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ABSTRACT 

Task 3 o f  Contract AT(04-3)-893 c o n s i s t s .  o f  t h e  f o l  low ing programs: 

1 . , A thermodynami c.  data program i n v o l  v i n g  p l  u t o n i  a 
, and u ran ia  a t  h igh  temperatures, 

2. Fuel Rod Engineering, 

3. Fuel Rod Test  program. 

The t h r e e  p a r t s  a re  c l o s e l y  i n t e r r e l a t e d  and are  i n  combination aimed 
a t  p r o v i d i n g  a sound bas i s  f o r  t he  design and performance .eva lua t i on  
o f  LMFBR mixed ox ide f u e l  rods. A l l  t h ree  p a r t s  are. cont inuat ions  o f  
ongoing work which has been underway f o r  several years.  

Prev ious ly  repo r ted  r e s u l t s  f rom these programs can be obta ined i n  
t he  f o l l o w i n g  General E l e c t r i c  .documents 

GEAP-12533 August 1974 
GEAP-10028-51 , A U ~ U S  t 1974 
GEAP-14032-1 . ' November 1974 



SUMMARY 

FUEL ROD ENGINEERING - 189' NO. SG008 

The c a l i b r a t i o n  o f  LIFE-111 has been reviewed and endorsed as- s a t i s f a c t o r y  , . . 

I 
by t h e  na t iona l  working group. Phase I o f . t h e  LIFE-I11 checkout i s  i n  

i 

progress. C r i t i c a l  s tud ies  o f  f o u r  models . i n  the  code which were substan- 

t i a l  l y  changed dur ing .  t he  c a l  i b r a t i o n  work. were completed. P re l  im inary  

! 
s e n s i t i v i t y  r e s u l t s  i n d i c a t e  l i t t l e  s e n s i t i v i t y ' t o  mesh si'ze, b u t  no t i ceab le  

s e n s i t i v i t y  t o  opera t ing  cond i t i ons  w i t h i n  t h e  expected range of u n c e r t a i n t i e s .  

P re l im ina ry  development requirements f o r  LIFE-IV have been de f ined  by 

the  LIFE Working Group. The program w i l l  emphasize the  development of new 

and* improved f u e l  models t o  cha rac te r i ze  behavior du r ing  t h e  complete range 

o f  normal operat ion.  

The LIFE code i s  being evaluated f o r  poss ib le  extension t o  cover ana lys i s  

of design bas is  t ransi .ents u p  t o  c ladd ing breach. : 

Analys is  o f  a te rminated $3/second t r a n s i e n t  overpower event i n  a t y p i c a l  

LMFBR ind ica tes  t h a t  t he re  i s  l i t t l e  o r  no f u e l  melt?ng, no c ladd ing mel t ing ,  

and no sodium b o i l i n g .  ' Th is  s i m p l i f i e s  t h e  mode1in~' requirements of t h e  

na t iona l  t r a n s i e n t  code. 

A t o p i c a l  r e p o r t  on the  ana lys is  o f  the  'experimental encapsulated oxide fuel  

. rods which f a i l e d  dur ing  the Run 55-Run 56 power change i n  EBR-I1 i s  i n  pub- 

1 i cat ion .  

The f u e l  -c ladding mechanical i n t e r a c t i o n  code 'GR0-J I was modi f ied  t o  i n c l  ude 

t h e  thermal expansion cjf t h e  i n v i s c i d  zone as a load' ing mechanism. 
. , 

Analys is  of the  F20 experiment us ing  LIFE-I11 i s  i n  progress. The F20 post -  

i r r a d i  a t i o n  examination' data r e c e n t l y  completed under the Fuel Rod Test ing  

Program, 189 #SG009, has. been d i s t r i b u t e d  t o  p a r t i c i p a n t s  i n  the  Nat ional  

Experiment Evaluat ion Program (F20-NEEP). 



The repor t  "Cladding I n e l a s t i c  S t r a i n  i n  Mixed Oxide Fuel Rods: L j t e r a t u r e  

Review and Data Compi.lationU' was sent t o  RRD. 

A submit ta l  t o  the Nuclear Systems Mater ia ls  Handbook e n t i t l e d  "Thermal I j  i '  , .  

Conduct iv i ty  o f  U02 - Pu02" was completed, and i n t e rna l  'review i n i t i a t e d .  

The thermal conduct iv i  ty co r re l a t i on  w i  1.1 be used t o  est imate the e f f e c t  

o f  oxygen r e d i s t r i b u t i o n  on fue l  thermal performance. 



189 NO. SG008 - FUEL ROD ENGINEERING 

Cognizant Engineer: B. L. Harbourne 

,The purpose o f  t h i s  program i s  t o  e s t a b l i s h  the  design bas is  and margins 

fo r  sound, r e l i a b l e  fuel  rods as s p e c i f i e d  i n  the  LMFBR Program Plan, Task 

6-211-3. This  program w i l l  support  t he  upgraded design, s a f e t y  and econ- 

omics o f  FTR, CRBRP and Commercial f u e l  rbds. Steady and non-steady s t a t e  

' f u e l  rod' design ana lys is  methods w i l l  be developed, evaluated and used t o  

p r e d i c t  t he  performance o f  t he  f u e l  r o d  designs t y p i c a l  o f  these p l a n t s  as 

w e l l  as EBR-11. Fuel rod  t e s t  data w i l l  'be analyzed and evaluated. The 

r e s u l t s  o f  the  data analyses w i l l  be used t o  p rov ide  the techn ica l  j u s t i -  

f i c a t i o n  f o r  design ana lys i s  methods, design c r i t e r i a  and ope ra t i ng  1  i m i  t s  

f o r  f u e l  rods f o r  both steady and non-steady s t a t e  cond i t ions .  Design cor -  

r e l a t i o n s  and models f o r  f u e l  and s t r u c t u r a l  m a t e r i a l  p rope r t i es  w i  11 be 

developed and t e c h n i c a l l y  j u s t i f i e d .  

1.1 FUEL ROD DESIGN MEMODS 
. . 

1.1.1 LIFE Code ~eve lopmen t ,  

The c a l i b r a t i o n  of LIFE-I11 was completed by WARD and ANL w i t h  GE support.  

The end -o f - l i f e  comparisons. of c ladd ing  i n e l a s t i c  s t r a i n s ,  cen te r  v o i d  

s i zes  and f i s s i o n  gas re1  ease (Table 1-1 ) showed s a t i s f a c t o r y  agreement 

between cod-e p r e d i c t i o n s  and experimental  observat ions on t h e  s i x  f u e l  

rods. The c ladd ing  i n e l a s t i c  s t r a i n  resu l  t s  a r e  character i 'zed by good 

agreement f o r  t h e  th ree  CW 316 rods (WSA-2/13, W S A - Z / ~ ~  and P23A-25) and 

underpred ic t ion  fo r  the  t w o  h igh  burnup ST-316 rods ( ~ 9 ~ - 5  and FZV). 

I n  a d d i t i o n  t o  t h e  obvious e n d - o f - l i f e  data comparisons, c r i t i c a l  s tud ies  

.were made of t he  four  models i n  t h e  code which were s u b s t a n t i a l l y  changed 

du r ing  t h e  c a l i b r a t i o n  work. These are:  

a. gap conductance , I ,  

b ,  j a s  re lease and f u e l  swe l l  i n g  

c.  f u e l  creep 

d. c ladd ing  i r rad ia t i on - i nduced  deformat ion , ' .  



TABLE 1-1 RESULTS OF LIFE-I11 CALIBRATION ' 

,.. ! :.: . 
, :i 

OBSERVATIONS LIFE-I11 , 

1 * 2 3 1 2 3 

I - CLADDING DIAMETRAL INELASTIC STRAIN (%) 

WSA- 2/ 1 3 .34 .48 47 .40 .45 .66 

WSA-2/17 .28 .51 .53 .31 .37 .38 .  

P23A-25 .13 .18 .15 .05 .08 .12 .  
b 

- .58 - F9A-5 - .23 - 
F2V .30 1.10 .90 .53 .81 . 5 2 .  . 

11 - CENTER V O I D  R A D I I  (MILS) , 

WSA-2/13 0. 0. 0. 

