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AN ANALYSIS OF CHEMICAL FAILURE OF COATED U 0 2  AND OTHER OXIDE FUELS 

I N  THE HIGH-TEMPERATURE GAS-COOLED REACTOR 

T .  B.  Lindemer and H. J .  de  Nordwall 

ABSTRACT 

The thermodynamic d a t a  f o r  u n i r r a d i a t e d  d iox ides  i n  
Ca lcu la t ions  t h e  U-Th-Pu-0 system are  b r i e f l y  reviewed. 

of oxygen release dur ing  f i s s i o n  were made and were found 
t o  a g r e e  q u a l i t a t i v e l y  wi th  experimental  measurements. 
Theor ies  were developed f o r  p r e d i c t i o n  of  mass t r a n s p o r t  
ra tes  i n  oxide  p a r t i c l e s ;  t h e s e  inc luded  c o n t r o l  by e i t h e r  
CO-C02 d i f f u s i o n ,  r e a c t i o n s  such as d i s p r o p o r t i o n a t i o n  of 
carbon monoxide, o r  s o l i d - s t a t e  d i f f u s i o n  through t h e  k e r n e l .  
Methods were devised  f o r  t h e  de te rmina t ion  of t h e  g e n e r a l  type  
of r a t e - c o n t r o l l i n g  mechanism from t h e  q u a n t i t a t i v e  a n a l y s i s  
of i n - r eac to r  and out-of-reactor  experiments .  App l i ca t ion  
of t h e s e  methods t o  a n  i n - p i l e  experiment i n d i c a t e d  t h a t  
CO-C02 d i f f u s i o n  d i d  n o t  c o n t r o l  t h e  ra te  of  U 0 2  o r  ( T h , U ) 0 2  
m ig ra t ion  i n  BISO p a r t i c l e s ;  i n s t e a d ,  c o n t r o l  by s o l i d - s t a t e  
d i f f u s i o n  w a s  i nd ica t ed .  

1. INTRODUCTION . 
Fuel  elements f o r  high-temperature  gas-cooled r e a c t o r s  (HTGRs) a re  

made from r i g i d  assembl ies  ( f u e l  s t icks  o r  compacts) of coa ted  f u e l  par- 

t i c l e s  d i s t r i b u t e d  a p p r o p r i a t e l y  i n  g r a p h i t e  h o l d e r s  t h a t  con ta in  coo lan t  

passages and c o n s t i t u t e  bo th  moderator and c o r e  s t r u c t u r e .  The coa ted  

f u e l  p a r t i c l e s  c o n s i s t  of s m a l l  s p h e r i c a l  ox ide  o r  c a r b i d e  k e r n e l s  t h a t  

are  each coated wi th  success ive  l a y e r s  of  p y r o l y t i c  carbon ("BISO" par- 

t i c l e s )  and sometimes an in t e rmed ia t e  l a y e r  of  s i l i c o n  ca rb ide  ("TRISO" 

p a r t i c l e s ) .  The p y r o l y t i c  carbon l a y e r s  absorb damaging f i s s i o n  fragments 

and r e t a i n  gaseous f i s s i o n  products  and t h e i r  p recu r so r s ,  wh i l e  t h e  
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s i l i c o n  c a r b i d e  l a y e r  improves t h e  r e t e n t i o n  of metal l ic  f i s s i o n  p roduc t s  

and f u e l s .  4 y 5  

t o  a nominal maximum of 1550°C, t h e  l a t te r  temperature  be ing  s u s t a i n e d  

f o r  times t h a t  are much smaller than  t h e  co re  l i f e t i m e .  When a s u f f i c i e n t  

temperature  g r a d i e n t  is imposed a c r o s s  t h e  p a r t i c l e  a t  an a p p r o p r i a t e l y  

h igh  temperature ,  t h e  c o a t i n g s  are observed t o  f a i l  w i t h  t h e  subsequent 

d e l e t e r i o u s  release of f i s s i o n  products .  This  f a i l u r e  is sometimes ob- 

served t o  b e  a s s o c i a t e d  wi th  a la te ra l  mig ra t ion  of t h e  f u e l  k e r n e l  i n t o  

t h e  c o a t i n g s ,  t h e  so -ca l l ed  "amoeba e f f e c t  ." 

These f u e l s  a re  c u r r e n t l y  designed t o  o p e r a t e  from 700°C 

Numerous models d e s c r i b e  t h e  mechanical behavior  of t h e s e  systems 

under i so the rma l  conditions6-8 and have been used as a i d s  i n  t h e  des ign  

of coated p a r t i c l e s  s i n c e  1964. D e t a i l e d  t e s t i n g  of t h e s e  models is  

r e s t r i c t e d  by a s h o r t a g e  of well-defined d a t a  r e l a t i n g  t o  primary param- 

eters and t h e i r  v a r i a t i o n  wi th  temperature  and manufacturing v a r i a b l e s .  

Moreover, each of t h e  models a r b i t r a r i l y  excludes chemical e f f e c t s .  

I n  t h i s  r e p o r t  models are developed f o r  t h e  chemical design of oxide 

p a r t i c l e s .  These models c o r r e l a t e  t h e  experimental  information a v a i l a b l e  

f o r  t h e  f a i l u r e  of t h e  c o a t i n g  via  t h e  "amoeba e f f e c t ' '  under r e a c t o r  con- 

d i t i o n s ,  t h e  e f f e c t s  of f i s s i o n  gas and ttoxygenlt release during n u c l e a r  

f i s s i o n ,  and measurements of carbon monoxide p r e s s u r e s  i n  i r r a d i a t e d  

uranium d i o x i d e  p a r t i c l e s ;  t h e  r e s u l t i n g  ana lyses  are an ex tens ion  of an  

ea r l i e r  a n a l y s i s  by Flowers and Horsley.' 

cons ide r  thermodynamic f a c t o r s  t h a t  may i n f l u e n c e  f u e l  and coa t ing  s t a b i l i t y .  

I n  Sec t ion  4 t h e  d i s c u s s i o n  of p a r t i c l e  i n t e g r i t y  i s  widened t o  cons ide r  

p o t e n t i a l  k i n e t i c  l i m i t a t i o n s  and p o s s i b l e  methods of a s c e r t a i n i n g  t h e  

r a t e - c o n t r o l l i n g  mechanisms f o r  f u e l  and carbon t r a n s p o r t .  In S e c t i o n  5 

S p e c i f i c a l l y ,  S e c t i o n s  2 and 3 

. 

' 
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t h e s e  methods are a p p l i e d  t o  t h e  q u a n t i t a t i v e  measurement of f u e l  ox ide  

mig ra t ion  observed i n  p a r t i c l e s  i r r a d i a t e d  i n  f u e l  rods  and t e n t a t i v e  

conclusions are drawn concerning t h e  r a t e - c o n t r o l l i n g  mechanism f o r  

t h i s  migrat ion.  

2.  THERMODYNAMIC BEHAVIOR O F  UNIRRADIATED OXIDE FUEL SYSTEMS 

The u n i r r a d i a t e d  f u e l  p a r t i c l e  c o n s i s t s  of an  oxide f u e l  k e r n e l ,  a 

porous l a y e r  of carbon, and l a y e r s  of dense pyrocarbon and sometimes S i c .  

One may reasonably assume t h a t  t h e  f u e l  w i t h i n  t h e  coated p a r t i c l e  reaches 

thermodynamic equ i l ib r ium wi th  t h e  surrounding c o a t i n g s  a t  t h e  service 

temperature;  t h i s  i s  most r e a d i l y  envis ioned as t h e  C-CO-CO -MO e q u i l i -  

brium, where M is  U,  Thy Pu, o r  t h e i r  u s u a l  combinations,  and f i s s i o n  

2 2fx 

c 

products .  The complexi t ies  of t h e  system can b e  b e s t  understood by con- 

s i d e r i n g  s e p a r a t e l y  t h e  v a r i a t i o n  i n  chemical p o t e n t i a l *  of oxygen, 

p0 = RT In Po , of t h e  components under t h e  cond i t ions  t h a t  may e x i s t  

w i t h i n  t h e  p a r t i c l e .  
2 

2 . 1  Thermodynamics of t h e  C-CO-CO -0 System 2 2  

The oxygen p o t e n t i a l  a t  s p e c i f i c  c o n d i t i o n s  i n  t h e  C-CO-C02-O2 system 

w i l l  b e  considered f i r s t  because ove rp res su res  of t h e  gases  e x i s t  i n  oxide 

f u e l  p a r t i c l e s .  A s  w i l l  b e  shown l a t e r ,  t h e s e  ove rp res su res  l ead  t o  c o n t r o l  

of oxygen-to-metal r a t i o s  i n  t h e  oxide f u e l s .  The va lue  of t h e  oxygen 

p o t e n t i a l  i n  t h e  C-CO-C02-02 system as a f u n c t i o n  of s p e c i f i c  Pco -t P 

v a l u e s  and temperature  has  been c a l c u l a t e d  from d a t a  i n  t h e  J A N A F  Tables  
co210 

and is  shown i n  F ig .  1 ( s o l i d  l i n e s ) .  The oxygen p o t e n t i a l  a t  s p e c i f i c  

* 
Subsequently, "oxygen p o t e n t i a l "  w i l l  b e  used t o  s i g n i f y  ' 'chemical 
p o t e n t i a l  of oxygen." 
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. 

. 

values of Pco /Pco as a f u n c t i o n  of temperature is a l s o  given i n  F ig .  1 

(dashed l i n e s ) .  

Fig.  1 are dependent only on t h e  p r o p e r t i e s  of t h e  C-CO-CO -0 

and are no t  dependent p e r  se on t h e  thermodynamic p r o p e r t i e s  of a n  oxide 

f u e l .  

2 
It should be mentioned t h a t  t h e  q u a n t i t i e s  shown i n  

systems 2 2  

2 . 2  Thermodynamics of t h e  Oxide Fue l s  

2 .2 .1  UO2fX 

The oxygen p o t e n t i a l s  f o r  UO have been r epor t ed  by s e v e r a l  d i f -  2fx 

f e r e n t  i n v e s t i g a t o r s .  ''-I5 The r e s u l t s  of t h e s e  s t u d i e s  are given i n  

F ig .  2.  The agreement f o r  hype r s to i ch iomet r i c  oxide i s  q u i t e  good, 

wh i l e  t h e  agreement f o r  an  O/U of 1.99 i s  r easonab le .  The oxygen 

p o t e n t i a l  f o r  s t o i c h i o m e t r i c  U 0 2  is shown as r e p o r t e d  p r i m a r i l y  by Rand 

and Markin" 

p o t e n t i a l  as t h e  O/U c r o s s e s  a v a l u e  of 2,  t h e  a c t u a l  oxygen p o t e n t i a l  

and P a t t o r e t  e t  a l . ; I 3  because of t h e  r a p i d  change i n  oxygen 

of s t o i c h i o m e t r i c  UO is d i f f i c u l t  t o  d e f i n e .  For t h e  p r e s e n t  purposes,  

t h e  exac t  d e f i n i t i o n  is  no t  c r i t i c a l .  Below an  O / M  of 2.00, t h e  agree- 

ment i s  no t  good and only t h e  d a t a  of P a t t o r e t  e t  a1.I3 have been p l o t t e d .  

2 

-C-CO equ i l ib r ium is  a l s o  p l o t t e d  2-"1.86 The oxygen p o t e n t i a l  f o r  t h e  UO 

i n  F ig .  2 because t h i s  equ i l ib r ium e s t a b l i s h e s  t h e  minimum oxygen p o t e n t i a l  

p o s s i b l e  i n  a carbon-coated p a r t i c l e  con ta in ing  U 0 2  o r  U02,x. 

E q u i l i b r a t i o n  of U02+x w i t h  ove rp res su res  of carbon monoxide (P 

carbon d iox ide  (P ) i n  a coated p a r t i c l e  can b e  shown t o  l i m i t  t h e  maxi- 

mum v a l u e  of x .  The coated p a r t i c l e  can b e  expected t o  f a i l  from stresses 

) and co 

c02 

gene ra t ed  a t  P + P of t h e  o r d e r  of 1000 a t m .  From Fig.  1 t h i s  i s  seen 

t o  b e  equ iva len t  t o  an oxygen p o t e n t i a l  of approximately -80 kcal/mole.  

co co2 
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Fig .  2 .  The Temperature Dependence of t h e  Oxygen P o t e n t i a l  (RT I n  Po ) 
2 

f o r  U02+x a t  t h e  I n d i c a t e d  O/U R a t i o s  and f o r  t h e  U02-UC1,86-C Equi l ibr ium.  - 
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This  i s  a l s o  t h e  oxygen p o t e n t i a l  i n  equ i l ib r ium wi th  a coated oxide 

k e r n e l  a t  a s p e c i f i c  O/U r a t i o  (Fig.  2 ) .  It can b e  seen t h a t  t h i s  O/U 

r a t i o  i s  less than 2.001 i n  a coated p a r t i c l e .  Thus, t h e  s to i ch iomet ry  

change i n  U 0 2  i s  n o t  an e f f e c t i v e  "sink" f o r  oxygen r e l e a s e d  du r ing  

f i s s i o n ,  a s u b j e c t  t o  b e  d i scussed  i n  Sect. 3.1. 

2.2.2 (u,Pu)02+x - 
Two primary i n v e s t i g a t i o n s  of t h e  ( U , P U ) O ~ + ~  system have been made. - 

Markin and McIver16 s t u d i e d  t h e  system ( U , P U ) O ~ + ~  a t  Pu/(Pu i- U) v a l u e s  

of 0.10 and 0.30 from 750°C t o  1140°C and Woodley17 i n v e s t i g a t e d  t h e  

system (U,Pu)O 

Rand and Markin'' made a f u r t h e r  a n a l y s i s  of t h e  d a t a  of Markin and 

McIver16 and found an  empi r i ca l  r e l a t i o n  between t h e  average valence of 

plutonium (Vpu), uranium (Vu), and t h e  oxygen-to-metal r a t i o  (O/M); t h i s  

r e l a t i o n  is  

- 

a t  a Pu/(U + Pu) v a l u e  of 0.25 from 950°C t o  1400°C. 
2-x 

Y + (1 - Y) 
2 vu ' O/M = - V 2 Pu 

i n  which 

Y = Pu/(U + Pu) 

Vu = 4 f o r  O / M  < 2 

= 4 f o r  O/M > 2 .  vPU 

The oxygen p o t e n t i a l  as a f u n c t i o n  of Vpu from t h e s e  two i n v e s t i g a t i o n s  

i s  shown i n  F ig .  3. 

sets of measurements, b u t  t h i s  has  no t  been r e so lved  i n  t h e  l i t e r a t u r e  a t  

t h e  p re sen t  t i m e .  

It is  clear t h a t  some discrepancy e x i s t s  i n  t h e  two 
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The r e su l t s  of t h e  a n a l y s i s  of t h e  d a t a  f o r  ( U , P U ) O ~ + ~ ,  us ing  Eq. (1) 

by Rand and MarkinyI5 a re  shown i n  F ig .  2; i t  can b e  seen  that O/U i n  t h e  

mixed hype r s to i ch iomet r i c  oxide is  e s s e n t i a l l y  t h e  same as t h a t  i n  pu re  

u02+x- 

A t h i r d  i n v e s t i g a t i o n  of t h e  (U,Pu)Oz - system from 1000 t o  1700°C 

has been r epor t ed  by Javed and Roberts,18 b u t  t h e i r  oxygen p o t e n t i a l s  a t  

a given V are much lower than  those  i n  F ig .  3 and w e r e  t hus  no t  included.  

An a n a l y s i s  of t h e  p rocess  f o r  hydrogen r e d u c t i o n  of (U,Pu)O 

from 1400 t o  1740°C has  been performed by Lindemer and Bradley,” who 

Pu 

t o  ( U , P U ) O ~ - ~  2 

used t h e  oxygen p o t e n t i a l s  as e x t r a p o l a t e d  above 1100°C by Rand and 

Markin. They found t h a t  t h e  e x t r a p o l a t e d  oxygen p o t e n t i a l s  appeared 

t o  be too  nega t ive  a t  a given V which i s  i n  q u a l i t a t i v e  agreement with 

t h e  measurements of Woodleyl’l and which a l s o  appears  t o  c a s t  cons ide rab le  

P U ’  

18 doubt upon t h e  measurements of Javed and Roberts.  

2.2.3 Tho2 

Thermodynamic d a t a  f o r  t h e  t h o r i a  system are sketchy.  The Tho2 

20 
phase does begin t o  e x h i b i t  s l i g h t  hypostoichiometry a t  - 1700°C. 

