
EQUATION OF STATE AND TRANSPORT 

PROPERTIES OF URANIUM AND PLUTONIUM NITRIDES ,. L - - - -  
' - % a , -  - . -* 

- 4  
. - IN THE LIQUID REGION 

A. Sheth and L. Leibowitz 
' y 

' d y  
+. 

, . Chemical Engineering Division 

Prepared for the U. S. ENERGY RESEARCH 
AND DEVELOPMENT ADMINISTRATION 
under Contract W-31-109-Eng-38 

, . . , .  i. I -. - ..-' -.:-/- -- 
, . -  . .  8 .  : ,&ss~d,&7a'~o~~ttfttS , ~ ' ( E " U ~ ~ ,  . 

. . : .  
2 ) .' .,- - . . c::, ;, * 8 -5 . 

8 :. -. -+, :> . t  , 
8 ., . . " #  

. . . ,  
.1. . ,  . . . . j  : . v. .  - . , > - , J  .. -. -..r._ . . . . 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



'SJre i ~ c i l i t i e u  af Arganne 63athml h&ara&ryerre gwhed by the W&d &atcs Govera- 
me&. Ihader &e terrms of a cenhact(W-3L-l89-~ng-3~)beW.een t b  W. Ei. Ena~gy&swr&and 
DeveLopm&nt 4dmtni&k%ati0n, Argome Usliverffities Aesociatien and Thg University of Chicago, 
the Udver &ty eznpbpra the s k B  gnd operates tbs bboratacp in aaccordan~ with policies a a  
pzegaaras io.mda@d, itpproved aPd r ~ d e w e d  by the desecirrtfion. 

This report was prepared as an account of work sponsored 
by the United States Government. Neither the United States 
nor the. United States Energy Research and Development Ad- 
ministration, nor any of their employeeta, noa any of their 
contractars, subcontractors, o r  their employees, makes any 
warranty, expresa or implied, or  assumes any legal liabil- 
i tyor  respohsibility for  the accuracy, completeness ar use- 
fulness of any information, apparatus, product or precess 
dbsclo~ed, or represents that its use would not infringe 
privately- owned rights. Mention of commercial products, 
their manufacturers, s r  ththeir suppliers in this pablication 
does met imply or connote approval o r  disapproval of the 
produet by Argonne National Laboratory or  the U. S. Energy 
Research and Development Adminiatration. 



D i s t r i b u t i o n  Category: 
LMFBR Fue l s  and M a t e r i a l s  

Engineering and Development' 
(UC-79b) 

Argonne National  Laboratory 
,9700 South. Cass Avenue 
Argonne, I l l i n o i s  60439' 