111 - FISSION GAS RELEASE ( % )  

WSA- 2/ 1 3 50 

* a x i a l  l o c a t i o n  1 = bottom o f - rnd  . . . . .  
2 = co re  midplane 
3 = t o p  o f  rod 
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From the o r i g i n a l  LIFE-I11 creep model, power law creep i s  small  r e l a t i v e  t o  

l i n e a r  thermal creep a t  stresses below about 10,000 p s i ,  and does n o t  make a 

s i g n i f i c a n t  c o n t r i b u t i o n  t o  f u e l  deformation. An ongoing rev iew o f  creep 
data i nd i ca tes  t h a t  t he  c o r r e l a t i o n  f o r  l i n e a r  thermal creep p r e d i c t s  

h igh  creep ra tes .  This i s  probably due i n  p a r t  t o  t h e  i n t e r p r e t a t i o n  of 

pr imary creep ra tes  as steady s t a t e  ra tes .  The f i ss ion~enhanced creep 

c o r r e l a t i o n  also. seems t o  p r e d i c t  creep r a t e s  t h a t  a r e  too h i g h  a l though the  

temperature dependency i s  s a t i s f a c t o r y  , 

During c a l i b r a t i o n ,  t h e  l i n e a r  thermal creep component was reduced and i t s  

temperature 'dependency weakened i n  qua1 i t a t i v e  agreement w i t h  t h e  r e s u l t s  

o f  t h e  above review. The r e s u l t i n g  model i s  shown as a tabu la ted  creep map 

i n  Table 1-2. The LIFE-111 temperature dependent g r a i n  s i z e  was used w i t h  t h e  

l i n e a r  thermal creep component, and a un i fo rm dens i t y  of 90% was assumed. 
\ (The creep map shows t h e  stress- requ i red  t o  generate a given creep r a t e  a t  

a s p e c i f i e d  temperature). 
__..__L___ _ .. ._ _ . _ ____. ._ . _... . 

The :cladding i r rad ia t i on - induced  creep model was c a l  i brated (an increase 

o f  45%) and swel l  i n g  p red ic t i ons  were adjusted.. t o '  match immersion dens i t y  

measurements. As an a1 ternat 'e t o  t h i s  approach, t h e  e f f e c t s  o f  temperature- 

dependent i r r a d i a t i o n ,  creep (3-creep) were inves t iga ted.  

The r e s u l t s  f o r  c ladding i n e l a s t i c  s t r a i n s  a re  s i m i l a r ,  bu t  w i t h  a tendency 

f o r  J-creep analyses t o  show h igher  i n e l a , s t i c  s t r a i n s  a t  h igh  temperatures. 

The development of the,  J-creep model l u t i l  i z e d  a thermal creep model d i f f e r e n t .  

f rom t h a t  contained in.LIFE-111. There i s - t h e r e f o r e  some uncer ta in ty  i n  

t h e  v a l i d i t y  o f  t he  r e s u l t s  obta ined by combining..the LIFE-I11 thermal creep 

and J-creep models.. The r e s u l t s  suggest t h a t  fo r .  a wide range o f  cond i t i ons  

the  combination o f  t h e  LIFE-111 thermal creep and J-creep models y i e l d s  

acceptable r e s u l t s .  However, i t  was decided t o  omi t  t he  J-creep model from 

the  c a l i b r a t e d  vers ion  o f  LIFE-111, a l though i t  w i l l  almost c e r t a i n l y  be 

added l ' a t e r  . 

A b r i e f  study was made. o f  the e f f e c t s  o f  vary ing  the f u e l  and c ladd ing 

a n a l y t i c a l  meshes on the  pr imary var iables,  s tud ies  dur ing  ca-l i b r a t i o n .  The 
f o l  lowing hypothet ica l  t e s t  case was used: 

. . .  





L inear  power 15 kW/ft  

Cladding 0. D. temperature 1200" F 

Fuel dens i t y  87 % I '  > . .  ., 
, , 

Diametral  gap 4  m i l s  

Time (steady s t a t e )  10,000 .hours (%I 2 .  a/o burnup) 

The number o f  f u e l  regions was v a r i e d  from 3 t o  14 and the  c ladd ing  regions 

from .5 t o  9. ( C a l i b r a t i o n  was performed us ing  12 f u e l  thermal r i ngs ,  6 f u e l  

s t r u c t u r a l  r i n g s  and 5 c ladd ing  r i ngs .  ) The r e s u l t s  (Table 1-3) show t h a t  

the  e f f e c t  o f  vary ing  the  a n a l y t i c a l  mesh on observable parameters i s  sma l l e r  

than the normal ly  accepted p r e c i s i o n  o f  t he  experimental  observat ions,  i .e . ,  

about - +0.05% on d iametra l  s t r a i n s ,  +1 m i l  on cen te r  v o i d  s i z e  and - +2% on f i s s i o n  

gas measurements. 

The r a d i a l  d i s t r i b u t i o n s  o f  c i r cumfe ren t i a l  creep s t r a i n  i n  the  fue l  were co,m-. 

pared g r a p h i c a l l y  f o r  var ious f u e l  meshes. I nspec t i on  o f  t h e  r e s u l t s  (F igure  1-2) 

i n d i c a t e s  t h a t  the  s t r a i n  p r o f i l e s  can be superimposed w i t h  very l i t t l e  s c a t t e r .  

Ea r l y  i n  l i f e ,  when a  subs tan t i a l  amount o f  ' f u e l  ? rack ing  i s  s t i l l  present,  the  

s t r a i n  p r o f i l e  w i t h  3  f u e l  r i n g s  i s  s l i g h t l y  d i f f e r e n t  f rom.those u s i n g  6 o r  

more r ings ,  b u t  t he  di f ferences do n o t  seem t o  have any p r a c t i c a l  s i g n i f i c a n c e .  

. . 
.-.-.. . . . -. . - . . 

From t h i s  b r i e f ,  r i n g  s e n s i t i v i t y  s tudy i t  was concluded t h a t :  

a )  vary ing  the a n a l y t i c a l  mesh from t h a t  used i n  c a l i b r a t i o n  does 
! 

n o t  s i g n i f i c a n t l y  in f luence the p r i n c i p a l  r e s u l t s  generated; and 

b)  f o r ' s h o r t  h i s t o r y  problems (<1 a/o),  the  e f f e c t s  of  s t r u c t u r a l  
and thermal meshes may be more' important  than f o r  l onge r  running 

p rob l  ems. 
. . . . 

. . .- 

The e f f e c t s  of assumed u , n c e r t a i n t i e s  i n  t h e  power and f l u x  o f  two  c a l  i b r a -  
1.. 

t i o n  rods (WSA-2/13 and F9A-5) 'were examined. v a r i a t i o n s  o f  +5% i n  t h e  - 
nominal power and f l uxes  produced changes up t o  +8% i n  the  p red i c ted  - 
cladd ing  i n e l a s t i c  s t r a i n s ,  b u t  o n l y  very smal l  changes i n  p r e d i c t e d  cen te r  

v o i d  s i zes  and q u a n t i t i e s .  



TABLE 1-3 RING NUMBER SENSITIVITY STUDY 

Total ADID(%) 

Ine l a s t i c  s t r a i n  (%) .229 .229 .262 .266 ,262. .262 

Center void ,(mils) 31.7 31.4 31.2 31.3 31.2 31.2 

2 Gas re lease  (moles X 10 ) - .737 ,737 .737 .737 .737 .737 

EOL gap (mils)  3.25 3.28 3.31 3.32 3.31 3.31 

Analysis Time ( secs )  6 15 ! 14 19 44 53 

( a )  X / Y / Z  - X f u e l '  s t ruc tura l  r ings 

Y fuel thermal r ings '  

Z cladding ' r i ngs  . . 

( b )  Standard geometry used in ca l ib ra t ion .  
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A meeting was h e l d  June 4-5 a t  ERDA-RRD HQ t o  rev iew LIFE development 

progress, and t o  do p r e l i m i n a r y  s t r a t e g i c  p1,anning' f o r  t he  development 

o f  a comprehensive system o f  f u e l  rod  performance ana lys i s  codes. The 

major ac t i ons  from the  meeting. which i n f l u e n c e  t h i s  subtask were: 

a. The LIFE-I1 I ca l  i b r a t i o n  was accepted. 

b. . The checkout o f  LIFE-I11 w i l l  proceed and be completed by 

November 1975. 

c. . A p re l im ina ry  development program f o r  LIFE-IV w i l l  be de f ined 

by the  LIFE Working Group. 

d. The LIFE Working Group w i l l  i n v e s t i g a t e  the  f e a s i b i l i t y  o f  

us ing  LIFE-I11 as the  bas is  f o r  a code t o  be used f o r  the  

ana lys is  o f  design t rans ien ts .  