Ackermann e t  a1.21 have s t u d i e d  t h e  evaporat ion behavior  of t h e  Th-0 

system from 2000 t o  3000”K, and t h e i r  c a l c u l a t i o n  of t h e  p r e s s u r e  of 

atomic oxygen over evaporat ing Tho can b e  used t o  c a l c u l a t e  t h e  oxygen 

p o t e n t i a l  over  Tho The r e s u l t s  of t h e s e  c a l c u l a t i o n s ,  along w i t h  t h e  

oxygen p o t e n t i a l  f o r  t h e  Th02-ThC -C-CO equ i l ib r ium,  are shown i n  F ig .  4 .  

Pe te r son  and C u r t i s 2 2  have publ ished an e x t e n s i v e  compilat ion of t h e  known 

2 

2‘  

2 

p r o p e r t i e s  of Tho2 and o t h e r  thorium compounds. 
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f o r  t h e  Th02-ThC2-C Equi l ibr ium.  
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2.2.4 (U , Th)O, 

Aronson and Clayton” have i n v e s t i g a t e d  t h e  thermodynamics of 

(U,Th)02+x a t  1250°K f o r  U / ( U  f Th) r a t i o s  of 1, 0.9, 0.71, 0.52, and 0.29 

and va lues  of x from 0.02 t o  0.16. 

s t i t u t e d  f o r  V 

permits  t h e  c a l c u l a t i o n  of V 

Comparison a t  a given oxygen p o t e n t i a l  of V i n  Fig.  4 wi th  Vu = 2(0/U) 

i n  F ig .  2 i n d i c a t e s  t h a t  t h e  valence of uranium i n  t h e  Th-U-0 system i s  

The u s e  of Eq. (1), wi th  VTh = 4 sub- 

system and w a s  assumed t o  b e  a p p l i c a b l e  t o  t h e  U02-Th0 

shown i n  t h e  upper l e f t  p o r t i o n  of F ig .  4 .  

Pu’ 2 

U 

U 

e s s e n t i a l l y  t h e  same as t h a t  shown i n  F ig .  2 f o r  t h e  U-0 and U-Pu-0 systems. 

Thermodynamic f u n c t i o n s  f o r  U 0 2 ,  Tho2, and Pu02, as w e l l  as f o r  

UClBg3 and ThC2, are given i n  Appendix A. 

A comprehensive review of s p e c i f i c  composition-dependent p r o p e r t i e s  

of oxides  has  been publ ished by Kofstad.  24 This  work inc ludes  t h e  f u e l  

oxides  and r a r e - e a r t h  oxides .  

A parameter t h a t  may b e  important t o  t h e  understanding of ox ide  f u e l  

mig ra t ion  i s  t h e  s o l u b i l i t y  of carbon i n  t h e  oxides .  Th i s  parameter has  

a v a l u e  of t h e  o r d e r  of 100 ppm by weight,  b u t  t h e  s o l u b i l i t y  as a f u n c t i o n  

of temperature  and O / M  i s  n o t  known. 

3 .  CHEMISTRY OF THE IRRADIATED FUEL OXIDE-FISSION PRODUCT SYSTEM 

The chemistsy of t h e  f u e l  o x i d e f i s s i o n  product system i s  s o  compli- 

ca t ed  t h a t  ve ry  l i t t l e  d e f i n i t i v e  information on t h e  s p e c i f i c  thermodynamic 

behavior  of t h e  i r r a d i a t e d  f u e l  system i s  a v a i l a b l e .  

one can c a l c u l a t e  t h e  approximate bounds of c e r t a i n  types  of chemical be- 

hav io r  from t h e  known p r o p e r t i e s  of t h e  elements t h a t  appear  as f i s s i o n  

On t h e  o t h e r  hand, 



1 2  

products .  A s  w i l l  b e  shown later,  t h e  bounds on t h e  v a l u e  of P as a 

f u n c t i o n  of burnup are two such c a l c u l a b l e  q u a n t i t i e s ,  and these v a l u e s  can 

co 

b e  more e x a c t l y  de f ined  by measurements of Pco i n  i r r a d i a t e d  p a r t i c l e s .  

Since some of t h e  f a i l u r e  mechanisms p o s t u l a t e d  t o  c o n t r o l  t h e  f a i l u r e  of 

oxide p a r t i c l e s  w i l l  b e  shown t o  b e  dependent upon P 

and measurements of P 

t h e  f a i l u r e  c h a r a c t e r i s t i c s  of oxide p a r t i c l e s .  

such p r e d i c t i o n s  co , 
have d i r e c t  p o t e n t i a l  v a l u e  i n  a t t empt s  t o  q u a n t i f y  co 

3.1 C a l c u l a t i o n  of Oxygen Release i n  Oxide F u e l s  

The amount of oxygen t h a t  i s  r e l e a s e d  t o  form carbon monoxide i n  a 

coa ted  p a r t i c l e  is  t h e  d i f f e r e n c e  between t h e  combined oxygen o r i g i n a l l y  

p r e s e n t  i n  t h e  s p e n t  f u e l  and t h e  combined oxygen i n  t h e  f i s s i o n  p roduc t s .  

One may use  t a b l e s  of f i s s i o n  y i e l d s  t o  determine t h e  amount of each 

f i s s ion -p roduc t  element p r e s e n t  o r  may more a c c u r a t e l y  determine t h e s e  

amounts by us ing  computer codes t h a t  cons ide r  such f a c t o r s  as con t r ibu -  

t i o n s  from medium-lived i s o t o p e s ,  c a p t u r e  e f f e c t s ,  and mixtures of f e r t i l e  

and f i s s i l e  i s o t o p e s  i n  t h e  i n i t i a l  f u e l .  A 5  an example, t h e  y i e l d s  of 

heavy metals and f i s s i o n  product elements as a f u n c t i o n  of burnup w e r e  

c a l c u l a t e d  w i t h  t h e  ORIGEN Code25 f o r  232Th, 93%-enriched U,  and Pu02. 

The y i e l d s  of f i s s i o n  p roduc t s  are used t o  c a l c u l a t e  t h e  oxygen p r e s e n t  

as metal monoxides (MO) , sesqu iox ides  (MO The 1 . 5  

primary u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n  of t h e  number of bound oxygen atoms 

i s  t h e  e f f e c t i v e  o x i d a t i o n  s t a t e  of y t t r i u m ,  lanthanum, and t h e  l a n t h a n i d e s ;  

) , and d iox ides  ( M 0 2 ) .  

2 '  t h e s e  elements may form e i t h e r  MO 

The r e s u l t s  of t h e  c a l c u l a t i o n s  are given i n  Table  1. 

Horsley' have made similar estimates of t h e  oxygen release from d a t a  

o r  M 0 2  when i n  s o l i d  s o l u t i o n  i n  UO 1.5 

Flowers and 
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Table 1. Calcula ted  Release of Oxygen, Krypton, and Xenon During Nuclear F i s s i o n  of Oxide Fuel  

(Yield g iven  i n  atoms p e r  thousand i n i t i a l  heavy metal atoms, except  where noted)  

Oxygen 
Flux F i s s i o n  Gases MO M02 M01.5 o r  M02 Bound Heavy Metals 

(a toms/ f i ss ion)  Fuel  (neutrons c m - l  sec’l) K r  X e  K r  + X e  U Np Pu Th Pa Am S r  + B a  Z r  + C e  + Nb Y + L a  + i n  
ORIGEN Ref.  F i s  s ion  Lanthanides (at oms / f i s  s ion)  

Products  Calc. 9 

93%-Enriched U02 1.03 
Burnup, % FIMA: 

37.6 197.24 145.21 675-747 0.125-0.206 0.13-0. 314a 
73.7 345.39 300.9 1259-1409 0.088-0.292 

14.6 105 0.318 616 4.4 3.5 
27.9 203 0.314 221 21 21.5 

62.4 
117.0 

93%-Enriched U02 3.47 1013 
Burnup, % FIMA: 

37.9 
73.8 

232~h02 
Burnup, % 

2.96 
7.85 

(239Puo0. 2 

Burnup, % 

28.9 
68.4 

14.6 99.8 0.302 613 4.5 3.5 
27.4 194.0 0.300 219 20.9 21.8 

59.3 
124.4 

0.044-0.248 186.6 154.39 664-741 
342.13 312.45 12 7 7-1433 0.058-0.269 

1.0 1014 

FIMA: 

2.04 7.56 0,325 27.4 5.67 14.52 11.05 51.3-56.8 0.078-0.265 0.0813-0.264 b 940 3.04 
0.066-0.262 5.40 20.50 0.330 34.6 884 2.87 14.97 37.71 30.74 136.5-151.9 

3.0 1013 0 

FIMA: 
puoo. 1 02 

4 77 0.284 
8.7 147 0.228 

368.0-413.9 0.0568-0.726 0.624-0.786b 7 10 0.80 29.9 100.3 91.7 0.8 74 -1.0 1 
674.7-770.1 30 2 14.2 52.5 167.9 190.9 

a 

bFor HTGR f lux ,  no burnup dependence s p e c i f i e d .  

For HTGR f lux ,  no burnup dependence s p e c i f i e d ;  25% Pu, 75% U i n i t i a l l y .  

! 

i 
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ob ta ined  from f i s s i o n - y i e l d  t a b l e s ;  t h e i r  estimates are a l s o  given i n  

Table  1 f o r  t h e  purpose of comparison. 

S e v e r a l  gene ra l  obse rva t ions  can b e  made about  t h e  oxygen release. 

It i s  immediately ev iden t  t h a t  f i s s i o n i n g  of PuO releases much more 

oxygen than  does f i s s i o n i n g  of 235U o r  of 233U der ived  from 232Th. 

p r a c t i c e ,  P U O ~ - ~  would be used as a f u e l  t o  p a r t i a l l y  o f f s e t  t h i s  h igh  

release va lue . )  It can a l s o  b e  d i sce rned  t h a t  more oxygen is  r e l e a s e d  

pe r  f i s s i o n  a t  t h e  later s t a g e s  of burnup of uranium; aga in ,  t h i s  i s  

probably caused by t h e  breeding and subsequent f i s s i o n i n g  of small amounts 

of plutonium ( s e e  Table 1) from . This  l a t t e r  e f f e c t  can  a l s o  b e  seen  

i n  t h e  c a l c u l a t i o n s  of Flowers and Horsley’ f o r  t h e  U-Pu mixture;  t h e i r  

c a l c u l a t e d  oxygen release is  h i g h e r  t h a n  t h a t  c a l c u l a t e d  h e r e  f o r  f u l l y  

enr iched U02. 

2 

( I n  

238u 

3 . 2  Measurement of Oxygen Release i n  Oxide F u e l s  

Oxygen r e l e a s e d  du r ing  f i s s i o n i n g  of ox ide  f u e l s  reacts wi th  carbon 

from t h e  c o a t i n g  t o  form carbon monoxide. S ince  t h e  c o a t i n g  l a y e r s  i n  t h e  

p a r t i c l e  act  as a p r e s s u r e  v e s s e l ,  t h e  carbon monoxide is  r e t a i n e d .  A few 

measurements of t h e  amounts of carbon monoxide p r e s e n t  i n  i r r a d i a t e d  p a r t i -  

c les  have been made subsequent t o  i r r a d i a t i o n  by c rush ing  i n d i v i d u a l  p a r t i -  

c l e s  a t  e l eva ted  temperatures  i n  a mass spectrometer .  S ince  t h e  number of 

moles of carbon monoxide can  b e  c a l c u l a t e d  from t h e  measurements and t h e  

burnup i s  a l s o  known, one can u s e  t h e s e  d a t a  t o  c a l c u l a t e  t h e  oxygen release 

p e r  f i s s i o n .  

Graham26 has  r epor t ed  d a t a  f o r  t h e  volume of carbon monoxide r e l e a s e d  

from Dragon P r o j e c t  r e f e r e n c e  U02 p a r t i c l e s *  i r r a d i a t e d  t o  6% FIMA ( F i s s i o n s  - 

* 
The p a r t i c l e  c o a t i n g s  c o n s i s t  of a n  i n n e r  l a y e r  of low-density pyrocarbon, 
a l a y e r  of dense pyrocarbon, S i c ,  and a n  o u t e r  l a y e r  of dense pyrocarbon. 
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pe r  - I n i t i a l  Heavy - Metal - Atom). This  work was done by B i l d s t e i n  and 

S t r i g l  a t  SGAE Se ibe r sdor f ,  where measurements were a l s o  made on un i r -  

r ad ia t ed  p a r t i c l e s . 2 7  

oxygen release p e r  f i s s i o n  shown i n  Table  2 f o r  9.7%-enriched U 0 2  

(Specimen CD 1032).  It should be mentioned t h a t  s e v e r a l  o t h e r  sets of 

specimens t h a t  experienced up t o  5% FIMA d i d  not c o n t a i n  carbon monoxide 

p res su res  above those i n  t h e  o r i g i n a l ,  as-coated p a r t i c l e s .  

T h e i r  r e s u l t s  have been used t o  c a l c u l a t e  t h e  

27  

Table 2. Experimental Oxygen Release, i n  Atoms p e r  F i s s i o n  

Temperature 
("C) 

Fuel  Composition 

75'0.25'2 
(6% FIMA)a (13% FIMA)b 

9,7%-enriched U 0 2  

9 20 

1000 

1030 

1100 

1200 

1300 

1400 

1600 

1800 

0.017 

0.028 

0.124 

0.065 

0.120 

0.230 

0.068 

0.194 

0.300 

a 

bRef. 28; TRISO I p a r t i c l e s .  

Ref. 27; Dragon P r o j e c t  r e f e r e n c e  p a r t i c l e s .  

More r e c e n t l y ,  workers a t  Gulf General  Atomic Div i s ion  (GGA), Gulf 

Energy and Environmental Systems, Inc . ,  have a l s o  made measurements of gas  

r e l e a s e d  from Sic-coated (TRISO I ) p a r t i c l e s  con ta in ing  Th0.75U0.2502 * 

* 
TRISO I p a r t i c l e  c o a t i n g s  c o n s i s t  of a lower-density carbon b u f f e r  l a y e r ,  
S i c ,  and a dense pyrocarbon l a y e r .  28 
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i r r a d i a t e d  t o  13% FIMA.28 I n  t h e s e  experiments t h e  t o t a l  gas  volume was 

measured and t h e  volume of xenon and krypton w a s  c a l c u l a t e d  from t h e  f i s -  

s i o n  product  y i e l d s  by assuming complete gas  release. The d i f f e r e n c e  

between t h e  t o t a l  and t h e  (Xe + K r )  volume w a s  assumed t o  b e  carbon mon- 

oxide.  T h e i r  r e s u l t s  a t  s p e c i f i c  temperatures  w e r e  used h e r e  t o  c a l c u l a t e  

t h e  average oxygen release p e r  f i s s i o n  f o r  (U,Th)02, as shown i n  Table  2.  

The experimental  oxygen release i n  Table  2 can b e  compared w i t h  t h e  

c a l c u l a t e d  r e s u l t s  i n  Table  1. The experimental  release u s u a l l y  appears  

t o  l i e  above t h e  minimum c a l c u l a t e d  release, which i n d i c a t e s  t h a t  a p o r t i o n  

of t h e  rare  e a r t h  oxides  e x i s t  as se squ iox ides .  A s  temperature  is  inc reased ,  

t h e  oxygen release appears  t o  i n c r e a s e ,  which i n d i c a t e s  t h a t  t h e  amount of 

s e squ iox ide  a l s o  i n c r e a s e s .  Because t h e  r e s u l t i n g  carbon monoxide pres-  

s u r e  appears  t o  range between 0 . 1  and 1 .0  of t h e  p r e s s u r e  of xenon and 

krypton,  t h e  p r e s s u r e  of carbon monoxide may be as important  i n  t h e  models 

f o r  mechanical des ign  of p a r t i c l e s  as i t  i s  i n  some of t h e  proposed models 

f o r  chemical design.  

B i l d s t e i n  and S t r i g l ' ~ * ~  measurements a l s o  permit  t h e  c a l c u l a t i o n  of 

t h e  oxygen p o t e n t i a l  of both !-he as-coated and t h e  i r r a d i a t e d  p a r t i c l e s .  

