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COMPARISON OF REACTOR FUELS FOR KIGH 
TWERATURF: APPLICA!I'IONS 

S. C .  Weaver and J. L. Sco t t  

In t roduct ion  

Oak Ridge National Laboratory i s  p resen t ly  working on problems a s soc i -  
a t e d  with t h e  development of two types of r eac to r  designed for space 

appl ica t ions ,  -the Medium Power Reactor Experiment and SNAP-50. These 

are t o  be compact, l i g h t  weight r e a c t o r s  with a high degree of r e l i a b i l i t y  

f o r  one t o  f i v e  years  of operat ion.  'Ibis study was i n i t i s t e d  t o  eval-uate 

t h e  thernia1 and i r r a d i a t i o n  p r o p e r t i e s  of t h r e e  f u e l  materials, UN, UO,, 
and UC, be l ieved  t o  be  good candidates  f o r  t hese  two r eac to r  designs.  

T'he des ign  requirements are l i s t e d  i n  Table I . .L-3 

The MPRE design by O a k  Ridge National Laboratory and fou r  r e a c t o r  

reference designs prepaxed by P r a t t  and Whitney Aircraft f o r  Vne SNAF-50 

app l i ca t ion  are summarized i n  Table 1. !The MPRE i s  a s i n g l e  loop system 

of b o i l i n g  potassium which e l imina tes  maay accessory p a r t s  found i n  

conventional, multi-loop, hea t  exchanger designs.  The SNM-50 design 

i s  a conventional l iquid-metal ,  mu l t i  -loop system employing lithj.u:m as 

t h e  primary coolant .  The f i r s t  two reference designs shown i n  t h e  t a b l e  

were based on e a r l y  preliminaqy estimates of t h e  i r r a d i a t i o n  and thermal  
s t a b i l i t y  of UC under r e a c t o r  condi t ions .  As  irradia-Lion t e s t  data 

hecme ava i l ab le  it became evident  t h a t  UN i s  super ior  t o  UC and. n e i t h e r  

could withstand t h e  condi t ions assumed i n i t i a l l y ;  hence t h e  r eac to r  

'Yratt and Whitney Aircraft-CAREL, "SNAP- SO/SPUH Program Engineering 
Progress  Report, Apr i l  1, 1.964, t o  June 30, 1964, " 1~X-642, p.  82,  
July 30, 1$k. CONFIDl3NTIAL-RRICTm DATA. 

2Pra t t  and Whitney Aircraft-CANEL, "SNAP -50/SPUR Program Engineering 
Progress Report, October 1, 1963, t o  December 31, 1963, ' I  PWAC-634, p .  68, 
February 28, 1964. CONFIDENTIAL-RFSTlU'CTD DATA. 

3 S .  J. D i t t o  e t  a l e ,  "MPRF: Safety Analysis Report, ' '  USAEC Report 
ORNL 64-6-46, Oak Ridge National Laboratory, k p r i l  1965. COJYFTDENTIAL- 
II;E=STlUCTED DATA. 
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des ign  power level.  and burnup l i m i t a t i o n s  were progress ive ly  reduced. 
To compare the t h r e e  f u e l s  f o r  S N A P - 5 0  condi t ions,  t h e  reactor. i r r a d i -  

a t i o n  condi t ions f o r  Reference Design No. 3 w i l l  be  used. No i r r a d i a t i o n  

data are a v a i l a b l e  f o r  t h e  severe conditions descr ibed i n  Iieference 

Designs 1 and 2 .  Since i r r a d i a t i o n  condi t ions are l e s s  severe irl Reference 

Design No. 4 than  i n  N o .  3, t he  r e s u l t s  accumulated i n  a comparison of' 

f u e l s  wi'th the  requirements o f  Heference Design No. 3 should also be  

appl icable  t o  Reference Dcsign No. 11. 

Table 2 shows a i.ist O.L' the f u e l s  considered f o r  high Leniy,ersture 

app l i ca t ions .  Froin t h i s  l i s t  the -t'iiree bul-k fue l s ,  UO,, UC, and UN, and 

t h r e e  d i spe r s ion  fue l s ,  BeO-UO,, W-UG2, and Mo-110, were chosen f o r  com- 

par i son .  Lack of 1.rrad.iation aiid f a b r i c a t i o n  data on t h e  o ther  f u e l s  

prevents  p m p e r  evn 1-uati on. 

For a qu.alitat.ive comparison o f  tile thermal c a p a b i l i t y  or' t h e  i'ueLs, 

two l i m i t i n g  hea t  rat:i.ngs were ca lcu la ted .  These are H. the  h e a t  mLing 
t o  produce center l i i i e  melting, and 1-1 t h e  heat. ratliiig t o  produce radial. 

f 3  

cracking from thermal stress,  H w a s  ca l cu la t ed  f o r  rods with a fluel 

sur face  terflper.atur.e, Ts, o f  1000'C. 

t h e  f u e l  c ros s - sec t iona l  a r e a  and the  p o ~ ~ e r  densi.t,y. 

M' 

m 
This quant i ty  i s  t h e  product of  

wliere , 
R = rad ius  01' fuel rod, 

Q = power densi ty ,  

Tm - fucl melting tem?erature, 

T = fue l  sur face  temperature, and 
K = thermal conduct ivi ty  or f u e l .  
s 

--- 
4J. L. Sco%t, "High Temperature Fuel Element Development, ' I  Paper 

presented a t  the ARS Space-Nuclear Conference, Gatlinburg, Tennessee, 
May 1963. 





Tne r e s u l t s  of t h i s  ca l cu la t ion  are s h o m  in Table 2 .  The hea t  r a t i n g  

t o  produce r a d i a l  cracking, Hf, i s  given by t h e  equation5 

8~t  K(1. - p ) ~  H =  f a E  

where, 

cr = rupture  stress, psi, 

E = e l a s t i c  modulus, p s i ?  

a = l i n e a r  coe f f i c i en t  of thermal expansion, 'C-l, and 
p = Poisson ' s  r a t i o .  

Since t h e  f u e l  w i l l  be clad, t h e  hea t  r a t i n g  i s  not necessari.1-y 1.imited 

by r a d i a l  cracking, b u t  11 does provide a l i m i t  above which. some ef fcc t  
on t h e  f u e l  would be  expected. 

f 

Other f u e l  performance f a c t o r s  t o  be compared are (1) t,he vo?.umetric 

increase  o f  t h e  f u e l  during i r r a d i a t i o n ,  ( 2 )  f i s s ion -gas  release, (3) fuel 

p i n  d i m e t r a l  increase,  and (4) t h e  compat ib i l i ty  of f u e l  with c l a d  and. 
coolant  materials. These f u e l  performance f a c t o r s  were examined as 

func t ions  of temperature and i r r a d i a t i o n  exposure. 

na t ion  of t h e  advantages and disadvantages of each f u e l  is  di.scussed 

witht r e spec t  t o  t h e s e  tnernial and i r r a d i a t i o n  f a c t o r s  i i i  t h e  fol.l.owing 

sec t ion .  