Phase I o f  the  checkout o f  LIFE-I11 us ing  t h i r t e e n  experimental  rods i s  

proceeding s a t i s f a c t o r i l y  . P r e l  imi'nary a n a l y t i c a l  resu l  t s  a r e  shown i n  

Table 1 -4 .  :!The r e s u l t s  f o r  c ladd ing  i n e l a s t i c  s t r a i n  show s i m i l a r  t rends t o  

those prev i .ously  f o r  the. c a l  i b r a t i o n  rods. 
-. .. . . .. . . . - . . . . . . . . . . .. . . . . . . . . . . .. .. .- . . - . . . . .. 

P re l im ina ry  development requirements f o r  LIFE-IV have been. drawn up by . . 

t h e  LIFE Working Group. The program w i l l  emphasize the  development o f  

new and improved fue1,models t o  cha rac te r i ze  behavior du r ing  t h e  complete 

range o f  normal operat ion.  1 t  i s  a n t i c i p a t e d  t h a t  supplementary development 

needs w i l l  be i d e n t i f i e d  from the  r e s u l t s  o f  t h e  LIFE-111 checkout. The 

p re l im ina ry  development requirements a r e  the  fo l low ing:  

a. Improvements t o  the  f u e l  s w e l l i n g  model, i n c l u d i n g  t reatment  o f  

gas bubble growth and m o b i l i t y  and r e s u l t i n g  deformations. 

* 
b. A f u e l  creep model w i t h  the  i n c l u s i o n  o f  the  e f f e c t s  o f  a l l  i n -  

dependent var ia-bles. 

c. A t reatment  o f  oxygen r e d i s t r i b u t i o n  i n  the  f u e l ,  and the e f f e c t s  

o f  oxygen content  on f u e l  p rope r t i es .  . ' 



TABLE 1-4 LIFE-I11 CHECKOUT MECHANICAL ANALYSIS RODS 

OBSERVATION 

FUELROD. 

WSA2-13 

WSA2- 1 7 

WSAZ-8 

P23A-25 

GE ~ 9 ~ - 5  

NUMEC D-5 

9 
CLAD. O.D. VOID RADIUS 
TEMPERATURE i '(MILS) 

MELT RADIU! 
(MILS) 

PEAK POWER 
( k w l f t )  

" F 
OBS 

--- 

--- 

--- 

--- 

' 932 

--- 

--- 

--- . 

--- 

--- 

-'-- 

--- 

COLUMNAR 
GRAIN RADIUS 

EQUIAXED 
GRAIN RAD. 

. O B S  

- - - 

--- 

. . --- 

- - - 

. . - - - 

14.0 

L I F E  

--- 

--- 

--- 

--- 

' --- 

--- 

--- 

--- 

--- 

--- 

--- 

108 

OBS 

--- 

--- 

--- 

--- 

: '  --- 

117 

L I F E .  

7.87 

9.759 

9.108 

11.69 

'16.78 

13.921' 
! . .  . .  

(MILS) 
O B S L I F E  

1.3 

1.3 

1.154. 

75.65 

84.31 

94.56 

(MILS) 
L I F E  

3.94 

7.22 

55.74 

83.95 

89.82 

107.95 

L I E E O B S  

- 3  

-3  

- 1  54 

'20.40 

18'.44.. 

31.10 

CLADDING 
DIA. INEL. ' 

L I F E 1  OBS 

1061 1 0 

FISSION GAS 
RELEASE (%) 

STRAIN. 
OBS 

.48 

.51 

.32 

.18 

.58 

a 

5..64 

1026 

OBS 

50 

95 

(%) 
LIFE 

.45 

.37 

.682 
. 

- 

.08 

.23 

3.1 

7 .  

LIFE 

. 61.0 

74.18. 

1074 

1'312 

968.7 

914 

- 
! 

23 

26 

53 

- - i 6 5 . 6 0 4  
. i 

I 
i I 

I 

95 

95 

98 

86.25 

79.56 

99.78' 



TABLE 1-~(CONT'D.  ) L IFE-I  I I CHECKOUT THERMAL ANALYSIS RODS 

OBSERVATION PEAK POWER 
( k w l f t )  

CLAD. O.D. TEMP. 
(OF) 

FUEL ROD 

EQUIAYED GRAIN 
RADIUS (mi 1 s )  

V O I D  RADIUS 
, ( m i l s )  

MELT RADIUS 
(mi 1 s)  

OBS. OBS . 

# 

COLUMNAR GRAIN 
RADIUS (mi 1 s )  

LIFE 

102.5 

96.5 

86.0 

105.5 

101 .O 

---- 

---- 

---- 

- - - - 
---- 

OBS. 

89.14 

89.34 

67.65 

89.83 

86.71 

85.5t 

8 8 . 9 ~  

75.32 

80.6E 

23.68 

Fzo-s3 I t  19.9 
I 

LIFE' LIFE 

--- 
32.5 

42 

--- 

43 

- - - 
--- 

21.3 . 

36.0 

- - - 

OBS . LIFE I OBS. 

P19-17R 

PI 9-29 

.F20-.C2 ' . .. . 

F20-E5 

F20-E8 

F20-Cl 1 

P20-33 

PI 9-28 

04-431 -DP1 

. . . . .  . 

24-25 

23.82 

9.72 

27..56 . 

20.72 

21.85 

21.81 

18.50 

15.04 

1.67 

, . . .  

- FCC.- 

- - - - 

18.34 

. . , ---- 
---- 
---- 
---- 
---- 

28.66 

---- 

LIFE 

85.5 

82.5 

74.0 

85.0 

82.5 

---- 

---- 

78.0 

73.3 

---- 

LIFE / OBS. 
I 

18.3 

19.0 

19.6 

20.3 

- - - 
--- . 

- - - 

21.37 

'11.16 

. . .  

87.14 

87.34 
I' . 

65.65 

87.83 

84.71 

85.55 

86.90 

75.14 

78.65 , 

2.67 

i9.083 

17.20 

19.758 . 

.19.015 : 

19.370 

15.78 

16.59 

18.834 . 

20.829 

10.89 

. .  

1147 

1 1 03 

1161 

,1124 

, 1147 

--- 

--- 
--- 

- - - 

64 9 

. . .  . 

---- 
11 09 

1146 

11 39 

1 1 54 

. 1126 

' 1151 

11 52 

1031 

97 9 

25.0 

30.5 

11.5 

3 0 

9 

- - 
-- 

- 20.0 

26.7 

- - - 
. 



d. Revision o f  the gap conductance model, i n c l u d i n g  an improved 

d e s c r i p t i o n  o f  s o l i d  f i s s i o n  product  deposi ts .  

e. Improvements t o  the f u e l  c rack ing  model such as s t r e s s  a f f e c t e d  

crack h e a l i n g  and a n i s o t r o p i c  e f f e c t s .  
/ 

* 
f. S o l i d  f i s s i o n  product  s w e l l i n g  and the  e f f e c t s  o f  s o l i d  f i s s i o n  

products. 

* 
g. Cladding damage ca l cu la t i ons .  

h. The i n f l uence  o f  s w e l l i n g  " p o r o s i t y "  on f u e l  p r o p e r t i e s  and behavior .  

* 
i. A n a l y t i c a l  1  i m i t a t i o n s  o f  p rope r t y  models and c o r r e l  a t ions ,  and 

poss ib le  e x t r a p o l a t i o n  methods. 

j. Fur ther  improvements (as necessary) t o  t he  t reatment  of t he  f u e l -  

c ladd ing  boindary c o n d i t i o n  ana lys is .  

k. Improvements t o  the e f f i c i e n c y  o f  the code algebra. 

1.1.2 Trans ien t  Analys is  

LIFE-111 i s  being considered f o r  use as t h e  basis  f o r  development 0 f . a  

n a t i o n a l  code t o  analyze fuel  r o d  behavior,  du r ing  design bas is  . t r a n s i e n t s  

up t o  c ladd ing  breach. The -two pr imary advantages. o f  t h i s  approach are:  

1. U t i l i z a t i o n  o f  t he  l a r g e  body o f  experience accumulated 

d u r i n g  thedevelopment  o f  LIFE-111 cou ld  g i ve  t h e  t r a n s i e n t  

code development a  subs tan t i a l  headstar t ,  over  a  s t a r t i n g -  

from-scratch approach. 

*These a c t i  v i  t i les w i  11 i n v o l v e  s t rong  i n t e r a c t i o n s  w i t h  the  NSMH committees. 



2. Trans ien t  analyses w i t h  a  LIFE code would be au tomat i ca l l y  

i n t e r f a c e d  w i t h  steady s t a t e  behavior  analyses du r ing  the 

pre- and pos t - t rans ien t  periods. .! . !. 