EQUATION OF STATE AND TRANSPORT 
PROPERTIES OF URANIUM AND PLUTONIUM NITRIDES 

I N  THE LIQUID REGION 

A. Sheth and L. Leibowitz 

NOTICE 

rmh was prepared as an amount of  work 
, p n ~ r e d  by 'he united s l a t s  Gorunmmt. Ncifhcr 
*e united s u t s  nor the United Stat- Enc'w 
~~~~~h ~ e ~ e l ~ p m e n t  ~dmini5tntion, nor 01 
thei, rmploytc~, nor any of their mntnctar* 
s,,bconmCtOIl 0, theh e m ~ l o ~ c s .  make1 
ugrranly c x ~ r c u  or implied, or arsumcs any ' ~ B J  
l i a b ~ t y  or ,,w,fibibilit~ rot the souracy, completcneu 

y P f u l n ~ ~  01 any informtion, aPParatm, PrOdUCt 
pmctu diuloud, or represents that Its W would "ot 
inf,inse pdvstcly owned rights. 

Chemical Engineering Division 

, ' 

, 

, 

October 1975 

. . . 

pJy. . . , ' 

DISTRIBUTION OF THIS DOCUM.ENT'IS UNLI!.!II-LU . , 



THIS PAGE 

WAS INTENTIONALLY 
5 LEFT BLANK 



Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ABSTRACT 1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  INTRODUCTION . . .  1 

. . . . . . . . . . . . . . . . . . . . . .  Density of Nitride Fuels. . . 2 

. . . . . . . . .  Heat Capacity and Enthalpy of Nitride .Fuels 4 

. . . . . . . . . . . . . . . . .  Vapor .Pressure of Nitride .Fuels . . .  6 
. . . . . . . . . . . . . . . .  Thermal Conductivity of Nitride Fuels 19 

Viscosity of Nitride Fuels,. . . . . . . . . . . . . . . . . . . . .  20 
- .  . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  Conclusions : 23 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGMENTS. 24' 

'iii 



No. - 

LIST 0F.FIGURES 

Ti t l e  Page . 

1 Density o f '  Nitride Fuels . . . . . . . . . . . . . . . . . . . .  3 

2 . .  Vapor P,ressure of Nitride Fuels . . . . . . . . . . . . . . . . . :  20. . . .  
. . . . 

3 Thermal. conductivity of UN (Below . . . . . . . . . . . . . . . . . . . . . . . . . .  Melting Point). . . .  21 

4 .Thermal ~ o n d u c t ' i v i t ~  o f .  PUN as  .a ~ d n c t i o n  of Tempbrature ' , 

and Density (Below Melting. Point), . . . . . . . . . . . . . .  22 

. . 5 Thermal ~onduct iv i ty  of .(U.O. 8Pu 0-2)N of 93% . . 
2 3 . . . . . . . . . . . .  Theoretical Density ,(Below Melting Point) 

. . .  - .  



LIST OF TABLES 

No. - T i t l e  Page 

1 Thermal Expansion of N i t r i d e  Fuels  . . . . . . . . . .. . . . 2 

2 Recommended Values f o r  Heat Capacity and Enthalpy 
of UN Below.the Melt ing Po in t .  . . . . . . . . . . . .. . . . 5 

3 Recommended Values f o r  Heat Capacity and Enthalpy 
of PUN Below the  Melt ing Po in t  . . . . . . . . . . '. . .. . . 6 

. . 

4 Recommended Values f o r  Heat Capacity and Enthalpy 
of (UO. 8Pu0 2)N Below t h e  Melt ing Po in t .  . . . . . . . . . . 7 

5 Values of Parameters t o  Ca lcu la t e  Heat Capacity and 
Enthalpy a t  Very High Temperatures . . . . . . . . . . . . . 8 

6 Estimated Values of Heat Capacity and Enthalpy of . . 

UN i n  Liquid Region. . . . . . . . . . . . . . . . . . . . . .g .. 

. . 

7 Estimated Values of Heat Capacity and Enthalpy of 
PUN i n  Liquid Region . . . .. . . . . . . . . . . . . . . . . . 1 0  

8 .Es t imated  Values o f '  Heat Capacity and Enthalpy o f .  
(U 0.8Pu 2)N i n  Liquid Region. . . . . . . . . . . . . . . . 11 

9 Low-Temperature Vapor P re s su re  of UN . . . . . . . . . :. . 1 3  

10 Estimated Vapor P re s su re  of UN . . . . . . . :. . . . . . . 14 

li Low-Temperature Vapor P re s su re  of PUN. . . . . . . . . . . . 1 6  

1 2  Estimated Vapor Pressure  of PUN. . . . . . . . . . . . . . .. 17 

1 3  Low-Temperature Vapor P re s su re  of (U 0.8Pu 0.2)N . . . . . . . . , 18 

14 Estimated Vapor P re s su re  of (UOe8Pu0.2)N i n  t h e  . ' . 

Liquid  Region. . . . . . . : . . . . . . . . . . . . . '. . . 19 

15 Thermal Conduct ivi ty  of N i t r i d e  Fuels  (100% 
-Theore t i ca l  Density) . . . . . . . . . . . . . . . . . . . . 23 

1 6  Vi scos i ty  of N i t r i d e  Fuels  . . . , . . . . . . . . . . . . . 24 



EQUATION OF STATE AND TRANSPORT 
PROPERTIES OF URANIUM AND PLUTONIUM NITRIDES 

I N  THE LIQUID REGION 

A. Sheth and L. Leibowitz 

ABSTRACT 

. . 
B y ' t h e  use  of a v a i l a b l e  low-temperature d a t a  f o r  v a r i o u s  . , 

thermophysical and t r a n s p o r t  p r o p e r t i e s  f o r  uranium and p lu ton iuq  
n i t r i d e s ,  va lues  above t h e  mel t ing  p o i n t  of dens i ty ,  h e a t  capac i ty ,  
enthalpy,  vapor pressure ,  thermal conduc t iv i ty ,  and v i s c o s i t y  
were es t imated .  S e t s  of recommended va lues  have been prepared 
f o r  t h e  compounds UN, PUN, and (U0.8Pu0.2)N. 

INTRODUCTION 

I n  o rde r  t o  improve t h e  performance of breeder  r e a c t o r s ,  f u e l s  o t h e r  
t han  oxide f u e l s  a r e  being developed. The advanced f u e l s  c u r r e n t l y  be ing  
considered are ca rb ides  and n i t r i d e s  of  uranium and plutonium. These f u e l s  
possess  b e t t e r  neu t ron ic  p r o p e r t i e s  and h igher  thermal c o n d u c t i v i t i e s  than  
oxide  f u e l s .  This  permi ts  o p e r a t i o n  of f u e l  p i n s  a t  h igher  l i n e a r  power 
r a t i n g s  and a l s o  improves t h e  f l e x i b i l i t y  of des ign  of t h e  r e a c t o r  system. 

I n  r e a c t o r  s a f e t y  ana lyses ,  d a t a  are needed on many thermophysical and 
t r a n s p o r t  p r o p e r t i e s  of t h e  m a t e r i a l s  used i n  r e a c t o r s .  These d a t a  a r e  
r equ i r ed  f o r  temperatures  from those  of  normal o p e r a t i o n  t o  6000°C and above. 
Although adequate  d a t a  a r e  a v a i l a b l e  a t  lower temperatures ,  va lues  f o r  t h e  
r e g i o n  of i n t e r e s t  t o  t h e  s a f e t y  a n a l y s t  a r e  s p a r s e ,  and e f f o r t s  a r e  being 
made t o  e x t r a p o l a t e  low-temperature d a t a  t o  h igher  temperatures .  The 
compounds be ing  considered a r e  UC, UN, PuC, PUN, (U,Pu)C, and (U,Pu)N. This  
r e p o r t  d e s c r i b e s  only  t h e  work on  n i t r i d e  f u e l s .  A companion r e p o r t  desc r ib ing  
t h e  work o n  ca rb ide  f u e l s ,  is  be ing  i ssued .  

The p r o p e r t i e s  being ex t r apo la t ed  o r  es t imated  by u s  a r e  h e a t  c a p a c i t y ,  
en tha lpy ,  dens i ty ,  vapor p re s su re ,  thermal conduc t iv i ty ,  and v i s c o s i t y .  , 

Alexander and co-workers2 d iscussed  e m i s s i v i t y  of n i t r i d e  f u e l s ;  s i n c e  t h e i r  
recommended'values were i n  a good agreement w i t h  our  recommended va lues  f o r  
aarb idea ,  l we have not  discucecd t h i a  p rope r ty  here .  

To o b t a i n  s e l f - c o n s i s t e n t  proper ty  va lues  from low-temperatures t o  t h e  
l i q u i d  reg ion ,  we s e l e c t e d  l o w - t h p e r a t u r e  d a t a  from r e c e n t  c r i t i c a l  eva lua t ions  
by Alexander and co-workers. I n  t he  few.cases  where no d a t a  were a v a i l a b l e ,  + 