A d e t a i l e d  exami- 

Ura,nrimm Dioxide 

Some o f  t h e  advantages of UO, as a r eac to r  fue l  m e :  

(1) Low f u e l  swel l ing and f i s s i o n  g a s  release below f u e l  c e n t e r -  

l i n e  temperatures of 1600"~. 

( 2 )  Low f a b r i c a t i o n  cos t s .  

(3)  Good compatibil i t ,y with potassium. 
(1.) Good compati'nj.lity with most cl-adding materials. 

'J. L. Scot t ,  "High Temperature Fuel Element Dwelopmen-t, 'I  Paper 
presented a t  t h e  ARS Space-Nuclear Conference, Ga'clinbrzrg, Tennessee, 
May 1963 



9 

Many extensive research and development programs have been c a r r i e d  
out i n  t h e  p a s t  f e w  years  on UO, and considerable da t a  have been compiled. 

As a r e s u l t ,  UO, has became a prominent f u e l  f o r  many commercial r eac to r s .  

Fabr ica t ion  methods f o r  UO, f u e l  elements are w e l l  es tab l i shed ,  and most 

production and handling problems have been el iminated.  
advantage of U02 as a f u e l  f o r  space r eac to r s  i s  t h e  low f i ss ion-gas  

r e l ease  and p e l l e t  swel l ing below 1600~~. 

The p r i n c i p a l  

A disadvantage ofi UO, i s  i t s  low t h e m a l  conduct ivi ty  which limits 
t h e  maximurn power rating. 
temperature d i f f e r e n t i a l  between t h e  fuel sur face  and f u e l  cen ter  i n  

comparison with UN o r  UC. 

A t  a given power l e v e l  t h i s  causes a l a r g e  

Tlie low t h e m a  conduct ivi ty  of UO, (Fig.  2 )  a l s o  results i n  low 

The value of Hf for UO,, 65 w/cm, i s  vaJ-ues for Hf and Ern (Table 2 ) .  

w e l l  below t h e  maxim WRE design power r a t i n g  of 180 w/cm. 

(Reference Design NQ. 3)  l i n e a r  hea t  r a t i n g  of 72 w/cm (400 W/CC) also 

f i l l s  within t h i s  range. 

t h e n & - s t r e s s  cracking under t h e  design i r r a d i a t i o n  condi t ions of 
e i$her  r eac to r .  

o r d i n a r i l y  not a l i m i t i n g  factor s ince  m a n y  thousands of UO, f u e l  elements 

have been i r r a d i a t e d  under condi t ions t h a t  induced thermal -s t ress  crack- 
ing  of the UO, without s i g n i f i c a n t  detr imental  e f f e c t s .  

i n  the& conductivi%y may occur because t h e  cracks a c t  as themnal 

b a r r i e r s .  

The SNAP-50 

This i n d i c a t e s  t h a t  U02 would be sub jec t  t o  

The cracking of UO, i n  c l ad  f u e l  elements, however, i s  

Some reduct ion 

The sur face  area generated by cracks may enhance t h e  f i s s i o n -  

gas release r a t e .  
Fuel element dimensional changes r e s u l t i n g  from r a d i a t i o n  damage 

a r e  of major importance i n  comparing one f u e l  with another.  

for fuel p ins  t o  increese  i n  diameter may result ,  from e i t h e r  o r  both of 
two i r r a d i a t l o n  phenomena: 

high temperature creep of t h e  c l ad  from t h e  i n t e r n a l  pressure  of re leased  

f i s s i o n  gases.  The s w e l l i n g  of t h e  f u e l  matr ix  i s  caused by accumulation 

of s o l i d  f i s s i o n  products (two atoms are formed from each atom f i s s ioned) ,  

and the agglomeration of f i s s i o n  gas atoms i n t o  bubbles. 

The tendency 

(1) swel;lix of t h e  f u e l  matrix, and ( 2 )  

To deteimine the s t a b i l i t y  of a f u e l  i n  an i r r a d i a t i o n  environment, 

t h e  f u e l  r a d i a t i o n  damage i s  usua l ly  examined w i t h  respect; t o  two parameters, 
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f u e l  temperature and burnup ( f i s s i o n  dens i ty ) .  Fuel c e n t e r l i n e  tempera- 
t u r e s  were used f o r  comparison because c l ad  temperatures are l e s s  repre-  

s e n t a t i v e  of t h e  f u e l  tempera%ure. Clad temperatures and f u e l  tempera- 

t u r e s  may vary widely depending on t h e  power density,  t h e  cladding used, 

and t h e  gap conductance. It must not be overlooked, however, t h a t  

diametral increases  of t h e  cladding depend i n  p a r t  on t h e  creep s t r eng th  

or" t h e  cladding, and t h i s  i s  a I'unction of t h e  cladding temperature.  

Fuel Volurdetric Changes 

Swelling of U02  a t  low temperatures i s  somewhat less thaq  for U N  

and UC a t  comparable temperature$ and burnups. 
t h e  low temperature i r r a d i a t i o n  of UO, i s  o f f s e t  by t h e  disappearance of 
pDrosity.6 For specimens i r r a d i a t e d  i n  t h e  temperature range 150--375"C, 

110 fuel volume inc rease  was noted up t o  burnups of 3 x 1Q20 fissions/crn3, 

t h e  volume increases  l i n e w l y  with burnup. 
that t h e s e  da t a  were obtained from UO, d i spersed  i n  a stainless s t e e l  

matrix. A t  h igher  temperatures 
(725-1760"~, Fig. 3)7 volumetric increases  begin during t h e  i n i t i a l  s tages  

of I r r ad ia t ion ,  although they  are s t i l l  somewhat less  than  f o r  UC or UN 
a t  similar temperatures.  The curve in Fig.  3 i s  a l e a s t  squares f i t  of 

t h e  high-temperature s w e l l i n g  d a t a  shown. 

by t h e  UO, f u e l  p l a t e s  i s  h igher  than  this curve by 2 4 %  of t h e  p l a t e  

volume. 

The i n i t i d  swel l ing i n  

It should be noted, however, 

I n  bulk U02 t h e  s w e l l i n g  w i l l  be greaker. 

The maximum swelling exhib i ted  

Fission-Gas Release 

Uranium dioxide fission-gas release r e s u l t s  from t h e  agglomeration 

i n t o  bubbles of gaseous atoms produced during These 

6M. L. Bleiberg, R. M. Berman, and B. Lustman, "Effects  of High 
Burnup on Oxide Ceramic Fuels, " MAPD-T-1455, March 1962. 

7M. L. BleiPerg, R. M. Berman, and B. Lustman, "Effec ts  of High 
Ijurnup on Oxide Cermic  Fuels, ' I  WAYD-T-1455, March 1962.  

i n  Eeactor Materials, " AEKE-N 4952, June 15165. 