I t i s  c l e a r  t h a t  LIFE-I11 lacks  bo th  models and a n a l y t i c a l  techniques t h a t  

a re  necessary t o  perform meaningful analyses o f  f u e l  rod  behavior  d u r i n g  

t r a n s i e n t  opera t ing  con'di t ions. GE has s tud ied  t h e s e ' d e f i c i e n c i e s  and has 

a t tempted ' to  evaluate t h e  f e a s i b i l i t y  o f  c o r r e c t i n g  them w h i l e  t a k i n g  the  

f u l l e s t  advantage o f  the  f i r s t  advantage o f  LIFE noted above. The evalu-  

a t i o n  i,s j o i n t l y  based on engineer ing judgments developed f rom experience 

gained i n  t he  cons t ruc t i on  and u t i l i z a t i o n  o f  t he  LIFE and BEHAVE codes. 

The l a t t e r  was developed by, and i s  i n  c u r r e n t  use .a t  GE f o r  t he  ana lys i s  

o f  f u e l  rod  t r a n s i e n t  behavior  under the  Safety Engineering Program. 

Design bas is  t r a n s i e n t s  - overpower and l o s s  of f low - have been def ined,  

and some est imates a r e  presented t o  show t h e  impact o f  the  T O P  events on 

fue l  and c ladd ing  temperatures. These r e s u l t s  a r e  used t o  d e f i n e  t h e  

1  i m i  t i n g  phys i ca l  cpndi t i o n s  t h a t  the  LIFE t r a n s i e n t '  code.would be requ i red  

t o  model. The p r i n c i p a l  1-imi t i n g  cond i t i ons  are:  
..., . . .. 
. . 

1. R e l a t i v e l y  smal l  amounts o f  f u e l  m e l t i n g  ( n o t  more than 50% of  

the  cross-sect ion area).  
. . 

2 .  No c ladd lng  mel t lng .  
. . 

I' 

3 .  No sodium bo i l ' i ng .  

4. Behavior up t o  the p o i n t  of c ladd ing  breach. 



The p r i n c i p a l  development requirements f o r  a LIFE-based t r a n s i e n t  ana lys i s  

code ,are as f o l  lows. 

A nkw therma.1 ana lys i s  system i s  requ i red  t o  t r e a t  time-dependent heat  

t ranspor t ,  and t o  p rov ide  thermal a x i a l  coup l ing  through the  coolant .  The 

BEHAVE-3 thermal ana lys is  system cou ld  be r e a d i l y  adapted f o r  use i n  LIFE. 

Models and a n a l y t i c a l  methods are  requ i red  t o  t r e a t .  h igh  s t r a i n  r a t e  de for -  

mation. E i t h e r  pr imary creep o r  t ime-independent p l a s t i c  f l o w  approaches 

cou ld  be used, w i t h  the  former pre fer red .  

A new model must be i d e n t i f i e d  f o r  t r a n s i e n t  f u e l  s w e l l i n g  and gas re lease.  

The complexi ty  o f  t h i s  model should be minimized. 

The importance o f  f u e l  c rack ing  i n  determin ing t r a n s i e n t  f u e l  rod  behavior  

requ i res  improvements be made t o  the  LIFE-I11 model t o  take account o f  the  

a n i s o t r o p i c  p rope r t i es  o f  cracked f u e l ,  and the  d i f f e rences  i n  s t ress  s ta tes  

between s o l  i d  and cracked f u e l .  

Coupl ing o f  t he  thermal and mechanical a'nalyses may be a. c r i t i c a l  f e a t u r e  

o f  the t r a n s i e n t  code;.and a s a t i s f a c t o r y  way o f  ach iev ing  t h i s  must be 

devi  sed. 

A simp1 i s t i c  t reatment  o f  molten f u e l  behavior  i s  favored, e s p e c i a l l y  as 

r e l a t i v e l y  1 i t t l e  me1 t i n g  i s  an t i c i pa ted .  

I f  any o f  these development requirements would cause the  b u l k  o f  LIFE-111 

t o  be reconstructed,  the  pr imary advantages would be l o s t .  However, a f t e r  

rev iewing these requirements, i t  has been concluded t h a t  no problems can 

be i d e n t i f i e d  which would prec lude the  use o f  LIFE-111 as the  bas i s  f o r  t he  

development o f  a code t o  p r e d i c t  f u e l  r o d  behavior  du r ing  design bas i s  

t rans ien ts .  



It i s  necessary t o  determine the  scope o f  f u e l  behav ior  t h a t  must be modeled 

by the t r a n s i e n t  code. I f  the c ladd ing  and sodium temperatures a re  below 
' 1  1 1 1 !  

t he  m e l t i n g  and b o i l i n g  po in ts ,  respec t i ve l y ,  and no gross f u e l  movement 

occurs, t he  requirements f o r  t he  t r a n s i e n t  code a re  s i m p l i f i e d .  The c r e d i b l e  

design t r a n s i e n t s  which have t o  be analyzed are  as fo l l ows :  

1. 304 s tep  p o s i t i v e  r e a c t i v i t y  i n s e r t i o n  

2. lOe/sec up t o  $2 t o t a l  p o s i t i v e  r e a c t i v i t y  i n s e r t i o n  

3. The s tep  f l o w  reduct ion  associated w i t h  the  instantaneous 

l o s s  o f  coo lan t  from one pr imary loop. (1-2) 

4. Loss o f  e l e c t r i c a l  power w i t h  pump coastdown. (1-2)  

The design t r a n s i e n t  code t o  be developed 'should,' as a minimum, be ab le  t o  

analyze these c r e d i b l e  t rans ien ts .  I n  add i t i on ,  i t  i s  noted t h a t  CRBRP i s  

cons ider ing  as a design basis,  overpower events 'which a re  associated w i t h  

no i d e n t i f i a b l e  phys ica l  processes. These hypothet ica l  overpower events 

i nc lude  604 s tep  r e a c t i v i t y  i n s e r t i o n  and a $2/sec t r a n s i e n t .  I n  t h e  FFTF 

design, t he  even more hypo the t i ca l  $3/sec' t r a n s i e n t  overpower event  has been 

used as a design b a s i s - f o r  the f u e l  rod  emergency overpower design. Although 

as stated, t h e  above overpower events be ing  considered i n  t he  design o f  t h e  

CRBR and FFTF f u e l  rods are hypo the t i ca l ,  i t  i s  considered desi ' rable t h a t  t h e  

design t r a n s i e n t  code t o  be developed should, i f  poss ib le ,  be ab le  t o  p roper ly '  

analyze these severe hypo the t i ca l  overpower t r a n s i e n t s .  

To i d e n t i f y  t r a n s i e n t  f u e l  rod  cond i t ions ,  the  above TOP and TUC events were 

analyzed f o r  a t y p i c a l  LMFBR design. Coupled neutron k i n e t i c s  - thermal 

hydrual  i c s  c a l c u l a t i o n s  have been performed w i t h  the  FOXE-I I code (s im i  1 a r  

t o  FORE-I1 [ I -3 ] ) ,  and' the  BEHAVE-3 (1-4, 1-5) code has been used f o r  fue l  

r o d  t r a n s i e n t  thermal and s t r u c t u r a l  analyses. P r e t r a n s i e n t  cond i t i ons  f o r  

a t y p i c a l  f u e l  rod  opera t ing  a t  12.5 k w / f t  were u t i l i z e d .  The sodium i n l e t  

temperature and temperature r i s e  across the  core 'were 385OC and 180°C, re -  

spec t i ve l y .  A reference scram delay t ime o f  0.15 second was se lec ted  (1-6). 

A reference scram i n s e r t i o n  t ime of 1.6 seconds was based on the  CRBR design 

( 1 7 ) .  The secondary scram system i n s e r t s  contro'l' rods i n  T.2 seconds (1 -7).  



Ca lcu la t i ona l  r e s u l t s  were obta ined u s i n g . t h e  fue l  r o d  p r e t r a n s i e n t  

cond i t i ons  and the  re ference scram i n s e r t i o n  .and de lay  t imes. F igure  1-3 
a. 

il l u s t r a t e s  t h e  r e a c t o r  power and. t h e  f u e l  and ,c ladd ing  core  midplane !: , .  .. 

temperatures as a  f u n c t i o n  o f  t ime f o r  a  $3/second t r a n s i e n t  overpower 

event i n  which a  t o t a l  r e a c t i v i t y  o f  $2 was i nse r ted .  Peak temperatures 

and heat ing  r a t e s  f o r  $l/second, $2/second, and $3/second t r a n s i e n t s  a r e  

summarized i n  Table V .  Ca lcu la t ions  i n d i c a t e  t h a t  temperatures i n  t h e  

TUC events a r e  ' s i m i l a r  t o  o r  l e s s  than those produced i n  the  $l /second 

TOP. 