T h e i r  r e s u l t s  have been converted t o  oxygen p o t e n t i a l s  a t  temperature  by 

assuming e q u i l i b r i u m  i n  t h e  C-CO-CO system and t h a t  t h e  measured volume 2 

of carbon monoxide could b e  used t o  c a l c u l a t e  P 

gas  containment i n  t h e  oxide and t h e  b u f f e r  l a y e r  w a s  equa l  t o  25% of t h e  

geometr ical  volume of t h e  k e r n e l .  27 

t h e  void volume f o r  co ; 

The c a l c u l a t e d  oxygen p o t e n t i a l s  

are shown i n  F ig .  5. It can be seen  from F ig .  5 t h a t  t h e  oxygen 

p o t e n t i a l  of t h e  u n i r r a d i a t e d  and i r r a d i a t e d  U 0 2  p a r t i c l e s  ranged between 
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TEMPERATURE ( O K )  

Fig .  5. The Oxygen P o t e n t i a l s  (RT I n  P ) Calcu la t ed  from B i l d s t e i n  
O2 

and S t r i g l ' ~ ~ ~  Measurements of Carbon Monoxide Released from U02 Coated 

P a r t i c l e s  Having a Void Volume Equal  t o  25% of t h e  Kernel Volume. 
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-90 and -125 kcal/mole; from F ig .  2 t h i s  range i n d i c a t e s  a n  O/U from an 

upper l i m i t  of 2.000 t o  < 2.001 f o r  temperatures  up t o  2000°K t o  a lower 

l i m i t  of  -1.99 a t  h i g h e r  temperatures .  Although t h e  oxide  s to i ch iomet ry  

does n o t  va ry  much i n  t h i s  range of oxygen p o t e n t i a l s ,  an  examination of 

F ig .  1 i l l u s t r a t e s  that  t h e  range of Pco 4- Pco2 varies widely,  from 1 t o  

30 a t m  a t  1250°K and from 30 t o  800 a t m  a t  2250°K. I n  t h e  u n i r r a d i a t e d  

p a r t i c l e s  t h e s e  p re s su res  must o r i g i n a t e  from t h e  r educ t ion  of s l i g h t l y  

hype r s to i ch iomet r i c  U02 (O/U -2.0015 f o r  a = 0.25) .  Thus i t  i s  clear 

t h a t  r educ t ion  of t h e  O/U r a t i o  t o  exact s to ich iometry  i n  t h e  i n i t i a l  

k e r n e l  is important  i f  t h e  as-coated va lue  of P i s  t o  b e  minimized. co 

3 . 3  Addi t iona l  Chemical E q u i l i b r i a  i n  Oxide P a r t i c l e s  

Other chemical systems t h a t  could p o s s i b l y  a f f e c t  t h e  oxygen p o t e n t i a l ,  

and hence Pco, are a l s o  p re sen t  i n  coated p a r t i c l e s .  

which i s  p r e s e n t  as a coa t ing  l a y e r  i n  some f u e l  p a r t i c l e s ,  would be 

exposed t o  carbon monoxide upon f a i l u r e  of the dense pyrocarbon l a y e r  

t h a t  s e p a r a t e s  t h e  ke rne l  from t h e  s i l i c o n  ca rb ide .  Consequently,  s i l i c o n  

c a r b i d e  could r e a c t  wi th  carbon monoxide t o  e s t a b l i s h  t h e  equ i l ib r ium 

S i l i c o n  c a r b i d e ,  

S i c  + 2 C 0  3. SiOz + 3 C  . 
The v a l u e  of Pco f o r  t h i s  r e a c t i o n  (from d a t a  i n  t h e  JANAF Tables") is 

shown i n  F ig .  6 .  I f  t h e  rate of t h e  forward r e a c t i o n  were s u f f i c i e n t l y  

r a p i d  t o  permit  equ i l ib r ium t o  b e  a t t a i n e d ,  then  a p p l i c a t i o n  of t h e  phase, 

r u l e  demonstrates  t h a t  Pco would be c o n t r o l l e d  a t  a f i x e d  va lue  a t  a given 

temperature .  Such a process  i s  c a l l e d  chemical bu f fe r ing ;  Flowers and 

Horsley proposed s i l i c o n  c a r b i d e  a d d i t i o n s  t o  UO k e r n e l s  f o r  e x a c t l y  9 
2 
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Fig .  6. Temperature Dependence of Carbon Monoxide P res su re  f o r  I n d i c a t e d  
27 

E q u i l i b r i a .  Also shown are t h e  p re s su res  c a l c u l a t e d  by B i l d s t e i n  and S t r i g l  

f o r  Dragon P r o j e c t  r e fe rence  p a r t i c l e s  having a vo id  volume equa l  t o  25% of 

t h e  k e r n e l  volume. 
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t h i s  purpose. However, i t  can b e  seen from F i g .  6 t h a t  t h e  P measured by 

B i l d s t e i n  and S t r i g 1 2 7  i n  i r r a d i a t e d  Sic-containing Dragon P r o j e c t  p a r t i c l e s  

i s  g e n e r a l l y  much h i g h e r  t han  t h a t  f o r  t h e  Sic-CO-Si0 -C equ i l ib r ium.  Con- 

sequen t ly ,  e i t h e r  t h e  forward r e a c t i o n  t o  form s i l i c a  i s  too  slow t o  a t t a i n  

equ i l ib r ium o r  t h e  i n n e r  pyrocarbon l a y e r  remained i n t a c t .  The measure- 

ments of P a t  GGA i n  i r r a d i a t e d  TRISO I p a r t i c l e s ,  where t h e  i n n e r  dense 

pyrocarbon l a y e r  i s  absen t ,28  would i n d i c a t e  t h a t  t h e  forward r e a c t i o n  is ,  

a c t u a l l y  too  slow t o  permit  equ i l ib r ium.  These several. obse rva t ions  a l s o  

i n d i c a t e  t h a t  an  ea r l i e r  a n a l y s i s  29y30 which i n d i c a t e d  c o n t r o l  of t h e  rate 

of f a i l u r e  of t h e  Dragon P r o j e c t  p a r t i c l e s  by CO-C02 d i f f u s i o n  a t  t h e  

Pco f o r  t h i s  e q u i l i b r i u m  w a s  erroneous.  

co 

2 

co 

A second chemical system t h a t  could b e  proposed t o  chemical ly  b u f f e r  

Pco invo lves  f i s s ion -p roduc t  molybdenum. 

MOO -GO-C e q u i l i b r i u m  i s  shown i n  F ig .  6 f o r  two d i f f e r e n t  ac t iv i t i e s  of 

MooZ, t h e  lower a c t i v i t y  being chosen t o  i l l u s t r a t e  t h e  e f f e c t  of solu-  

t i o n  of molybdenum ox ide  i n  uranium d i o x i d e .  

t h i s  e q u i l i b r i u m  a t  normal o p e r a t i n g  temperatures  i s  probably g r e a t e r  

t han  LOO a t m .  

a t  a low v a l u e ,  as is  s u b s t a n t i a t e d  by t h e  measurements of B i l d s t e i n  and 

S t r i g l .  

The va lue  of P f o r  t h e  Mo- co 

2 

I t  can be seen t h a t  Pco f o r  

co Thus t h i s  e q u i l i b r i u m  i s  no t  capab le  of c o n t r o l l i n g  P 

27 

There i s  g e n e r a l  agreement i n  t h e  l i t e r a t u r e  t h a t  no o t h e r  e q u i l i b r i a  

i nvo lv ing  f i s s i o n  products  have v a l u e s  of P t h a t  l i e  between t h o s e  f o r  

t h e  two e q u i l i b r i a  d i scussed  above. Hence, i n  t h e  absence of r e a c t i o n  

wi th  s i l i c o n  c a r b i d e ,  an ever- increasing p r e s s u r e  of carbon monoxide i s  

generated i n  a coa ted  p a r t i c l e  as t h e  r e s u l t  of oxygen release dur ing  

f i s s i o n  of ox ide  f u e l .  

co 

This  may be an  important  e f f e c t  both f o r  t h e  



21 

h y d r a u l i c  des ign  of p a r t i c l e s  and f o r  c e r t a i n  proposed ca rbon- t r anspor t ing  

mechanisms i n  oxide coated p a r t i c l e s .  

4 .  MASS TRANSPORT I N  OXIDE PARTICLES I N  A TEMPERATURE GRADIENT 

Numerous obse rva t ions  have been made of ox ide  k e r n e l  mig ra t ion  up 

t h e  temperature  g r a d i e n t  i n  i r r a d i a t e d  p a r t i c l e s  and/or  carbon d e p o s i t i o n  

i n  t h e  c o l d e r  r e g i o n s  of t h e s e  p a r t i c l e s .  A t y p i c a l  obse rva t ion  i s  shown 

i n  Fig.  7 .  Many a t t empt s  have been made t o  e x p l a i n  t h e s e  obse rva t ions  by 

q u a n t i t a t i v e ,  f i r s t - p r i n c i p l e  models; several of t h e s e  models w i l l  b e  

d i scussed  below. However, t o  d a t e  none of t h e  a t t empt s  has  been d e f i n i -  

t i v e ,  i n  c o n t r a s t  w i th  t h e  q u a n t i t a t i v e  model developed f o r  ThC2 and UC2 

f u e l  p a r t i c l e s .  31-33 Consequently, t h i s  s e c t i o n  w i l l  p r e s e n t  t h e  state- 

of - the-ar t . 
I n  t h i s  s e c t i o n  a summary i s  made of t h e  Dragon P r o j e c t  c o r r e l a t i o n  

f o r  oxide p a r t i c l e  f a i l u r e  and then  several mathematical  expres s ions  a r e  

de r ived  t o  q u a n t i t a t i v e l y  d e s c r i b e  mass t r a n s p o r t  rates c o n t r o l l e d  by 

t y p i c a l  CO-C02 d i f f u s i o n ,  gas-sol id  r e a c t i o n ,  o r  s o l i d - s t a t e  d i f f u s i o n  

mechanisms. These expres s ions  are app l i ed  t o  t h e  a n a l y s i s  of s p e c i f i c  

i n - r eac to r  and out-of-reactor  experiments t o  a s c e r t a i n  which s p e c i f i c  

mechanism is c o n t r o l l i n g  t h e  rate of t h e  observed mass t r a n s p o r t .  

4 . 1  The Dragon P r o j e c t  Empir ical  C o r r e l a t i o n  

The Dragon P r o j e c t  has  produced a c o r r e l a t i o n  f o r  t h e  f a i l u r e  of UO 2 

p a r t i c l e s  under r e a c t o r  cond i t ions  f o r  t h e  Dragon Reference P a r t i c l e  (800- 

pm k e r n e l ,  155-um t o t a l  c o a t i n g  th i ckness ) .26  The d a t a  are given i n  Table 

3 and t h e  c o r r e l a t i o n  is  shown in Fig.  8 .  Here t h e  number of days t o  



Fig. 7. Typical Observation of Carbon Deposition and Oxide Kernel 

Migration Resulting from the Existence of a Temperature Gradient Across 

the Particle. The Th0.8U0.202 particle was at an average temperature of 

1405°C with a temperature gradient of 125O0C/cm, while the Tho2 particle 

was at an average temperature of 1305°C with a temperature gradient of 

1470°C /cm. 



Table  3 .  Resu l t s  of Experiments on Coat ing F a i l u r e  i n  Urania  Coated P a r t i c l e  Fuel  of 

Dragon Reference Designa 

I r r a d i a t i o n  T i m e s  and % FIMA a t  
Onset of F a i l u r e  Average P a r t i c l e  Est imated Cross- 

Surface Temperature Rat ing P a r t i c l e  Temp. 
Experiment ("C) (W/par t ic le )  D i f f e rence  ( " C )  Days % FIMAb 

Riso LEHPD2 
(Denmark) 1425 

HTE (Dragon 
Reactor)  

HTE (Dragon 
Reactor)  

HTE (Dragon 
Reactor)  

1650 

1725 

1900 

Studsvik  1 6 / 1  
(Sweden) 1650 

0.68 250 

0.26 125 

0.26 

0.26 

50 

125 

140 

85 

3.9 

0.91 

85 0.91 

1 . 4  280 10 

8 0.085 

0.58 

10 
W 

a 26 

bCalculated assuming 800-ym-diam, f u l l y  dense U 0 2  k e r n e l s  and 3.1 x 10" f i s s i o n s  W'I sec . 
Data obta ined  from L. W. Graham. 

-1 
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Fig .  8. Thermal Grad ien t ,  Power, and Temperature Dependence Determined 

by t h e  Dragon P r o j e c t  €o r  F i s s i o n  G a s  Release from I r r a d i a t e d  Urania  P a r t i c l e s  

of t h e  Dragon P r o j e c t  Reference  Design. 
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f a i l u r e  w a s  de f ined  as t h e  t i m e  t o  t h e  i n i t i a l  rise i n  ra te  of release 

of noble  gases ,  t h e  g r a d i e n t  i n  temperature  w a s  t h a t  across t h e  e n t i r e  

p a r t i c l e ,  and t h e  r a t i n g  had u n i t s  of w a t t s  p e r  p a r t i c l e .  The u s e f u l n e s s  

of t h e  Dragon P r o j e c t  c o r r e l a t i o n  f o r  f u e l s  of t h e  GGA des ign  i s  n o t  

p r e s e n t l y  known. I n  view of t h e  l a r g e  d i f f e r e n c e s  between t h e  two des igns  

i n  burnup rate, enrichment, and volume w i t h i n  t h e  p a r t i c l e  f o r  f i s s i o n  gas  

and carbon monoxide, i t  would seem f o r t u i t o u s  i f  t h e  Dragon P r o j e c t  c o r r e l a -  

t i o n  would apply t o  U.S. p a r t i c l e  des igns .  

4 . 2  F i r s t - P r i n c i p l e  Der iva t ions  of Oxide P a r t i c l e  Transport  Models 

During o p e r a t i o n  of a r e a c t o r ,  temperature g r a d i e n t s  are e s t a b l i s h e d  

Such g r a d i e n t s  may r e s u l t  i n  observable  a c r o s s  t h e  oxide f u e l  p a r t i c l e s .  

mig ra t ion  of carbon t o  t h e  cold s i d e  of t h e  p a r t i c l e  and/or  mig ra t ion  of 

t h e  oxide k e r n e l  t o  t h e  h o t  s i d e  of t h e  p a r t i c l e .  

one t o  propose c y c l i c  processes  such as t h e  fol lowing t o  account f o r  t h i s  

These obse rva t ions  l e a d  

behavior  : 

A. React ions a t  t h e  Hot S ide  

(1) C 0 2  ( a r r i v i n g  from t h e  cold s i d e )  + C -+ 2CO 

( 2 )  [O] ( i n  s o l i d  s o l u t i o n  i n  t h e  oxide)  + C -+ CO 

( 3 )  C -+ [ C ]  ( i n  s o l i d  s o l u t i o n  i n  t h e  oxide) 

B. Mass Transport  Across t h e  Temperature Gradient  

( 4 )  S o l i d - s t a t e  d i f f u s i o n  of s o l i d - s o l u t i o n  oxygen through 
t h e  oxide k e r n e l .  

(5) Gas-phase d i f f u s i o n  of CO and C02 through t h e  poraus 
b u f f e r  l a y e r  of carbon, t h e  C02 d i f f u s i n g  from t h e  cold 
t o  t h e  h o t  s i d e  and t h e  CO d i f f u s i n g  i n  t h e  reverse 
d i r e c t i o n .  

S o l i d - s t a t e  d i f f u s i o n  of s o l i d - s o l u t i o n  carbon through 
t h e  oxide k e r n e l  and down t h e  temperature  g r a d i e n t .  

( 6 )  
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C .  Reac t ions  a t  t h e  Cold S ide  

(7)  2CO ( a r r i v i n g  from t h e  h o t  s i d e )  * C 0 2  + C 

(8) CO -f [ O ]  ( i n  s o l u t i o n  i n  t h e  oxide)  f C 

(9)  [ C ]  ( i n  s o l i d  s o l u t i o n  i n  t h e  oxide) + C .  

I n  t h e  above expres s ions  t h e  b r a c k e t s  i n d i c a t e  s o l i d  s o l u t i o n  of a s p e c i e s .  

These mechanisms a re  interdependent  and c o n s t i t u t e  several series o r  p a r a l -  

lel sets. For example, i f  t h e  series of p rocesses  (l), ( S ) ,  and (7)  were 

considered,  as shown i n  F i g .  9, i t  can b e  seen t h a t  t h e  s lowes t  of t h e  

t h r e e  would c o n t r o l  mass t r a n s p o r t .  Another mig ra t ion  system i s  es t ab -  

l i s h e d  by mechanisms (2), ( 4 ) ,  and (8); a g a i n  t h e  s lowes t  mechanism would 

c o n t r o l .  F i n a l l y ,  t h e  two sets of mechanisms o p e r a t e  i n  p a r a l l e l ,  and t h e  

mig ra t ion  would b e  c o n t r o l l e d  a t  a p a r t i c u l a r  temperature  and temperature  

g r a d i e n t  by t h e  set having t h e  more r a p i d  o v e r a l l  rate. 