9V. S c Q t t i  e t  al., "Advanced Mater ia l s  Program f o r  July and August, 
1964, ' I  PWAC-1016, pp. 39-46, November 11, 1964. CONEIDENTIAI;-RESTRTCTED 

8R. S. Barnes and H. S. Nelson, "Theories of' Swelling and G a s  Retention 

DATA. 
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bubbles migrate  up a temperature g rad ien t  and c c J l e c t  t o  form a c e n t r a l  

void a t  t h e  cen te r  of t h e  f u e l  p e l l e t .  Uraniuni dioxide f i s s ion -gas  r e l ease  

i s  small (approximately l$) for c e n t e r l i n e  temperatures below 1600"c, 10 
b u t  increases  r ap id ly  witin increas ing  temperature above 1 6 0 0 " ~ .  

curve i n  Fig. 4 shows very l i t t l e  change i n  gas r e l e a s e  with c e n t e r l i n e  

temperature i n  t h e  temperature range below 1 6 0 o " c . l ~  
t'ne effect  of f u e l  burnup i n  Vnis temperature range.12 

exceeding 1600°C, however, t h e  bubble migrat ion becomes more r ap id  causing 

an increase  i n  gas release. 

observed and a t t r i b u t e d  t o  t h e  rnigratton of l a r g e  t ransverse  vo.i.ds which 

move up t h e  temperature g rad ien t  by a sublimation o r  sur face  d i f f u s i o n  

process.13 Under this l a t t e r  cond.ition, e s s e n t i a l l y  a l l  f i s s i o n  gas 

formed i s  released from tile U02 .  

The 

Figure 5 sh0s.r~ 

A t  temperatures 

A t  l7OO"C growth of columnar g ra ins  i s  

Fuel P i n  Diametral Change 

Because p i n  d iamet ra l  increase6 are a r e s u l t  of f u e l  swel.l.i.ng and 

f i s s ion -gas  pressure,  one would expect very l i t t l e  diametral change below 

1600°C. For c e n t e r l i n e  temperatures above 1600"C, provis ion  must be made 

f o r  a high  f i s s ion -gas  release i f  diametral i nc reases  are t o  be kept  
small. 

Compatibi l i ty  

Other c r i t e r i g  t o  be considered are t h e  compat ib i l i ty  of t h e  f u e l  

material with both t'ne c ladding and the coolant .  I d e a l l y  t h e  fuel should 

never come i n  con tac t  with t h e  coolant,  however, i f  t h e  f u e l  and coolant  

log. Lustman, " I r r a d i a t i o n  Effects i n  Uranium Dioxide, P rope r t i e s  
and Nuclear Applications,  I '  J. Bel le ,  ed., U.S.G.P.O., Washington 25, 
D. c., 1961. 

"1-1. K. Hardy, L. M. Wyatt, and S. Y. Pugh, "Metallurgy of Fuel 
and Cans, " B r i t i s h  Nuclear Engineering Socie ty  Journal, 2 : 21c3 (1963). 

12M. L. Bleiberg, R.  M. Beman, and B. Lustinan, "Effects  of High 
Burmp on Oxide Ceramic Fuels, I '  WAPD-T-1k55, March 1962. 

13J. R. MacEwan and U. 13. Lauson, "Grain Growth i n  S in t e red  Uranium 
Dioxide: 11. Columnar Grain Growth, 'I J. Ani. Ceram. Soc ., 45: 42-h6 
(1962 1. 
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are compatible no serious e f f e c t  w.il.1 result if oilly one o r  a few cladding 

failures occur.  

coo lan t  are reactive, the  fa i lure  of 8 s i n g l e  p i n  m i @ t  be s u f f i c i e n t  

t o  i r .&t ia te  a r e a c t o r  shutdown. For example, UO, and l i t h i u m  react 

exothermically s o  that under r e a c t o r  opera t ing  condi t ions,  a f a i l e d  

fuel.  p i n  would r e s u l t  i f i  t a e  d i s p e r s a l  of l a r g e  :mounts of f u e l  and 

On t h e  o the r  hand, in a r e a c t o r  where t h e  f u e l  and 

fi - ,_I Doion r_l  produets throughout the  primwry coolant  system. Thus, f a - i l u se  

ol" a single p i n  could crea a sei-i 0u.s env i ro imen td  hazard. ,  

Good. compat ib i l i ty  of UO, wit'n potasstun has been demonstrated i n  

long cnd.zmxe tests'" i n  which Yhe o:&<y r e a c t i o n  has been some g r a i n  

bound.a;ry a t t a c k .  
ficantl-y' affezt reactor  o p e r a t i m .  

Thus, failu.re of a f u C d  pin wouLcl probably not  s i g n i -  

A eomp:i.Ila-tj.on of data on -Ex? compat lb i l i ty  of UO, w i t h  poss ib l e  

claddiq; rntx.:ria2.s'""""" is chown in Table 3. 
t o  he computib2.e wTth m.ost of t h e s e  materials except Ta o r  Z k  base al.l-o;ys. 

For exmple, OIiZIsL bas ri.rradiated m a y  stai:?Less steel c lad  U02  i'uel p ins  

i n  '&e OIP, with no appr.ecTa3l.e fu2l-clad r.eac%ions * 

U r a n i u m  dioxide qpczars 

In suwriary, UO, exh.j..icits many desirable f ea tu res  as a candidate  

fue.1. f o r  the WRE reactor. Aiiong th?se f e a t u r e s  are: 

( 1.1 GO od- I'. omp ai; i ~ r !  i l i - t y  with p ot as s i i m .  . 
( 2  3 ~ o o r ~ .  corripatibil.f'r,jr W W ~  sta,i:rd_ess s teel .  

( 3  1 B-igli resis'canc:~: to rad.:Lation damage at -the MI'RE design tempera- 

tux::, wj.-C;h low fissioii-gas re!..ease and low .fuel. swrl.li:ig. 



Table 3. LO, Compatibi l i ty  

Zr 

1000 

1371 

1535 

1705 

significant 
Reaction at 
15 rnilS 

Ufter 4 m s  

Reacts  

C c r .  

"I? 

cor, 

C X l  C om 

c om 

C 3 n  

C om 

c om 

con 

Co1n 

c SIT. 

cu; 

c On 

C m  

con 

cu:. cor? 

Co:- Slight 

Co:", Incorn 

Rezc t ion  

100 h r  

Heavy Oxide 
pp t  after 
100 hr 

Incom 

lncom Inc om 

P m 

Cox - Compatible, no reaction aiY,er 1000 hr. 

Incon - Incoapatible, gross reactim. 



Extensive t e s t i n g  under WRF: i r r a d i a t i o n  condi t ions  with good success i s  
a l s o  a s t rong  recommendation f o r  UO,. I n  addi t ion,  most f a b r i c a t i o n  and 

handling problems of UO, have been worked out  thereby y i e ld ing  lower fab-  

r i c a t i o n  cos t s  than  f o r  UN o r  UC. 

U r a n i u m  Carbide 

Some of t h e  advantages of uranium carb ide  as a r e f r a c t o r y  ceramic 

f u e l  are : 

(1) High thermal conduct ivi ty .  

( 2 )  High uranium dens i ty -  

(3) High h e a t  r a t i n g  t o  produce radial cracking, EI 

(4)  High hea t  r a t i n g  t o  produce c e n t e r l i n e  melting, 
f ’  . Hrn 

The h igher  thermal conduct iv i ty  ( F i g ,  1) of UC makes it poss ib l e  t o  

ob ta in  h igher  power ratings from UC than  UO,. 

of t n i s  study, UC gives  a r e l a t i v e l y  low temperature d i f f e r e n t i a l  

between t h e  cen te r  and su r face  of t h e  f u e l  compared t o  UO, a t  t h e  same 
power level. 

cracki:ng and melting, respec t ive ly ,  axe high (Table 2 )  which in su res  

i n t e g r i t y  of t h e  f u e l  bodies  under r e a c t o r  operat ing condi t ions.  