I t ' i s  concluded from these r e s u l t s  t h a t  t he  $3/second terminated t r a n s i e n t  

overpower event produces the most severe cond i t i ons  i n  the f u e l  rod. The 

peak c ladd ing  temperature a t  the top  o f  t he  f u e l  rod, 791°C i s  w e l l  below 

the  me l t i ng  p o i n t  o f  the  cladding, approximately 1300°C. No sodium b o i l i n g  

i s  ind ica ted .  BEHAVE conta ins a  f u e l  motion ,model and no f u e l  movement was 

pred ic ted .  Modeling o f  these phenomena are, t he re fo re ,  n o t  requ i red  i n  the  

t rans ien . t  code. I n  add i t i on ,  no fue l '  me1 t i n g  was 'p red ic ted ,  bu t '  i n  view o f  

the  closeness o f  the ca l cu la ted  peak f u e l  temperature t o  the m e l t i n g  range 

of mixed-oxide fue l ,  approximately 2760°C t o  2 8 4 0 " ~ ~  . i t  i s  f e l t  . t h a t  a  

c a p a b i l i t y  f o r  hand l ing  molten f u e l  must be incorpora ted  i n t o  the  t r a n s i e n t  
. . 

code. 

I t  should be noted, however, t h a t  some . f u e l  m e l t i n g  w i l l  occur d u r i n g  a  

t r a n s i e n t  i f  h igher  p r e t r a n s i e n t  f u e l  c e n t e r l i n e  temperatures e x i s t ,  o r ,  

scram delay t imes are longer.  For instance,  i n i t i a l  f u e l  c e n t e r l i n e  

temperatures o f  2400°C . w i  11 cause 7% o f  t h e  f u e l  t o  me1 t du r ing  a  $3/sec- 

ond t rans ien t .  Increas ing  the scram delay t ime by '200 msec du r ing  a  $3/ 

sec0n.d t r a n s i e n t  may cause me1 t i n g  i n  10% t o  15% o f  ' t he  f u e l  volume, and 

produce approximately 20% area l  f u e l  m e l t i n g  a t  t he  core midplane. BEHAVE 

tended t o  p r e d i c t  mot ion o f  smal l  amounts o f  f u e l  f rom the  core midplane 

' t o  the ends o f  the rod  when the  molten f u e l  vo1ume:exceeded 10%. 

Results o f  p rev ious l y  conducted t rans . ien t  overpower 'experiments should a1 so 

be exan~ii ied t o  assess the  l i m i t s  o f  fue l  behavior  t h a t  can be expected f o r  

design bas is  t rans ien ts .  The GE 6-ser ies ('1 -8 through 1-12) experiments 

.performed a t  TREAT are c u r r e n t l y  be ing  raviewed. , 



FIGURE 1-3 
CONDI 'T IONS DURING $3 /S t  ZOND DESIGFI TWI \ IS  IEN1' 

C o r e  M i  dp l  ane 
Temperature 

TIME (SECCNDS) . , 



SUMMARY OF DESIGN BASIS TRANSIENT 

CALCULATIONS FOR A TYPICAL LMFBR 
' .  ! 

1 I I 

/ Peak power (kw/ft)  22.1 . '38.9 85.5 
I 

.. . I 

/ PARAMETER ( V A L U E  AT C O R E  / ' REACTIVITY INSERTION RATE ( $ / s i c )  1 
1 '  MIDPLANE UNLESS OTHERWISE I 1 I 

I Peak power increase r a t e  42 
I (kw/ft /sec) 

Peak fuel temperature ( " C )  2222 

Peak fuel heating r a t e  ("Clsec) 266 

. i Peak cladding temperature ("C) 555 . .  

S P E C I F I E D )  

Peak cladding heating r a t e  ("Clsec) 

1 I 2 
j 

Peak cladding t e rpera tu re  ( O C )  

( top  of fuel rod) 

I I 

1 Peak temperature d i f ference 
; across cladding ( " C )  

, Peak sodium temperature ("C) 

i P 'retransient Conditions a t  Core Midplane 
1 ', . . i 

I 

I Peak power (kw/ f t )  12.5. 
I 
I 

I ! 

2050 ! i pea k ' fuel  temperature ( 'C)  I 
1 Peak cladding temperature ("c)  528 j 

Peak s ~ d i u m  temperature ("C) 48 5 ! 
I 

I 



1.2 FUEL ROD DATA EVALUATION 

1.2.1 Fuel Rod Fai 1 ures 

The .ob jec t i ve  o f  t h i s  a c t i v i t y  i s  t o  develop f a i l u r e  c r i t e r i a  f o r  LMFBR f u e l  

rods. The fuel -c l 'adding mechanical i n t e r a c t i o n  code GRO- I  I was mod i f i ed  t o  

i nc lude  thermal expansion o f  the  i n v i s c i d  zone as a l oad ing  mechanism. 

1.2.2 Fuel Rod Cladding I n e l a s t i c  S t r a i n  

The o b j e c t i v e  of t h i s  a c t i v i t y  i s  t o  determine the  r e l a t i v e  c o n t r i b u t i o n  of 

vari.ous load ing  mechanisms t o  the observed c ladd ing  i n e l  a s t i  c s t r a i n  i n  f u e l  

rods. . 

P re l im ina ry  analyses t o  eva lua te  the  observed c ladd ing  i n e l a s t i c  s t r a i n s  i n  

f u e l  rods from GE, ANL and UK experiments have been completed. Cladding 

i n e l a s t i c  s t r a i n  p r e d i c t i o n s  based on f i s s i o n  gas pressure o n l y  con-s is ten t ly  

underest imate the  measured i n e l a s t i c  s t r a i n .  P r e d i c t i o n  o f  c ladd ing  i n e l a s t i c  

s t r a i n s  based on the  mechanism o f  f u e l - c l a d d i  ng mechanical i n t e r a c t i o n  i s  i n  

progress. 

A memo repor t ,  "Cladding I n e l a s t i c  S t r a i n  i n  Mixed Oxide Fuel Rods: L i t e r a t u r e  . 
Review and Data Compi 1 a t i  on", was completed and forwarded , t o  RRD. 

Fuel Rod ~ h e r m a l  Performance . . 

The near-term o b j e c t i v e  i s  t o  conduct the 'Nat iona1 Experiment Eva lua t ion  

Program o f  the  F20 power-to-me1 t experiment. 

The performance o f  several  representa t ive  rods from the  F20 experiment has 

been analyzed us ing LIFE-111. The analyses tend  t o  .underpred ic t  f u e l  

temperatures as evidenced by the occurrence and e'xtent o f  m e l t i n g .  This  - 

may be p a r t i a l  l y  due t o  t h e  d i f f i c u l t y  i n  accura te ly  reproducing t h e  ex- 

,' per imenta l  ope ra t i ng  cond i t ions .  Methods t o  increase the  f l e x i b i l i t y  of 

the LIFE d e s c r i p t i o n  o f  opera t ing  cond i t i ons  were developed. These .a1 low 

the a x i a l  power shape t o  be mod i f ied  du r ing  the  run h i s t o r y ,  'and new c lad-  

d ing  O.D. temperatures t o  be i n p u t  as requi red.  



The r e s u l t s  shown i n  Table 1-6 us ing  the  new i n p u t  techniques s t i l l . s h o w  

underpredic t ions o f  f u e l  temperatures f o r  t h e  Phase I and I1  rods, b u t  

reasonably good f o r  the phase I 1  on ly  rods. The r e s u l t s  f o r  

F20-S3 ( I  and 11)  and- F20-P19/29 (11)  are  shown i n  F igure 1-4. Both rods 

showed f u e l  m e l t i n g  du r ing  the Phase I 1  exposure, b u t  LIFE-I11 p r e d i c t s  

no m e l t i n g  i n  F20-S3. The ana lys is  o f  t h i s  rod  p red i c t s . f ue1 -c ladd ing  gap 

c losure  dur ing Phase I due t o  the  h igh  r a t e  o f  e a r l y - l i f e  fuel swe l l i ng .  

