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INTRODUCTION 

I n  the  temperature range below 500°C, i r r a d i a t i o n  damage s t r o n g l y  

af fects the  thermal c o n d u c t i v i t y  o f  U02. Above 500°C, which i s  

i n  t h e  pr imary reg ion o f  opera t ion  f o r  commercial LWR fuels,  much of the  

damage i s  q u i c k l y  annealed out ,  and the r e s u l t a n t  ef fects on thermal con- 

d u c t i v i t y  are genera l l y  considered t o  be minimal.  However, i n  a  recent  

repor t (8 )  on the  behavior  of ThO2-2.3 w/o U02 f u e l ,  t he  t r e n d  o f  decreasing 

thermal c o n d u c t i v i t y  due t o  i r r a d i a t i o n  seemed t o  be more pronounced and 

conceivably cou ld  imp ly  a  bas ic  oxide f u e l  c h a r a c t e r i s t i c  t h a t  may have 

been underestimated i n  previous eva luat ions  o f  U02 fuel  work. 

The purpose o f  t h i s  rev iew was t o  re-evaluate the  c u r r e n t  l i c e n s i n g  

assumption t h a t  f u e l  pel  1  e t  thermal c o n d u c t i v i t y  does n o t  change s i  gn i  f i  - 
c a n t l y  w i t h  i nc reas ing  burnup and t o  assess t h e  a p p l i c a b i l i t y  of t he  Tho2 

based data t o  LWR opera t ion .  

LITERATURE REV1 EW 

A review o f  the  1  i t e r a t u r e  i n d i c a t e s  work w i t h  U02 thermal c o n d u c t i v i t y  

i n  th ree major  temperature regions:  1)  below 500°C, 2) between 500°C and 

1600°C, and 3) above 1600°C t o  me1 ti ng (~2850°C).  

Low Temperature (<500°C) 

Several i n v e s t i g a t o r s  have shown a  s i g n i f i c a n t  decrease i n  U02 

thermal conduct i  v i  t y  be1 ow 500°C a t  r e l a t i  ve l y  1  ow burnups. For example, 

ROSS('  ) repor ted  a  26% decrease i n  c o n d u c t i v i t y  r e l a t i v e  t o  t h e  un i  r r a d i  ated 

value a t  60°C a f t e r  i r r a d i a t i o n  a t  450°C t o  an exposure o f  2 x 1 0 ~ ~  f iss ions /cc ,  

b u t  no f u r t h e r  decrease a f t e r  7x10~ '  f i ss ions /cc . *  Annealing a t  temperatures 

up t o  1000°C removed some o f  the  i r r a d i a t i o n  produced damage w i t h  t h e  amount 

* f i ss ion /cc  = burnup (MWD/MTM) x  dens i t y  x  2.578~10 16 
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removed decreasing w i t h  i nc reas ing  exposure. Daniel ,  e t  a1 found a  

decrease o f  50% o f  the  u n i r r a d i a t e d  value a f t e r  i r r a d i a t i o n  a t  < l O O ° C  

o u t  t o  a  burnup o f  1 1 x 1 0 ~ ~  f i s s i o n s / c c ;  however, no detec tab le  minimum 

was observed. Other repo r t s  (3-6) a l so  show decreasing thermal c o n d u c t i v i t y  - - 
a t  temperatures below 500°C w i t h  t h e  l a r g e s t  a f f e c t  appearing between l o i 5  
and 1016 f i ss ions /cc .  Above 1018 f i ss ions /cc ,  t he  r a t e  o f  decrease i s  

u s u a l l y  repo r ted  t o  be small  and apparent ly  approaches a  constant  w i t h  

h i  gher exposures. 

Thus, the  general t r e n d  below 500°C i s  f o r  t he  thermal c o n d u c t i v i t y  

t o  decrease w i t h  the  degree o f  reduct ion  a  f u n c t i o n  o f  both burnup and 

i r r a d i  a t i o n  temperature. These resu l  t s  have been in te rp re ted ( ' / )  t o  mean 

t h a t  more than one damage mechanism i s  opera t ing .  Rad ia t ion  i n i t i a l l y  

produces i s01  ated p o i n t  de fec ts  w i t h  snial 1  c l u s t e r s  o f  d isp laced atoms 

and f i s s i o n  products which cause a  reduct ion  i n  t h e  e f f e c t i v e  mean f r e e  

path between phonon c o l l  i s i o n s .  Nuc leat ion  and growth o f  l a r g e r  c l u s t e r s  

f o l l o w  and these subsequently migra te  t o  g r a i n  boundaries, thus, the  

e f f e c t i v e  mean f r e e  path approaches a  steady s t a t e  cond i t i on .  