For t h e  power d e n s i t i e s  

The values  of Hf and Hm, t h e  h e a t  r a t i n g s  t o  produce r a d i a l  

T o  determine t h e  advantages of UC i n  an i r r a d i a t i o n  environment, 

i r r a d j a t i o n  d a t a  were examined from four  sources -BMI, AI, CANEL, and 

United Nuclear. Workers a t  Atomics I n t e r n a t i o n a l  and B a t t e l l e  Memorial 

I n s t i t u t e  organized t h e i r  d a t a  by assusrling a l i n e a r  r e l a t i o n s h i p  between 
bilrnup and t h e  i r r a d i a t i o n  e f f e c t s  (fuel p i n  diametral  increase,  f i .ssion- 

gas release, and f u e l  p e l l e t  swel l ing) .  

given burnup were tken  p l o t t e d  as a func t ion  of temperature. 

i r r a d i a t i o n  data ,  however, suggests  t h a t  t h e  l i n e a r  r e l a t i o n s h i p  pro-  

posed by AI and EN1 i s  n o t  a good assumption. The quant i ty  of data 

avarilable i s  s m a l l  i n  comparison with U02, al though more data are a v a i l -  

ab l e  f o r  UC than  f o r  UN. 

The i r r a d i a t i o n  e f f e c t s  f o r  a 
CMEL 

Fuel  Volumetric Charge 
The e f f e c t  of i r r a d i a t i o n  and temperature on t h e  f u e l  volumetric 

i nc rease  are demonstrated i n  F igs .  6 and 7 from data compiled by AI 
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and 13MI.17-18 Botlrl curves show a l a r g e  change i n  s lope  a t  1100-1200°C 

i n d i c a t i n g  t h a t  f u e l  swelli.ng i s  g r e a t l y  dependent on 4xmperatu.r-e. A t  

a burnup of about 4.9 X 1020 fissions/cn3, CANEL i r r a d i a t i o n  dat;a1g-20 

i n d i c a t e  t h a t  breakaway swel l ing occurs and. t h e  s lope  of t h e  i s o t h e r m 1  

curve represent ing  dens i ty  decrease vs f u e l  burnup increases  r ap id ly  

(Fig.  8 ) .  
uc .to burnupp& 

T h i s  suggests  t h a t  f u e l  volumetric changes L i m i t  t h e  use of 

4.9 x lozo fissions/crn3 a t  temperatures of 
1500Oc. 

One method proposed to reduce UC fuel swell ing i s  t o  increase  t h e  
carbon content  of t h e  f u e l .  Resul ts  obtained at  United Nuclear indi- 

c a t e  t h a t  t h e  volumetric change of UC caused by i r r a d i a t i o n  decreased. 

with increas ing  carbon content, of t h e  f u e l  a t  900°C (Fig .  9)." How- 
ever, while t h e  increase  i n  carbon content  may reduce the f u e l  swelling 

s l i g h t l y ,  it may a l s o  have a de t r imenta l  effec-'i, s ince  CRMEL personnel  

observed carbon migrat ion down a thermal. g rad ien t  a t  c e n t e r l i n e  teinpera- 
t u r e s  of 1500°C.22 

reformation of second phases i n  t h e  s t r u c t u r e  during irrad.iation.2'  
This  car'oon migrat ion r e s u l t s  i n  -the formation and 

17"fkinual Technical Progress  Report, MC Unclass i f ied  Programs, 'I 

U S M C  Report NU-SR-9999, Atomics In t e rna t iona l ,  August 31, l96h. 

'*R. J. h y u z i c k  and J. E.  Gates, "Development o f  Advanced High- 
Temperature Nuclear Materials During May through J u l y  1965, " BMI -l7bl, 
Bat-belle Memorial Ins ti t u t e  . C O W I D ~ I A I ; - K T R I C T E U  DATA. 

"Prat t  and Flhitney A.ircraf t-CANEL, "SNAP -5O/SPUR Program Wigi- 
iieering Progress  iieport Apr i l  1, 1964, t o  June 30, 1964, " PWAC-61-12, 
p . 1-35, M8y 14, 1965. CONFIDEWI!IAL-RESTRICTE3l DATA. 

20Pra t t  and Whitney Aircraft-CANEL, "SilfP - 50/SPUR Program Englf - 
neering Progress  Report 0-tober 1, lg64-, t o  December 31., 1964, 'I  PWAC-644, 
p .  151, May 14, 1965. CONFIDEIVTIAL-I?EST~IICTED DATA. 

"J. Crane and E. Gordon, "The Development of Uranium Carbide as a 
Nuclear Fuel, Final Report, " USAEC Report UNC-5080, United Nuclear Corp., 
February 29, 1964. 

22M. A. DeCrescente e t  a].., "Advanced Materi.al_s Program for J u l y  
and August, 1963, ' I  PWAC-1010, pp. 33-1-14, October 23, 1965. CONFIDENTIAL- 
RESTRICTED DATA. 

23M. A. DeCrescente, "Advanced Mat,ej-ial s Program f o r  J u l y  and 
August, 1963, 'I PWAC-1010, p .  38, October 25, 1963. C O N ~ l D E ~ ~ I ~ 4 2 , - R E S T H I C T E D  
DATA * 
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Tflese phase changes are thought t o  enhance bubble formation and f i r - '  a a ~ o n -  

gas release. The end r e s u l t  may be  a reduct ion  i n  f u e l  volume with 

diametral p i n  swel l ing rerflaini.ng t h e  same o s  inc reas ing  due t o  creep of 

t h e  c l a d  from t h e  hydros t a t i c  p re s su re  of f i s s i o n  gases .  

This  repor ted  inc rease  i i l  f i s s ion -gas  release with carbon content  

i s  i n  c o n t r a s t  (Fig.  10) with United Ruclear ' s  IGW temperature data2" 

(900°C) i n  which they  observed a decrease i n  f i s s ion -gas  release with 

i nc reas ing  carbon content .  

k i n e t i c s  of carbon migration a t  t h e  lowcr temperature ,  

This i s  probably due t o  a reduct ion  i n  t h e  

Fission-Gas Release 

Three sets of d a t a  are a l s o  a v a i l a b l e  t o  compare f i s s ion -gas  release 

,4tomics In t e rna t io i i a l  (Fig.  11) i r r ad - i a t ion  data;"" show a effecix 

l a r g e  temperature dependency of f i s s ion -gas  release above llOO'C. 

corresponds t o  t h e  sme temperature a t  which they  observe brwkmray 

~ L E L  swel l ing*  

a burnup l i m i t  of approxi-mately 4 x fissions/cm3. At t h i s  burnug 

t h e  slope of t h e  curve showing gas release vs burnup inc reases  r a p i d l y  

(Fig;. 12). Unfortunately,  considerable  spread c m  be observed in CR_NEL's 

i r r a d i a t i o n  data a t  l5OO"C. 

r e l a t i v e l y  low burnups compared t o  UO, and UN. 