Experimental measurements show t h a t  the  i n i t i a l  d iametra l  f ue l - c ladd ing  

gap decreased f rom 6 t o  about 4  m i l s ,  i n d i c a t i n g  t h a t  the fuel  and c ladd ing  

were probably n o t  i n  contac t  a t  the end o f  Phase I .  The requirement f o r  

t he  f u e l  s w e l l i n g  model t o  c lose the  i n i t i a l  gap more s lowly ,  and s t i l l  

l oad  the  ,c ladding s u f f i c i e n t l y  t o  generate i n e l a s t i c  s t r a i n s  are  i n  c o n f l i c t  

w i t h  the fo rmula t ion  o f  the  c u r r e n t  model. Mod i f i ca t i ons  t o  the  model t o  

s imu la te  an incubat ion  p e r i o d  be fore  swe l l  i n g  s t a r t s  a re  be ing  developed. 



TABLE 1-6 F20 POWER-TO-MELT EXPERIMENT LIFE-I I I ANALYSIS 
z 

*Note: There is currently no post-irradiation examination data available for F20 rod E8 and C11. 

OBSERVATION 

FUEL ROD 

F20-S3 

P19-17R 

P19-29 

F20-C2 

F20-E5 

F20-E8 

F20-Cll 

CLAD. 0.9. TEMP. PEAK POWER 
(kw/ft) (OF) 

OBS . 
1147 

1103 

1 1  61 

1 1  24 

1147 

---- 
- - - - 

OBS . 
19.9 

18.3 

19.0 

19.6 

20.3 

* 
- *  

LIFE 

---- 

1109 

1146 

1 1  39 

1 1  54 

1 1  26 

1 1  51 

LIFE 

19.083 

17.20 

19.758 

19.015 

19.370 

15.78 

16.59 

VOID RADIUS 
(mi 1 s ) 

OBS . 
25.0 

30.5 

11.5 

30.0 

9.0 

---- 
---- 

LIFE 

24.25 

23.82 

9.72 

27.56 

20.72 

21.85 

21.81 

MELT RADIUS 
(mi 1s) 

EQUIAYED GRAIN 
RADIUS (mi 1 s) 

OBS . 
, ---- 
32.5 

42.0 

---- 

43.0 

---- 
---- 

COLUMNAR GRAIN 
RADIUS (mils) 

OBS . 
102.5 

96.5 

86.0 

105.5 

101 .O 

----- 
----- 

LIFE 

----- 
----- 
18.34 

----- 
----- 
----- 
----- 

OBS. 

85.5 

82.5 

74.0 

85.0 

82.5 

---- 
---- 

LIFE 

89.14 

89.34 

67.65 

89.83 

86.71 

85.56 

88.90 

LIFE 

87.14 

87.34 

65.65 

87.83 

84.71 

85.55 

86.90 
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1.3.1 Thermal Conduct iv i ty  o f  (U,Pu)02 - Fuels . . ! '  

A prev ious r e p o r t  (1-13) has h i g h l i g h t e d  the  e f f e c t s  o f  p o r o s i t y  gas on the  

measured mixed-oxide thermal conduc t i v i t y .  That s tudy showed t h a t  t he  pres-  

ence o f  hel ium i n  the p o r o s i t y  o f  mixed-oxide f u e l  . r esu l t s  i n  s i g n i f i c a n t l y  

enhanced thermal c o n d u c t i v i t y  over t h a t  f o r  a rgon - f i  1 l e d  p o r o s i t y .  The 

presence o f  He i n  these measurements be ing  biased~somewhat h ighe r  i n  va lue 

than those o f  o t h e r  experimenters who used argon du r ing  specimen f a b r i c a t i o n  

and experimentat ion. 

' Marino (1-14) has t r e a t e d  the  p o r o s i t y  gas problem i n  terms o f  t h e  pore shape 

fac to r ,  8 ,  which depends upon the  r a t i o  o f  t he  p o r o s i t y  gas c o n d u c t i v i t y  and 

the ox ide c o n d u c t i v i t y  as w e l l  as the  r a t i o  o f  the  semi-minor and semi-major 

axes o f  pore e l  l i p s o i d s  d i s t r i b u t e d  randomly throughout the  oxide. As shown 

i n  reference 15 d i f f e rences  i n  the  gas i n  p o r o s i t y  o f  the ox ide specimens cou ld  

exp la in  the l a c k  o f  v a r i a b i l i t y  due t o  dens i t y  changes i n  the  GE thermal con- 

d u c t i v i  ty data. 

The a v a i l a b l e  thermal conductiv.i.ty data a re  n o t  s u f f i c i e n t l y  complete t o  a1 low 

a p rec i se  ana lys i s  o f  specimen po ros i t y .  Thus, some empi r ic ism i.s necessary 
.... . . . 

i n  hand1 i n g  the  data t o  p lace  i t  on a cons i s ten t  bas is .  An examinat ion o f  t he  

GE data (1-15) i nd i ca tes  t h a t  a reasonable 'value f o r  t he  p o r o s i t y  e c c e n t r i c i t y  

f a c t o r  i s  about 

Semi-minor a x i s  , 0. 15 
E = Semi -major a x i  s 

I n  1 i e u  o f  . p r i o r  knowledge o f  m i  c r o s t r u c t u r a l  i n fo rma t ion  on the  vas t  m a j o r i t y  

o f  the  a v a i l a b l e  thermal ' c o n d u c t i v i t y  data, the  above value of E was assumed 

t o  be reasonable f o r  a l l  spec.imens. 
I 
! 
I 

Once t h i s  assumption was made, a p lan  cou ld  be c a r r i e d  o u t  to. e l im ina te :  d e n s i t y  

as a variabli i n  thermal c o n d u c t i v i t y  by t h e  f o l l o w i n g  procedure: 

1. Using a value iz = 0.15, a value f o r  8 was found f o r  each data 

p o i n t  assuming he l ium as a pore gas . for  GE data and argon as a pore 

gas f o r  a l l  o the r  data. 



2. Each data p o i n t  was then ad jus ted  t o  100% o f  t h e o r e t i c a l  dens i t y  

us ing  the  r e l a t i o n s h i p  (1-14) 

where p = p o r o s i t y  

3. The 507 data po in t s  were then f i t  t o  a regress ion  equat ion o f  t he  

form shown below us ing  the  BASIC program MULFIT.. 

where T i s  temperature i n  degrees cent ig rade and X = (2.0 - O/M) 

Since MULFIT can handle on l y  l i n e a r  equat ions d i r e c t l y ,  equat ion (3 )  was 
3 l i n e a r i z e d  by s u b t r a c t i n g  the  T term from t h e  r i gh thand  s ide  o f  t h e  equat ion 

and then t a k i n g  the  rec ip roca l .  The value of D was found by i t e r a t i o n .  The 

regression ana lys i s  r e s u l t e d  i n  t he  f o l l o w i n g  equat ion f o r  KIOO 

The form o f  equat ion (3 )  i s  p a r t l y  based on the  assumption o f  phonon s c a t t e r i n g  

by thermal de fec ts  and l a t t i c e  de fec ts  in t roduced through -nonstoichiometry as 

discussed a t  l eng th  by Gibby (1-16). The T~ term as discussed by Schmidt (1-17) 

may be due t o  an increase i n  the  s p e c i f i c  heat  o f  t he  mixed ox ide  caused by t h e  

e l e c t r o n i c  component. Ainscough (1-18), however, i s  examining those measurements 

c a r r i e d  ou t  us ing  a r a d i a l  heat  f l o w  technique (such as used by GE), p o i n t s  o u t  

t h a t  i n  those t e s t s  where the  f u e l  specimens a re  heated e l e c t r i c a l l y  by  means 

o f  a center  e lect rode,  e l e c t r i c a l  conduct ion i n  the .ox ide i t s e l f  a t  h igh  tem- 

peratures cou ld  l e a d  t o  erroneously h i g h  measured c o n d u c t i v i t y  values . Thus, 
3 the  upswing i n  th,emal  c o n d u c t i v i t y  observed a t  h igh  temperatures (T term) 

may be i l l u s o r y .  

The form o f  equat ion (4) i s  convenient i n  t h a t  f u e l  rod  analyses may be c a r r i e d  

ou t  t o  study the  e f f e c t s  o f  f i s s i o n  gas on ' t he  o v e r a l l  thermal c o n d u c t i v i t y  of : 

the  porous o x i d e  s imply by a d j u s t i n g  the  parameter 6 t o  the  proper  value. 



The f ina l  equation, including the porosity e f f e c t ,  has the form 

K = thermal conductivity (watts/cm°C) 

T = temperature ('C), (800-2400°C) 

P = porosity (0  t o  0.16) (1 .-fractional  densi ty)  

O/M = stoichiometry (1.93 t o  2.00) . 

6 = porosity shape f ac to r  

Pu mole f ract ion 0.2 t o  0.3 

Standard deviation of residuals from regression equation = 2.367 x 
95/95 tolerance in terval  54.92 x 1 0 ' ~  

A submittal t o  the Nuclear Systems Materials Handbook, "Thermal Conductivity 

of U02 - PuOpl' was draf ted and internal  review i n i t i a t e d .  