Mid-Range (500°C - 1600°C) 

The thermal c o n d u c t i v i t y  o f  s t o i c h i o m e t r i c  UO, does n o t  seem t o  show 
L 

measurable reduct ion  i n  t h i s  temperature reg ion f o r  exposures up t o  4x10 19 

f i ss ions /cc .  (3,9y10) However, above 2 . 5 ~ 1 0 ~ '  f i ss ions /cc ,  a  decrease i n  

thermal c o n d u c t i v i t y  i s  found. - (9s11  y12)This appears t o  be t r u e  f o r  mixed 

ox ide f u e l  as we1 1  ( I 1 )  where a  75% decrease was repor ted  a t  1000°C a f t e r  

11 x1020 f i s s i  ons/cc, except a t  1 2 x 1 0 ~ ~  f iss ions /cc  where t h e  decrease was 

on ly  25%. The l a t t e r  r e s u l t s  on mixed oxide were a t t r i b u t e d  t o  the  f o r -  

mation o f  a  uranium/plutoni  um s o l i d  s o l u t i o n .  I n  general,  t he  degree o f  

reduc t ion  i n  U02 seems t o  vary from 25-50% ( 9 y 1 2 )  and t h i s  v a r i a b i l i t y  

i s  apparent ly  due, a t  l e a s t  i n  p a r t ,  t o  d i f f e rences  i n  O/M r a t i o s  f o r  

t h e  f u e l s  s tud ied.  I n  most instances,  the  reduc t ion  i n  thermal c o n d u c t i v i t y  

approached a  near constant  v a l  ue w i  t h  i ncreasi  ng exposure. 

The p a t t e r n  o f  decreasing thernial c o n d u c t i v i t y  f o r  Tho2-2.3 w/o 

U02 as repor ted  by ~ e r m a n ' ~ )  was o n l y  f o r  one sample a t  8 . 6 ~ 1 0 ~ ~  f i s s i o n s / c c  

bu t  the  t r e n d  was genera l l y  the  same as f o r  U02 except below 500°C where 

the  decreases appear l a r g e r .  I n  t h e  mid-temperature range, reduct ions  
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from un i  r r a d i a t e d  values on the  o rde r  of 20-30% were repor ted  a t  a  f i s s i o n  

dep le t i on  o f  > 10" f i s s i o n s / c c  which i s  i n  l i n e  w i t h  U02 r e s u l t s .  Other 

c o n t r i b u t i n g  f a c t o r s  such as oxygen p o t e n t i a l ,  m i c r o s t r u c t u r a l  features,  

t ransmutat ion products o r  bas i c  d i f f e rences  i n  phys ica l  p roper t i es  o f  the  

two mate r ia l s  make r e l a t i v e  comparisons d i f f i c u l t  and may be the  reason 

f o r  d i f f e rences  i n  the  absolute values. Thus, the  same general t r e n d  

i s  seen f o r  both types o f  f u e l  as a  f u n c t i o n  o f  burnup and temperature. 

High Temperature (>1600°C) 

L i t t l e  work has been done i n  t h i s  reg ion because o f  t he  experimental 

d i f f i c u l t i e s  associated w i t h  o b t a i n i n g  accurate data a t  h igh  temperatures. 

Annealing o f  r a d i a t i o n  damage a f f e c t s  are  expected t o  be q u i t e  r a p i d  and 

hence the  e f f e c t s  on thermal c o n d u c t i v i t y  minimal . For these reasons, 

t h i s  review d i d  no t  address t h e  e f f e c t s  o f  burnup on thermal c o n d u c t i v i t y  

above 1600°C under the  premise t h a t  the  o v e r a l l  a f fects cou ld  have minimal 

impact on normal f u e l  opera t ing  behavior.  

DISCUSSION 

During the  i r r a d i a t i o n  o f  U02 f u e l ,  a d d i t i o n a l  s c a t t e r i n g  centers 

are in t roduced i n t o  t h e  f u e l  m a t r i x  which behave s i m i l a r l y  t o  l a t t i c e  

i m p u r i t i e s .  The mu1 ti p l  i c a t i o n  o f  these 1  a t t i  ce defec ts ,  caused by 

i r r a d i a t i o n ,  tends t o  sa tu ra te  a t  very low burnups (%lo1' f i  ss ions/cc)  

and low temperatures. The observat ion  t h a t  t he  decreases become less  

severe as the  temperature increases can be a t t r i b u t e d  t o  an anneal ing 

a f f e c t  which reduces the  number o f  l a t t i c e  defects.  The in f l uence  of 

anneal ing i s  more pronounced a t  low burnups because smal le r  numbers of 

l a t t i c e  defects w i l l  be in t roduced i n t o  the  U02 mat r ix .  

