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PREFACE 

Thermodynamic Properties of Uranium Dioxide 

In order to provide reliable and consistent data on the thermophysical 

properties of reactor materials for reactor safety studies, we have prepared 

this revision of the thermodynamic properties of the uranium dioxide portion 

of the fuel property section of the report "Properties for LMFBR Safety 

Analysis." Since the original report was issued in 1976, there has been 

international agreement on a vapor pressure equation for the total pressure 

over UO new methods have been suggested for the calculation of enthalpy and 

heat 

2 '  

and a phase change at 2670 K has been pr~posed.~ In this 

report, an electronic term is used in place of the Frenkel defect term in the 

enthalpy and heat capacity equations and the phase transition is accepted. 

The sections on density and thermal expansion have been completely revised to 

contain exact relations between the various thermal expansion coefficients and 

the density. In addition, new experimental measurements of surface tension 

have been included. The use of mechanical properties to calculate compressi- 

bility has made it possible to include calculated estimates of values of 

properties not included in the original report. 

part of the UO portion of section A of the planned complete revision of 

"Properties for LMFBR Safety Analysis." 

The present report comprises 

2 

As much as possible, we have attempted to have each section independent 

of the others. Although this has entailed considerable repetition, we 

believe this wilf be helpful to users of this handbook. 

great detail regarding the basis for the calculations will be able to read 

only the section of interest. Tables giving estimated standard deviations 

A user not needing 

( l a )  have been included. These have been given as percents and it should 

8 



be understood that a value of 100% means a standard deviation of a factor 

of two. 

Comments from users of this material regarding errors, format, and utility 

would be appreciated. 

We have also included a set of tables of closely spaced values. 

J. K. Fink 

L. Leibowitz 
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SUMMARY OF THERMODYNAMIC PROPERTIES 

P r o p e r t y  Temperature,  K 

1000 2000 3120 (m.p.) 4000 5000 6000 

E n t h a l p y ,  H(T) - H(298) ,kJ*mol-l  54.59 144.4 

Heat C a p a c i t y ,  Cp,  J*lnol-l 0K-l 84.21 98.68 

Vapor P r e s s u r e  P,  MPa 

D e n s i t y ,  p ,  kg-in-3 

3.09~10-24 1 . 3 5 ~ 1 0 - 8  

10763 10326 

I n s t a n t a n e o u s  Volumetr ic  expansion 3.29 

c o e f f i c i e n t ,  "p x 105, ~ - 1  

A d i a b a t i c  C o m p r e s s i b i l i t y ,  0 - 533 

BS 
x 105, ma-1 

5.01 

- 

- - -1 
S u r f a c e  Tension,  Nom 

302.8 (s)  

377.7 ( e )  

167 ( s )  

131 ( I I )  

5 . 5 9 ~ 1 0 - 3  

7.06 (s)  

10.5 ( I I )  

-494 ( e )  

0.40 6 .3  (33)  

(7948) (7049) (6151) 

(10.2)  (9  e91 ( 9 . 5 )  

F 
(6.16) (11.8)  (24 .6)  

0 

0 

( s )  i n d i c a t e s  s o l i d  

( e )  i n d i c a t e s  l i q u i d  

Values  i n  p a r e n t h e s i s  were o b t a i n e d  by e x t r a p o l a t i o n  beyond t h e  range of a v a i l a b l e  d a t a .  

Mel t ing  P o i n t ,  T, = 3120 K 

Heat of Fus ion ,  AHf = 75.7 kJ*mol-1 

B o i l i n g  P o i n t ,  TB = 3660 K 

Heat of V a p o r i z a t i o n ,   AH^ = 497 kJOlnol-l a t  TB 
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Solid E n t h a l p y  (kJ -mol-1 ) 

- T , K  

298.15 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2670 (CY) 

2670 ( 6 )  

2700 

2800 

2900 

3000 

3100 

3120 ( s )  

H(T)-H(298.15) 

0.0 

0.1178 

6.914 

14.27 

21.96 

29.88 

37.98 

46.22 

54.59 

63.06 

71.64 

80.32 

89.10 

97.96 

106.9 

116.0 

125.3 

134.7 

144.4 

154.5 

165.1 

176.3 

188.3 

201.5 

216.1 

227.3 

227.6 

232.7 

249.4 

266.1 

282.8 

299.5 

302.8 
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T,K 

3120 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

51 00 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

URANIUM D I O X I D E  

Liquid  Enthalpy (kJ=mol- l )  

H(T)-H(298.15) 