es t ima te s  were made on t h e  b a s i s  of s i m i l a r i t y  o r  va r ious  c o r r e l a t i o n s  between 
r e l a t e d  compounds. The es t imated  o r  ex t r apo la t ed  d a t a  are presented  i n  t a b l e s  
and as equat ions  developed by s tandard  r e g r e s s i o n  techniques.  No a t t empt  w a s  
made t o  determine, t h e  optimum form of a n  equat ion .  The es t imated  sets of 
p r o p e r t i e s  va lues ,  a long  w i t h  t h e  recommended low-temperature d a t a  used, a r e  . 
g iven  below. > 



Densi ty  of N i t r i d e  Fuels  

The d e n s i t y  of molten ceramic f u e 1 , i s  an  important p a r a m e t e r ' i n  s a f e t y  
ana lyses .  No r e l i a b l e  d a t a  on the  d e n s i t y  of l i q u i d  n i t r i d e  f u e l s  a r e  
a v a i l a b l e ,  and t h e r e f o r e ,  we hav'e used appropr i a t e  l i t e r a t u r e  d a t a  on dens i ty  
of s o l i d  n i t r i d e  f u e l s  and t h e  approach t h a t  w a s  app l i ed  t o  ca rb ide  f u e l s  t o  
d e r i v e  a n  equat ion  g iv ing  t h e  temperature dependency of t h e  d e n s i t y  of t he  
l i q u i d  phase. ~ l e x a n d e r  et aZm2 r e c e n t l y  reviewed the  d e n s i t y  and thermal 
.expansion d a t a  of  n i t r i d e  f u e l s  i n  t h e  s o l i d  s t a t e ;  They gave va lues  f o r  
average  l i n e a r  thermal expansion c o e f f i c i e n t s  f o r  UN, PUN, and (U 0. ~ P u  0. 2) N 
as a f u n c t i o n  of temperature.  .Using t h e i r  d a t a ,  va lues  were es t imated  f o r  
as (average l i n e a r  thermal expansion c o e f f i c i e n t . i n  s o l i d )  f o r  UN, PUN, and 
(U0.8Pu0.2)N, from room temperature t o  t h e s e  compounds' mel t ing  p o i n t s .  Fee 
and ~ o h n s o n ~  r e c e n t l y  eva lua ted  mel t ing  p o i n t  d a t a  , f o r  candida te  advanced 
f u e l s .  Tn t'he p rcccn t  r e p o r t ,  t h e i r  recommended va lues  a r e  used as mel t ing  
p o i n t s  f o r  n i t r i d e  f u e l s .  

I n  t h e  absence of a r e l i a b l e  va lue  f o r  t he  'volume change on mel t ing  
(AV/Vs) f o r  n i t r i d e  f u e l s ,  w e  took t h e  va lue  of 15%, which was est imated 
f o r  PUN by Alexander et aZ. A s  was done wi th  t h e  ca rb ide  f u e l s  on the  b a s i s  
of d a t a  f o r  NaC1, t he  r a t i o  of l i n e a r  thermal expansion c o e f f i c i e n t s  f o r  t h e  
s o l i d  and l i q u i d  s t a t e s  was assumed t o  be 0.5. By use  of t h i s  r a t i o ,  t h e  
average  va lues  f o r  t h e  thermal expansion c o e f f i c i e n t  ( a i )  of t he  l i q u i d  
n i t r i d e s  from t h e  mel t ing  p o i n t  t o  a higher .  t empera ture ,  T, were est imated.  . 
Alexander et az. have r epor t ed  t h e  t h e o r e t i c a l  d e n s i t y  of i n d i v i d u a l  n i t r i d e  
f u e l ,  which we assumed t o  be equal  t o  t h e  d e n s i t y  a t  298 K. 1 n ' ~ a b l e  1, values  
f o r  as, ak, Tm, volume change on mel t ing , :and  t h e o r e t i c a l  d e n s i t y  f o r  UN, PUN, 
and (U 8 P ~  2)N a r e  l i s t e d  . 

TART.,E 1.. Therma.1. Expansion of N i t r i d e  Fuels 

as* "R * Tm * Theore t i ca l  
Compound cm/ (cm) (K) ' cm/ (cm) (K) mel t ing  po in t ,  A V/Vs,  Density a t  .25OC, 

K ' % . g/cm3 
. . . . 

PUN 1 9 . 5 x l 0 - ~  3 9 . 0 ~ 1 0 ' ~  2843 . . 1 5  14.24 

(U 0.8Pu 0. 2)N 1 1 . 4 x l 0 - ~  22.8x10-~ 305 3 1 5  14.30 

To .der ive  t h e  l i q u i d  dens i ty  of n i t r i d e  f u e l s ,  t he  fo l lowing  equat ion  ' .  

w a s  used: 



where 

"L 
= l i q u i d  dens i ty  g/cm3 

= dens i ty  a t  25O~,  g/cm 3 '298 

T = Temperature, K 

By s u b s t i t u t i o n  of the  va lues  f o r  as, Tm, ag,, and P 298 from Table 1 and 
a f u r t h e r  s impl i f i ca t ion ,  the  following equations w e r e  obtained: 

The above equations r ep resen t  our  b e s t  es t imates  of the  l i q u i d  d e n s i t i e s  of , 

n i t r i d e  fue l s ;  however, they should be used caut ious ly  t o . c a l c u l a t e  l i q u i d  
dens i ty  a t  temperatures f a r  above the  melt ing point .  The value  f o r  ak may : I  

.4* 
change with temperature, and t h e  method of ca lcu la t ion  (assuming the  ratjlo of 
a s  t o  ag t o  be equal t o  0.5) may not be v a l i d  a t  higher temperatures. MoreL t 

over, i n  r e a l  s i t u a t i o n s  t h e  chemical compositions of n i t r i d e  f u e l s  may c h ~ n g e ,  
giving rise t o  unknown e f f e c t s  on dens i ty .  Density f o r  each of these  n i t r i d e s  
i s  given i n  Fig. 1 a s  a func t ion  of temperature. 

i 

TEMPERATURE, K 

Fig. 1. Density of N i t r i d e  Fuels 



Heat Capaci ty and Enthalpy of  N i t r i d e  Fuels  

The low-temperature h e a t  capac i ty  and en tha lpy  d a t a  f o r  n i t r i d e s  were 
taken from the  r e p o r t  by Alexander e t  aZ. f o r  t he  purpose of e x t r a p o l a t i n g  
i n t o  the  l i q u i d  reg ion .  The d a t a  used were r epo r t ed  up t o  temperatures  near  
t h e  me l t i ng  p o i n t s  recommended by Fee and J ~ h n s o n . ~  To c a l c u l a t e  h e a t  
capac i ty  and en tha lpy  v a l u e s  up t o  t h e  recommended mel t ing  po in t s .  we used 
t h e  equa t ions  f o r  $ f o r  t h e  s o l i d  r eg ion  g iven  by Alexander e t  al. These 
equat ions  may be i n c o n s i s t e n t  i n  t h a t  C F  f o r  mixed n i t r i d e  i s  given a s  lower 
than  b o t h  C0 [UN]  and C 0  [PUN], whereas it  would be  expected t o  be  f a i r l y  c l o s e  
t o  t h e  UN va5ues. The d f f f e rences  a r e  small, however, and f o r  t h e  p re sen t ,  
we accep t  t h e  va lues  given i n  Ref. 2. The va lues  f o r  mixed n i t r i d e  and f o r  
UN a r e  based on measurements, and t h e  PUN h e a t  capac i ty  va lues  a r e  est imated.  
Enthalpy v a l u e s  were c a l c u l a t e d  by i n t e g r a t i o n ,  and the  c o n s t r a i n t  w a s  
a p p l i e d  t h a t  H$ - Hzg8  is  equa l  t o  zero a t  298 K. The recommended low- 
temperature d a t a  wi th  a p p r o p r i a t e  equa t ions  a r e  presented  here  i n '  Tables 2,  
3,  and 4 f o r  UN, PUN, and (U0.8Puoe2)N, r e s p e c t i v e l y *  

To e x t r a p o l a t e  t h e  low-temperature en tha lpy  d a t a  above t h e  me l t i ng  
p o i n t s ,  c o r r e c t i o n s  have t o  be made f o r  t h e  h e a t s  of fus ion .  A thermodynamic 
approach recommended by winslow4 w a s  used t o  estimate l i q u i d  h e a t  capac i ty .  
From b a s i c  thermodynamic cons ide ra t ions ,  one can  de r ive  the  r e l a t i o n :  

where 

C = h e a t  c a p a c i t y  a t  cons tan t  p re s su re  
P 

C = h e a t  capac i ty  a t  cons t an t  volume 
v 

y = Gruneisen c o n s t a n t  

6 = volumetr ic  expansion c o e f f i c i e n t  

T = Temperature 