D e r i v a t i o n s  of t h e  rates of s p e c i f i c  mechanisms w i l l  b e  g iven  below, 

4 .2 .1  Ca lcu la t ed  Rate of Carbon Transport  by CO-C02 D i f f u s i o n  

The carbon-transport ing c y c l e  shown i n  F i g .  9 i s  f i r s t  assumed t o  be 

c o n t r o l l e d  by t h e  ra te  of CO-CO 

l a y e r  t h a t  immediately surrounds t h e  k e r n e l .  Q u a n t i t a t i v e  mathematical  

expres s ions  f o r  t h e  carbon t r a n s p o r t  rate w e r e  de r ived  (Appendix B) us ing  

t h e  fol lowing assumptions about behavior  w i t h i n  t h e  p a r t i c l e :  

d i f f u s i o n  i n  t h e  porous carbon b u f f e r  2 

(1) The t o t a l  gas  p r e s s u r e  a t  any p o i n t  w i t h i n  t h e  b u f f e r  l a y e r  

i s  c o n s t a n t .  

Chemical e q u i l i b r i u m  is  maintained a t  each temperature  w i t h i n  (2) 

t h e  b u f f e r  l a y e r .  

Grad ien t s  i n  Pco and P can b e  

of F l g .  1. I t  can b e  seen  t h a t ,  a t  a 
c02 

demonstrated t o  e x i s t  w i t h  t h e  a i d  

g iven  t o t a l  P + P t h e  r a t i o  co C02’ 
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Fig .  9 .  Carbon-Transporting Cycle P o s t u l a t e d  t o  Operate  as a R e s u l t  

of CO-C02 D i f fus ion  Within t h e  Porous Buf fe r  Coat ing of  Oxide Coated P a r t i c l e s .  



28 

CO /CO dec reases  w i t h  i n c r e a s i n g  temperature .  Therefore ,  carbon d iox ide  

d i f f u s e s  up and carbon monoxide d i f f u s e s  down t h e  temperature  g r a d i e n t ,  

as shown i n  F i g .  9 .  

2 

The r e s u l t i n g  expres s ions  are summarized below: 

Carbon Transpor t  Out-of-Reactor (As-coated o r  I r r a d i a t e d  P a r t i c l e s ) .  - 

The expres s ion  f o r  carbon t r a n s p o r t  i n  out-of-reactor  tests i s  de r ived  i n  

Appendix By Eq. (B26) ,  and i s  as fol lows:  

E '  dT 
q' dx CO -"; ' y = - k t - P  

i n  which 

y = micrometers (pm) of carbon t r a n s p o r t e d ,  

r a t i o ,  observed d i f f u s i o n  c o e f f i c i e n t  t o  t h a t  i n  f r e e  E '  

4' space,  dimensionless ,  
- =  

k = ra te  c o n s t a n t  a t  a given P + P and temperature  

f o r  t h e  C-CO-C02 system, urn of carbon h r - l  ("C/cm)-' 
a t m - l ,  F ig .  B-1  (Appendix B) , 

c02 co 

t = t i m e ,  h r ,  

x = g e n e r a l  d i s t a n c e  parameter,  cm, 

dT/dx = temperature  g r a d i e n t ,  OC/cm,  

= p r e s s u r e  of CO o r  C 0 2 ,  a t m ,  p c o ~ p c o 2  

P = p r e s s u r e  of r e s i d u a l  c o a t i n g  gases ,  u s u a l l y  1 a t m ,  
g 

P = p r e s s u r e  of X e  + K r  i f  p r e s e n t ,  a t m ,  
f g 

S1 = sum, Pco + P , 
c02 

s2 = sum, Pco + Pco2 + P + P . 
g f g  

In-Reactor Carbon Transport  Tests.  - The t r a n s p o r t  equa t ion  f o r  in-  

r e a c t o r  tests w i l l  now b e  g e n e r a l l y  desc r ibed .  It appears  t h a t  t h e  oxygen 
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r e l e a s e d  i n  a p a r t i c l e  ( e s s e n t i a l l y  as carbon monoxide) i s  n o t  chemical ly  

bu f fe red  during burnup, as w a s  d i scussed  i n  Sec t .  3 . 3 .  

w i t h  burnup, as do t h e  p r e s s u r e s  of xenon and krypton. 

Thus, Pco i n c r e a s e s  

The mean-value- 

theorem i s  used i n  t h e  t r a n s p o r t  equa t ions  t o  e v a l u a t e  t h i s  change i n  pres-  

s u r e  wi th  burnup. The r e s u l t i n g  equat ion f o r  carbon t r a n s p o r t  a t  a given 

f i n a l  burnup is  de r ived  i n  Appendix By Eq. (B27), and is  as fol lows:  

i n  which 

log  k, = -7.837 + 9452/T 
x, 

s3 = [ 1+- ':::'I 
F = percen t  FIMA. 

S p e c i f i c  examples of t h e  use  of Eq. (3 )  w i l l  now b e  given. It i s  

assumed t h a t  t h e  release of oxygen, xenon, and krypton is l i n e a r  w i th  

burnup, e .g . ,  by us ing  t h e  ideal-gas  l a w ,  

- - pco 

i n  which 

- - co m 

- 
R1 - 
T =  

F =  

a =  

mCORITF + pc0 ( i n i t i a l )  , a0 ( 4 )  

moles of oxygen r e l e a s e d  as CO p e r  i n i t i a l  mole of U p e r  

pe rcen t  FIMA, 

82.06 cm3-atm/mole-'K, 

temperature,  OK, 

percen t  FIMA, 

r a t i o  (void volume i n  k e r n e l  and b u f f e r  l a y e r / s u p e r f i c i a l  

volume of ke rne l )  , 
molar volume of t h e  f u e l  oxide,  24.6 cm /mole f o r  U 0 2 .  3 

. 
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i t  should b e  noted (Xe + K r ) ;  S i m i l a r  exp res s ions  are used f o r  P and P 

t h a t  t h e  sum of mco and 2m 

pe rcen t  FIMA p e r  mole of oxide.  

c02 
is  equa l  t o  m y  t h e  t o t a l  oxygen release p e r  

c02 

Consider now t h e  a p p l i c a t i o n  of Eq. (3)  t o  t h e  i r r a d i a t i o n  of 93%- 

enriched UO i n  HFIR (High - - Flux - I s o t o p e  - Reac to r ) .  Here t y p i c a l  burnup 

c o n d i t i o n s  are approximately 50 h r / %  FIMA a t  a temperature  g r a d i e n t  of 

approximately 200"C/cm. The BISO" p a r t i c l e  i s  assumed t o  i n c l u d e  a volume 

f o r  f i s s i o n  gas  t h a t  i s  t h r e e  t i m e s  t h e  volume of t h e  k e r n e l  (a  = 3.0) and 

an  i n i t i a l  Pco of 1 a t m .  

t o  correspond approximately wi th  t h e  h igh  and low v a l u e s  c a l c u l a t e d  from 

t h e  f i s s i o n  product  y i e l d s ;  t h e s e  v a l u e s  were 0.3 and 0.05 ( s e e  Tables  1. 

and 2 ) .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a t  s p e c i f i c  burnups f o r  t h e  two 

v a l u e s  of oxygen release are given i n  F i g s .  10 and 11. It i s  immediately 

ev iden t  t h a t  t h e  p r e d i c t e d  carbon t r a n s p o r t  a t  f u l l  burnup i s  a centimet:er 

o r  more even a t  E ' /q '  = 0.01, where E ' /q '  i s  t h e  probable  minimum r a t i o  of 

t h e  d i f f u s i o n  of gas  i n  t h e  b u f f e r  l a y e r  t o  t h a t  i n  f r e e  space.  On t h e  

o t h e r  hand, t h e  t r a n s p o r t  necessa ry  f o r  p a r t i c l e  f a i l u r e  i s  about 100 urn. 

Since t h e s e  p a r t i c l e s  do no t  g e n e r a l l y  f a i l  a t  f u l l  burnup, t h e  p r e d i c t e d  

behavior  i s  o r d e r s  of magnitude g r e a t e r  t han  t h a t  normally observed. 

2 

Two v a l u e s  of oxygen release p e r  f i s s i o n  were used 

Consider nex t  t h e  i r r a d i a t i o n  of Tho p a r t i c l e s .  Here w e  assume 500 

h r  p e r  % FIMA of 233U i n  HFIR a t  a temperature  g r a d i e n t  of 200°C/cm and a 

volume f o r  f i s s i o n  gas  t h a t  i s  equa l  t o  t h e  k e r n e l  volume (a = 1 .0 ) .  For 

one set  of c a l c u l a t i o n s  t h a t  would g i v e  t h e  maximum ra te  of carbon t r a n s p o r t ,  

w e  assumed P 

2 

= 1 a t m  i n i t i a l l y  and an oxygen release of 0 .3  atom per co 

* 
BISO p a r t i c l e  c o a t i n g s  c o n s i s t  of a low-density p y r o l y t i c  carbon l a y e r  
and a high-densi ty  p y r o l y t i c  carbon l a y e r .  
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Fig. 10. Carbon Transport Calculated to Occur via CO-CO2 Interdiffusion 

in BISO-Coated U02 Particles at Typical HFIR Conditions for Burnup Rate and 

Temperature Gradient. The assumed oxygen release is 0.3 atom per fission. 
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Fig.  11. Carbon Transpor t  Ca lcu la t ed  t o  Occur v i a  CO-C02 I n t e r d i f f u s i o n  

i n  BISO-Coated U02 P a r t i c l e s  a t  Typ ica l  HFIR Conditions f o r  Burnup R a t e  and 

Temperature Gradient .  The assumed oxygen release i s  0.05 atom p e r  f i s s i o n ;  

t h e  o t h e r  parameters  are t h e  same as those  i n  F ig .  10. 
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f i s s i o n ;  t h e  r e s u l t s  are  given i n  F ig .  12 .  For t h e  c a l c u l a t i o n  of t h e  

minimum t r a n s p o r t  w e  assumed P = 0.001 a t m  i n i t i a l l y  and an  oxygen co 
release of 0.05 atom p e r  f i s s i o n .  Again, t h e  p red ic t ed  t r a n s p o r t  (see 

F ig .  13) is  several o rde r s  of magnitude l a r g e r  than t h e  observed t r a n s p o r t  

i n  i r r a d i a t e d  BISO-coated Tho2 p a r t i c l e s .  

The discrepancy between va lues  p red ic t ed  by t h e  gas-phase t r a n s p o r t  

theory  and those  obta ined  i n  a c t u a l  p r a c t i c e  appa ren t ly  cannot be  recti-  

f i e d  a t  t h e  p r e s e n t  t i m e .  Experience wi th  t h e  s e n s i t i v i t y  of t h e  va r ious  

numerical  parameters  i n  t h e  mathematical  model i n d i c a t e s  t h a t  t h e  only  

p o s s i b l e  way t h a t  t h e  c a l c u l a t e d  carbon t r a n s p o r t  rates could be  made t o  

a g r e e  wi th  t h e  observed rates would b e  t o  have an  e x t r a o r d i n a r i l y  low 

v a l u e  of 10-5 f o r  ~ ' / q '  o r  an  oxygen release p e r  f i s s i o n  of approximately 

0.005 (m = 0.00005) o r  less. The l a t te r  va lue  i s  i n c o n s i s t e n t  wi th  those  

g iven  i n  Tables  1 and 2 .  

4 . 2 . 2  Calcu la ted  R a t e  of Carbon Transport  Cont ro l led  by Carbon 
Monoxide Dispropor t iona t ion  

Consider t h e  ra te  of t h e  r e a c t i o n  

2co -f co2 + c 

a t  t h e  co ld  s i d e  of t h e  p a r t i c l e  t o  b e  c o n t r o l l i n g  t h e  ra te  of t h e  carbon 

t r a n s p o r t  c y c l e  shown i n  F ig .  9 .  Data from only two s t u d i e s  r e l a t i v e  t o  

t h e r a t e  of t h i s  r e a c t i o n  i n  t h e  absence of c a t a l y s t s  are  known t o  e x i s t .  

Both s t u d i e s  were c a r r i e d  o u t  a t  temperatures  and p res su res  cons iderably  

lower than  those  i n  oxide p a r t i c l e s  i n  t h e  HFIR; t hus  our  e x t r a p o l a t i o n s  

of t h e s e  d a t a  may g i v e  erroneous r e s u l t s .  Th i s  r e a c t i o n  i s  repor ted  by 

Reif34 t o  be  p ropor t iona l  t o  P 

cal /mole,  wh i l e  Pur s l ey  e t  al.35 found t h e  r e a c t i o n  ra te  t o  be  zero  o rde r  

wi th  an  a c t i v a t i o n  energy of 13,200 co 
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Fig .  1 2 .  Carbon Transpor t  Ca lcu la t ed  t o  Occur v ia  CO-C02 I n t e r -  

d i f f u s i o n  i n  BISO-Coated Tho2 P a r t i c l e s  a t  Typica l  HFIR Condi t ions  f o r  

Burnup R a t e  of 233U and Temperature Gradien t .  

release i s  0 .3  atom per  f i s s i o n  and P co ( i n i t i a l )  i s  1 .0  a t m .  

The assumed oxygen 
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Fig .  13. Carbon Transpor t  Calcu la ted  t o  Occur v i a  CO-C02 I n t e r d i f f u s i o n  

i n  BISO-Coated Tho2 P a r t i c l e s  a t  Typica l  HFIR Condit ions f o r  Burnup Rate of 

233U and Temperature Gradient .  The assumed oxygen release i s  0.05 atom pe r  

f i s s i o n  andP ( i n i t i a l )  is 0.001 a t m ;  t h e  o t h e r  parameters  are t h e  same as 

those  i n  F ig .  1 2 .  

co 



36 

wi th  an  a c t i v a t i o n  energy of 35,900 cal /mole.  

b e  dependent on t h e  surface/volume r a t i o  (S/V) of  t h e  carbon i n  which 

t h e  decomposition of carbon monoxide i s  occur r ing .  

one must keep t h e s e  r e s e r v a t i o n s  i n  mind i n  t h e  fol lowing a p p l i c a t i o n  of 

t h e  d a t a  t o  t h e  ox ide  p a r t i c l e  system. Lackey36 has  measured S/V i n  t h e  

b u f f e r  l a y e r  carbon i n  u n i r r a d i a t e d  Tho2 coated p a r t i c l e s  

t o  be about  12  m / c m  . 
and only 2 m /cm3 f o r  t h e  S/V r a t i o ,  t hen  t h e  amount of carbon removed 

from t h e  h o t  s i d e  of a p a r t i c l e  as a r e s u l t  of t h e  carbon d e p o s i t i o n  a t  

t h e  cold s i d e  i n - p i l e  (with re if'^^^ d a t a )  would be: 

The ra te  a l s o  appea r s  t o  

Consequently, 34 , 35 

and found it 

I f  one assumed a 100-pm-thick b u f f e r  l a y e r  (aB) 2 3  

2 

F -13,200 
y = 0.0021 exp [ RT ] t R B  :$- \ Pco dF , 

0 

(5) 

i n  which t ,  y,  and F r e t a i n  t h e  same u n i t s  as used p rev ious ly .  By us ing  

t h e  idea l -gas  l a w  f o r  P and s u b s t i t u t i n g  f o r  R and S/V, i n t e g r a t i o n  of co B 

Eq. (5) gives:  

1 13 200 ( y = 0.42 exp [- iT ] [s F2 + P C O ( i n i t i a l )  F . (6) 
tp  

Th i s  l a t t e r  equa t ion  h a s  been used t o  c a l c u l a t e  t h e  r e s u l t s  shown i n  F ig .  

1 4  f o r  burnup of UO i n  t h e  H F I R .  Again, t h e  c a l c u l a t e d  amount of carbon 

t r a n s p o r t e d  is o r d e r s  of magnitude g r e a t e r  t han  t h a t  observed. 

P u r s l e y ' s  

p r o p o r t i o n a l  t o  t i m e ;  u s e  of t h i s  equa t ion  gave r e s u l t s  which g e n e r a l l y  

d i d  n o t  d i f f e r  i n  magnitude from those  shown i n  F ig .  14.  The rates f o r  

t h e  ho t - s ide  r e a c t i o n ,  C 0 2  f C -f 2 C 0 ,  were a l s o  considered,  b u t  t h e s e  rates 

were always f a s t e r  t han  those  f o r  t h e  CO-disproportionation r e a c t i o n .  Thus 

2 

U s e  of 

35 PCO-independent r a t e  d a t a  r e s u l t s  i n  an equa t ion  i n  which y is  
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Fig.  14.  Carbon Removal from H o t  S ide  of P a r t i c l e  Ca lcu la t ed  t o  Occur 

a t  Typical  HFIR Conditions i n  BISO-Coated U02 P a r t i c l e s  as a Resu l t  of R a t e  

Control  by t h e  CO-Decomposition React ion Within t h e  Buf fe r  Layer on t h e  Cold 

S ide  of a Coated P a r t i c l e .  
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i t  a g a i n  appears  t h a t  t h e  p r e d i c t i o n s  of theory a re  a t  c o n s i d e r a b l e  

v a r i a n c e  wi th  p r a c t i c e  and t h a t  no d e f i n i t i v e  i d e n t i f i c a t i o n  of t h e  

r a t e - c o n t r o l l i n g  mechanism f o r  t r a n s p o r t  i n  oxide f u e l s  can y e t  b e  made. 