Oxygen Redistribution and Thermal Performance ' .  

The above equation f o r  thermal conduct.ivity has been used t o  measure the  

e f f e c t  of oxygen red i s t r ibu t ion  on the  fuel  thermal performance. A n  ex i s t ing  

program f o r  calcula t ing oxygen red i s t r ibu t ion  was modified t o  take i n to  
account changes i n  thermal conductivity equation (equivalent t o  the  average 

stoichiometry resu l t ing  from oxygen red i s t r ibu t ion .  ) - 

The aim of the calculati'ons was t o  determine Lhe e f f ec t s  of such manipulations 

on the calculated power-to-melt. The calcula t ion using the cor rec t  thermal 
conductivity (making adjustments. i n  the equation as oxygen r ed i s t r i bu t e s )  re-  

. . 

s u l t s  i n  a power-to-melt u p  t o  ~ 0 . 8 5  kW/ft higher than i f  a constant stoichiometry 

i's used i n  the therma.l conductivity expression. 
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The gap conductance model was modified to  simulate the improvement in heat 

t ransfer  wh.ich may be expected from the deposition of solid f i ss ion  products' 
a t  the fuel-cladding interface.  The primary ef fec t  of th is  mode.1 change i s  
to  suppress a tendency t o  predict  unreal is t ical ly  high. fuel temperatures i f  
the cladding swells away from the fuel a t  high b u r n u p s .  Fuel microstructures 
i n  GE-F2V showed no evidence of melting or  very h i g h  surface temperatures. 
A so-called CRUDFIL constant was adjusted dur.ing cal ibrat ion to  improve gap 
conductance to  the required degree. Without the CRUDFIL change, the gap AT 

increases continuously with increasing f iss ion gas content, b u t  with CRUDFIL 
= 2000 ( the calibrated value) t h i s  trend is reversed when the f i ss ion  gas 

J 
I 

fraction exceeds 0.7 (Figure 1-1). The calibration rod data do not permit 
def ini t ive judgment of the val idi ty  o f . t h i s  e f fec t .  However, i t  will be 
possible to  evaluate the high b u r n u p  gap conductance model using data on 
the thermal performance of moderate to  high burnup fuel rods tested i n . t h e  

. GE-F20 experiment. 
.. .. . , 

The calibrated fuel swelling model predicts saturation volume increases under 
constant ambient condi t'ions . The saturation volumes decrease w i t h  increasing 
temperature. These qual i ta t ive features of the model a re  i n  agreement w i t h  

. those expected from 'fundamental f i s s i o n  gas behavior i n  fuel i n  t h e  presence 
of a temperature gradient. The swelling rates predicted by the LIFE-I11 . 

mo.del resu l t  ' i n  very rapid gap closure. ~easurements of residual gaps (1-1) 
suggest that  gap closure i s  much slower than i s  predicted by LIFE-111. 
Although the r a t e  of gap ~~~~~~~P alone i n  the calibration rods has l i t t l e  
e f fec t  on the predicted.cladding ine la s t i c  s t r a ins ,  i t  has a noticeable 
e f fec t  on the early l i f e  thermal performance. Further studies of fuel 
swell ing behavior and i t s  effects  a re  being conducted as part of the LIFE-I11 

checkout program. 

The LIFE-I11 description of fuel creep behavior uses the sum of four steady 
s t a t e  mechanisms: 

a )  1 inear thermal'. creep ( k  a a ) ,  
4.4 

h)  power law thermal creep ( k  a a ) , 
c )  temperature dep.endent f i  ssion-enhanced creep, 
d) a, thermal fission-induced creep. 
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189 NO. ~ ~ 0 0 9  - FUELS IRRADIATION TESTING AND ANALYSIS 

. . Cognizant' Engineer: W.H. McCarthy I ' S  . > 

, . 

SUMMARY 

F8B Subassembly X I  17B was successful  l y '  dismantled i n  H F E F - ~ o r t h .  No breached 

claddings were detected. 

cl data package f o r  t he  cont inued i r r a d i a t i o n  o f  34 unencapsulated h igh-c ladd ing 

temperature, se r ies  F l l A  rods was mai led  t o  t h e  EBR-I1 P ro jec t .  There i s  a 

good p r o b a b i l i t y  t h a t  t h i s  r e i r r a d i a t i o n  ,can s t a r t  i n  Run 79. 

The maximum rod  i n  Experiment F9C-1 (X143) achieved 1,7.8% est imated burnup 

i n  Run 77. 

. . Memorandum repor t s  were issued on the  f u e l  r e d i s t r i b u t i o n  and m ic ros t ruc tu re  . '  

i n  F20 rods and on the  present s ta tus  o f  t he  encapsulated rods t h a t  e x h i b i t e d  

c ladd ing breach. 
. . . . .. . 

Two t o p i c a l  repor ts  have been dra f ted .  The r e p o r t  on the.  F9 resu l  t s  i s  i n  
, . 

pub1 i c a t i o n .  ~ n t e r n a l  review o f  the F6/F8 l o w  1  i n e a r  experiment r e p o r t  



2. FUELS IRRADIATION TESTING AND ANALYSIS 

Cognizant Engineer: W.H. McCarthy 
( .  ' < : .  

1 ' I  

The o b j e c t i v e  o f  f u e l s  i r r a d i a t i o n  t e s t i n g  and ana lys i s  i s  t o  deter-mine 

exper imenta l ly  fue l  rod  behavior under f a s t - f l  ux i r r a d i a t i o n .  The work i s  
\ focused on support ing the  core design f o r  FTR and CRBR Plants.  The i r r a d i a -  

t i o n  t e s t s  prov ide  data f o r  development o f  design c o r r e l a t i o n s  i n  f i v e  

general areas: High Burnup I r r a d i a t i o n s ,  Low Power I r r a d i a t i o n s ,  High 

Cladding Temperature I r r a d i a t i o n s ,  and Operat ing L i m i t s  I r r a d i a t i o n s .  Cog- 

n i  zance o f  t h e  o v e r a l l  US-ERDA LMFBR program and f o r e i g n  programs i s  emphasized 

so t h a t  t h e  work provi.des i n fo rmat ion  which complements t h a t  ob ta ined from 

o t h e r  programs. 

2.1 HIGH BURNUP IRRADIATIONS . . 

The F9C-1 (X143A) and .F9D-1- (X204) experiments were i r r a d i a t e d  i n  EBR-I1 

, run 77, and they are  cont inu ing i n  Run 78. Run 77 was an ex t ra - long  c y c l e  

( s  3600 ins tead  o f  2700 MWd). To date, no GE experiment has caused any EBR-I1 

outage o f  a f i s s i o n  .gas leak.  The est imated maximum rod  a x i a l  peak burnup 

values f o r  F9C-1 and F9D-1 were 17.8% and 12.0%, r e s p e c t i v e l y  a t  t he  end o f  

Run 77. 

The data package f o r  the  F9A-1 expe'riment (X214) i s  be ing rev i sed  t o  cal.1 f o r  

37 i ns tead  o f  19 rods from X043A and X144. I t  w i  1'1 be propoied t o  use r e a c t o r  

l oca t ion '  6D1 which, s ince i t  i s  adjacent  t o  the  dummy con t ro l  r o d  (and n o t  

adjacent  t o  an a c t i v e  c o n t r o l  rod),  w i l l  a1 low a plenum'pressure l i m i t a t i o n  

o f  1000. p s i .  (The 1 i m i  t adjacent  t o  an a c t i v e  c o n t r o l  S/A i s  450 p s i  .) The 

37-rod con f igu ra t i on  w i l l  he lp  t o  so lve  'both the  r e a c t i v i t y  problem i n  t h e  

reac to r  and t h e  rod  storage probiem when HFEF-South i s  shut  down f o r  a major  

overhaul.  

A data package f o r  t he  r e i r r a d i a t i o n  o f  t h i r t y -seven  F9B and F9D rods* from 

X062A and X048 a lso  i s  be7ing prepared. This subassembly w i l l  operate a t  lower 

power than F9A-1. NondestructSve examinations have been performed on some o f  

the  F9A, F9C and F9D rods r e c e n t l y  shipped t o  LASL. 



PNL has concluded from i t s  COBRA-IV ana lys i s  t h a t  f l ow  coastdown Test F 

r e s u l t e d  i n  an isothermal sea cond i t i on  t h a t  was n o t  de le te r ious  t o  t h e  exper i -  

ments. GE has expressed i t s  concurrence w i t h  t h i s  f ind i .ng  t o  . the  EBR-11 

Pro jec t .  