winslow' h a s  g iven  t h e  r e l a t i o n s h i p  between volumetr ic  ' expansion c o e f f i c i e n t ,  
B, and d e f e c t  d e n s i t y ,  temperature,  and o t h e r  l a t t i c e  pa rame te r s . fo r  
U02 and .Tho2. However, such informat ion  is no t  a v a i l a b l e  f o r  n i t r i d e  f u e l s .  
Hence, i t  was decided t o  fo l low t h e  same procedure a s  was used by us  f o r  
c a r b i d e  f u e l s ,  v i z . ,  t o  c a l c u l a t e  8 from a&.  Values of t h e  Griineisen cons t an t ,  
y ,  f o r  most m a t e r i a l s  l i e  between 1 and 3. W e  have, t h e r e f o r e ,  taken y = 2. 
For Cv, a va lue  of  3K per  atom was used, as w a s  done by Winslow.' The va lue  
f o r  t h e  h e a t  of f u s i o n  (AHf) w a s  e s t ima ted  from t h e  recommended mel t ing  
p o i n t  g iven  by Fee and ~ o h i ~ s o n ~  and a n  es t imated  en t ropy  of f u s i o n  equal  
t o  4 .2  eu, as w a s  used f o r  ca rb ide  f u e l s .  Table 5 l ists  the  va lues  of y ,  6,  
G, and AHf used f o r  n i t r i d e  f u e l s  i n  t h i s  s tudy.  

Usual ly,  a s  temperature i n c r e a s e s ,  Cp va lues  i n i t i a l l y  i n c r e a s e  s lowly,  
b u t ,  a t  a va lue  o f .  t he  reduced temperature (Tr = TIT,) equal  t o  about  0 .8,  
h e a t  c a p a c i t i e s  i n c r e a s e  ve ry  r a p i d l y  w i t h  inc reas ing . t empera tu re s  and 



TABLE 2. Recommended Values f o r  Heat Capacity and 
Enthalpy of UN below t h e  ~ b l t i n g  poin ta  

Temp C; , H$-Hig Temp, C; , 
K 

H!??H39 8 
K cal l (mo1) (K) ' ca l lmol  c a l l  (mol) (K) ca l /mol  

a Recommended d a t a  of Alexander et aZ. 

Values a r e  based on: 

approach a n  i n f i n i t e  va lue  a t  t he  c r i t i c a l  temperature,  Tc. The cons t an t  
va lue  of B used i n  Eq. 5 w i l l  g ive  C v a l u e s  t h a t  a r e  too  low a t  temperatures  
c l o s e  t o  t h e  c r i t i c a l  temperature.  h e  c r i t i c a l  temperatures  f o r  n i t r i d e s  
a r e  no t  known; however, t h e  same assumption was made as f o r  ca rb ides1  
(Tc 9 3.5~,),  g iv ing  es t imated  c r i t i c a l  temperatures  f o r  UN, PUN, and 
(TTO,OPi~O.~)N of 10620, 9950, and 10690 K, r e s p e c t i v e l y .  Based on t h e  
above information,  we used Eq. 5 and va lues  g iven  i n  Table 5 t o  c a l c u l a t e  
h e a t  capac i ty  and en tha lpy  d a t a  f o r  UN (up t o  8500 K), f o r  PUN (up t o  8000 K), 
and f o r  ( U  0. 8 P ~ 0 . 2 ) N  (up t o  8600 K) ; t he se  a r e  given i n  Tables  6,& 7, and 
8,  r e spec t ive ly .  



TABLE 3. Recommended va lues  f o r  Heat CapacityancJ . . 

Enthalpy o f  PUN below t h e  Melting Po in t  
. . 

Temp Y c; Hf-H;98~ . Temp, c; q-H?98  
K ' c a l l  (mol) (K) . ca l lmol  K , c a l l  (mol) (K) ca l lmol  

a 
Recommended .da ta  of Alexander e t  a2 . 
VaLues a r e  based on: 

, 5 - H l g 8  = -36'57.21 + 1 1 . 9 ~  + 1 . 2 5  X ~o-'T'  .. . . ... . 

C i  = 11.9 + 2.5 x ~ o - ~ T  

By assuming i d e a l  s o l u t i o n  behavior ,  h e a t  c.apacity d a t a  (and by 
i n t e g r a t i o n  of t h i s ,  en tha lpy  d a t a )  f o r  (U 0. ~ P u  o.i)N were ca l cu la t ed ;  
u s ing  d a t a  from Tables 6 and 7. The r e s u l t i n g  va lues  agreed wi th in  about  
25% wi th  t h e  va lues  g iven  i n  Table ' 8 .  ' 

Vapor Pressure  of N i t r i d e  Fuels  
.,,,...A ....~... 

Considera t ion  of - the ,vapor p re s su re  over  n i t r i d e  f u e l  m a t e r i a l  , is 
complicated because of t h e  varzous gaseous spec i e s  t h a t  may e x i s t  over  
t he  s o l i d  and l i q u i d .  Moreover, Alexander e t  aZ. repo . r t ,  "plutonium ' 

n i t r i d e  can  vapor ize  congruent ly wh i l e  uranium n i t r i d e  cannot;  and t h i s  
d i f f e r e n c e  i s  caused by the  much h igher  vapor p re s su re  of plutonium a s  
compared t o  uranium. I '  The measurements i n  t h e  low-temperature reg ion  a r e  
n o t  complete,  and cons ide rab le  e s t ima t ion  and s p e c u l a t i o n  a r e  needed t o  
d e r i v e  vapor p re s su re  va lues .  This  makes high-temperature ex t r .apola t ion  
and e s t i m a t i o n  p a r t i c u l a r l y  d i f f i c u l t .  



TABLE 4 .  Recommended Values f o r  Heat Capacity and Enthalpy 
of ( U  o.8Pu o . ~ ) N  .below t h e  Melting poin ta  

Temp, $ 9  H$-Hi9 8  Temp, c i  I H$-H?98 
K c a l /  (mol) (K) cal /mol  K c a l l  (mol) (K) ca l lmol  

a  
Recommended d a t a  of Alexander e t  aZ. 

Values a r e  based on: 

H; - Hzg8 = -3345.8 + 10.84T + 1 . 3  x 1 0 - 3 ~ 2  

The well-known l a w  of corresponding states has  been used t o  e s t ima te  
high-temperature thermodynamic p r o p e r t i e s .  This  has  been used by s e v e r a l  
i n v e s t i g a t o r s  t o  e s t ima te  f i r s t  t h e  c r i t i c a l  p r o p e r t i e s  of r e a c t o r  f u e l  
m a t e r i a l s  and then  t h e i r  vapor p re s su re s  by using t h e  gene ra l i zed  vapor 
pressure  c o r r e l a t i o n s  g iven  by Hougen, Watson, and ~ a ~ a t z . '  ~ i l l e r ~  has  
given a  d e t a i l e d  r e p o r t  on va r ious  empi r i ca l  and s e m i t h e o r e t i c a l  approaches 
r epo r t ed  i n  t he  l i t e r a t u r e  f o r  e s t ima t ion  of vapor pressures .  

Low-temperature vapor p re s su re  d a t a  a r e  very s e n s i t i v e  t o  t h e  d e t a i l s  
of s to ich iometry ,  p re s su re ,  and the  .ma te r i a l s  of containment used f o r  
t he  experiment.  For r e a c t o r  s a f e t y  ana lyses ,  t hese  d a t a  must o f t e n  be 
e x t r a p o l a t e d  s i x  t o  nine o rde r s  of magnitude o r  h ighe r  i n  p re s su re  than 
t h a t  exper imenta l ly  measured. I n  such e x t r a p o l a t i o n s ,  t h e r e  is always 
a danger t h a t  vapor spec i e s  which may be important  a t  h igh  temperatures 



TABLE 5. Values of Parameters t o  Calcu la te  Heat Capacity 
and Enthalpy a t  Very High Temperatures 

Parameter UN PUN (" 0 . 8 ~ u  0 . 2 ) ~  

a 
R is  t h e  .gas  cons t an t  

may n o t  be adequately r ep re sen ted  by t h e  lower temperaturc da t a .  The 
approach t h a t  we  have taken is  t o  d e r i v e  from b a s i c  thermodynamic d a t a ,  
equa t ions  f o r  t h e  p r e s s u r e s  of  i nd iv idua l  vapor s p e c i e s ,  t o  e x t r a p o l a t e  
t h e  equat ions ,  and t o  sum t h e  p re s su res  t o  g ive  t h e  t o t a l  p re s su re  
above t h e  condensed phase. For e x t r a p o l a t i o n s  above t h e  mel t ing  p o i n t ,  
ad jus tment  i s  r equ i r ed  f o r  t h e  h e a t  of fus ion .  Following a  sugges t ion  of 
B l a ~ k b u r n , ~  we have co r rec t ed  each  p a r t i a l  p re s su re  equat ion  by a  m u l t i p l e  
of  t h e  h e a t  of f u s i o n  (AHf). The m u l t i p l e  depends on t h e  number of 
condensed-phase molecules r equ i r ed  t o  form the  gaseous molecule,  e . g . ,  