€rom BMI are p l o t t e d  as a func t ion  of f u e l  su r f ace  temperature (Pig. 13) . 2 E j  

Tris 

CANEL'S high temperature data (1500°C)26-27 suggests  

High f i s s ion -gas  release was observed a t  

Fiss ion-gas release d a t a  

'"J, Crane and E. Gordon, "The .kvelopmcnt of Uranium Carbide as 
a Nuclear mel, F i n a l  Report, " USAEC Report VNC-5080, United ~uel.ear 
Corp. , February 29, 1964. 

2 5 ' ' A n ~ u a l  Technical  Progress  Xeport, AEC Unclassified- Programs , I '  

IJSAEC Report NAA-SR-9999, Atomics In t e rna t iona l  , August 31, 1964. 

""4)rat.t and Whitney Aireraft-CMEL, ''S?IAP - 50/SXJLTH Progmm Ehgi - 
neering Progress  Report Apr i l  1, 1964, t o  June 30, 1964," PWAC-642, 
11. 135, July 30, 1g4- COWIDEWIAL-RESTKiCT'ED DATA. 

27E^ratt and Whitney Aircraft-CAl\Sa, "SNAP - gO/SPUR Program Engi - 
neering Progress  Report October 1, 1964, t o  December 31, 1964," PWX-644, 
p -  1-51, 14, ls5. COWIDENTIU-REST-WCTED DATA. 

26Freas e t  al., "Iiigh Temperature I r r a d i a t i o n  of U r a n i m  Carbide, " 
BMX-1622, p. 29, Battel le  Memorial I n s t i t u t e ,  October 25, 1963. CONFIDE:ITI-AL- 
RESTRICTED DATA. 
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formed in. irradiated uranium cwwbide, as a junction of 
ca.P.bon conteaat.55 (Capsule numbers are noted next fa 
each. point; burnups to 5.4 at.% at swface tempe.P.n- 
tams  to 900°C.) (9, cast; 61, sip.,te.ued. 
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These da t a  were taken from hyperstoichiometr ic  UC (UC 

t o  appr 

reac t ion .  

sur face  tenlperature g r e a t e r  than  1230°C. 

dependence i s  shown by t h e  xenon gas release which increases  from 1.0% 

at I Z 3 O " C  t o  45% a t  l Z 9 O " C .  For r eac to r  designs based on a burnup o f  

2 . 0  a t .  % U and a f i ss ion-gas  r e l ease  of 20% or less, l .ZgO"C appears 

t o  be  a l i m i t i n g  temperature.  

) i r r a d i a t e d  
1.45 

y 2 a t .  % burnup i n  which t h e r e  w a s  some fue l - c l ad  
... , 

These d a t a  i i id ica te  a s t rong  temperature dependence at, a 

A s i m i l a r  tarriperature 

Fuel P i n  Diametral Change 

The f u e l  p i n  diametral increase  i s  a result of t h e  fuel. swel l ing 

and hydros t a t i c  pressure  of re leased  f i ss i -on  gases.  

CANEL d a t a  h d i c a t e  t h a t  t h e  burnup l i m i t  f o r  UC i s  aboui; 4.9 x 1.0"O 

fissions/cm3 (Fig.  lk).29-3" 
i nc reases  very r ap id ly .  

burnup a t  which UC e x h i b i t s  a l a r g e  f u e l  volume change. 

. that  t h e  l a r g e  pin diametral. increase  i s  a r e s u l t  of t h e  excessive f u e l  

swel l ing.  

atures prevents  a f u r t h e r  ana lys i s  of CADIEL d a t a .  

a4t 1500°C t h e  

A t  this burnup tile s lope  of t h ?  curve 

This change i n  s lope  corresponds t o  t h e  sam.s 

This siuggests 

The lack. of d a t a  on f u e l  p i n  diameter changes f o r  lower Lc-mper- 

Atoinics I n t e r n a t i o n a l  i r r a d i a t i o n  da ta  (Ffg. 15)3" suggests  a 

Below 1.000"C t h e  p i n  diametral. temperature l i m i t  of about 1000°C. 

i nc rease  i s  low and appears t o  be indeperdent of temperature, while 
above lO0OoC 'che d iamet ra l  change increases  more rxpidly wi t21  inti-eas - 
i ng  temperature.  

Compatibility of UC with l i t h i u m  has been s%irr.di.ed ex tens ive ly  a.t 
CANEL and BM1:. This i s  l i t t l e  r eac t ion  between l i t h i u m  and stoichtiometric 

29Pra t t  and Wnitney AircraPt-CANEr.,, "SNAP-50/SPUR Program Engi - 
ncc r i rg  Progress Report April 1, 1964, to Juri? 30, 106)1, " ?WAC-642, p .  135, 
J u l y  30, 1964. COWIDENTIAL-RESTRICTED URi'A. 

30Prat t  ar,d Whitney Aircraft-CANEL, "SNAP- 50/SPUR Program En@ - 
neering Progress  Heport  October 1, 1964, t o  December 3l., 1-961-!-, ' I  ~ ~ ~ c - 6 4 - 4 ,  
p. 1519 May 14, 1965. CONFIDE~~Z~,-RESTRLCTEn DATA. 

31''Annud Technical ~rogress ~ e p o r t ,  AEC Unclass i f ied  Programs, 'I 
IJSAEC Report NAA-SR-9999, Atomics International, August 31, 1964. 
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IJC.32 However, l i t l i iwa  has a h igh  s c l u b i l i t y  for carbon and t h e  carbon 

i n  hypeastoichiometric UC w i l l  migrate out of t h e  f u e l  i n t o  t h e  l i th ium.  

Under i r r a d i a t i o n  t h i s  carbon migrat ion w i l l  be  enhanced with a tempera- 
t u r e  grad ien t .  

The compat ib i l i ty  of UC-cladding systems i s  shown i n  Table 4.33 
Compatibil i ty does not appear t o  be a major problem though IJC i s  less 

stable t’nan UN. I ~ ~ ~ e r s t o i c h i o m e t r i c  UC, however, i s  unskable i n  t h e  

presence of many cladding materials; for example, UC i s  s t a b l e  i n  t h e  

presence of t u r g s t e n  and molybdenum but  forms UWC, and UMoC,, r e spec t -  
ively,  i n  t h e  presence of excess carbon. 

For cladding m a t e r i d s  th .a t  r e a c t  with s to ich iometr ic  UG, %he 
in t roduc t ion  of excess carbon i n t o  t h e  UC may be b e n e f i c i a l .  

r e a c t i o n  can then  occur with t h e  cladding material producirg a r e a c t i o n  

l a y e r  be-bweer! t h e  f u e l  and the c lad .  This r eac t ion  layer s e l v e s  as a 

p r o t e c t i v e  coa t ing  t o  prevent  8 det r imenta l  fue l - c l ad  r eac t ion  during 

i r r a d i a t i o n  which could r e s u l t  i n  the formation of free uranium. 