A t o p i c a l  r e p o r t  descr ib ing  the  i r , r a d i a t i o n  o f  the  F9A, -B, -C and -D se r ies  

o f  unencapsul a ted fuel rods (through Run 75), and the  d e s t r u c t i v e  examinat ion 

of n ine  o f  these rods, was completed. These rods have been i r r a d i a t e d  i n  the 

fo l lowing i r r a d i a t i o n  vehic les:  X043(A) ( %  9% burnup), X056(A) (Q 6%), X058 

(8%), X062(A) (1 I % ) ,  X I  43(A) (1  7%), and X204 (1  2%). Des t r u c t i  ve' examination 

r e s u l t s  on se lec ted rods from t h e  f i r s t  f o u r  subassemblies 1 i s t e d  above are  

inc luded i n  the  repor t .  X143A and X204 a re  t h e  run- to-c ladding breach exper i -  

ments s t i l l  be ing  i r r a d i a t e d ,  and most rods from XI44 w i l l  be i nco rpo ra led  i n  

the F9A-1 experiment (X214). se lec ted  XI44 rods w i ' l l  be d e s t r u c t i v e l y  examined 

w i t h o u t  f u r t h e r  i r r a d i a t i o n  a f t e r  t h e  r e i r r a d i a t i o n  plans f o r  t h e  remaining 

XI44 rods have been approved. The major concl usions o f  t h e  r e p o r t  are: 

(a) These rods are  s t i l l  i n  good c o n d i t i o n  a f t e r  being subjected t o  

i r r a d i a t i . o n s  up t o  10 a t .% burnup. 

(b)  I n e l a s t i c  c ladd ing s t r a i n s  ( t o t a l  s t r a i n  l e s s  the  metal swel l  i n g  

Component) o f  0.8% were measured w i thou t  c ladd ing rupture .  

( c )  Maximum depth o f  f u e l l c l a d d i n g  chemical i n t e r a c t i o n  was 0.0004 inch.  

(d)  Normal. f u e l  m ic ros t ruc tu ra l  features were found a f t e r  t h e  i r r a d i a t i o n  

o f  bo th  coprec ip i  t a t e d  and mechanical ly  ,blended mixed-oxide f u e l s .  

(e)  Subassembly duct-to-rod-bundle clearance ( o r  i n t e r f a c e )  can be 

p red ic ted  from the dimensions o f  t h e  components and t h e  i r r a d i a t i o n  

h i s t o r y .  Results i n d i c a t e  t h a t  i n i t i a l  .bundle-to-duct clearances 

o f  0.014 inch  are t i g h t  enough. t o  prevent  appreciable f r e t t i n g  wear 

o f  'the rods by the  wrapping wires.  

LOW POWER IRRADIATIONS . 

Subassembly X I  17B con ta in ing  s i  x  encapsulated F8B se r ies  rods was .disassembl ed 

a t  HFEF-North. This i s  the  f i r s t  GE i r r a d i a t i o n  veh ic le  t o  be handled a t  t h i s  

new f a c i l  i ty. The disa'ssembly proceeded very smoothly, and t h e  capsules a'ppeared 

t o  be i n  good cond i t ion ,  . . a1 though they were q u i t e  bowed. Visual  examination, 

gross gamma, scanning, an'd neutron rad iograph ic  examinations a re  now going forward. 



The rods were cooled too  long t o  ge t  meaningful leak-checking gamma scanning 

from Xe in the capsule plena. Scanning o f  t h e  capsule sodium above the  t o p  

i n s u l a t o r ' f o r  csl 37 ind ica ted,  however, t h a t  there  was no c ladd ing  breach i n  

any XI1 7B rod. . I  , . ( ... . 

Seven se r ies  F8B encapsulated low power rods were i r r a d i a t e d  i n  Run 77 (X118A). 

They are expected t o  reach t h e i r  goal burnup o f  11.2% dur ing  Run 78. Companion 

rods a re  a t  LASL f o r  des t ruc t i ve  examination. Th is  experiment w i l l  p rov ide  . ' 

data on the  cont inued opera t ion  o f  low power rods a f t e r  a mid1 i f e  overpower 
, 

exposure o f  as much as 33%. 

A t o p i c a l  r e p o r t  on the  F6 and F8 i r r a d i a t i o n s  ( ~ 0 1 0  and X019) and post-  

i r r a d i a t i o n  examinations was prepared and i s  going through i n t e r n a l  management 

review. The experiment demonstrated t h a t  low power ('< 10 kW/f t )  rods can be 

i r r a d i a t e d  t o  moderate burnup ( 5  at.%) w i t h o u t  d i f f i c u l t y .  Small amounts o f  

f u e l  / c l  addi ng .mechanical i n t e r a c t i o n  were reported.  '.' 

F9B was discussed under HIGH BURNUP IRRADIATIONS. 

BREACHED CLADDING 

The pos t - i  r r a d i a t i o n  examination o f  15. encapsulated rods w i t h  breached c ladd ing 

i s  cont inu ing a t  LASL. No new f a i l u r e s  have been found. No unencapsulated GE 

r o d  has y e t  e x h i b i t e d  a c ladd ing breach. A memorandum r e p o r t  ' d e f i n i n g  the  cur -  

rent , 's ta ' tus o f  t he  breached rods has been issued. The p r i n c i p a l  conclus ion o f  

t h i s  r e p o r t  i s  t h a t  the change i n  power p r o f i l e ,  when the  r a d i a l  r e f l e c t o r  was 

i n s e r t e d  a t  Run 56, was the  p r i n c i p a l  c o n t r i b u t i n g  f a c t o r  t o  t h e  c ladd ing breaches 

i n  these 15 encapsulated rods. The data from one r o d  . . (F8L) i n d i c a t e  t h a t  

l o c a l i z e d  overheat ing may a1 so have been important .  

HIGH CLADDING TEMPERATURE IRRADIATION TESTS 

F1 OA- 1 ' ~ x ~ e r i  ment 

Ma te r ia l  has been procured f o r  t h e  t r i a n g u l a r  f l ow  r e s t r i c t o r s  t o  be i n s e r t e d  

i n  the  edge channels o f  :FIOA-~ - i r r a d i a t i o n  veh ic le  (XI 21A). These r e s t r i  c t o r s  

w i l l  prov ide t h e  requ i red  r a d i a l  u n i f o r m i t y  o f  coo lant  temperature t h a t  was 



maintained i n  the previous FlOA and FlOB i r r a d i a t i o n s  (XI21 and X122). I t  i s  

expected t h a t  s u f f i c i e n t  par ts  w i l l  .be shipped t o  EBR-11, Chicago,. ea r l y  i n  

August 1975, f o r  f ab r i ca t i on  o f  the f low t e s t  mockup and the subassembly. The ,. ... 

plans c a l l  f o r  the i r r a d i a t i o n  t o  resume i n  Run 80. 

F l l A  Experiment 

The dest ruct ive  examination of three Fl  l A  (XI41 ) unencapsul ated high cladding. 

temperature rods i s  proceedin'g a t  LASL. Prel  iminary nondes t r u c t i  ve exami na t ion  

. . data (pulsed eddy cur rent )  i nd ica ted  t h a t  there was n o  extensive in te rg ranu la r  

a t tack a t  the ins ide  surface o f  the cladding. Two rods have been cross sectioned. 

The data package f o r  continued i r r a d i a t i o n  o f  the remaining t h i r t y - f o u r  F l l A  

rods (w i th  three F9E ser ies  spares) was submitted t o  the EBR-I1 Pro jec t .  The 

r e i r r a d i a t i o n  i s  expected . t o  begin i n  Run 79 (September 1975), provided the F9E 

spare rods are received from HEDL i n  s u f f i c i e n t  time., 

OPERATING LIMITS IRRADIATIONS 

, The dest ruct ive  examination o f  (22) F20 rods i s  cont inuing a t  LASL. Deta i led ~. 
evaluat ion o f  the fue l  microstructures i s  pr.oceeding' a t  GE. A paper on the 

se l  f-heal i n g  o f  the ax ia l  r e d i s t r i b u t i o n  o f  molten f ue l  by continued i r r a d i a t i o n  

(Phase 111) was presented a t  t h e  ANS.annua1 meeting ~ u n e  12, 1975. A pre l iminary  

repor t  covering t h i s  top ic  and i n i t i a l  F20 microst ruc tura l  examination r i s u l  t s  

f o r  LIFE-111 v e r i f i c a t i o n  was issued. 
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