AHf f o r  U(g), 24Hf f o r  Np(g) , ZAHf f o r  pu2(g) ,  e t c ,  This  method was a l s o  
a p p l i e d  t o  ca rb ide  f u e l s  and gave reasonable r e s u l t s .  Since t h e  p a r t i a l  
p r e s s u r e  of each spec i e s  is ex t r apo la t ed ,  equal  cons ide ra t ion  i s  given 
t o  each  spec i e s .  I n  t h i s  way, spec i e s  l e s s  dominant a t  lower temperatures  
a r e  given proper  weight a t  h ighe r  temperatures .  

In t h e  r e c e n t  c r i t i c a l  eva lua t ion  of low-temperature,vapor p re s su re  
d a t a  of  UN, Alexander e t  a ~ .  r epo r t ed  t h a t  t h e  evapora t ion  c o e f f i c i e n t  
of uranium, av, l i e s  between 0 .3  and 1 .0  and t h a t  t he  evapora t ion  c o e f f i c i e n t  
f o r  n i t r o g e n  is  much lower (being of t h e  o r d e r  of 0.01).  Because of t hese  
v a l u e s ,  Alexander and co-workers2 showed t h a t  wh i l e  UN appears  t o  vapor ize  
congruent ly  a t  temperatures  t o  2000 K,  t h i s  congruency may be the  r e s u l t  
of k i n e t i c s ,  n o t  thermodynamics. Therefore,  f o r  p r a c t i c a l  purposes,  
v a p o r i z a t i o n  of UN can be considered incongruent  vapor i za t ion  by p r e f e r e n t i a l  
l o s s  of n i t rogen  t o  form a two-phase system comprising n i t rogen- sa tu ra t ed  
l i q u i d  uranium and uranium-saturated nons to ich iometr ic  uranium.mononitride. 
1x1 such a case, i n c r e a s i n g  t h e  temperature uf a s to i ch iome t r f c  UN sample is  
c e r t a i n  t o  y i e l d  subs to i ch iome t r i c  UN due' t o  incongruent vapor i za t ion .  
Study of t h e  phase e q u i l i b r i u m  of UN is  n o t  y e t  complete, and beyond t h e :  
me l t i ng  p o i n t  ( o r  decomposition temperature)  of UN, t h e  system is n o t  
w e l l  understood. It w a s  decided by us  t o  use t h e  d a t a  of ~ i n ~ e r i c h , '  
who inves t iga ted . ,  by t h e  Knudsen e f f u s i o n  technique i n  combination wi th  
a  m a s s  spectrometer ,  t h e  two-phase r eg ion  of u ( R ) ' +  UN(s): H e  expressed 
t h e  o v e r a l l  vapor i za t ion  r e a c t i o n  of uranium-saturated uranium mononitride'  

. . 



TABLE 6. Estimated Values of Heat Capacity and 
Enthalpy of UN in ~ i ~ u i d  Region 

.Temp Y CO; HT-H;9 , Temp, Gy Hf-H29 8 Temp , C; Y H?-H?98 
K . call(mof) (K) . callmof! K call (mol) (K) callmol K ' call(mo1) (K) callmol 

3035 16.61 56548 4900 19.50 90218 6800 22.43 13004 7 

3100 16.71 57631 5000 19.65 92175 6900 22.59 132298 

3200 16.87 59 310 5100 19.80 94148 7000 22.74 134564 

d 3300 17.02 61005 5 200 19.96 96136 7100 22.89 136846 
3400 17.18 62715 5 300 20.11 9 8140 7 200 23.05 139143 

3500 17.33 64440 5400 20.27 100159 7 300 23.20 141456 

3600 17.49 66181 5 500 20.42 10219 3 7400 23.36 143784 

3700 17.64 67937 5600 20.58 104 24 3 7500 23.51 146127 

3800 17.80 69 709 5700 20.73 106 309 7600 23.67 148486 

3900 17.95 71496 5800 20.89 108389 7 700 23.82 150861 

4000 18.10 73299 5900 21.04 110486 7800 23.98 15 3250 

4100 18.26 75117 6000 21.19 112597 7900 24.13 155656 

4 200 18.41 76951 6100 21.35 1147 24 8000 24.29 158076 

4 300 18.57 78800 6200 21.50 116867 8100 24.44 160513 

4400 18.72 80664 6 300 21.66 119025 8200 24.59 162964 

4500 18.88 82544 6400 21.81 121199 8300 24.75 165431 

4 600 19.03 84439 6500 21.97 123388 8400 24.90 167914 

4700 19.19 86350 6600 22.12 125592 8500 25.06 170412 

4800 19.34 88277 6700 22.28 127812 

Values are based on: 

C0 = 11.9232 + 1.5452 x ~ o - ~ T  
P 
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TABLE 7. Es t imated  Values  of Heat capacity and 
EnthaLpy of PUN i n  L iqu id  Regicn 

Temp, c; , q - H 1 9 8 9  Temp 9 c; Y H;-H?g8, Temp, c; 9 

cal/mo 
H?-H?9 8 

K ca l / (mol ) (K)  K c a l l  (mol) (K) ca l /mol  K ca l / (mol ) (K)  c a l l m o l  

3600 21.97 68048 5400 26.99 112109 7200 32.01 165209 

3700 22.25 70258 5500 27.27 114821 7300 32.29 168424 

3800 22.53 72497 5600 27.55 117562 7400 32.57 171667 

3900 22.80 74763 5700 27.83 120331 ?500 32.85 17  49 38 

4000 23.08 77058 5800 28.11 123127 7600 32.13 178237 

41 00 23.36 79380 59 00 28.38 125952 7700 33.41 181563 

4200 23.64 81730 6000 28.66 128804 7800 33.69 184918 

4300 23.92 84108 6100 28.94 131685 7900 33.96 188300 

4400 24.20 86514 6200 29.22 134593 EOOO 34.24 191711 

4500 24.48 88948 6300 29.50 137529 

Values  are based  on: 



TABLE 8. Estimated Values of Heat capac i ty  and' Enthalpy 
of  (Uo 8Pu0.2)N i n  Liquid Region 

Temp, . 1 c;, H+-H$g& ~ e m p ,  C i  Hf-Hjg8, 'Temp, C; y 

K 
H'?-H3 98 

c a l l  (mol) (Kj ' cal /mol  K cal / (mol)(K) cal /mol  K c a l l  (mol) (K) c a l  /mo 1 

Values a r e  based on: 



by t h e  exp res s ion  

where y i s  a parameter des igna t ing  the  temperature dependence of  t h e  uranium- 
. . 

s a t u r a t e d  s o l i d  UN phase which is i n  equ i l i b r ium wi th .n i t rogen- sa tu ra t ed  
-1iqui 'd uranium. The corresponding p a r t i a l  r e a c t i o n  f o r  t h e  formation of. 
0 .5 mole of N2'(g) w a s  expressed by t h e  equat ion  

and t h e  p a r t i a l  r e a c t i o n  f o r  t he  fo rma t ion 'o f  1 mole of U(g) was given a s :  

I n  Eqs. 7 and 8 ,  UNh(R) r ep re sen ted  n i t rogen-conta in ing  l i q u i d  uranium 
t h a t  is  i n  equ i l i b r ium w i t h  n i t rogen-de f i c i en t  UN phase, where h is  a 
temperature-dependent term. A t  lower tempera t i ~ r ~ s ,  the reacti nn r ep re sen ted  
by Eq. 7 is  dominant over  t h e  r e a c t i o n  r ep re sen ted  by Eq. 8 and t h e r e  is a 
cont inuous s h i f t  i n  t h e  N/U a tomic r a t i o  toward lower va lues  a s  vapor i za t ion  
proceeds. From h i s  experimental  work, ~ i n ~ e r i c h ~  gave t h e  fo l lowing  equat ions  
r e p r e s e n t i n g  p a r t i a l  p r e s s u r e s  of U and N2 i n  t h e  two-phase r eg ion  of 
u (a )  + UN(S): 

26854 l o g  PU (atrn) = 5.825 - - T 

l o g  P (atm) . = 8.904 - 
N2 

I n  a number of experiments  a t  B a t t e l l e , '  O gaseous UN was observed 
exper imenta l ly .  I n  t h e  absence of  p r e c i s e  measurement of UN(g) s p e c i e s ,  
Alexander and co-workers2 made some estimates and suggested the following 
vapor p re s su re  equat ion:  

38 200 
. . 

l o g  P ( a m )  = 8.39 - - 
UN T 

A s e r i e s  of  experiments were d i r e c t e d  toward t h e  obse rva t ion  of 
gaseous U2 a t  B a t t e l l e  Columbus ~ a b o r a t o r ~ . ~  A t  no time was t h e  dimer 
observed,' even w i t h  uranium p res su res  a s  h i g h  a s  atm in a n  e f f u s i o n  
c e l l  mass spectrometer .  Based on t h i s ,  Alexander e t  aZ. suggested t h a t  
gaseous U2 i s  of l i t t l e  concern, even i n  s a f e t y  a n a l y s i s  work a t  very  
h igh  temperature.  

' From Eqs. 9 ,  10 ,  and 11, t h e  t o t a l  p re s su re ,  PT, was determined by 