Changes i n  thermal c o n d u c t i v i t y  due t o  burnup can depend on fac tors  

o the r  than i r r a d i a t i o n  induced l a t t i c e  changes such as the  r e s u l t a n t  

so l  i d  and gaseous f i s s i o n  products, pore s i z e  and shape and m i c r o s t r u c t u r a l  

fea tures .  A t  temperatures between 1000°C and 1600°C, f u e l  densi f i c a t i o n  

may o f f s e t  increases i n  pore s i z e  due t o  s w e l l i n g  caused by f i s s i o n  gases 

and thereby increase the  burnup threshold.  A d d i t i o n a l  thermal c o n d u c t i v i t y  

decreases f o r  f i s s i o n  dep le t ions  g rea te r  than 2 . 5 ~ 1 0 ~ ~  f i s s i o n s / c c  may 
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a lso,  be i n f l u e n c e d  by m i c r o s t r u c t u r a l  changes which have sometimes been 

evidenced by t h e  d i s r u p t i o n  o f  t h e  o r i g i n a l  g r a i n  boundary s t r u c t u r e  i n t o  

very f i n e  subgrains , o r  by the  complete absence o f  reso l vab le  s t r u c t u r e  

f o r  f u e l  which has experienced very h igh  exposure. F i s s i o n  gas re lease 

r a t e s  are  known t o  increase w i t h  burnup and w i l l  c o n t r i b u t e  t o  reduced 

conduct i  v i  ty because o f  t h e  accumulat ion o f  s i  gn i  f i  can t  quan t i  t i e s  o f  

f o r e i g n  f i s s i o n  products i n  the  U02 m a t r i x  and from the  expected n e t  

inc rease i n  O/M r a t i o  accompanying f i s s i o n .  

A few mathematical re1 a t i  ons h i  ps have been suggested (4,9913) to 

c o r r e l a t e  U02 thermal c o n d u c t i v i t y  w i t h  temperature and burnup. The 
( 9  most genera l l y  app l i cab le  o f  these was proposed by Danie l  and Cohen : 

where Kirr = thermal conduct i  v i  t y  o f  i r r a d i  ated U02 
(W/cmoC) 

KO = thermal c o n d u c t i v i t y  o f  un i  r r a d i a t e d  U02 
( W/ cmO C) 

A = C o n s t a n t  (W/cm) 

F = f i s s i o n  d e p l e t i o n  ( f i s s i o n s / c c x l O  
-20) 

T  = temperature ("C) 

The u n i r r a d i a t e d  thernial c o n d u c t i v i t y  (KO) can be found f rom the  

work o f  Lyons, e t  a l .  ( I 5 )  f o r  95% TD ~ 0 ~ .  

where B = 0.095 

and C = 6 . 1 2 5 6 ~ 1 0 - ~  

and equat ion (2 )  can a l s o  be ad jus ted  f o r  d e n s i t y  (D) t o  y i e l d :  
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To determine t h e  reduc t ion  i n  thermal c o n d u c t i v i t y  as a f u n c t i o n  

of burnup, several  regions of burnup and temperature were def ined and 

a rep resen ta t i ve  value f o r  the  constant  (A) i n  equat ion (1)  assigned: 

F i ss ion  Dep le t ion  Range A - 

1) f i s s i o n  dep le t i on  (FD) < 1.0 x 1015 f i ss ions /cc ,  0 

2) 1.0 x - < FD ~ 1 . 0  x 1016 and temperature (T) <500°C 2 0 

3) 1 .O x 1016 5 FD 1 .  x and T < 500°C, 200 

4) 1.0 x 1017 - < FD <1.0 x 1018 and T < 500°C, 75 

5) 1.0 x 1018 5 FD 1 .  x 10" and T < 500°C, 20 

6) 1.0 x 10'' - < FD <1.0 x lo2' and 500 - < T < 1600°C, 45 

7) 1.0 x lo2' 5 FD 1 . 0  x l o z 2  and T > 500°C. 450 

Equations 1 and 3 were incorpora ted i n t o  a spec ia l  subrout ine  and 

i n s e r t e d  i n t o  GAPCON-THERMAL-2(14) . Thermal c o n d u c t i v i t y  was then ca l -  

cu la ted  f rom inpu ted  values o f  temperature, burnup, and densi ty .  A p l o t  

o f  t he  percent  decrease i n  thermal c o n d u c t i v i t y  as a f u n c t i o n  o f  burnup 