A 

Uranium Mononitride 

Uranium mononitride has  nany advantages 
r e a c t o r  f u e l .  Amow t h e s e  ad-vantages are: 

(1-) High thermal. conduct iv i ty .  

( 2 )  -“li@ uranium d e m i t y .  

(3) Good compat ib i l i ty  wf tin l i th ium.  

as a re f r ac to ry  ceramic 

(4 )  High h e a t  rahing t o  produce r a d i a l  crackiog, €if. 

(5)  Brigh h e a t  r a t i n g  t o  produce c e n t e r l i n e  melting, H 
(6) Good compat ib i l i ty  with most cladding ma te r i a l s .  

m’ 

The thermal conduct iv i ty  (Fig. 1) of tJN i s  t h e  highest; of t h e  t h r e e  

primaiy fue ls  under i n v e s t i g a t i o n  above approxim.ately ‘700°C (Table 2 )  

!Iliis m a k e s  poss ib l e  higher  power ra t i rgs  from UIV than  from TJC or U02. 

’“Fackelmann e t  a l  . “Development of Advanced 1;Iigh -Tenperature 
Nuclear IYaterials During November 1963 through Jariuary 1964, ’ I  ~m-1666, 
p. 30, B8ttclle Memorial I n s t i t u t e ,  March 5, 196ke COITFPDE!!JTIAL,- 
KBTNCTm DATA. 

3 ” D e M ~ s t r y  and Griesenauer, “ Inves t iga t ion  of High Temperature 
Ref ractozy Metals and U l o y s  for  Themionic  Coxverters, I ’  AFPXLdR-65 -29, 
Supplement 1, Bat te l le  Memorid I n s t i t u t e ,  Apr i l  1965 COIFIDENTIAL- 
BESTFJCTED DATA. 
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Or, f o r  a given p i r r a t i n g  and sur face  tempera-are, JN w i l l  lave a 

lower c e n t e r l i n e  temperature.  The uranium dens i ty  f o r  UN, an important 

parameter f o r  reducing r eac to r  s i z e  and weight, i s  13.6 g/cm3, t h e  

h ighes t  of t h e  r e f r ac to ry  ceramic f u e l s  (Table 2 )  

f o r  Hf, the  hea t  ratirg t o  produce f r ac tu re ,  and Hln, t h e  hea t  r a - t i u g  

extreme r e a c t o r  operat ing c o n d i t i m s .  

The very high values 

r l i n e  melting, insure  good i n t e g r i t y  of t h e  f u e l  under 

Fuel Volumetric Change 
The r e s t s t ance  of UN t o  i r rad . ia t ion  d-amage i s  a major f a c t o r  i n  

favoring i t s  use as a reac to r  fiuel. 

f u e l  as denoted by t h e  f u e l  densi-ty decrease i s  shown i n  Fig.  l6.3*-35 
The f u e l  d e n s i t i e s  used f o r  t hese  cizlculations were measured by s tandard 

immersion techniques.  

t o  show t h e  e f f e c t  of temperature and. f u e l  burnup. 

eiirves shows t h a t  t h e  e f f e c t s  of temgerature are not  well defined.  The 

s c a t t e r  i n  t h e  1500°C da ta  i s  low f o r  burnups above 2.5 x lozo 
fissions/cm3. 

t h e  vo1ume-Lri.c change during i r r a d i a t i o n  drops off rap id ly .  

f o r  t h i s  decrease i s  apparent.  The s c a t t e r  i n  the 1.lOO"C curve i s  con- 

s ide rab le  f o r  t h e  range of data m a i l a b l e  (maximum 3 . it x LOzQ fissions/cm3). 

No experimental evidence t h a t  could account for t h i s  s c a t t e r  i s  8pparen.t 

f rom t h e  da ta .  

The volumetric increase  of t h e  

The curves denoting volime change xere plotted. 

Exrzmim,i;ion of these 

A t  f u e l  burnup values  less tnan  2.5 X 1020 fissFons/em3 

No reason 
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FISSION DENSITY (fissions/cc) x 10-20 
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Fig. 19. UN Fuel P i n  Dimetyal Change. 



i n  dimieter.39'40 

1100, 1300, and 1500°C. There appears t o  be no s i g n i f i c a n t  temperature 

dependence of the  swel l ing.  

probably results from i n s u f f i c i e n t  da ta .  

The e x i s t i n g  data are p l o t t e d  for  temperatures of 

The l a c k  of apparent  temperature dependency 

C omy a t  ib i l i . t y  
It has been found t h a t  UN e x h i b i t s  very good compat ib i l i ty  with 

litlniusn under both isothermal  and i r r a d i a t i o n  condi t ions .  41-42 The 

0-112- apprec iab le  e f f e c t  de t ec t ed  i n  UN has  been g r a i n  boundary a t t a c k  

ai?d d i s s o l u t i o n  of UO, p a r t i c l e s .  

t h e  e f f e c t  of l i t h i m  a t t a c k  should be small. 

By keepi-rg t h e  oxygen content  low 

No d a t a  on compa t ib i l i t y  o f  UTJ and p o t a s s i w  could be found. How- 
ever, basic thermodynamic data i n d t c 8 t e  t h a t  cor ros ion  by li t'rliwfl should 

be much more severe than  by potassium; hence UN should a l s o  bc compatible 

with t h e  MPRE coolant .  However, before  U N  can bc s e r i o u s l y  considered 

as a f u e l  € o r  t h e  MPNE, some conlpa t ib i l i ty  t es t s  will be necessary.  

An extens ive  s tudy of the compat ib i l i ty  of UM with varjoins c lcdding 

materials has been made by 0RIG and BMI. The r e s u l t s  cf this i n v e s t i g a t i o n  
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are shown i n  Table 5.43-44 
compatibi l i ty-  with UN. The i n t e r f a c i a l  r eac t ion  between UN and. other  

c l ad  materials t h a t  a r e  Incompatibie may be considerabl-y reduced by 

a d i f fus ion  b a r r i e r  between the f u e l  and. t h e  clad.. Cb-4 Z r  with a 

5 - m i l  tirlngsten b a r r i e r  has been used very ex tens ive ly  i n  CANEL'S UN 

i r r a d i a t i o n  capsules t o  da.te. The o n l y  notable e f f e c t  hr2s been some 

mig:ration of t h e  uranium i n t o  t h e  Cb--1 Zr forming  a U-Cb i n t e m e t s l l i c . 4 "  

This  r eac t ion  i s  reduced. to a. r?act, lon zone of about 25 11 as a resu1.t 
of t h e  tungsten barrier.  

