L 7  FORMAT ( 4 3 X r F b . k *  1 9 x 9  Fb.4) MA I N  
7C0 F3RMAT ( l H l r / / / ~ 4 5 X ~ ~ + + + + + +  I N I T I A L  I N P U T  DATA + + + + + + " r )  MA I N  
7 0 5  F I R M A T (  37Xr '++++ IN'UT OR CALCULATED FLUX OEPRESSIONS ++++"11 M A I N  
7 1 0  F3RMAT ( l / r 4 0 X r " 4 C + + C +  CALCULATED VALUES ++++++"r / . )  M A I N  
7 1 5  F3RMAT (24X*"AVERASE VOLUMETRIC FUEL TEMPESATURE"r 2XvFR .2r2Xv"DEGe F  M A I N  

X  ( ' r F 8 . 2 r l X r " D E G . C ) " r / r  M A I N  
XECX*"FRPCTION OF 6AS PR3DUCEO I N  THE 1 2 0 0 - 1 4 6 0  OEG. C  TEUPERATURE M A I N  
X ? I G I O N ' r 2 X r F 8 . 6 r / r  M A I N  
X 2 4 X r " F R A C T I D N  OF GAS PR3DUCED I N  THE 1 4 0 0 - 1 7 0 0  DEG. C  TEUPERPTURE M A I N  
KSEGION'r 2 X r F 8 . 6 , / r  M A I N  222 
X 2 4 X r " F S A C T I O N  OF 5AS PRDOUCED I N  THE 1 7 0 0 - + + + +  OEG. C  TEMPERATURE M A I N  2 2 3  
XPEGI0N"r Z X r F 8 . 6 r / / r )  M A I N  2 2 4  

END M A I N  2 2 5  



Listing o f  MAIN 

FUNCTION 1ERP 7 5 / 7 4  0 ' 1 - 1  FTN 4 .1 tREL  

F!JNCTION T E R P ( T T ~ T A B L E * L * N I  
C L = THE I N D E X  TO THE TA3LE 

D I N E N S I 3 N  TABLE (8 ,  I O U )  
I = 1 
I F ( T A B L E ( I * l ) . G T . T A B L E ( I , N ) )  G O  TO 1 1 0  
I F  ( TT .LE .TABLE( Iv1 ) )  GO TO 1 0 4  
I F  ( T T . G E . T b B L E ( I * N ) )  50  TO 1 0 6  
D3 1 0 0  J = l * N  
I F  ( T T - l A B L E ( l * J I )  1 O i r 1 0 2 ~ 1 0 0  

1 0 0  CONTINUE 
i G 4  TERP = T A B L E ( L * I )  

RETURN 
1 0 6  TERP = l A B L E ( L * N )  

RETURN 
1 F 2  TERP = l A B L E ( L 9  J) 

RETURN 
1 0 1  T E R P = T A B L E ( L * J - I ) + ( T b B L E ( L * J ) - T A B L E ( L , J - 1 )  j 4  ( 1 1 - T A E L E t I *  J - l ) ) /  

X(TLBLE(1rJ ) -TABLE(1 .J - i ) )  
RETURN 

1 1 0  I F ( T T . G Z . T A B L E ( I I I ) )  GO TO 1 0 4  
I F ( T T . L E . T A B L E ( I r N ) )  GO TO 1 0 6  
1 3  1 2 0  J = l r N  
I F ( T T - T I B L E t l r J ) )  1 2 0 * 1 0 2 * 1 0 1  

1 2 0  CONTINUE 
Z N D  

TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
TERP 
T ERP 
TERP 
TERP 
TERP 
TE RP 
TERP 
TERP 
TERP 



L i s t i n g  o f  M A I N  

SUBZSUTINE DEFRES 7 b / 7 4  o > T = ~  F T N  4 . I + R E L  0 6 / 2 0 / 7 4  1 7 . 4 5 . 1 4 .  