However, i f  w e  t a k e  t h e  c a l c u l a t i o n s  made t h u s  f a r  a t  f a c e  v a l u e ,  then a 

comparison of t h e  c a l c u l a t e d  r e s u l t s  i n  F i g .  10 f o r  gas-phase i n t e r -  

d i f f u s i o n  wi th  those  i n  Fig.  14 i n d i c a t e s  t h a t  t h e  decomposition ra te  

of carbon monoxide a t  T < about 1400 t o  1500 O K  would r e s u l t  i n  t h e  

removal of less carbon than  t h a t  r e s u l t i n g  from gas-phase t r a n s p o r t  and 

hence would appear t o  b e  c o n t r o l l i n g  below t h e s e  temperatures .  Another 

important e f f e c t  n o t  considered h e r e  i s  c a t a l y s i s  of t h e  r e a c t i o n  by t h e  

f i s s i o n  product  elements;  t h i s  e f f e c t  could e i t h e r  a c c e l e r a t e  o r  r e t a r d  

t h e  r e a c t i o n .  

4.2.3 R a t e  of Carbon Deposi t ion o r  Kernel Migrat ion by S o l i d - s t a t e  
D i f f u s i o n  Mechanisms 

The a n a l y s i s  of s o l i d - s t a t e  m a s s  t r a n s p o r t  through an ox ide  k e r n e l  

31  would appear  t o  b e  similar t o  t h a t  developed f o r  d i c a r b i d e s  by Gulden. 

H i s  a n a l y s i s  s u g g e s t s  t h a t  t h e  equa t ion  f o r  t h e  f l u x  of r a t e - c o n t r o l l i n g  

s p e c i e s  j through a n  oxide k e r n e l  would be: 
c - 

J =  
j (7) 

i n  which 

3 c o n c e n t r a t i o n  of s p e c i e s  j i n  t h e  oxide,  moles/cm , 

s e l f - d i f f u s i o n  c o e f f i c i e n t  i n  t h e  oxide of s p e c i e s  j ,  cm / s e c ,  

h e a t  of s o l u t i o n  ( p a r t i a l  molal  enthalpy)  of s p e c i e s  j ,  cal /mole,  

chemical p o t e n t i a l  of s p e c i e s  j ,  cal /mole,  

h e a t  of t r a n s p o r t  of s p e c i e s  j i n  t h e  k e r n e l ,  cal /mole.  

2 
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I n  t h e  event  t h a t  s o l i d - s t a t e  d i f f u s i o n  was e s t a b l i s h e d  as t h e  

r a t e - c o n t r o l l i n g  mechanism, t h e  i d e n t i f i c a t i o n  of t h e  r a t e - c o n t r o l l i n g  

s p e c i e s ,  j ,  would b e  necessary f o r  t h e  a p p l i c a t i o n  of Eq. ( 7 ) .  For t h e  

purpose of i l l u s t r a t i o n ,  l e t  u s  assume t h a t  t h i s  s p e c i e s  was s o l i d - s o l u t i o n  

oxygen [ O ] .  Since 1-1 = = RT I n  P , and assuming t h a t  t h e  l o c a l  
[ O I  Po2 O2 

oxygen p o t e n t i a l  of t h e  oxide k e r n e l  i n  a temperature  g r a d i e n t  w a s  maintained 

a t  t h a t  f o r  t h e  l o c a l  equ i l ib r ium 

-+ 2c + o2 f 2co , 

i t  can r e a d i l y  b e  demonstrated t h a t  

i n  which 

A H i  = s t anda rd  enthalpy of r e a c t i o n  (8 ) .  Thus, 

A paper by Aitken3' provides  v a l u e s  of 

i n  oxide f u e l s  more e x t e n s i v e l y  than w a s  done h e r e .  App l i ca t ion  of Eq .  (10) 

t o  a f i s s i o n i n g  system would a l s o  need, i n  p r i n c i p l e ,  t o  i nc lude  t h e  experi-  

mental  v a r i a t i o n  of f a c t o r s  such as Q" 

and a l s o  t rea ts  thermal d i f f u s i o n  
[ O I  

and wi th  f i s s i o n .  
[ O I  [ O I '  D;ol, 

4.3  T h e o r e t i c a l  Basis f o r  C o r r e l a t i o n  of I r r a d i a t i o n  Data 

The equat ions der ived i n  S e c t .  4 . 2  f o r  c a l c u l a t i n g  t r a n s p o r t  behavior  

i n  oxides  can b e  used t o  d e r i v e  r e l a t i o n s h i p s  f o r  c o r r e l a t i o n  of experi-  

mental  d a t a  s imilar  t o  t h a t  used f o r  c a r b i d e  p a r t i c l e s  31-33 o r  by t h e  

Dragon P r o j e c t  (F ig .  8 ) .  This  method provides  a p o s s i b l e  means f o r  
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o b t a i n i n g  u s e f u l  c o r r e l a t i o n s  from experimental  obse rva t ions  wi thou t  

having t o  know a l l  t h e  q u a n t i t i e s  s p e c i f i e d  i n  t h e  f i r s t - p r i n c i p l e  

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

c o e f f i c i e n t  f o r  c a r b i d e s .  31-33 

Such an  approach was used i n  c a l c u l a t i n g  t h e  k e r n e l  mig ra t ion  

The d e r i v a t i o n s  t o  b e  made below f o r  

-dependent mechanisms r e s u l t  from mathematical  s i m p l i f i c a t i o n s  of t h e  

exac t  d e r i v a t i o n s  under t h e  fo l lowing  cond i t ions :  (a )  Pco ( a f t e r  f i s s i o n )  > 

pco 

about 4 Pco ( i n i t i a l l y ) ,  (b) Pco > 0 .1  Pco , (c)  Pco + P > P (d) 2 f g  g' 
i n c r e a s e s  l i n e a r l y  wi th  f i s s i o n .  pco 
Consider f i r s t  t h e  d e r i v a t i o n  of a n  experimental  c o r r e l a t i o n  from t h e  

model f o r  d i f f u s i o n  of CO and C02 i n  f i s s i o n  gas ,  Eq. ( 3 ) .  

assumptions above and t h e  i d e a l  gas  l a w  f o r  c a l c u l a t i o n  of P 

i t  can b e  shown t h a t  Eq. (3) can be expressed i n  t h e  form 

By u s i n g  t h e  

and P co f g  

y =: ( c o n s t a n t )  --- dx d T T t  a F r F d F  . 

I n t e g r a t i o n  of t h i s  equa t ion  i n d i c a t e s  t h a t  y is  p r o p o r t i o n a l  t o  F 2 , as 

is  g e n e r a l l y  i n d i c a t e d  i n  F i g s .  10-13 f o r  t h e  exac t  a p p l i c a t i o n  of E q .  (11) 

(e .g . ,  i n c r e a s i n g  F by a f a c t o r  of 10 i n c r e a s e s  y by a f a c t o r  of 100) .  

dT T F t 2  
Y =  a l d x ; t  

o r  

L 

1 '  = a  dT F 
dx t T t  -- 

The terms i n  a can b e  shown t o  be: 1 
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A s  long as a 

fol low a s i n g l e  mechanism over a l l  temperatures ,  and t o  obey t h e  Arrhenius  

r e l a t i o n ,  then a p l o t  of l og  al vs 1 / T  should be l i n e a r  i f  t h e  gas-phase 

i n t e r d i f f u s i o n  mechanism is  r a t e - c o n t r o l l i n g  i n  t h e  experimental  system, 

Note t h a t  kk, Eq. (B23) i n  Appendix B y  does s a t i s f y  t h i s  requirement.  

I n  Eq.  (12b) i t  should b e  noted t h a t  y / t  is t h e  observed time-averaged 

t r a n s p o r t  ra te  and F / t  i s  p r o p o r t i o n a l  t o  t h e  power generated i n  a f u l l y  

dense k e r n e l .  

can be assumed t o  b e  t i m e -  and f iss ion-independent ,  t o  1 

The equa t ions  f o r  ra te  c o n t r o l  by t h e  decomposition of carbon mon- 

oxide can b e  t r e a t e d  i n  t h e  same manner. For t h e  cond i t ion  t h a t  t h e  rate 

i s  p r o p o r t i o n a l  t o  P [Eq. ( 5 ) ] ,  i t  can b e  r e a d i l y  demonstrated t h a t  co 

o r  

Y a  
F T t  - t 

- -  
2 - a  t 

while ,  f o r  t h e  case i n  which t h e  rate is PCO-independent, one o b t a i n s  

y = a t  3 

or 
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The c o r r e l a t i o n s  f o r  ra te  c o n t r o l  by a s o l i d - s t a t e  d i f f u s i o n  mechanism 

can be deduced from two l i m i t i n g  c a s e s  f o r  Eq .  ( 7 ) .  I f  Idpj/dTI << 

* -  31 Ipj - Qj - h . 1 ,  then t h e  c o r r e l a t i o n  would appa ren t ly  t a k e  t h e  form 
J 

t dT 
y = a - -  4 T2 dx 

o r  

T2 
- =  

4 .  a t 
dT 
dx 
I 

On t h e  o t h e r  hand, i f  t h e  a b s o l u t e  v a l u e s  of t h e s e  q u a n t i t i e s  had t h e  

o p p o s i t e  s ense ,  t hen  t h e  c o r r e l a t i o n  would appa ren t ly  b e  

t dT y = a - -  
5 T dx 

o r  

dx 

The term a4 h a s  been c a l l e d  t h e  "ke rne l  mig ra t ion  c o e f f i c i e n t ;  ' I3 '  t h i s  

terminology w i l l  b e  used h e r e  a l s o .  Again, as long as t h e  ra te  equa t ions  

l e a d i n g  t o  t h e  d e r i v a t i o n s  of t h e  c o e f f i c i e n t s  a through a can each be 

based on a s i n g l e  mechanism o p e r a t i n g  ove r  a given temperature  range,  t hen  

each c o e f f i c i e n t  can b e  p l o t t e d  vs 1 / T  as long as t h e  s imple Arrhenius  

behavior  i s  obeyed. 

2 5 

4.4  Methods f o r  Determinat ion of t h e  Rate-Controll ing Mechanism 

The mathematical  equa t ions  p re sen ted  above f o r  t h e  p r e d i c t i o n  of 
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migra t ion  rates can p o s s i b l y  b e  used t o  determine which of t h e  many 

mechanisms i s  a c t u a l l y  r a t e - c o n t r o l l i n g .  I n  b o t h  i n - r e a c t o r  and out- 

o f - r eac to r  experiments,  an  a r r a y  of p a r t i c l e s  e x i s t s  i n  e i t h e r  a f u e l  

rod o r  i n  an experimental  p a r t i c l e  holder ;  depending upon t h e  p a r t i c l e  

p o s i t i o n  w i t h i n  t h e  a r r a y ,  each p a r t i c l e  is  sub jec t ed  t o  a reasonably 

well-known temperature and temperature  g r a d i e n t .  Also, t h e  mig ra t ion  o r  

t r a n s p o r t  i n  each p a r t i c l e  can be measured by s t anda rd  r ad iog raph ic  o r  

me ta l log raph ic  techniques.  

c a l c u l a t e  t h e  r a t i o  of observed t r a n s p o r t  i n  a p a r t i c l e  l o c a t e d  a t  any 

p o s i t i o n  w i t h i n  t h e  a r r a y  t o  t h a t  f o r  a p a r t i c l e  a t ,  convenient ly ,  t h e  

The l a t t e r  measurements can then b e  used t o  

midpoint of t h e  a r r a y .  

mathematical  equat ions and has  t h e  g r e a t  advantage of t h e  c a n c e l l a t i o n  

Such a r a t i o  can a l s o  be c a l c u l a t e d  from t h e  

of such unknown parameters as E ' / q ' ,  S/V,  etc.  Even i f  t h e  parameters  

v a r y  wi th  f i s s i o n  o r  t i m e ,  t h e i r  r a t i o  is  s t i l l  u n i t y ,  s i n c e  a l l  p a r t i c l e s  

experience t h e  same t i m e  and f i s s i o n .  

For CO-CO i n t e r d i f f u s i o n ,  t h e  r a t i o  i s  ob ta ined  from Eqs. (2) and 2 

(3)  and a t  T > 1250'K can b e  shown t o  be: 

i n  which 

10+9 4 5 2 T [%] X 
(2)- X 

a 

TX a = - f o r  u n i r r a d i a t e d  p a r t i c l e s ;  T- 
X 
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and i n  i r r a d i a t e d  p a r t i c l e s  i n  which gas  p r e s s u r e s  vary  wi th  burnup, 

a' 

The va lue  of a' f o r  i r r a d i a t e d  p a r t i c l e s  i n c r e a s e s  by about  a f a c t o r  of 

2 as  temperature  dec reases  by about  150°C ( s e e  F igs .  10-13); however, 

s i n c e  t h i s  i s  only  an  approximation and i s  a r e l a t i v e l y  small e f f e c t ,  t h e  

va lue  of a f o r  u n i r r a d i a t e d  p a r t i c l e s  w a s  used i n  t h e  p re sen t  c a l c u l a t i o n s .  

These equat ions  w e r e  used t o  c a l c u l a t e  t h e  ind ica t ed  r a t i o s  shown i n  F ig .  

15  f o r  a t y p i c a l  i n - p i l e  experiment and i n  F ig .  1 6  f o r  a t y p i c a l  out-of- 

p i l e  experiment.  

For r a t e  c o n t r o l  by t h e  CO-decomposition r e a c t i o n ,  t h e  r a t i o  i s  

obta ined  from Eq .  ( 6 )  and f o r  P C O ( i n i t i a l )  << P (from f i s s i o n )  i s  co 

This  equat ion  w a s  used t o  c a l c u l a t e  t h e  r a t i o s  shown i n  F igs .  15  and 16 

f o r  an a c t i v a t i o n  energy of e i t h e r  13,200 ca l /mole  from Reif3' o r  35,900 

ca l /mole  from Purs l ey  et  al. 35 

For r a t e  c o n t r o l  by a s o l i d - s t a t e  d i f f u s i o n  mechanism, Eq.  (16a) 

was assumed 

YX 

yz 
- = :  

t o  obey t h e  Arrhenius  r e l a t i o n  and was arranged t o  g i v e  
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FUEL STICK, IN-PILE ' 

Fig.  15. Ca lcu la t ed  R a t i o  of Transport  Behavior R e s u l t i n g  from R a t e  

Control  by I n d i c a t e d  Mechanisms i n  BISO-Coated Oxide P a r t i c l e s  I r r a d i a t e d  

i n  a Fue l  Rod. 
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T(K)= 1841 -28.53 X -  11.91 X' - 

-3.33 x 3  - 

CONTROLLING MECHANISM 

2 co + co, + c REACTION I 
CO-CO, INTERDIFFUSION 

-.- SOLID- STATE DIFFUSION 

R2 

0.1 

x ,  DISTANCE FROM COLD SIDE OF PARTICLE HOLDER (cm) 
-5 -4 -3 -2 

Fig .  16 .  Ca lcu la t ed  Ra t io  of Transpor t  Behavior Resu l t ing  from Rare 

Cont ro l  by I n d i c a t e d  Mechanisms i n  BISO-Coated Oxide P a r t i c l e s  Ifhen Heated 

i n  a Typica l  Laboratory Furnace.  

o r  i r r a d i a t e d  p a r t i c l e s .  

These r e s u l t s  apply t o  e i t h e r  as-coated 
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This  equa t ion  was used t o  c a l c u l a t e  the r a t i o s  shown i n  

f o r  a n  a c t i v a t i o n  energy, Q, of e i t h e r  70,000 o r  96,000 

va lues  being t y p i c a l  f o r  s o l i d - s t a t e  d i f f u s i o n .  

A comparison of t h e  c a l c u l a t e d  r e s u l t s  i n  F igs .  15 

Figs .  15 and 16  

cal/mole,  t h e s e  

and 16  can now 

b e  made. A s  shown i n  Fig.  15, t h e  temperature  i n  a f u e l  rod d e c r e a s e s  

wi th  i n c r e a s i n g  r a d i u s  w h i l e  t h e  temperature  g r a d i e n t  i n c r e a s e s  from zero 

a t  t h e  c e n t e r  of a f u e l  rod t o ,  i n  t h i s  example, 267"C/cm a t  t h e  s u r f a c e .  