e x t r a p o l a t i n g  Ginge r i ch ' s  d a t a  up t o  t h e  mel t ing  p o i n t  of UN and summing 
a l l  p a r t i a l  p re s su re s  (i.e., PT = PU + PN2 + PUN) t o  o b t a i n  low-temperature 
(1900-3000 K) vapor p re s su re  d a t a .  These a r e  g iven  i n  Table 9 .  

F i t t i n g  t h e  s tandard  form of t h e  vapor  p re s su re  ve r sus  temperature 
r e l a t i o n  t o  t h e  t o t a l  p r e s s u r e  d a t a  given i n  Table 9 y i e l d s  t h e  fol lowing 
equat ion:  , , 

T 
29695 + 0.6386 l o g  T l o g  P = 6.4351 - - T 

(PT i n  a t m ,  T i n  K) 



TABLE 9. Low-Temperature Vapor Pressure  o f  UN 

Temp, P~ 9 'N2 9 PUN, PT = Tota l  Pressure ,  
K a t m  a t m  atm atm 

1900 4 . 9 1 ~ 1 0 ' ~  7 .42x l0 -~  1. 93x10-l2 7 .91x10-~ 

I n  the  absence of low-temperature d a t a  f o r  single-phase.UN, t h e  d a t a  
from t h e  two-phase s tudy  of ~ i n ~ e r i c h ~  - were ex t r apo la t ed  t o  t he  l i q u i d  
r eg ion ,  and r ep resen t  a  h ighe r  l i m i t .  S ince wi th  inc reas ing  temperature,  
t h e  N/U atom r a t i o  s h i f t s  towards lower va lues ,  subs to ich iometr ic  UN w i l l  
have lower vapor p re s su res  than  t h a t  c a l c u l a t e d  by mere e x t r a p o l a t i o n .  I n  
t h e  absence of  any informat ion  on how and t o  what e x t e n t  t h i s  substoichiometry 
a f f e c t s  t h e  results, i t  is  recommended t h a t  t h e  fo l lowing  d a t a  ( t h e  e x t r a p o l a t i o n  
t o  t h e  l i q u i d  reg ion)  should be used w i t h  care .  

A t  temperatures  above the  mel t ing  p o i n t ,  one must c o r r e c t  t h e  equat ion  
r e p r e s e n t i n g  t h e  vapor p re s su re  f o r  t h e  h e a t  of f u s i o n  i n  o r d e r  t o  e x t r a p o l a t e  
t o t a l  p re s su re  over UN i n t o  the  l i q u i d  region.  A s  mentioned above, according 
t o   lackb burn,^ a  reasonable  approach is  t o  c o r r e c t  t h e  s lope  o f  t he  p a r t i a l  
p re s su re  curve of each s p e c i e s  by a n  appropr i a t e  m u l t i p l e  of t h e  h e a t  of 
f u s i o n  of UN a t  t h e  mel t ing  p o i n t  and then  t o  use t h e  co r r ec t ed  equat ion  
t o  e x t r a p o l a t e  beyond the  mel t ing  po in t .  The co r rec t ed  equa t ions  f o r  t h e  
l i q u i d  r cg ion  a r c  ao fol lows:  

24 100 
l o g  P =. 4.91 - --- 

U T 

. a 35400 
l o g  P =.7.47 -- 

UN T 
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By u s e  of  t h e  above equa t ions  and the  r e l a t i o n  

T o t a l  p re s su re  = PT = P u  + PN., + PUN 

w e  c a l c u l a t e d  va lues  f o r  va r ious  p a r t i a l  p re s su re s  and t o t a l  p re s su re s  as 
a f u n c t i o n  of temperature. .  These a r e  g iven  i n  Table 10. 

- .- 
TABLE 10. Estimated Vapor P re s su re  of UN 

Temp Y P . PUN PT = Tota l  Pressure ,  
K a h .  . . atm a t m  a t m  

-. - 

I 
i 

The equa t ion  c o r r e l a t i n g  t o t a l  vapor pressure '  over UN wi th  temperature 
i n  t h e  l i q u i d  r e g i o n  is: 

T 
24048 + 0.51735 l o g  T , . l o g  P = 4.9968 - - T (17) 

(PT i n  a t m ,  T i n  K) 

From t h e  va lues  g iven  i n  Table l U ,  t h e  b o i l i n g  p o i n t  a t  s tandard  condi t ions  
of UN w a s  ca l cu la t ed  t o  be  3520 K. 

I n  t h e i r  low-tcmperature evaluation of n i t r i d e  fuc lo ,  Ale~candcr and 
co-worker& repor t ed  t h a t  plutonium n i t r i d e  can  vapor ize  congruent ly,  which 
r equ i r ed  t h a t  t h e  number of moles o f  plutonium vapor i z ing .pe r  u n i t  time be  
exac: t ly  twice t h e  molar rate of n i t r o g e n  vapor iz ing .  Numerically, t h i s  means 
t h a t  Ppu/PN2 = 5.8. By t h e  use  of f r e e  energy of formation d a t a  f o r  v a r i o u s  
s p e c i e s  from t h e  l i t e r a t u r e  and t h e  above c o n s t r a i n t ,  p a r t i a l  p re s su re s  
o£ plutonium and n i t r o g e n  were c a l c u l a t e d .  These p a r t i a l  p re s su re s  agreed 
w i t h  those  c a l c u l a t e d  from t h e  equa t ions  recommended by Sheth and Leibowitz l1 
w i t h i n  a f a c t o r  of two. Since t h e  equat ions  recommended by Sheth and 
Leibowitz l 1  were a r r i v e d  a t  by f i t t i n g  the s tandard  equat ions  t o  t he  



experimental  d a t a  of Kent, l 2  B a t t e l l e  Memorial I n s t i t u t e ,  ' 3 ,  l4 and Rand, l5 
ic w a s  d e c i d e d . t o  u se  the  e.quations of Sheth and Leibowitz f o r  e x t r a p o l a t i o n  
i n t o  t h e  l i q u i d  region.  For t h e  p a r t i a l  p re s su re s  of plutonium and n i t rogen  
these  equat ions  a r e  a s  fol lows:  

21056 log  P = 5.9863 -- 
Pu T 

20967 
l o g  P = 5.2125 - - 

N, T 

Alexander et aZ.2 i nd i ca t ed  t h a t  p a r t i a l  p re s su re  of PuN(g) i s  of more 
s i g n i f i c a n c e  than  p a r t i a l  p re s su re  of UN(g) a t  e l eva t ed  temperatures .  From 
t h e i r  e s t i m a t e  of s tandard  d i s s o c i a t i o n  energy (Dz) f o r  PUN, they  recommended 
t h e  fo l lowing  equat ion  f o r  t h e  p a r t i a l  p re s su re  of  PuN(g): 

30600 l o g  PpuN = 8.30 - - 
T 

.Alexander and co-wofker's2 a l s o ' e s t i m a t e d  the s tandard  d i s s o c i a t i o n  
energy,  D:, f o r  Pu2. According t o  them, a t  the  mel t ing  p o i n t  of PUN, t h e  
dimer concen t r a t ion  could reach  a few pe rcen t  of t he  p re s su re  of monomeric 
plutonium. Hence,, f o r  equat ion-of -s ta te  c a l c u l a t i o n s ,  they recommended the  
i n c l u s i o n  of Pu2. From b a s i c  thermodynamic p r i n c i p l e s  and es t imated  va lues  
f o r  p e r t i n e n t  thermodynamic parameters ,  t h e  fo l lowing  equat ion  was der ived  
f o r  p a r t i a l  p re s su re  of ?u2 below the  me l t ing  p o i n t  of PUN: 

By the  use  of Eqs. 18,  19,  20, .and 21, t he  p a r t i a l  p re s su re s  of va r ious  
spec i e s  over PUN were c a l c u l a t e d  from 1600 t o  2800 K. T o t a l  p re s su re ,  PT, 
was obta ined  by summing a l l  p a r t i a l  p r e s s u r e  terms. For temperatures below 
the  mel t ing  po in t ,  Table 11 gives  p a r t i a l  p re s su re s  of va r ious  s p e c i e s ,  a s  
w e l l  a s  t o t a l  p re s su re  over  PUN. 

By f i t t i n g  the  s tandard  form of t he  vapor p re s su re  versus  temperature 
r e l a t i o n  t o  t he  t o t a l  p re s su re  d a t a  given i n  Table 11, the  fo l lowing  equat ion  

, was obtained:  

20329 + 0.89151 l o g  T l og  P = 2.7541 - -  
T T 

(2  2) 

(PT i n  atm, T i n  K) 

By us ing  Eqs. 18-21 and Eullowirlg a s i m i l a r  approach t o  t h a t  used 
f o r  UN t o  c o r r e c t  f o r  t h e  h e a t  of fu s ion ,  one o b t a i n s  t h e  fo l lowing  
equa t ions  i n  the  l i q u i d  reg ion:  ' 

. . 
28000 

log  PpuN = 7.38 - - T 



.. . 