Most tii-ngsten and.. Re base al-loys show good 

A p o t e n t i a l  disad-vantage of TJN as a fu.e.l. materia.l. I s  i t s  high vapor 

pressure"" relzi;ive .to 

decompose 5y gj.TIing o f f  n i tzogen  and Leaving free ur3mium in the UN 
st:ructi>,:r:? a However, t h e  eqiii.iior!. .m n i t rogen  prcssu.r,- is s m a l l  f o r  t h e  

T!N tmp?r-.atixes encounter?d i .n  m3-3~ h o r  d.:signs of interest I::rs ( S X P - S G  : 

and. TJC'"" (FIg. 20)  v?~Lii.? allows tile l.TN t o  

5 x a.i;111. N over IJN; PIPRE: 2 x 1.0--" atm m over UN). T:O.US, t h e  
vapor pressures for t hese  t e m p e r a t x e s  arc neg l ig ib l e  It i s  ollly for 

much higher tempemti reac- tors  t h a t  'the v q m r  pressure w i l . 1  begin 'LO 

effect,  %he cl.add.ing h%e2 I;-, 2 6 7 0 ~ ~  the par t ia l  pressure  o f  
ni'crogen over UN wiL1. be o n i y  0 .'I.. atmosphere 

train-t. 
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Dispersion Fuels  

The advantages of using d i spe r s ion  f u e l s  ar?: 

(I) Increased thermal conductivity- s ince  most of the  hcat i s  con- 

ducted. t'nrougb the metal matrix material. 

( 2 )  LOW f i s s ion -gas  r e l ease .  
( 3 )  Constraint; of f u e l  swelling. 

A disad-vantage of high teinperature d ispers ion  fuels .i.s tile d.i.ffri. - 

c u l t y  i n  f a b r i c a t i n g  mat r ix  rnatxials which are s t a b l e  a t  high tempera- 

t u r e s .  To circumvent t h i s  pro'ul-em, the i n i t i a l .  i r r a d i a t i o n  t e s t i n g  

w a s  done on U02 d i spersed  i n  s t a i n l e s s  s t ee l  a t  low temperatvres. As 

technol.ogy develops, the da t a  obtained f roiil i rra,diated U0,-SS d ts  - 
p e r s t o n s  c a n  be applied to-ward a d i spe r s ion  mxtzix which can be us2d 

a t  liig'ner tempera twes  . The dimensional s t a b i l i t y  of  ri.ru.ac3.i a%ed TJ0,- 

s-tai.nkss s teel  d ispers ions  i s  shows as, a func t ioa  of f - i ss ion  density 

and su r face  tempera.Lure i n  F ig .  2 ~ ~ '  

pers ion  f u e l s  is  t h e  decrease i n  ura:niurn 1.oad.ring which .lj.:mrit,s the 

'cot& power output OS tile fuel- demen t s .  

A second disadvantage of dis-  

Re 0 -1J0, -- 
Considerable research vas d-one on t h e  system TJ0,-Be0 a t  P r a t t -  

Whi'iney-CfUEL. I r r a d i a t i o n  experiments showed 110,-Re0 p e l l e t s  t o  be  
undeslrable  f o r  such high-temperature irradia-Lion en\~ironmeiits as 

SNW-5C: (Table I) s ince  fissi-oi? damage t o  the 3e0 i n  t h . i s  high tempera- 
t u r e  :range appears t o  c s w e  extensive swel l ing and changes i n  p rope r t i e s  

of t h e  material... Also, the LQW value oi 13 the heat r a t i n g  t o  pro-  
diice r a d i a l  cracking, suggcs ts that cracking and ed'caiiced f j - ss ion-gas  

release w i l l  occur at rela'cively I-ow power rattings. 

f a s t  f l u x  reac4;ion occ?x-s prod.u.cTng Izeli1.m gas and. t r i t i u m  a t  t h e  1-a-te 

of approx i l a t e ly  3 x . I-o '~ a~on.i/'see/cc. 

f' 

I n  ad.dri.tj.013, a 

C A . ~  eva lua t ion  of the 

4SId. C .  'Phil-her aid F. R.  McQuilkin, "Metals and Ceramics Divis ion 
h n u a l  Progress Report f o r  Per iod  & i d h g  May 31, 1963, 
ORJ!KL-3'(40, p .  230, Oak Rldge National Laboratory, November 4, 1963. 

USL4EC Report 

50M. S .  Freed, M. A. DeCrescentc, and Ito M. Kuhns, 
of U0,-Be0 Fuels, I t  PWX-436, ,5iiiy 1 ) ~ ~  1.965 e 

"Development 
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i r r a d i a t i o n  d a t a  s e t  the following limits on t h e  use of  U0,-Be0 (30 
t o  60 vol  '$ U 0 2 )  from t h e  s tandpoint  of dimetral . .  increase ( 2 %  maximum) 

and f i s s ion -gas  r e l e a s e  (10% maximum) : 

Burnup Clad 
(fissions/cm3 fuel.) Temperxture 

11 x 1020 l0OO0C 

4.2 x 1020 lolo-logooc 

2.63 x 1020 1100 O c 

Another fac.tor to be considered i n  evaJimting HeO-UO, i s  i t s  cladding 

and materials compat ib i l i ty .  

with most of t h e  r e f r ac to ry  metals. 

are observed between BeO, UO,, and these  metals  i s  sholiln i n  Table 6 .  

UO, and Re0 exhibit good compat ib i l i ty  

The temperatixe ,at which r eac t ions  

Table 6. Compatibi l i ty  of Be0 a d  lJ02 w i t h  
Ref r ac  tory Me tal. s ' 

1-- --11 I 

Approximate Reaction Temperature 
( "e>  

I 

Metal 
Be 0 U02 
I_ ..._--- _I.-_ ~ 

F i r s t  Fas t  F i r s t  Fas t  

Niobium 1L80 213 3 2065 ^I 

2140 2310 118> 2600 n I ung s t e n 

Tant a i  urn 2245 2355 2295 2420 

Molybdenum No r eac t ion  No r e x t i o n  
to 2 1 3 0 ' ~  io Zl5~"C 

- ._ 
51J. M. Kerr, previ ous1-y of Oak Rj dge National TAalboratory, 

personal  comniunication t o  J. L. Scot t ,  Oak Ridge National Laboratory. 
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U0,-Be0 s y s t e m  cannot be considered f o r  1 thiwn-cooled r e a c t o r s  

because of t h e  exothermic UO,-lithium reac t ion .  Potassium being less 

r e a c t i v e  than  l i thium, however, does not pose any compat ib i l i ty  problems 

with U0,-Be 0 

W-UO -2 and Mo-UO, 

Two o the r  d i spe r s ion  f u e l s  be ing  examined f o r  high temperature 

app l i ca t ions  are W-UO, and Mo-IJO,. A n  advantage of W and Mo as a dis- 
per s ion  f u e l  matrix i s  the h igh  thermal conduct iv i ty  compai"ed t o  UO, 

as a bulk  f u e l .  %he values  of H and H for t h e  UO, i n  W o r  Mo mat r ices  f m 
are g r e a t e r  t han  bu lk  UO, by a f a c t o r  of about 30. 

i n  producing a s a t i s f a c t o r y  f u e l  with Mo o r  W as 3 matr ix  i s  t h e  d i f f i -  

c u l t y  i n  f a b r i c a t i n g  these  materials. Both materials arc b r i t t l e  at 

low temperatures  so  high f a b r i c a t i o n  temperatures are required. Crood 

atmospheric c o n t r o l  i s  a l s o  important s ince  they  r e a c t  r ap id ly  w i . t h  a i r  

a t  t h e  high temperatures requi red  for f a b r i c a t i o n .  An extens ive  research  

and development program will be e s s e n t i a l  p r i o r  to se r ious  cons idera t ion  

of t h e s e  materials f o r  use i n  a r e a c t o r .  