SJBROUTINE DEPRES ( D E N S I T , F R l O , F R l . D F S , R V )  
DIMENSIGN PV (8 ,100 1 
3 1 7 1  S I ~ A ~ ~ S I G A ~ I S I G A D I S I G T ~ ~ S I G T ~ ~ S I G T O / ~ ~ ~ . ~ ~ ~ ~ ~ ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ ~ ~  

X 4 . 2 1  
E N 5 = D E N 3 I T * F R i 0 * . 0 0 2 E 5 9 2 7  
Ed8=DENSIT*FR1+.00223079 
EHO- lENS+EN81+2.  
3GA=(ENj*SIGA5+EN8*SIGA8tENO*SIGbO) 
S & T = ( E N j * S I G T 5 + E N B * S I G T 9 + E N D * S I G T D )  
CAPSQ-3. * S G A * S G T / ( I . - . 8 ' S G A / S G T l  
SLPPA=S2RT (CAPS?) 
P . V ( l s l l = O .  
R Y ( Z . l ) - i .  
0 3  1 0  1 = 2 . 1 1  

1U RV(l,II=RV(l,I-1)+DFS/l~~ 
3 3  2 0  I = Z . i i  
~ r R V ( l . 1 1  *2.54/4.*SAPPA 

E Y D  

DEPRES 
DEPQES 
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O u t p u t  From Sample Problem 

***I** I N I T I A L  I N P U T  DATA I+**** 

HEAT R A T I N G  17.80 K Y / F T  
F l l E L  R A D I J S  e3819C INCHES 
CENTER V O I D  R A D I U S  C.00000 INCHES 
F J E L  D E N S I T Y  . 95700  
H E I G H T  F R a C T I O N  U235 .02400  
COLUMAR G P A I N  GROHTH TEMP. 3092.  OEG F  
F R A C T I O N  OF R A D I U S  FOR CGG e2690C 

* * * *  I N P U T  OR CALCULATED F L U X  OEPRESSIONS * * * *  

D I A M E T E R  ( I N )  F L U X  R A T I O  

* * * * * *  CALCULATED VALUES * * * * * *  

AUETAGE V l L U M E T R I 3  F U E L  TEMPERATURE 1895 .97  DEGeF ( 1035 .54  0EG.C) 
F R a 2 T I O M  3F GAS PRODUCED I N  THE 1230-1400  DEG. C  TEMPERATUSE REGION - 1 1 4 3 6 8  
F R A C T I O N  OF GAS P?DDUCED I N  THE 1450-1700  DEG. C  TEMPERATURE REGION e l 5 6 8 7 2  
F R A C T I O N  I F  GAS PRDJUCED I N  THE 1 7 0 0 - * * * *  DEG. C  TEMFERATURE REGION - 0 5 6 9 9 7  

R 9 l I U S  TEMPERATJRE 
( I N C H E S )  I D E G  F )  

R A D I U S  
(CW) 

TEMPERATURE 
(DEG C) 





+ 4 4 4 4 4  I N I T I A L  I N P U T  OAT4 4 4 4 4 + 4  

HEAT R A T I N G  17.10 KW/FT 
F U E L  R A D I J S  0 3 2 1 2 6  , I N C H E S  
CENTER V O I D  R A D I U S  0.00000 I N C H E S  
F U E L  D E N S I T Y  097900 
WEIGHT F R I C T I O N  U235 . 04500 
COLUMAR GRATN GROWTH TEMP. 3092. O E G F  
F R A C T I O N  3 F  R A D I U S  FOR CGG . 31000 

4*44  I N P U T  OR C A L C U L A T E 0  F L U X  DEPRESSIONS 4 4 4 4  

D I A M E T E R  I I N )  F L U X  R A T I O  

4 4 + * 4 *  CALCULATED VALUES ***+** 

AVEPAGE V3LUt4ETGIC F U E L  TEMPERATURE 2007.26 DEG. F ( 1597.37 DEGmCJ 
F R A C T I O N  3 F  GAS PPODUCEO I N  THE 1200-1400 OEG. C TEMPERPTURE REGION e l 2 3 3 4 7  
F R A C T I O N  3 F  GAS PRODUCED I N  THE 1400-1700 OEG. C TEMPERATURE REGION 0169069 
F R 4 z T I O N  J F  GAS PPODUCED I N  THE 1700-+444  OEG. C TEt4PERATURE REGION 0 0 7 7 2 9 2  