(expressed as f i s s i o n  dep le t i on )  f o r  a range o f  temperatures and f o r  

a 94% dens i t y  case i s  shown i n  F igure  1. Reductions o f  up t o  50% are 

i n d i c a t e d  a t  temperatures below 300°C and f o r  f i s s i o n  dep le t ions  o f  

f i s s i o n / c c .  Above 500°C, the  reduct ions  are much l e s s  severe and 

d imin ish  r a p i d l y  w i t h  i nc reas ing  temperature owing t o  t h e  anneal ing o u t  

o f  i r r a d i a t i o n  damage. A p l o t  o f  thermal c o n d u c t i v i t y  as a f u n c t i o n  o f  

temperature f o r  d i f f e r e n t  burnups i s  presented i n  F igure  2, and shows 

t h a t  t he  d i f f e rences  i n  thermal conduct i  v i  ty a t  temperatures above 1 OOO°C 

are r e l a t i v e l y  smal l .  

The n e t  c a l c u l a t e d  e f f e c t  on f u e l  c e n t e r l i n e  temperature f o r  a case 

i n  which the  f u e l  would be operated a t  a l i n e a r  heat r a t i n g  12 K W / f t  i s  

shown i n  F igure  3. The maximum d i f f e r e n c e  i n  temperature occurs a t  about 

24,000 MWd/MTM and i n d i c a t e s  an approximate 20°C increase if burnup e f f e c t s  

are taken i n t o  account. Th is  d i f f e r e n c e  would most l i k e l y  have minimal 

impact on f u e l  r e s t r u c t u r i n g  and f i s s i o n  gas re lease.  
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CONCLUSIONS 

The general t rends which r e l a t e  changes i n  thermal c o n d u c t i v i t y  o f  

U02 f u e l  as a  f u n c t i o n  o f  temperature and burnup can be sumnarized as 

f o l l  ows : 

1 ) A t  temperatures below 500°C, reduct ions  i n  U02 thermal c o n d u c t i v i t y  

r e l a t i v e  t o  t h e  u n i r r a d i a t e d  values can be expected up t o  a  

s a t u r a t i o n  l e v e l  o f  approximately 10'' f i ss ions /cc .  

2) A t  temperatures above 500°C, the  thermal c o n d u c t i v i t y  w i  11 undergo 

l i t t l e  change a t  low burnups, f i s s i o n s / c c )  bu t  a t  h ighe r  

exposures some decrease can be expected which should, i n  t u r n ,  

d im in i sh  w i t h  i nc reas ing  temperature. 

3) A  rev iew o f  t he  data repor ted  by ~ e r m a n ( ~ )  on the  Tho2-U02 fuel  

i n d i c a t e s  t h a t  t he  bas ic  behavior  i s  the  same as f o r  U02 i n  the  

temperature range o f  major i n t e r e s t .  The appl i c a b i  1  i ty o f  t h i s  

data t o  LWR U02 f u e l  i s  somewhat quest ionable because o f  bas i c  

phys ica l  p roper t y  d i f f e rences ,  and 1  i m i  t e d  data on i r r a d i a t i o n  

e f f e c t s ,  and would n o t  seem t o  support  concerns t h a t  t he  e f f e c t s  

o f  burnup on thermal c o n d u c t i v i t y  f o r  LWR f u e l  may be o f  more 

s i g n i f i c a n c e  than c u r r e n t l y  be1 ieved. 

4) A  mathematical expression of the  type proposed by Daniel  and 

 ohe en(') seems t o  prov ide  a  reasonable approximation f o r  t he  

behaviora l  t rends repor ted  i n  the  1  i t e r a t u r e  which r e l a t e  changes 

i n  thermal c o n d u c t i v i t y  t o  i nc reas ing  burnup i n  c e r t a i n  temperature 

regimes. Ca lcu la t ions  i n d i c a t e  t h a t  o n l y  small incremental increases 

i n  the  f u e l  c e n t e r l i n e  temperature might  be expected i f  burnup 

e f f e c t s  are taken i n t o  account. 
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FIGURE 3, Cen te r l i ne  Temperature of 94% TD UQ w i t h  12 Y\i/ft l i .near 
Heat Rat ing . [Predi c t ed  w l  t h  GAPCO~-THERMAL-21. 
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