I t  i s  immediately ev iden t  t h a t ,  f o r  t h i s  cond i t ion ,  rate c o n t r o l  by t h e  

CO-C02, gas-phase d i f f u s i o n  mechanism would g i v e  a r a t i o  markedly d i f -  

f e r e n t  from r a t i o s  r e s u l t i n g  from c o n t r o l  by o t h e r  mechanisms. The 

p a r t i c l e s  a t  o r  w i t h i n  0.15 cm of t h e  o u t e r  s u r f a c e  of t h e  f u e l  rod 

should show much more t r a n s p o r t  than those  i n  t h e  i n t e r i o r .  

hand, c o n t r o l  by e i t h e r  a gas-sol id  r e a c t i o n  o r  a s o l i d - s t a t e  d i f f u s i o n  

mechanism would r e s u l t  i n  p a r t i c l e s  showing t h e  maximum t r a n s p o r t  a t  o r  

w i t h i n  approximately midradius.  In t h e  out-of-reactor  experiments (Fig.  

16) ,  both t h e  temperature  and t h e  temperature  g r a d i e n t  dec rease  w i t h  

i n c r e a s i n g  d i s t a n c e ,  an  e f f e c t  j u s t  o p p o s i t e  t o  t h a t  i n  a f u e l  rod. 

Control  by s o l i d - s t a t e  d i f f u s i o n  is t h e  mechanism having a ra te  behavior  

t h a t  i s  considerably d i f f e r e n t  from t h e  o t h e r  mechanisms, as long as t h e  

a c t i v a t i o n  energy i s  as h igh  as those  shown i n  F ig .  16. 

On t h e  o t h e r  

Thus, t h e  combination of i n - r eac to r  and out-of-reactor experiments 

conceivably w i l l  permit t h e  i d e n t i f i c a t i o n  of t h e  r a t e - c o n t r o l l i n g  

mechanism. App l i ca t ion  of t h i s  technique does r e q u i r e  t h a t  t h e  scatter 

i n  t h e  experimental  behavior  be w i t h i n  a f a c t o r  of +6 and cons i s t ency  

of mechanical p r o p e r t i e s  such as t h e  thermal  c o n d u c t i v i t y  of t h e  binding 

matrix and uniformity of p a r t i c l e - m a t r i x  thermal c o n t a c t .  Once t h i s  i s  
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accomplished, t hen  t h e  t h e o r e t i c a l  and experimental  programs can more 

j u s t i f i a b l y  c o n c e n t r a t e  on t h e  f i r s t - p r i n c i p l e  q u a n t i f i c a t i o n  of t h e  

r a t e  d a t a .  

One obvious problem wi th  t h e  experimental  a p p l i c a t i o n  of t h e s e  

techniques i s  t h e  i n a b i l i t y  t o  measure t h e  e x t e n t  of gas-phase carbon 

t r a n s p o r t .  It i s  conceivable  t h a t  c o a t i n g  f a i l u r e  as a p r e s s u r e  v e s s e l  

could occur by t h i s  p rocess  without  m e t a l l o g r a p h i c a l l y  observable  e f f e c t s .  

Occurrence of  f a i l u r e  would need t o  b e  measured by an  i n d i r e c t  technique 

such as release of f i s s i o n  gas ,  as w a s  done i n  t h e  Dragon P r o j e c t  experi-  

ments,26 o r  obse rva t ion  of p a r t i a l  conversion of t h e  ox ide  k e r n e l  t o  

ca rb ide .  Neve r the l e s s ,  once adequate  measurement techniques a re  developed, 

then t h e  r e s u l t i n g  d a t a  may b e  t r e a t e d  by t h e  methods d e s c r i b e d  h e r e .  

4.5 Analys i s  of Experimental  Data 

The a n a l y t i c a l  methods desc r ibed  above w i l l  now b e  a p p l i e d  t o  t h e  

a n a l y s i s  of k e r n e l  mig ra t ion  i n  an i r r a d i a t e d  f u e l  rod des igna ted  as H-1-2. 

T h i s  rod w a s  p a r t  of a set of r e c e n t  i r r a d i a t i o n  experiments t h a t  have 

provided a l a r g e  amount of d a t a  f o r  k e r n e l  mig ra t ion  i n  BISO p a r t i c l e s  

con ta in ing  U 0 2 ,  Tho2, Th0.8U0.202, o r  Th0.67U0.3302; t h e s e  experiments are 

desc r ibed  e x t e n s i v e l y  elsewhere.  General ly ,  t h e  p a r t i c l e s  i n  t h e s e  experi-  

ments were placed i n  1.27-cm-diam f u e l  rods  having a matrix made from a 

38 

carbonized pitch-carbon mixture .  The s p e c i f i c  c h a r a c t e r i s t i c s  of f u e l  rod 

H-1-2 are l i s t e d  i n  Table  4 .  

The temperature  equa t ion  i n  Table 4 needs some exp lana t ion .  C a r s l a w  

and Jaeger3g de r ived  t h e  equa t ion  f o r  r a d i a l  temperature  dependence under 

t h e  c o n d i t i o n s  of uniform h e a t  g e n e r a t i o n  and a c o n s t a n t  thermal 
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conduc t iv i ty ,  Kth, w i t h i n  an i n f i n i t e l y  long c y l i n d e r  of r a d i u s  rr. 

one conve r t s  t h e i r  d e f i n i t i o n  of t h e  ra te  of h e a t  gene ra t ion  ( i n  w a t t s  

pe r  cm ) t o  w a t t s  pe r  c m  of l eng th ,  q, t hen  t h i s  equat ion t akes  t h e  form 

I f  

3 

(22) 
2 

T = a  - a2x Y 

i n  which 

a = f u e l  rod c e n t e r - l i n e  temperature,  O K ,  
0 

2 2 a = q / 4  ITKthrr OK/cm 2 

O < x < r  . r - -  
Equation (22)  w i l l  be  used i n  t h e  a n a l y s i s  of t h e  H-1-2 eqperiment; i f  one 

were t o  cons ide r  t h e  minor e f f e c t s  of a x i a l  h o l e s  w i t h i n  t h e  f u e l  rod o r  

t h e  temperature  dependence of Kth, then d e r i v a t i o n s  such as those  given by 

Robertson4' would b e  u s e f u l .  

Table 4.  C h a r a c t e r i s t i c s  of Fue l  Rod H-1-2 

2 Temperature equat ion T(OK) = 1523 - 8 9 3 ~  

P a r t i c l e  type  

Kernel diameter ,  urn 114 

Void r a t i o ,  a 3.09 

Burnup, % FIMA 29.6 

Durat ion of exposure, days 97.1 

BISO-coated U 0 2  (93% enriched)  



The e x t e n t  of t h e  mig ra t ion  of t h e  ho t - s ide  kernel-carbon i n t e r f a c e  

i n  i n d i v i d u a l  p a r t i c l e s  w a s  measured from a lOOX photo-composite of r a d i a l  

c r o s s  s e c t i o n s .  This  mig ra t ion  w a s  simply de f ined  as t h e  d i f f e r e n c e  be- 

tween t h e  p o s t i r r a d i a t i o n  s e p a r a t i o n  of t h i s  i n t e r f a c e  from some convenient  

r e f e r e n c e  i n t e r f a c e  (such as t h e  b u f f e r  carborrdense carbon i n t e r f a c e  o r  

t h e  s u r f a c e  of t h e  p a r t i c l e )  and t h e  o r i g i n a l ,  p r e i r r a d i a t i o n  s e p a r a t i o n  of 

t h e s e  same i n t e r f a c e s ;  t h e  l a t te r  l o c a t i o n s  were r e a d i l y  d i s c e r n i b l e  i n  

t h e  photo-composites. No c o r r e c t i o n s  were made t o  t h e s e  measurements t o  

compensate f o r  geometric e f f e c t s  o r i g i n a t i n g  from e longa t ion  of t h e  k e r n e l s  

du r ing  i r r a d i a t i o n  and f o r  t h e  f a c t  t h a t  t h e  plane-of-pol ish i s  n o t  a t  t h e  

p a r t i c l e  equa to r .  A second set  of measurements gave t h e  l o c a t i o n  of t h e  

f r o n t  and back of t h e  p a r t i c l e - m a t r i x  i n t e r f a c e  wi th  r e s p e c t  t o  t h e  c e n t e r  

of t h e  f u e l  rod; t h e  average of t h e s e  two measurements is  t h u s  t h e  r a d i a l  

l o c a t i o n  w i t h i n  t h e  f u e l  rod of t h e  c e n t e r  of t h e  p a r t i c l e .  The d a t a  

ob ta ined  by t h e s e  techniques are given i n  F ig .  1 7 .  

This l a t t e r  p l o t  a long wi th  one c a l c u l a t e d  from f i r s t  p r i n c i p l e s ,  

F ig .  18, w a s  used t o  demonstrate t h a t  CO-C02 d i f f u s i o n  is no t  t h e  rate- 

c o n t r o l l i n g  mechanism f o r  k e r n e l  mig ra t ion .  

u t i l i z i n g  E q s .  (18)-(21) and t h e  temperature  equa t ion  i n  Table 4 .  Com- 

p a r i s o n  of t h e  c a l c u l a t e d  and experimental  d a t a  s t r o n g l y  sugges t s  t h a t  

CO-C02 d i f f u s i o n  does n o t  c o n t r o l  t h e  k e r n e l  mig ra t ion  rate. Con t ro l  by 

CO-CO d i f f u s i o n  would r e s u l t  i n  maximum k e r n e l  mig ra t ion  a t  t h e  s u r f a c e  

of t h e  f u e l  rod;  i t  can b e  seen i n  F i g s .  1 7  and 18 t h a t  t h e  maximum migra- 

t i o n  occur s  from about  one-third of t h e  fuel-rod r a d i u s  t o  t h e  s u r f a c e  of 

t h e  rod. S i m i l a r  p l o t s  were a l s o  made f o r  p a r t i c l e s  i n  o t h e r  f u e l  rods  i n  

t h e  H-1 and H-2 experiments;  a g a i n ,  t h e  d a t a  sugges t  t h a t  CO-C02 d i f f u s i o n  

does n o t  c o n t r o l  t h e  r a t e  of k e r n e l  mig ra t ion .  

F i g u r e  18 w a s  prepared by 

2 
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Fig .  1 7 .  Experimental  Observat ion of Kernel Migra t ion  i n  BISO-Coated 

UO P a r t i c l e s  i n  Fuel  Rod H-1-2 vs Rad ia l  Loca t ion  of P a r t i c l e s .  2 
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I d e n t i f i c a t i o n  of t h e  r a t e - c o n t r o l l i n g  mechanism f o r  k e r n e l  migra- 

t i o n  can t e n t a t i v e l y  b e  made. 

s ta te  d i f f u s i o n  mechanism and a r e a c t i o n  mechanism such as a gas - so l id  o r  

s o l i d - s o l i d  r e a c t i o n .  The c a l c u l a t e d  behavior  i n  F i g .  18 i n d i c a t e s  t h a t  

r e a c t i o n  c o n t r o l  should r e s u l t  i n  t h e  l a r g e s t  mig ra t ion  nea r  t h e  c e n t e r  

of t h e  f u e l  rod.  (This behavior  assumes t h a t  t h e  temperature-gradient-  

dependent mechanism t h a t  s u p p l i e s  r e a c t a n t s  t o  t h e  r a t e - c o n t r o l l i n g  

r e a c t i o n  proceeds a t  a rate s u f f i c i e n t  t o  supply t h e  r e a c t a n t s  even as 

t h e  temperature g r a d i e n t  approaches zero nea r  t h e  c e n t e r  of t h e  f u e l  rod.)  

On t h e  o t h e r  hand, c o n t r o l  by a s o l i d - s t a t e  d i f f u s i o n  mechanism r e s u l t s  

i n  a dec rease  i n  t h e  k e r n e l  mig ra t ion  i n  p a r t i c l e s  nea r  t h e  c e n t e r  of 

t h e  f u e l  rod.  

t h i s  l a t te r  behavior ,  e s p e c i a l l y  when one cons ide r s  t h e  k e r n e l s  t h a t  d i d  

n o t  mig ra t e  (Fig.  1 7 ) .  This  i n d i c a t e s  t h a t  a s o l i d - s t a t e  d i f f u s i o n  

mechanism i s  c o n t r o l l i n g  t h e  k e r n e l  mig ra t ion .  

s ta te  d i f f u s i o n  as t h e  r a t e - c o n t r o l l i n g  mechanism f o r  k e r n e l  mig ra t ion  

i n  t h e  o t h e r  f u e l  rods  t h a t  operated a t  much h i g h e r  temperatures i n  t h e  

H-1 and H-2 experiments w a s  n o t  p o s s i b l e  s i n c e  some o r  a l l  of t h e  f u e l  

p a r t i c l e s  had f a i l e d  and converted t o  c a r b i d e  w i t h i n  approximately t h e  

midradius  of t h e  f u e l  rod.  

The choice i s  appa ren t ly  between a s o l i d -  

It appears  t h a t  t h e  observed behavior  i n  rod H-1-2 fo l lows  

I d e n t i f i c a t i o n  of s o l i d -  

38 

A few cau t iona ry  s t a t emen t s  about t h i s  a n a l y s i s  are i n  o rde r  a t  t h i s  

p o i n t .  

1. The a n a l y s i s  should b e  a p p l i e d  only t o  f u e l  rods  f o r  which a l l  

p a r t i c l e s  have c o a t i n g s  of s u f f i c i e n t  i n t e g r i t y  t o  r e t a i n  t h e  Pco and t h e  

f i s s i o n  products .  

may s t r o n g l y  a f f e c t  t h e  g e n e r a l  t ype  and ra te  of t h e  c o n t r o l l i n g  mass- 

t r a n s p o r t  mechanism. 

Such a requirement is  necessa ry  because t h e s e  materials 
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2. I d e n t i f i c a t i o n  of a c o n t r o l l i n g  s o l i d - s t a t e  mechanism f o r  k e r n e l  

mig ra t ion ,  such as w a s  t e n t a t i v e l y  done f o r  f u e l  rod H-1-2, does n o t  

n e c e s s a r i l y  i d e n t i f y  t h e  r a t e - c o n t r o l l i n g  process  f o r  p a r t i c l e  c o a t i n g  

f a i l u r e .  Th i s  f a i l u r e  conceivably could b e  c o n t r o l l e d  by a f a s t e r  

mechanism such as CO-C02 d i f f u s i o n .  

3 .  It is  w e l l  known t h a t  t h e  r a t e - c o n t r o l l i n g  mechanisms can b e  

d i f f e r e n t  a t  d i f f e r e n t  temperatures  (e.g. ,  t h e  case of grain-boundary v s  

l a t t i c e  d i f f u s i o n  i n  s o l i d s ) .  Thus t h e  mechanism f o r  mass t r a n s p o r t  i n  

coated p a r t i c l e s  should b e  w e l l  e s t a b l i s h e d  over t h e  temperature  range of  

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

p a r t i c u l a r  mechanism is used t o  i n t e r p r e t  experimental  d a t a .  

5. SUMMARY OF OXIDE FUEL BEHAVIOR 

The thermodynamic behavior  of u n i r r a d i a t e d  UO and Tho appea r s  t o  2 2 

b e  adequately de f ined ,  wh i l e  some discrepancy e x i s t s  i n  t h e  d a t a  f o r  

P U O ~ - ~ .  

i s  e s s e n t i a l l y  unexplored, b u t  t h e  f e w  measurements of oxygen release 

( a s  carbon monoxide) du r ing  f i s s i o n  of 235U0 

range. These estimates a l s o  i n d i c a t e  t h a t  f i s s i o n  of 239Pu0 releases 

The oxygen p o t e n t i a l  of t h e  f u e l  ox ide - f i s s ion  product systems 

f a l l  w i t h i n  t h e  est imated 2 

2 

s u b s t a n t i a l l y  more oxygen than  does 233U02 o r  235U0 wh i l e  t h e  release 2 

f o r  t h e  l a t t e r  two i s  approximately e q u i v a l e n t .  

New methods have been developed t o  e s t a b l i s h  t h e  r a t e - c o n t r o l l i n g  

mechanism f o r  p a r t i c l e  f a i l u r e  i n  ox ide  f u e l s .  These methods r e s u l t  from 

t h e  a p p l i c a t i o n  of t h e  t h e o r i e s  f o r  c o n t r o l  of mass t r a n s p o r t  by e i t h e r  

CO-C02 d i f f u s i o n ,  t h e  r a t e  of decomposition of C O Y  o r  s o l i d - s t a t e  d i f -  

f u s i o n  t o  t h e  a n a l y s i s  of observed f u e l  mig ra t ion  under s p e c i f i c  i n - r e a c t o r  
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c o n d i t i o n s  of temperature  and temperature  g r a d i e n t .  Once t h e  mechanism 

is  i d e n t i f i e d ,  then q u a n t i t a t i v e  expres s ions  based on t h e  theory f o r  t h a t  

p a r t i c u l a r  mechanism can b e  de r ived  f o r  d a t a  c o r r e l a t i o n .  