377.7 

388.1 

401.2 

414.3 

427.4 

(440.5)" 

(453.6) 

(466.7) 

(479.8) 

(492.9) 

(506.0) 

(519.1) 

(532.2) 

(545.3) 

(558.4) 

(571.5) 

(584.6) 

(597.6) 

(610.7) 

(623.8) 

(636.9) 

(650.0) 

(663.1) 

(676.2) 

(689.3) 

(702.4) 

(715.5) 

(728.6) 

(741.7) 

(754.8) 

P a r e n t h e s e s  i n d i c a t e  e x t r a p o l a t e d  beyond range of d a t a .  
* 

H 
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500.00 

450.00 

400.00 

3 50.00 

300.00 
E 
1 
7 

250.00 
t- 

-I 
4 
I 200.00 + 
z 
W 

150.00 

100.00 

50.00, 
ldpl 

O.oo~oo do0 ,5100 d o 0  25100 3d00 d o 0  4 
TEMPERATURE, K 

100 

A comparison of the recommended enthalpy functions 
for U 0 2  with experimental enthalpy data. 
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Enthalpy 

Temperature Range Erro r  

T,K H(T) - H(298.15), J*mol- l  U ,% 

298.15 - 2670 (solid) 

2670 - 3120 ( s o l i d )  

3120 - 3500 ( l i q u i d )  

3500 - 5000 

5000 - 6000 

(78.212)(5?6.11) [exp (516.11/T) - 11-l 1 

- [exp (516.11/298.15) - 11-l 

+ 3.8616 x 

+ (3.3993 x 108)(8.6144 x 10-5) 

( T 2  - 88893) 

exp -1.8815/(8.6144 x 10-5 T) 

167.04 T - 218342 

130.95 T - 30911 

(T -2 98.15) 

1 

1 

10 

20 
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Ent ha 1 py 

Exper imenta l  d a t a  ’-13 from 298 t o  3120 K f o r  t h e  e n t h a l p y  and h e a t  

c a p a c i t y  of s o l i d  U 0 2  have been r e p o r t e d  i n  t h e  l i t e r a t u r e .  To co r re -  

l a t e  t h e s e  d a t a ,  a modif ied  E i n s t e i n  r e l a t i o n s h i p  w a s  used by K e r r i s k  and 

C l i f t o n 1 4  f o r  t h e  s o l i d ,  w h i l e  a s imple  l i n e a r  e q u a t i o n  proved s a t i s f a c -  

t o r y  f o r  t h e  l i q u i d  r e g i o n  d a t a .  

t h e  e n t h a l p y  and h e a t  c a p a c i t y  d a t a  f o r  t h e  s o l i d ,  and concluded t h a t  t h e  

Bredig16 p r o p o s a l  of a d i f f u s e  phase t r a n s i t i o n  i n  UO 

r easonab ly  suppor t ed .  They t h e n  employed t h e  K e r r i s k  and C l i f t o n - t y p e  

e q u a t i o n  t o  f i t  t h e  en tha lpy  d a t a  1’2’4-7’12’13 below 2670 K and a l inear  

e q u a t i o n  t o  f i t  t h e  d a t a  f o r  s o l i d  U 0 2  above t h a t  tempera ture .  

Rand e t  a d 5  have f u r t h e r  ana lyzed  

a t  2670 K is  
2 

The K e r r i s k - C l i f t o n  e q u a t i o n  used t o  f i t  t h e  en tha lpy  d a t a  c o n s i s t s  

of t h r e e  terms. 

- 1)-1 - ( e  .6/298 - 1)-11 
H(T) - H(298) = C1e [ ( e  

+ c2 [ T 2  - (298)2 ]  

The f i r s t  term which dominates  a t  low t empera tu re  i s  due t o  t h e  phonon 

c o n t r i b u t i o n .  The second term is a c o n t r i b u t i o n  due  t o  v o l u m e t r i c  

t he rma l  expansion.  The t h i r d  term c o n t a i n s  t h e  anomalous c o n t r i b u t i o n  

n o t  i nc luded  i n  t h e  f i r s t  two. The form chosen f o r  t h i s  las t  t e r m  i n  

t h e  K e r r i s k - C l i f t o n  t r e a t m e n t  w a s  t h a t  due  t o  F r e n k e l  d e f e c t s .  Here 

Ed/R is t h e  a c t i v a t i o n  t empera tu re  f o r  fo rma t ion  of a n  a n i o n  F r e n k e l  

d e f e c t .  
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Young,17 Harding, et al. l8 and MacInnes and Catlow” have pointed 

out that it is more appropriate to attribute this anomalous contribution 

to electron effects. Young suggests that the third term should be of 

the form: 

-Ea/kT 
C3 kT e 

where k is the Boltzmann constant and Ea is the energy gap between con- 

duction and valence bands. 