TABLE 11.. Low-Temperature Vapor Pressure  of  PUN . . 

Temp, . P ~ ~  9 ' ' ~ 2  P ~ u N '  P ~ ~ 2  PT = T o t a l  Pressure ,  
K ' atm a t m  atm atm a t m  

By t h e  use  o f '  t h e  above equat ions  along w i t h  a n  equa t ion  similar t o  Eq. 16 ,  
p a r t i a l  p re s su re s  were es t imated  f o r . v a r i o u s  s p e c i e s  a s  a func t ion  of 
temperature.  These a r e  l i s t e d  i n  Table 12 .  For t h e  ' da t a  given i n  Table 12,  
t h e  ' c o r r e l a t i o n  between t o t a l  p re s su re  and temperature a t  h igher  temperatures  
w a s  ob ta ined  as: ' 

15234 + 3.984 l o g  T l o g  PT = -9.7188 - - 
T (27) 

(PT i n ,  a t m ,  T i n .  K) 

From t h e  va lues  g i v e n  i n  Table 12 ,  t h e  normal b o i l i n g  p o i n t  o'f PUN w a s  
c a l c u l a t e d  t o  b e  3509' K.  

Measurements of t h e  'vapor p re s su re  of (U0,+-'u0.2)N a r e  n o t  coiiiplete, 
Alexander and ogden16 performed weight  l o s s  e f f u s i o n  measurements on va r ious  
compositions from 80 mol% PUN t o  20 mol% PUN. A t  each composition, they 
r e p o r t  t h a t  t he  systems appeared t o  behave i d e a l l y .  L a t e r  work, l 7  inc luding  
high-temperature mass spectrometry,  i n d i c a t e d  t h a t  UN-PUN b u t  n o t  U-Pu could 
b e  t r e a t e d  i d e a l l y .  Sheth and ~ e i b o w i t z  l1 ' f i t t e d  s t anda rd  equat ions  
t o  t h e  experimental  d a t a  of  Alexander and Ogden,16 which a r e  a s  fol lows:  



30416 
l o g  Pu ,= 7.6619 - 7 

20893 
l o g  Ppu = 5.2505 - - 

T 

21089 l o g  P = 4.5797 - - 
N, T 

According t o  Alexander and co-workkrs, vapor i za t ion  of  ( U 0 , 8 P ~  oe2)N is 
cha rac t e r i zed  mainly by a  p r e f e r e n t i a l  l o s s  of PUN as e lementa l  plutonium 
and molecular n i t rogen .  They d i d  n o t  b e l i e v e  t h a t  any s p e c i e s  o t h e r  than  
U, Pu, and N2 i s  p re sen t .  They considered i t  p o s s i b l e  t h a t  UPu(g) i s  
p re sen t ;  however, t h e i r  e s t ima te s  i n d i c a t e d  t h a t  l e s s  UPu would be p re sen t  
than  Pu2. Hence, i n  t h i s  s tudy ,  f o r  mixed n i t r i d e s ,  only U ,  Pu, and N2 ' 

spec i e s  a r e  considered.  

TABLE 12.  Estimated Vapor P re s su re  of PUN 

Temp, P~~ 9 P ~ 2  9 PPUN 9 P ~ u 2 9  PT = Tota l  Pressure ,  
K atm atm a t m  . atm atm 

By use of  Eqs. 28-30 and a  similar approach t o  t h a t  used f o r  UN and 
PUN t o  c o r r e c t  f o r  h e a t  .of fu s ion ,  c a l c u l a t i o n s  were made. to e s t ima te  p a r t i a l  
p re s su re s  of v a r i o u s  s p e c i e s  over  (U0.8Pu0.2)N i n . t h e  l i q u i d  reg ion .  In 
comparison wi th  UN and PUN, c a l c u l a t i o n s  i n d i c a t e d  a  much h ighe r  uranium 
p a r t i a l  p re s su re  and a much lbwer plutonium p a r t i a l  p re s su re  i n  . t h e  mixed 
n i t r i d e .  I f  UN.and PUN in mixed. n i t r i d e  behave i d e a l l y ,  even i n  t h e  l i q u i d  
reg ion ,  p a r t i a l  p re s su re s  of uranium and plutonium . should b e  of t h e  same 
o rde r  o r  s i m i l a r  t o  t h o s e . i n  pure  UN and PUN'. Since low-temperature 



. 
exper imenta l  work i s  n o t  complete, i t  was decided n o t  t o  e x t r a p o l a t e  Alexander 
and ogden's16 r e s u l t s  i n t o  t h e  l i q u i d  region.  It was assumed t h a t  U N  and PUN 
behave i d e a l l y  i n  U-Pu-N, and t o t a l  p re s su re  over (U0.~Pu0.2)N was es t imated ,  
u s ing  t h e  fo l lowing  equat ion:  

I n  Table 13 ,  t o t a l  p re s su re  c a l c u l a t e d  us ing  Eq. 31  is compared wi th  t o t a l  
'p ressure  obta ined  from Alexander and.ogden's16 exper imenta l  d a t a .  From 
Table 13 ,  one can  s e e  t h a t  t h e  data based nn t he  assumption o f ' i d e a l  behavior 
between UN and PUN .agree very  w e l l  w i th  t h e  experimental  d a t a  of Alexander 
and Ogden. l 

TABLE 13.  Low-Temperature 7apor Pressure  of (U 8Pu 2) N 
. . 

Tota l  Pressure ,  a t m  

Temp, (Calcu la ted  from i d e a l  T o t a l  Pressure ,  a t m  
K s o l u t i o n  assumption) (obtained from Ref. 16) 

The c a l c u l a t e d  t o t a l  p re s su re  d a t a  o f  Tab le .13  w e r e  c o r r e l a t e d  wi th  the  
temperature by t h e  fo l lowing  r e l a t i o n :  

13597 + 9.5388 l o g  T l o g  PT = -29.84 - - T 
(32) 

(PT i n  atm, T i n  K) 



Simi l a r ly ,  by use of Eq. 31 and t h e  recommended l i q u i d  r eg ion  d a t a  f o r  
UN and PUN given  earlier, e s t i m a t e s  o f  t o t a l  p re s su re  over  (U0.8Pu0.2)N i n  
the  l i q u i d  r e g i o n  were made. These es t imated  v a l u e s  are i n  good agreement 
wi th  t h e  similar va lues  f o r  UN and PUN and a r e  g iven  i n  Table 14. 

TABLE 14. ' Estimated vapor  Pressure  of 
2)N i n  t h e  Liquid Region 

Temp, PT = T o t a l  Pressure ,  Temp, PT: = T o t a l  Pressure  
K a t m  K a t m  

F i t t i n g  t h e  s t anda rd  form of t h e  vapor  p re s su re  ve r sus  temperature 
r e l a t i o n  t o  t h e  t o t a l  p re s su re  d a t a  of Table 14 g ives  t h e  fo l lowing  equat ion:  

. . 
T 

22886 + 0.98591 l o g ,  T l o g  P = 3.0073 - - T (33) , 

From the  va lues  g iven  i n  Table 14 ,  a t  a t o t a l  p re s su re  of 1 atm, t h e  b o i l i n g  
p o i n t  of (U 0. 8Pu 2)N w a s  c a l c u l a t e d  t o  b e  3519 K .  

I n  Fig.  2, comparison i s 'made  between ou r  c a l c u l a t e d  va lues  f o r  t h e  
t o t a l  p re s su re s  of UN, PUN, and (U0.8Pu0.2)N a s  a f u n c t i o n  of i n v e r s e  , , 
temperature i n  t h e  e n t i r e  temperacure range. 

Thermal Conduct ivi ty  of N i t r i d e  Fuels  

A s  do ca rb ide  f u e l s ,  n f t r i de .  f u e l s  have a NaCl-type c r y s t a l  s t r u c t u r e ,  
and t h e r e f o r e ,  d i s p l a y  many m e t a l l i c  c h a r a c t e r i s t i c s .  A t  h igh  temperatures ,  
h e a t  t r a n s f e r  is  mainly e l e c t r o n i c ,  obeying t h e  Wiedmann-Franz l a w ;  t h a t  is,  
thermal conduc t iv i ty  is  p ropor t iona l  t o  t h e  product  of remperature and 
e l e c t r i c a l  conduct iv i ty .  A t  low temperature,  a  l a r g e  phonon component w i l l  
a l s o  b e  p re sen t .  Alexander e t  aZ.2 r e c e n t l y  made a c r i t i c a l  eva lua t ion  of  
t he  low-temperature thermal conduc t iv i ty  of  n i t r i d e  f u e l s .  The same approach 
as was used f o r  ca rb ide  f u e l s ,  was used he re  t o  e x t r a p o l a t e  t h e i r  d a t a  beyond 
t h e  mel t ing  po in t .  This  approach was a n  empi r i ca l  rule proposed by Turnbul l ,  l8 
which states t h a t  t h e  r a t i o  of thermal conduc t iv i ty  of l i q u i d  t o  t h a t  of  s o l i d  
a t  t h e  me l t i ng  p o i n t  is about  0.86 + 0.13. I n  t h e  absence of  any knowledge 