App l i ca t ion  of t h e  methods summarized above t o  t h e  a n a l y s i s  of a 

r e c e n t  i r r a d i a t i o n  of BISO-coated U 0 2  p a r t i c l e s  i n d i c a t e d  t h a t  t h e  rate 

of k e r n e l  mig ra t ion  up t h e  temperature g r a d i e n t  appeared t o  b e  c o n t r o l l e d  

by a s o l i d - s t a t e  d i f f u s i o n  mechanism. Con t ro l  of t h e  k e r n e l  mig ra t ion  by 

CO-C02 d i f f u s i o n  was appa ren t ly  no t  c o n s i s t e n t  w i t h  t h e  experimental  

r e s u l t s .  One p o s s i b l e  technique t o  a l lev ia te  t h e  r a t e  of mig ra t ion  by t h e  

s o l i d - s t a t e  d i f f u s i o n  mechanism is  t h e  u s e  of a higher-conduct ivi ty  f u e l  

rod ma t r ix  t o  lower t h e  temperature  g r a d i e n t  a c r o s s  t h e  p a r t i c l e .  

The p o s s i b i l i t y  of t h e  f a i l u r e  of t h e  p y r o l y t i c  carbon c o a t i n g s  as 

t h e  r e s u l t  of carbon removal by a CO-C02 d i f f u s i o n  mechanism, r a t h e r  t han  

by k e r n e l  migrat ion,  could n o t  b e  excluded on t h e  b a s i s  of t h e  s t u d i e s  

p re sen ted  he re .  This  is  p r i m a r i l y  because a r e l i a b l e  me ta l log raph ic  

technique i s  n o t  a v a i l a b l e  f o r  q u a n t i t a t i v e l y  measuring t h e  pressure-  

vessel f a i l u r e  of t h e  p y r o l y t i c  carbon c o a t i n g s .  It appears  from t h e  

Dragon P r o j e c t  work t h a t  a more d i f f i c u l t  and i n d i r e c t  technique,  such 

as determining t h e  t i m e  t o  t h e  onse t  of i n - r eac to r  release of f i s s i o n  gas  

from t h e  p a r t i c l e s ,  might b e  used. 

T h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  CO-C02 d i f f u s i o n  and t h e  CO 

decomposition r e a c t i o n  should proceed a t  rates s u f f i c i e n t l y  r a p i d  t o  

cause e a r l y  f a i l u r e  of t h e  p y r o l y t i c  carbon coa t ings ;  however, such f a i l u r e  

rates are n o t  observed experimental ly .  Add i t iona l  r e s e a r c h  needs t o  b e  

performed t o  a s c e r t a i n  what p rocesses  may a c t u a l l y  b e  o p e r a t i n g  i n  t h e  

f u e l  and f i s s i o n  product systems i n  o r d e r  t o  propose techniques t o  

s i g n i f i c a n t l y  dec rease  t h e  rates of t h e s e  mechanisms. 
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Several o t h e r  p o s s i b l e  e f f e c t s  were n o t  s p e c i f i c a l l y  cons idered  h e r e .  

These i n c l u d e  e f f e c t s  o f  t h e  neut ron  f l u x  and f i s s i o n  fragment gene ra t ion  

t h a t  might l ead  t o  ra te  d i f f e r e n c e s  between out -of - reac tor  and i n - r e a c t o r  

experiments  performed under i d e n t i c a l  c o n d i t i o n s  of tempera ture  and t e m -  

p e r a t u r e  g r a d i e n t .  

t h a t  r e s u l t s  ob ta ined  from a c c e l e r a t e d  tests i n  high-f lux exper imenta l  

r e a c t o r s  can b e  c o n f i d e n t l y  a p p l i e d  t o  t h e  des ign  of l o n g - l i f e  power 

r e a c t o r  co res .  

The e f f e c t  of  f i s s i o n  ra te  should b e  a s c e r t a i n e d  so  
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7 .  APPENDIX A: THERMODYNAMIC DATA FOR FUEL OXIDES AND CARBIDES 

The f r e e  energy f u n c t i o n s  g iven  i n  Table A-1 are  used wi th  o t h e r  

commonly a v a i l a b l e  thermodynamic d a t a  t o  c a l c u l a t e  t h e  s t anda rd  f r e e  

energy change, A G O ,  f o r  a p a r t i c u l a r  equ i l ib r ium r e a c t i o n  a t  a given 

temperature .  Consider t h e  h y p o t h e t i c a l  equ i l ib r ium 

a A + b B  2 c C + d D  

Gi -. H0298 and t t H t t  
and, f o r  t h e  sake of convenience, l e t  " f e f t t  r e p r e s e n t  T 

r e p r e s e n t  AH" , t h e  h e a t  of formation of a subs t ance  a t  298°K. It 

can b e  shown t h a t  
298 

A G I  = c ( f e f ) C  + d ( f e f ) D  - a ( f e f ) *  - b ( f e f ) B 1  T r L J 

+ cHC + dHD - "HA - bHB . 

The accuracy of t h e  f r e e  energy f u n c t i o n s  f o r  Pu02 i s  dependent upon 
4 1  

t h e  accuracy of S i g 8 ;  t h i s  i s  as y e t  n o t  w e l l  de f ined .  
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Table  A-1.  Thermodynamic Data f o r  Fuel  Oxides and Carbides  

-1 -1 Temperature - (Gi - H;98)/T ( c a l  mole deg ) fo r :  

2 Tho2 ThC p110 u02 "1.93 
( O K )  

( r e f .  42) ( r e f .  42) ( r e f .  42) ( r e f .  43) ( r e f .  41) 

298. 15a 18.63 16.86 15.59 15.100 16.34 
300.00 18.63 16.86 15.59 15.100 16.34 
400.00 19 .26  17.46 16.19 15.525 17.03 
500.00 20.50 18.63 17.36 16.369 18.40 

600.00 21.95 20.01 18.70 17.352 20.00 
700.00 23.44 21.42 20.07 18.366 21.. 64 
800.00 24.93 22.82 21.41 19.367 23.24 
900.00 26.36 24.18 22.71. 20.338 24.. 79 

1000.00 27.74 25.48 23.95 21 .271  26.27 

1100.00 29.05 26.72 25.14 22.166 27.70 
1200.00 30.29 27.91 26 .27  23.021 29.05 
1300.00 31.48 29.06 27.34 23.840 30.33 
1400.00 32.60 30.16 28.38 24.625 31.54 
1500.00 33.68 31.22 29.36 25.378 32.71 

1600.00 34.70 32.25 30.31 26.102 33.81 
1700.00 35.68 33.26 31.22 26.798 34.88 
1800.00 36.62 34.24 32.09 27.468 35.89 
1900.00 37.53 35.20 32.93 28.116 - 
2000.00 38.40 36.14 33.74 28.741 - 
2100.00 39.25 37.10 34.53 29.346 
2200.00 40.08 38.06 35.29 29.933 
2300.00 40.89 38.99 36.02 30.502 
2400.00 41.68 39.90 36.74 31.055 
2500.00 42.46 40.79 37.43 31.592 

2600.00 43.23 41.66 38.10 32.115 
2700 .OO 43.99 42.51 38.76 32.625 
2800.00 44.74 43.35 39.40 33.122 
2900.00 45.48 44.17 40.02 33.607 
3000.00 46.23 44.98 40.63 

AH; 
298 

(kcal/mo l e )  

-259.2 -20.8 -293.2 -46.6 -2.52 
( r e f .  43) ( r e f .  44) ( r e f .  45) ( r e f .  43) ( r e f .  46) 

a 
A t  T = 298, (G;g8 - Hig8)/T S o  298 
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8. APPENDIX B: DERIVATION OF EQUATIONS FOR 

CARBON BY CO-C02 DIFFUSION 

TRANSPORT OF 

The mathematical  model t o  b e  developed h e r e  f o r  carbon t r a n s p o r t  v ia  

d i f f u s i o n  is based p r i m a r i l y  on t h e  g e n e r a l  equa t ions  developed by CO-CO 

Schaf f o r  chemical t r a n s p o r t  r e a c t i o n s  occur r ing  i n  a temperature  

g r a d i e n t .  

p r i n c i p l e s  and a p p l i c a t i o n  of t h e s e  r e a c t i o n s .  Consider t h e  g e n e r a l  

2 

Spear4* has a l s o  publ ished a u s e f u l  review of t h e  r e g u l a t i n g  

r e a c t i o n  

The number of moles of 

gas-phase t r a n s p o r t  i s  

and is 

I n  terms of t h e  f l u x e s  

as a r e s u l t  of nA, s o l i d  material t r a n s p o r t e d ,  

ob ta ined  from t h e  s to i ch iomet ry  of t h e  r e a c t i o n  

E '  n 

i n  t h e  system, Eq. (B2) becomes 

i 
T J E  ' 

i n  which JA, JB, and JE are t h e  f l u x e s  of material t r a n s p o r t e d  i n  moles 

cm s e c  . I f  r e a c t i o n  (Bl) r e s u l t s  i n  a n e t  change i n  t h e  number of 

moles of gas  (i # j ) ,  then  S ~ h a f e r ~ ~  develops h i s  t r ea tmen t  under t h e  

c o n s t r a i n t  of cons t an t  t o t a l  p r e s s u r e  a t  a l l  p o i n t s  w i t h i n  t h e  system. 

Consequently, t h e  t r a n s p o r t  of gases  B and E occur s  by d i f f u s i o n  r e s u l t i n g  

from t h e  equa l  and oppos i t e  concen t r a t ion  g r a d i e n t s  of B and E and from 

t h e  flow of t h e  e n t i r e  gaseous mass from t h e  area where t h e  chemical 

-2 -1 
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r e a c t i o n  would o the rwise  produce a n e t  i n c r e a s e  i n  t h e  number of moles 

of gas .  

Scha fe r '  s47 equa t ions  were expressed i n  terms of c o n c e n t r a t i o n s ,  

r a t h e r  t han  i n  

P /R T, t hen  i 1  

terms of t h e  p a r t i a l  p r e s s u r e s  used he re .  S ince  Ci = 

2 -1 -1 
i n  which R1 = 82.05 a tm-cm -mole 

i n s i g n i f i c a n t  f o r  t h e  C-CO-C02 system. 

- O K  . The term P i /T can b e  shown t o  b e  

For t h i s  system, 

036) 
= pco + pco2 

Since i n  S c h a f e r ' s  47 a n a l y s i s  P i s  everywhere c o n s t a n t ,  dP/dT = 0, and 

then  

dPCO/dT = -dP /dT - 
c02 

Also,  one o b t a i n s  

W Y  
D dPCO dT 'CO - - ---- + -  Jco RIT dT dx RIT 

pco2 
+ -  W ¶  

D dPc02 dT = _--- 
J C 0 2  RIT dT dx RIT 

i n  which p r e v i o u s l y  undefined terms are: 

w = v e l o c i t y  of t h e  t o t a l  gaseous mass, cm/sec, 

x = d i s t a n c e ,  cm. 
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I n  a d d i t i o n ,  t h e  q u a n t i t y  D i s  de f ined  by Schafer4’ as t h e  d i f f u s i o n  coef- 

2 
f i c i e n t  ( i n  cm / sec )  f o r ,  i n  t h i s  case,  t h e  CO-CO gas mix tu re  under t h e  

experimental  c o n d i t i o n s  of temperature  and p res su re ;  w e  w i l l  d e f i n e  t h i s  

more r i g o r o u s l y  i n  t h e  nex t  paragraph. Schafer  e t  al .49 manipulate  

E q s .  (B8) and (B9) under t h e  c o n s t r a i n t s  of E q s .  (B6) and (B7) t o  e l i m i n a t e  

w, w i th  t h e  g e n e r a l  r e s u l t  t h a t  

2 

Jco 

Jco2 

For t h e  C-CO-C02 r e a c t i o n ,  j = 2 and R = 1. 

The work of Malinauskas e t  al.” and a few s i m p l i f i c a t i o n s  of Eq. 

47 (B11)  permit a more d e f i n i t i v e  eva lua t ion  of t h e  term D used by Schafer .  

I f  one starts w i t h  Eq .  (41) of r e f .  SO and d e r i v e s  an expres s ion  f o r  J co, 
49 under t h e  cond i t ions  def ined by Schafer  e t  a l . ,  

i n  which 

1 = c o p  
2 = coy 

- D12 D I K  
Dl - D 1 2  + D I K  ’ 

L 

one o b t a i n s  

- D12 D2K 
D2 - D12 + D2K ’ 
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and 

= i n t e r d i f f u s i o n  c o e f f i c i e n t  f o r  a CO-CO gas  mix tu re  
D12 = D 2 1  n 2 space,  c m  L / s ec ,  

= Knudsen d i f f u s i o n  D I K '  D2K 

2 X1 = mole f r a c t i o n  CO 

2 c o e f f i c i e n t s ,  cm /sec, 

i n  t h e  CO-CO mixture .  2 

S ince  X << 1 f o r  t h e  u s u a l  c o n d i t i o n s  i n  coated p a r t i c l e s ,  Eq. (B12) can 

b e  s i m p l i f i e d ,  w i t h  l i t t l e  e r r o r ,  t o  

1 

Dl dpcoZ dT 
Jco" KT dT dx 

= _-PI 

L 

S ~ h a f e r ~ ~  uses  a similar s i m p l i f i c a t i o n  of Eq. (B11) f o r  t h e  c o n d i t i o n  

e q u i v a l e n t  t o  X << 1, namely, 1 

dP 
D "2 dT 
RT dT dx * 

i ---- J 
c02 

A comparison of t h e  l a t t e r  two equa t ions  r e v e a l s  t h a t ,  t o  a f i r s t  approxi-  

mation, D = D1. For gas  p r e s s u r e s  i n  t h e  range of t h o s e  found i n  coated 

p a r t i c l e s ,  D1 - - D12.51 Having e s t a b l i s h e d  t h i s  r e l a t i o n s h i p ,  t h e  t r ea tmen t  

of t h e  more r i g o r o u s l y  de r ived  Eqs .  (BlO) and (B11) i s  resumed. 

The thermodynamic d e f i n i t i o n  of P 

E q .  (B9). A t  equ i l ib r ium,  Pco2 i s  given by 

and Pco can be inco rpora t ed  i n t o  
2 co 

i n  which K i s  t h e  e q u i l i b r i u m  cons tan t  f o r  r e a c t i o n  (B5). The term 

/dT i s  ob ta ined  by d i f f e r e n t i a t i n g  Eq .  (B15) wi th  r e s p e c t  t o  temperature  dPCO2 

a t  conseant  t o t a l  p r e s s u r e ,  whence 
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dK AH’K - = -  
dT R T ~  

and 

dP PcoAHo 2 
c02 - 

- 2  Y 

dT = RT K (1 + 2Pcoi/PcO) 

i n  which 

-1 OK-l R = gas cons t an t ,  1 .987  c a l m o l e  9 

AH” = s t anda rd  enthalpy of r e a c t i o n  (B5) a t  temperature ,  cal /mole.  

With t h e  use of Eq .  (B3) t o  g i v e  Jc = -J , one t h u s  o b t a i n s  
c02 

PD12 dT PcoAHo 
- - - -  - 

dx K ( l  + 2P /Pco) 2 -  JC RRIT 
c02 

Another d r i v i n g  f o r c e  considered f o r  carbon t r a n s p o r t  w a s  thermal  

d i f f u s i o n  i n  a CO-C02 gas  mixture .  For t h i s  purpose one compares t h e  

52 d r i v i n g  f o r c e  dXl/dT wi th  kt/T, where kt  i s  t h e  s e p a r a t i o n  f a c t o r  f o r  

thermal d i f f u s i o n  under s t e a d y - s t a t e  c o n d i t i o n s  and X 1 i s  t h e  mole f r a c t i o n  

of carbon d iox ide .  

Ibbs  and UnderwoodY5’ who i n v e s t i g a t e d  thermal d i f f u s i o n  i n  CO-C02 mix- 

t u r e s  a t  - 350°K; t h e  r e s u l t s  of t h e i r  work l e a d  t o  t h e  approximate r e l a t i o n  

An expres s ion  f o r  k can b e  ob ta ined  from t h e  work of 
t 

kt 
= 0.01 XI f o r  0 - < XI 5 0 .4 .  

Therefore ,  i t  can b e  shown t h a t  t h e  r a t i o  of t h e  d r i v i n g  f o r c e s  i s  

AH” 1 (-1 * 
dX1 
dT’(kt’T) = R T ( l  + 2P /Pco) 0.01 

c02 
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S ince  OH" zz 40,000 cal/mole f o r  1000 - -  < T < 2500"K, t h e  v a l u e  of t h e  r a t i o  

i s  about 500, even under t h e  most c o n s e r v a t i v e  c o n d i t i o n s  of P 

Thus, thermal d i f f u s i o n  i s  n o t  a s i g n i f i c a n t  d r i v i n g  f o r c e  f o r  t h e  t r a n s p o r t  

of carbon i n  a coa ted  p a r t i c l e .  