One major problem 

I r r a d i a t i o n  data on W and Mo as d i spe r s ion  f u e l  mat r ices  i s  very 
I-imited,  

r e p o r t s  a success fu l  s h o r t  t i m e  i r r a d i a t i o n  ewer iment  of t h r e e  W-50 

wt 5 UO, cermets t o  check t h e  chernical and dimensional s t a b i l i t y .  

specimens were i r rad ia ted .  f o r  2-4 hr a t  temperatures g r e a t e r  than  Z100'C. 

A l i t e r a t u r e  search r ewa led  no f u r t h e r  i r r a d i a t i o n  data 

The Hanford Atomic Products Operation, General Elec t r ic"2  

Tne 

Conclusion 

To determine t h e  r e l a t i v e  advantages and. disadvantages OS' t h e  fue ls ,  

important i r r a d i a t i o n  and t h e i m d  e f f e c t s  were evaluate&. The r e s d t s  

of  t h i s  eva lua t ion  show t h a t  some terfiperature and. burnup Limi ta t ions  

can be  p laced  on t h e  fuels at p o i n t s  where t h e  f u e l s  show excessive 

swel l ing  o r  f i s s ion -gas  r e l ease .  



uo2 
(1) I n  t n e  temperature range 725 t u  1610°C tlie s lope  of t h e  f u e l  

swel l ing curve increases  by a f a c t o r  of L at  15 x fissions/cm3. 

(2) Fission-gas release p laces  a c e n t e r l i n e  temperature l i m i t a t i o n  

of  1600"~ on U02. 
Above t h i s  temperature t n e  gas release rate increases  r ap id ly  with 

temperature.  

Below 1600°C t h e  f i ss ion-gas  release rate i s  s m a l l .  

uc 
L 

(1) CANEL data i n d i c a t e  a burnup l i m i t a t i o n  of 4.9 x I O z o  fissions/cm' 

(2) ;BMI and -41 data suggest a c e n t e r l i n e  Lemperature l i m i t a t i o n  of 

a t  a f u e l  c e n t e r l i n e  temperature of 1500"~. 

1200°C a t  2.0 at .  5burnu-p. 

UN - 
The ava i l ab le  data f o r  UN are not s u f f i c i e n t  t o  def ine  temperature 

and burnup 1imi. ta t ions similar t o  those  e s t ab l i shed  for UO, and UC. 

I n  congaring UM and UC, tlie curves for t h e  maximum diametral increase  

(Fig. 22), t h e  f i ss ion-gas  release (Fig.  23), and f u e l  swel l ing (Fig.  

2 4 )  w i t h  a 1500°C c e n t e r l i n e  temperature were drawn for both f u e l s  on 

t h e  same coordinates .  A t  this %emperature, U N  i s  o'aviously super ior  t o  

uc . 
Differences i n  f u e l  p rope r t t e s  and r e s i s t ance  t o  r a d i a t i o n  damage 

suggest  t h a t  some f u e l s  are supe r io r  t o  o the r s  f o r  spec iy ic  r eac to r  

designs.  To compare t h e  r e l a t i v e  advantages of t hese  f u e l s  f o r  SNAP-50 

and WRE designs, t h e  maximum radia , t ion damage t o  each f u e l  correspond- 

i n g  t o  t h e  design temperatures and burnups wei'e taken from t h e  CuTves 

i n  t h i s  r epor t .  These da t a  are t abu la t ed  i n  Table 7. For t h e  SNAP-50 

design parameters UN i s  c l e a r l y  super ior  t o  UC. 

s i de red  f o r  l i thium-cooled r eac to r s  because of i t s  i n c o r p a t 5 b i l i t y  with 
1%-thimn. However, U 0 2  should not  be excluded from cons lde ra t ion  o f  

SNAP-50 designs s ince  UO, sho~ l ld  e x h i b i t  l i t t l e  r a d i a t i o n  damage for the 

given design condi-tions. 
i n  p l ace  of l i thium, t h e r e  should not  be a corrrpa-Libility probl-em. The 

UO, camnot be con- 

If potassium i s  used. as the primary coolant  
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d i s p e r s i o n  f u e l  U0,-Be0 must a l s o  be r e j e c t e d  as a SW-50 candidate  

fuel  s ince  SNAP-50 i r r a d i a t i o n  condi t ions  would cause ex.cessive s w e l l -  

i n g  and f i s s ion -gas  release. I n  add-ition, l i t h i u m  i s  not compatible 

with t h e  U0,-Be0 f u e l  system. 

For. t h e  MPRE r e a c t o r  design t h e r e  appears t o  be no s i g n i f i c a n t  

d i f f e rence  i n  f u e l  pe r fo rmnce  between UN and UO,. 

r a d i a t i o n  damage t k m i  UN and U0, but  might be considered as a border-  

l i n e  candidate  f u e l  s ince  t h e  i r r a d i a t i o n  effects do not g r e a t l y  exceed 

the design l i m i t s .  The dispersion fuel UO,--BeO show f u e l  swel.1it-g and 

f i s s ion -gas  release which exceed t h e  WRE design s p e c i f i c a t i o n s  e Also, 

the maximum f u e l  power. ra t ing should exceed Y0.e ca lcu la t ed  heat; r a t i n g  

t o  produce f r a c t u r e .  Frm an economic s tandpoin t  UO, i s  supe:cior t o  

%he o the r  :Euels s ince  m o s t  f a b r i c a t i o n  and handl ing problems have been 

el iminated.  Another advantage of consider ing U02 f o r  MPRE d e s i g m  

is t5.a-t t h e  O a k  Ridge National Laboratory has  ex%ensively t e s t e d  TJO, 

f u e l  rods a t  MPRE desigri cond..Ttions. 

i s  a good f u e l  f o r  this .  r e a c t o r  d-esign. 

UC exliibi.ts more 

These t es t s  i.ndical;e t h a t  UO, 

Another important, factor wh.ich should be considered when coqari- i lg  
d i f f e r e n t  T ~ e l  materials for a given a p p l i c a t i o n  i s  the gap conductance 

between t h e  f u e l  and t h e  eladding.  I f  a poor gap condinetanee and ;-t 

high b e a t  f l u x  exist, the  su r face  temperature of the fue l  :may approach 

or exceed t h e  performance limit, s e t  by f u e l  swel l ing o r  f i s s ion -gas  

release II 

a twe app l i ca t ions  such as SRAP-.5G. For 1.ower temTeratares sueli ads 

t h e  850°C maximnun c l a d  te;.n.riera,tus.e f o r  .%?.e MPRE, a, poor ga,p conductance 

i s  less s i g n i f i c a n t .  For example, UO, has a ternpcxature 1i . rn i . t  of 

~~OO'C wkieh i s  we13 above t3e maxiui1mi clad surface temperature of 

850°C. 

Good gap ccmductance i s  po.rticu.l.arl_;y iiqorta:r_t f o r  lil.gk~ termjer- 

Experimental work is needed i n  t h i s  area, 
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