on how thermal conduc t iv i ty  of n i t r i d e s  would vary  as a func t ion  of temperature 
beyond t h e  me l t i ng  p o i n t ,  a  cons t an t  va lue  should be used f o r  l i q u i d - t h e r m a l  
conduct iv i ty ,  as w a s  done f o r  ca rb ide  f u e l s .  
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Fig. 2 .  Vapor P res su re  of N i t r i d e  Fuels  

Alexander and co-workers ' recommendations f o r  thermal cond~.~ct j .vi ty  
v a l u e s  of s o l i d  n i t r i d e  f u e l s  a r e  given i n  Figs.  3-5 a s  a  func t ion  of  
temperature.  Since t h e i r  d a t a  d i d  not  extend up t o  t h e  recommended mel t ing  
p o i n t s  of  n i t r i d e  f u e l s ,  w e  ex t r apo la t ed  t h e i r  low-temperature d a t a  t o  
determine thermal conduc t iv i ty  of s o l i d  n i t r i d e  f u e l s  a t  t h e  mel t ing  po in t .  
Using t h i s  in format ion  and t h e  empi r i ca l  r u l e  of Turnbull ,  w e  c a l c u l a t e d  
thermal  conduc t iv i ty  of l i q u i d  n i t r i d e  f u e l s .  Table 1 5  g ives  t h e  thermal ,  

. -- .- . . . . 
c o n d u c t i v i t y  of n i t r i d e  f u e l s ,  where Ks repFesents  t h e r m a l c o n d ~ . c t i v i t ~ .  i n  
t h e  s o l i d  state, '  Kg,, r e p r e s e n t s  thermal conduc t iv i ty '  i n  t h e  l i q u i d  s t a t e ,  .and 
Tm r e p r e s e n t s  t h e  mel t ing  p o i n t .  

V i scos i ty  d a t a  f o r  molten f u e l  m a t e r i a l s  a r e  vary  sca rce .  From exper i -  
mental  measurements, T s a i  and Olanderi9 had r epor t ed  a v i s c o s i t y  of 9 1 1 cp 
f o r  U02 a t  the  me l t i ng  po in t .  Recently,  ~ o o d l e ~ l ~ *  measured v i s c o s i t y  of 
molten U02 wi th  a n  o s c i l l a t i n g  cup viscometer  and r epor t ed  a median v i s c o s i t y  
df 4.2 cp.  Using empi r i ca l  r u l e s ,  chasanov2 O recommended a  mean -- value  . of 
about  5  cp  a t  t h e m e l t i n g  p o i n t  fo rmixed-ca rb ide  f u e l .  S h e t h a n d ~ e i b o w i t z l  
used empi r i ca l  r u l e s  gi,ven by Bird,  Stewart  , .and ~ i ~ h t f  o o t 2  and ~ n d r a d a e ~ ~  
t o  c a l c u l a t e  v i s c o s i t y  of  c a r b i d e s  of uranium and p lu ton ium.a t  t h e  mel t ing  
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Fig.  3. Thermal Conduct ivi ty  of  U N ~  (Below Melting Po in t )  

po in t .  The c a l c u l a t e d  and recommended va lues  by Sheth and ~ e i b o w i t z '  
agreed s a t i s f a c t o r i l y  wi th  T s a i  and Olander 's  va lue  f o r  molten U02 and 
Chasanov's va lue  f o r  mixed ca rb ide .  Hence, i t  w a s  decided t o  use  Sheth 
and ~ e i b o w i t z ' s  approach t o  c a l c u l a t e  t h e  v i s c o s i t y  of n i t r i d e  f u e l s .  

Bird, Stewart ,  and ~ i g h t f o o t ~  l presented  the -  f i l l o w i n g  empi r i ca l  
equat ion  f o r  v i s c o s i t y  o f  l i q u i d s :  . . .  

Nh 
P 2 - exp (3.8 Tb/T) . v (34) 

where a 

11 = v i s c o s i t y ,  p o i s e  [g/ (cm) ( sec )  ] 

N = Avogadro's number, (6.023 x l o 2  molecules/mol) 

V = molar volume a t  temperature T, (cc/mol) 

Tb = normal b o i l i n g  p o i n t ,  (K) 

. T = temperature,  (K) 

h = p lanck i s  cons t an t ,  (6.624 x erg-sec o r  g-cm2/sec) 



Fig. 4 .  Thermal Conduct ivi ty  of  PUN a s  a Funct ion of 
Temperature and   ens it^^ (Below   el tinp, Po in t )  
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~ n d r a d a e  ' s22 equat ion ,  based on t h e  . quas i -c rys  t a l l i n e  s t r u c t u r e  of 
l i q u i d s ,  . s t a t e s  t h a t  a t  the  me l t i ng  poin t :  ' ~ 
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where 

M = molecular  weight  1 

T = m e 1  t i n g  p o i n t  , (K) 
m 

V = molar volume, (cc/mol) 
m 

Usually,  v i s c o s i t y  i s  r e l a t e d  t o  a n  i n v e r s e  of  temperature by a 
loga r i thmic  r e l a t i o n ;  however, i n  t he  p r e s e n t  ca se  the  use  of a cons t an t  v a l u e  
i s  recommended f o r  t h e  l i q u i d  r eg ion  u n t i l  more experimental  d a t a  a r e  
a v a i l a b l e .  By means of Eqs. 34 and 35 and o t h e r  necessary d a t a  from t h i s  
r e p o r t ,  v i s c o s i t y  v a l u e s  a t  t h e  me l t i ng  p o i n t  were c a l c u l a t e d .  These a r e  
l i s t e d  i n  Table 1 6 ,  a long  wi th  t h e  recommended va lues .  . 
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Fig.  5. Thermal ~ o n d b c t i v i t ~  of (U 0 , ~ P u  0. 2 ) N  of 
93% Theore t i ca l   ensi it^^ (Below Melting Po in t )  -' 

Conclusions 

This  r e p o r t  p re sen t s  a set of  pre l iminary  r e s u l t s  o f  va r ious  thermo-. 
phys i ca l  and t r a n s p o r t  p roper ty  va lues  f o r  candida te  advanced n i t r i d e . f u e l s  
which may reasonably be used u n t i l  a d d i t i o n a l  experimental  o r  t h e o r e t i c a l  

-. 

. , .  TABLE-15. Thermal conduc t iv i ty  of  itr ride Fuels  
(100% Theore t i ca l  Density) 

Ks a t  Tm, Kg a t  Tms 
Cnmpniind r.al/ (aoc) (cm) ( " C )  c a l l  (sec)  (cm) ( O C )  

UN 0.067 0.058 

a Alexander e t  a Z . 2  gave va lues  f o r  mixed n i t r i d e  of on ly  93% of t h e o r e t i c a l  
d e n s i t y ,  b u t  suggested m u l t i p l i c a t i o n  by 1.1 t o  e s t i m a t e  thermal  conduc t iv i ty  
f o r  100% t h e o r e t i c a l l y  dense samples. The va lue  r epo r t ed  he re  f o r  mixed 
n i t r i d e  is  ob ta.Sned us ing  t h i s  sugges t ion .  

: '  



TABLE 16. V i scos i ty  of  N i t r i d e  Fuels  
. . 

. . 

urn Pm Pm 
(cent  i p o i s e )  ( c e n t i p o i s e ) .  . ( cen t ipo i se )  . . . , 

Compound Calcd. from Eq. 34 Calcd. from Eq. 35 ~ecommended . 

UN 

PUN 

(U 0.8Pu 0. 2IN 

d a t a  a r e  a v a i l a b l e .  For t h e  l i q u i d  reg ion ,  a lmost  a l l  t h e  proper ty  va lues  
were es t imated ,  and a n  a t tempt  w a s  made t o  u s e  e s t ima t ion  techniques  s i m i l a r  
t o  t hose  used f o r  c a r b i d e  f u e l s .  Recommended d a t a  a r e  g iven  i n  t a b u l a r  form 
and i n  terms of s t anda rd  equat ions .  No a t t empt  w a s  made t o  opt imize  t h e  

. form of t h e  equat ions .  Throughout, e f f o r t s  were made t o  preserve  i n t e r n a l  
cons i s t ency ,  cons i s t ency  wi th  o t h e r  p r o p e r t i e s ,  and cons is tency  w i t h  low- 
temperature d a t a  ( t h a t  is ,  d a t a  below t h e  mel t ing  p o i n t ) .  Due c a r e  should 
b e  taken  when us ing  t h e s e  d a t a .  

A s  w a s  found i n  work on c a r b i d e  f u e l s ,  t h i s  work has  revea led  a s i g n i f i c a n t  
gap i n  t h e  informat ion  f o r  n i t r i d e  f u e l s  i n  t h e  l i q u i d  reg ion .  Experimenral 
work and a d d i t i o n a l  a n a l y s i s  a r e  needed. 
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