’-’ have been reexam- The enthalpy and heat capacity data for UO 
2 

ined by us. Comparisons were made with fits using (1) a Kerrisk-Clifton 

equation over the entire temperature range, (2) a Kerrisk-Clifton formu- 

lation for the first two terms and an electronic term for the anomalous 

contribution, ( 3 )  the Rand formulation using two equations, and ( 4 )  the 

Rand formulation with an electronic term. We found that the data were 

best fit by (4) with a transition temperature of 2670 K as proposed by 

Rand. 

The recommended equations for enthalpy are: 

for 298 < T < 2670 K - -  
* 

H(T) - H(298.15) = C16[(e O/T - 11-l - (e 

* -E /kT + C3 k (T-T )e a 

( 3 )  

c 
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* 
where T = 298 15 K ,  

C1 = 78.212 J*mol- l*K- l ,  

C2 = 3.8616 x J.mol’l*K-2, 

C3 = 3.3993 x 10 8 J mol-1 weV-1, 

E = 1.8815 e V ,  
a 

e = 516.11 K ,  

and k = 8.6144 x e V / K  i s  t h e  Boltzmann c o n s t a n t ;  

f o r  2670 < T < 3120, _ -  

H(T) - H(298.15) = 167.04 T - 218342. 

H 

I n  Eqs. (3-4) ,  H i s  i n  J/ inol and T i s  i n  k e l v i n s .  The f a c t o r  

(T-298.15) i s  used i n  t h e  t h i r d  term of Eq .  (3)  t o  s a t i s f y  t h e  c o n s t r a i n t  

t h a t  H(T) - H(298.15) i s  ze ro  a t  T = 298.15 K. The c o n d i t i o n -  (T = 298.15) = 

15.20 - w a s  used t o  c o n s t r a i n  t h e  f i v e  parameters  C 1 9  C2, ‘3, Ea, 

and 8 .  

dH 

dT 
c a l  

cno1.K 

Thus, w h i l e  f i v e  parameters  are g iven ,  on ly  f o u r  of them are 

independent.  

I n  examining t h e  expe r imen ta l  d a t a ,  we have chosen no t  t o  i n c l u d e  

some measurements i n  t h e  f i t .  The d a t a  of A f f o r t i t 8 , ’  seem t o  be clear- 

l y  a t  v a r i a n c e  w i t h  t h o s e  of s e v e r a l  o t h e r  workers  and has  n o t  been 

inc luded .  I n  t h e  r e g i o n  from about  room t empera tu re  t o  1500 K t h e  

measurements of Moore and Kel ley3  and t h o s e  of Ogard and Leary’ do n o t  

a g r e e  w e l l  w i t h  t h o s e  of F r e d r i c k s o n  and C h a ~ a n o v . ~  

agreement of F red r i ckson  and Chasanov7 w i t h  Hein and F l a g e l l a  

Because of t h e  good 

6 
who i n  

t u r n  a g r e e  w e l l  a t  high  te inpera tures  w i t h  Leibowitz  e t  a l . , ’  w e  have 
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selected the data of Fredrickson and Chasanov7 for use in the moderate 

temperature range. The recommended set of values would not change very 

much if we had included all the enthalpy data. 

Not only does this final equation give a better fit to the data but 

it also eliminates discontinuities that existed using the two equations 

proposed by Rand. Using Rand's equations, the change in enthalpy at the 

2670 K phase transition is 1.82 kJ/mol (0.8%) and the change in the 

derivative of enthalpy (heat capacity) is 16.88 J/mol or a change of 

10%. No discontinuity is seen experimentally at 2670 K for other pro- 

perties such as thermal diffusivity, density, or thermal conductivity. 

Consequently, the use of enthalpy and heat capacity equations containing 

a discontinuity creates consistency problems in the calculation of other 

thermodynamic and transport properties. Our recommended equations give 

a M.3 kJ/mol (0.13%) change in enthalpy at 2670 K and a W.6 J/mol'K 

or 0.36% change in its temperature derivative at 2670 K. These differ- 

ences are within the relative standard deviation of the fit (0.61%). 