R A D I U S  
I I N Z H E S )  

e3213 . 3148 . 30 84 
0 3 0 2 0  
0 2 9 5 6  
0 2 9 9 1  
e2827 
- 2 7 6 3  
0 2 5 9 9  
0 2 6 3 4  
0 2 5 7 0  
0 2 5 0 6  
e2142 
e2377 
a2313 
- 2 2 4 9  
e2185 
0 2 1 2 0  
- 2 0 5 6  
0 1 9 9 2  
0 1 9 2 8  
e l 8 6 3  
, 1 7 9 9  
0 1 7 3 5  

T EHPERATUKE 
(DEG F)  

872.43 
942.48 

1013.59 
1085.65 
1458.53 
1232.12 
1306.29 
1380 .91  
1455.82 
1530.89 
1605 .96  
1680.89 
1755 .51  
1829.67 
1903.23 
1976.02 
20 47.90 
2118.71 
2188.33 
2256.61 
2323.44 
2388.69 
2452.25 
25 14.0 2 

RAD I U  S 
(CH)  

- 8 1  60 
.7997 
- 7 8  34 
- 7 6  70 
e7507 
.7344 
. T i 8 1  
e70 18 
.68 54 
e66 9 1  
-65  28 
.63 65 
- 6 2 0 2  
-60 38 . 58 75 
.57 12 
,5549 
- 5 3  86 
0 5 2 2 2  
050 59 
- 4 8  96 
.47 33 . 45 70 
.4406 

TEMPERATURE 
(OEG C )  





APPENDIX B 

Reduced Fuel Temperatures 



TABLE 0-1 . Reduced Fuel Temperature 

AECL-1676 
(TEST X-211) 

SPEC l MEN 
REFERENCE NUMBER 

CYRANO EXP. CYRANO-I I 
CYRANO 

H PR-129 116-5 
117-1 

BELGONUCLEAI RE EPL-4 
AND CEA E PL-5 

E PL-6 
E PL-9 
E PL- 10 
E PL- 12 

LFL 
LFF 
LF B 
LF S 
LFW 
LFT 
LFX 
LFM 
LF H 
LF D 

C BN 
CBO 
C B 
CBR 
CBT 
CBV 
CBY 
C BX 

DFE 
DFH 
DFD 
DFB 
D FA 

4110-AE1 
-AE2 
-BE1 
-BE2 

4112-AE1 
-AE2 
-BE1 
-BE2 

4113-AE1 
-A E2 
-BE1 
-BE2 

SURFACE TEMPERATURE 
(OC) 

CENTERLI NE TEMPERA'I'LIRE 
(OC) 

GAS RELEASE 
(PERCENT) 

15.0 
13.0 

27.5 
25.4 

9.9 
4.4 

2 1.3 
23.2 
18.3 
17.8 

5.7 
17.3 
23.4 
37.9 
24.8 
49.6 
36.8 
15.5 
31.1 
45.8 

12.3 
14.9 
14.1 
15.7 
15.3 
16.5 
16.2 
18.8 

40.1 
32.6 
33.0 
17.9 
4.95 

2 1.6 
22.1 
13.9 
15.9 
12.6 
11.2 
7.9 

12.6 
26.7 
28.0 
17.0 
21.0 

* TEMPERATURE MEASUREMENT BY A THERMOCOUPLE AT FUEL CENTERLI NE/CORREC.TED CENTERLI NE TEMPERATURES FOR THAT 
PORT1 ON OF THE FLIEL WITHOUT AN ANNULAR HOLE AND 'THERMOCOUPLE 

NOTE: SEE TABLE 1 I N  REPORT FOR MORE I NFORMA'I'I ON 
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