The a p p l i c a t i o n  of E q .  (B18) t o  t h e  a n a l y s i s  of experimental  d a t a  i s  

c02/pc0 = l*o. 

f a c i l i t a t e d  by c a l c u l a t i n g  a r a t e  c o n s t a n t  t h a t  

terms i n  Eq. (B18) and i s  de f ined  as fol lows:  

(53,300 x 3600) AH" 

3 k =  
RRIT K(l + 2P /Pco)2 

c02 

Thence E q .  ( B 1 8 )  cad b e  expressed as 

con ta ins  several of t h e  

i n  which J' = urn of carbon p e r  hour.  C 

Mason and M a r r e r ~ ~ ~  g i v e  

(B22) 
-6 T l .803  2 

(Pco + PCo2)D12 = 5.77 x 10 arm-cm / s e c  

f o r  t h e  temperature  range of i n t e r e s t  h e r e ;  t h i s  product i s  p r e s s u r e  

independent and, w i t h i n  a few pe rcen t ,  independent of composition i n  t h e  

CO-CO The product  of t h e  c o n s t a n t s  53,300 um-cm2 carbon/mole 

and 3600 s e c / h r  conve r t s  t h e  u n i t s  f o r  t h e  f l u x  of carbon i n  moles of 

CO / c m  -sec t o  t h e  p r a c t i c a l l y  u s e f u l  u n i t s  of micrometers of carbon pe r  

hour. The ra te  c o n s t a n t  w a s  eva lua ted  a t  0 .01 < P < LO a t m  as  a f u n c t i o n  

of temperature  from thermodynamic da ta l '  f o r  AH" and K f o r  bo th  carbon 

system. 54 2 

2 
2 

4 - -  

monoxide and carbon d iox ide ;  t h e  r e s u l t s  are given i n  Fig.  B-1. The 
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Fig .  B-1. Temperature and P r e s s u r e  Dependence of t h e  Rate Constant ,  k, 

f o r  CO-CO I n t e r d i f f u s i o n  i n  a Temperature Gradient .  2 
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upper l i m i t  of k i n  Fig.  B-1 is  des igna ted  as kR and can b e  r e p r e s e n t e d  

w i t h i n  1.5% by 

log  kR = - 7.837 + 9452/T . (B23) 

The v a l u e s  of k below t h i s  upper l i m i t  merely r e f l e c t  t h e  e f f e c t  of t h e  

term (1 + 2Pco2/PcO) i n  E q .  (B20) becoming g r e a t e r  than u n i t y .  Here t h e  
2 

term 2P /Pco becomes s i g n i f i c a n t  a t  lower temperatures  and a l s o  as 
c02 

i n c r e a s e s  t o  l a r g e  v a l u e s ,  as can be seen  q u a l i t a t i v e l y  i n  pco + pco2 

F ig .  1. 

There are two a d d i t i o n a l  mod i f i ca t ions  t o  b e  made t o  Eq. (B21) befo.re 

i t  may b e  a p p l i e d  t o  a c o a t e d - p a r t i c l e  system. These occur  because t h e  

d i f f u s i o n  t a k e s  p l a c e  i n  a porous b u f f e r  l a y e r  and i n  t h e  p re sence  of 

c o a t i n g  gases ,  krypton and xenon. For d i f f u s i o n  of gases  i n  porous media 

such as t h e  pyrocarbon b u f f e r  l a y e r ,  t h e  observed va lue  of t h e  d i f f u s i o n  

E ’  

9’ 
D12, where - i s  t h e  r a t i o  of t h e  observed d i f f u s i o n  E ‘  c o e f f i c i e n t  i s  7 

4 

c o e f f i c i e n t  t o  t h a t  i n  f r e e  space and i s  less than u n i t y .  47 Th i s  e f f e c t  

i s  inco rpora t ed  i n t o  Eq. (B21) t o  g ive :  

There are two e f f e c t s  of t h e  a d d i t i o n a l  gases  on t h e  carbon t r a n s p o r t  

c a l c u l a t e d  f o r  t h e  CO-CO system; both e f f e c t s  are r e f l e c t e d  i n  t h e  term 

PD12. 

i s  t h e  sum of t h e  p a r t i a l  p r e s s u r e s  of a l l  gaseous s p e c i e s  p r e s e n t  i n  

t h e  system and D is t h e  d i f f u s i o n  c o e f f i c i e n t  of carbon d iox ide  

i n  t h e  n-component gas  mixture .  However, t h e  l a t t e r  e f f e c t  r e s u l t s  i n  

2 

Now t h e  term becomes (E Pi)D123 i n  which t h e  t o t a l  p r e s s u r e  . . .n’ 

123..  .n 
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a d i f f u s i o n  cons t an t  t h a t  i s  about 0.75 of t h a t  c a l c u l a t e d  f o r  t h e  CO-C02 

system. This  e f f e c t  w a s  n o t  considered t o  b e  important  t o  t h e s e  calcu- 

l a t i o n s ;  however, t h e  a d d i t i o n a l  gases  from t h e  coa t ing  process  and, 

p r imar i ly ,  from f i s s i o n  a f f e c t  t h e  rate of carbon t r a n s p o r t  by an  o r d e r  

of magnitude o r  more. 

The e f f e c t  of t h e s e  a d d i t i o n a l  gases  on t h e  carbon t r a n s p o r t  calcu-  

l a t e d  f o r  t h e  CO-C02 system i s  accommodated i n  t h e  fol lowing manner. 

Consider t h e  r a t i o ,  r, t h a t  is  def ined as 

f l u x  of carbon i n  a system c o n s i s t i n g  of CO, CO 

f l u x  of carbon i n  a system c o n s i s t i n g  of CO and CO 

and o t h e r  gases  

2 

2’ r =  only 

pco + pco, 
L. Y - - + P + P + nRTF/aO pco co2 g 

i n  which 

P = p r e s s u r e  of  r e s i d u a l  gases  from t h e  coa t ing  ope ra t ion ,  arm; 
g 
n = moles of gaseous f i s s i o n  p roduc t s  (excluding carbon monoxide) 

p e r  mole of oxide p e r  % FIMA; 

F = % FIMA; 

a = r a t i o ,  void space in t h e  f u e l  k e r n e l  and t h e  porous pyro- 

carbon l a y e r  t o  t h e  s u p e r f i c i a l  k e r n e l  volume; 

3 8 = molar volume of t h e  oxide k e r n e l ,  e.g. ,  24.6 cm /mole 

f o r  U 0 2  

nRTF/ae = p r e s s u r e  of gaseous f i s s i o n  products ,  a t m .  

The e f f e c t  o f  t h e  a d d i t i o n a l  gases  on t h e  f l u x  of carbon, Eq .  ( B 2 4 ) , i s  t h u s  

accommodated by mul t ip ly ing  E q .  (B24) by r.  

There are t h r e e  f i n a l  expressions f o r  t h e  c a l c u l a t i o n  of t h e  gas-phase 
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t r a n s p o r t  of carbon, each r e s u l t i n g  from a p a r t i c u l a r  mathematical  treat- 

ment of d i f f e r e n t  p a r t i c l e  h e a t  t r ea tmen t  and i r r a d i a t i o n  c o n d i t i o n s .  

F i r s t ,  f o r  out-of-reactor  experiments w i th  e i t h e r  as-coated o r  i r r a d i a t e d  

p a r t i c l e s ,  t h e  equa t ion  f o r  carbon t r a n s p o r t  is: 

E '  dT y = - k - P  r t ,  q '  ax co 

i n  which 

y = pm of carbon t r a n s p o r t e d  

t = t i m e ,  h r .  

t h a t  e x i s t s  
+ pco2 Here t h e  v a l u e  of k i s  chosen from F ig .  B - 1  f o r  t h e  Pco 

i n  t h e  p a r t i c l e  a t  a given temperature.  

f o r  i n - r e a c t o r  tests.  Under i r r a d i a t i o n  c o n d i t i o n s ,  t h e  r a t i o ,  r ,  changes 

The second equa t ion  is  developed 

because t h e  p r e s s u r e  of f i s s i o n  gases ,  Pco, and Pco i n c r e a s e s  wi th  burnup. 
2 - 

The ave rage  v a l u e  of t h e  r a t i o ,  r ,  between any i n i t i a l  and f i n a l  s ta te  

(burnup) can b e  determined via t h e  mean-value theorem. For t h i s  case, 

t h e  t r a n s p o r t  of carbon i s  desc r ibed  by t h e  equa t ion  

'F, 

The i n t e g r a l  i n  Eq. (B27) would normally b e  

us ing  Simpson's r u l e .  A t h i r d  equa t ion  can 

eva lua ted  wi th  a computer 

b e  de r ived  from Eq. (B27)  

bY 

f o r  

t h e  s p e c i a l  c a s e  t h a t  P and Pco are  chemical ly  bu f fe red ,  t h a t  i s  
2 co 

i n v a r i a n t  w i t h  f i s s i o n ,  I f  n, a ,  and 8 are  a l s o  assumed i n v a r i a n t  and F .  

and t = 0,  one o b t a i n s  

1. 

i 
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dT E ’  

(B28) l y  t f  d8 7 (pco + pco2)pco (nRT /a0> F 

+ P  
- 

Yf - Ff(nRT/aB) pco + pco2 g 

i n  which k i s  

f o r  t h e  v a l u e  

ob ta ined  from F ig .  B-1 f o r  t h e  p a r t i c u l a r  temperature and 

of Pco + Pco2 e s t a b l i s h e d  by t h e  b u f f e r i n g  equ i l ib r ium.  
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9.  DEFINITION OF SYMBOLS 

a 

a 
0 

a2  

a 

a' 

1 a 

2 a 

3 

4 

a 

a 

5 a 

C 

D 

Ra t io ,  void space i n  t h e  f u e l  k e r n e l  and t h e  porous pyrocarbon 

l a y e r / s u p e r f i c i a l  k e r n e l  volume 

Cen te r - l i ne  temperature  i n  a f u e l  rod,  O K  

q/4.rrKThrr, Eq. (22) ,  OC/cm 

Temperature r a t i o ,  Eq. (18) 

R a t i o  of va lue  of i n t e g r a l s ,  Eq. (19) 

P r o p o r t i o n a l i t y  cons t an t ,  Eqs. (12a) and (12b), (vm/hr) 

("C/crn)-' (% FIMA/hr)-' 

P r o p o r t i o n a l i t y  c o n s t a n t ,  Eqs. (14a) and (14b), (pm/hr) O K ' l  

h r - I  (% FIMA/hr)-' 

P r o p o r t i o n a l i t y  c o n s t a n t ,  E q s .  (15a) and (15b),  vm/hr 

P r o p o r t i o n a l i t y  cons t an t  o r  k e r n e l  mig ra t ion  c o e f f i c i e n t ,  Eqs. 

(16a) and (16b), (cm/sec) O K  

P r o p o r t i o n a l i t y  cons t an t ,  Eqs. (17a) and (17b), (cm/sec) O K  

2 2 

2 ("C/cm)-' 

3 
Concentrat ion,  moles/cm 

(Scha fe r ' s  d e f i n i t i o n )  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  gas  mixture  

under experimental  c o n d i t i o n s  of p r e s s u r e  and temperature ,  

cm / s e c  2 

CO-CO i n t e r d i f f u s i o n  c o e f f i c i e n t ,  cm/sec D12 2 

AH O Standard enthalpy of r e a c t i o n  (B5)  , cal /mole 

AH; 
Standard en tha lpy  of r e a c t i o n  (8), cal /mole 

P r e s s u r e  d i f f e r e n t i a l  of carbon monoxide, a t m  

Rat io ,  observed d i f f u s i o n  c o e f f i c i e n t  t o  t h a t  i n  f r e e  space,  

d i m  en s ion  1 e s s 

**CO 

c r / q r  
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f 

F 

j 
i; 

i 

j 

J 

kt 

k 

K 

Kth  

kR 

R 

kg 

m 

F i n a l  

% FIMA ( F i s s i o n s  pe r  I n i t i a l  Heavy Metal Atom) - - - - 

Heat of s o l u t i o n  ( p a r t i a l  molar en tha lpy)  of s p e c i e s  j, cal/mo:Le 

I n i t i a l ;  number of moles 

Number of  moles; s p e c i e s  

General  symbol f o r  gas  f l u x ,  moles cm s e c  -2 -1 

Separa t ion  f a c t o r  f o r  thermal  d i f f u s i o n ,  dimensionless  

R a t e  cons t an t  f o r  CO-CO 

( 0  C/ cm) 

d i f f u s i o n ,  F ig .  B-1, um of carbon hr-" 2 
(a  t m )  -' 

Equil ibr ium cons tan t  f o r  r e a c t i o n  (B5), a t m  

Thermal conduc t iv i ty ,  w cm -1 o c - l  

Upper l i m i t  of ra te  cons t an t  f o r  CO-CO d i f f u s i o n ,  F ig .  B-1, 

E q .  (B23), pm of carbon h r  -1 -1 ("C/hr)-' a t m  

Number of moles 

Thickness of carbon b u f f e r  l a y e r  i n  a coa ted  p a r t i c l e ,  pm 

Moles of oxygen ( a s  0 )  r e l e a s e d  from an  oxide k e r n e l  pe r  mole 

of oxide per  % FIMA; m = 

Moles of carbon monoxide 

of oxygen release during 

% FIMA 

m C O ' m C 0 2  

MO Metal monoxide, used f o r  

i n  t h i s  r e p o r t  

o r  carbon d iox ide  produced as a r e s u l t  

f i s s i o n  p e r  mole of f u e l  oxide pe r  

f i s s i o n  products  

Metal sesquioxide ,  used f o r  f i s s i o n  products  

Metal d ioxide ,  used f o r  f i s s i o n  products  

5 

M02 

Pm Micrometers 

11 Chemical p o t e n t i a l ,  cal /mole 

n Moles of gaseous f i s s i o n  products  (excluding carbon d iox ide  and 

carbon monoxide) p e r  mole of ox ide  pe r  % FIMA 
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nA,ng,nE Moles of s p e c i e s  A ,  B y  o r  E 

0 /M Oxygen-to-metal r a t i o  

(atm); t o t a l  p r e s s u r e  i n  system (atm).  Also  used pco + pco P 

wi th  a s u g s c r i p t  t o  i n d i c a t e  p a r t i a l  p r e s s u r e s ,  a t m  

P r e s s u r e  of X e  + K r ,  a t m  

P r e s s u r e  of r e s i d u a l  gases  from t h e  p a r t i c l e  coa t ing  ope ra t ion ,  

a t m  

f g  
P 

P 
g 

P r e s s u r e  of carbon monoxide, a t m  co 
4 Heat gene ra t ion  ra te ,  W/cm 

9; 
9 A c t i v a t i o n  energy, cal /mole 

Heat of t r a n s p o r t  of s p e c i e s  j i n  an oxide k e r n e l ,  cal /mole 

r Radius of f u e l  rod, c m  

r 

r 

R a t i o ,  f l u x  of carbon i n  a system c o n s i s t i n g  of C O Y  C 0 2  and 

o t h e r  gases  t o  t h e  f l u x  of carbon i n  a system c o n s i s t i n g  of CO 

and C 0 2  only 
- 
r Average of r du r ing  f i s s i o n  (mean-value theorem) 

2 -1 OK-l 
Gas cons tan t ,  82.05 a tm-cm mole R1 

-1 OK-l 
R Gas c o n s t a n t ,  1.987 c a l  mole 

a t m  

+ P  f P  a t m  
s1 pco + pco2’ 

s 2  pco + pco2 g fg’  

(1 + 2P / P C O P  
s3 c02 

2 3  
S /v Surface-to-volume r a t i o  of a porous s o l i d ,  cm /cm 

t T i m e ,  h r ,  sec 

T Temperature, O K  

T Rec ip roca l  temperature  d i f f e r e n c e ,  OK 

0 

-1 

3 
Molar volume of f u e l  oxide,  e .g . ,  24.6 c m  /mole f o r  U 0 2  
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Valence of uranium 

Valence of plutonium 

Valence of thorium, 4 
vPu 

'Th 

W Veloc i ty  of t h e  t o t a l  gaseous mass, cm/sec 

X Dev ia t ion  from s to i ch iomet ry  (dimensionless) ;  d i s t a n c e  

parameter (cm) 

Mole f r a c t i o n  of carbon d iox ide  i n  a CO-CO mix tu re  x1 2 

Y Micrometers of carbon t r a n s p o r t e d ;  movement of ho t - s ide  

kernel-carbon i n t e r f a c e ,  cm 

f 

Y Ra t io ,  moles of Pu t o  moles of (U f Pu) 
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