For the liquid range of U02, Rand et al.I5 fitted the data from 

3120 to 3531 K to a linear equation, which we have accepted, and obtained: 

for 3120 K < T < 3530 K, _ -  

H(T) - H(298.15) = 130.95 T - 30911 (5) 

where H is in J/mol and T is in kelvins. 

The enthalpy of melting, determined from these equations for solid and 

liquid U02 at the melting point (3120 K), is 74830 J/mol. Above the 

maximum experimental temperature (3531 K), the enthalpy of UO was 

calculated assuming a constant heat capacity of 130.95 J/mol*K. 

2 
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20 The liquid enthalpy data of Hein et a1.6 and of Leibowitz et al. 

are fit with a relative standard deviation of 0.41% by Eq. (5). 

Interestingly, the enthalpies obtained using Eq. (5) from 3500 K to 

6000 K are within 2% of the values predicted by Booth2' in 1969 using 

Hirshfelder's generalized equation-of-state. 22 

In the temperature range 298 to 2670 K, the estimated error (la) is 

+0.6% and is based on a least squares analysis. From 2670 K to the 

melting point, the error in the fit is 21%. Above the melting point, the 

estimated error is temperature dependent ranging from +1% below 3500 K to 

20% above 5000 K. 
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Heat Capacity at Constant Pressure 

298.15 
300 
400 

50 0 

600 

700 
800 
900 

1000 
1100 
1200 

1300 
1400 
1500 

1600 
1700 
1800 
1900 

2000 
2100 

2200 

2300 
2400 

2500 

2600 
2670 (a) 
2670 ( B )  
2700 
2800 
2900 

3000 
3100 
3120 ( s )  

3120 ( a )  
3500 

4000 
4500 

5000 
5500 

6000 

63.60 

63.79 
71.30 

75.48 
78.20 

80.17 
81.73 
83.05 
84.22 

85.29 
86.29 
87.25 

88.21 
89 -21 

90.31 
91.64 
93.33 
95.59 

98.68 
102.9 

108.5 

116 .O 

125.8 

138.1 

153.6 
166.4 
167 .O 

167 .O 
167 .O 

167 .O 

167 .O 

167 .O 

167 .O 

131 .O 
131 .O 

(131 .O)* 
(131 . O )  

(131 . O )  
(131.0) 

(131 .O) 

* 
Parentheses indicate extrapolation beyond the range of experimental data. 
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Heat Capacity at Constant Volume 

298.15 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

62.90 

63.09 

70.23 

73.99 

76.20 

77.59 

78.49 

79.07 

79.41 

79.56 

79.56 

79.44 

79.23 

78.98 

78.75 
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Heat CaDacitv at Constant Volume 

T,K 

3120 (L) 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

52 00 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

105.2 

(105.8)* 

(106.6) 

(107.4) 

(108.2) 

(108.9) 

(109.6) 

(110.2) 

(110.9) 

(112.0) . 

(111.5) 

(112.6) 

(113.2) 

(113.7) 

(114.3) 

(114.8) 

(115.3) 

(115.8) 

(116.4) 

(116.9) 

(117.4) 

(117.9) 

(118.4) 

(118.9) 

(119.4) 

(119.9) 

(120.4) 

(120.9) 

(121.4) 

(121.9) 

* Parentheses indicate the parameters used in the calculation of Cv 
have been extrapolated beyond the range of experimental data. 
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- > 0.4 0.6 0.8 I .o 
TEMPERATURE x W3, K 

A comparison of  t h e  recommended h e a t  c a p a c i t y  f u n c t i o n s  f o r  U 0 2  w i t h  

expe r imen ta l  d a t a .  The d a t a  p o i n t s  above t h e  shaded a r e a  are  due t o  
h i g h  con tamina t ion  of  t h e  U 0 2  by U 4 0 9 .  

J 
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URANIUM DIOXIDE 

124.00 

122.00 

120.00 

1L 

0 

\ 
7 

- 
E 

E 
0 

18.00 

16.00 

114.00 

I1200 

I 10.00 

108.00 

106.00 I I I I I 
~0003500 4000 4500 5000 5500 6000 

TEMPERATURE, K 

2 
Heat c a p a c i t y  a t  cons t an t  volume of  liquid UO 
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Heat Capacity 

cP 

Data '-14 over the range 298 to 3531 K can be used to obtain heat 

capacities for UO 

by Rand -- et al.I5 to a Kerrisk and Clifton-type equation16 (a modified 

Einstein term is included) from 298 to 2670 K. From 2670 K to the 

melting point of UO a constant C was obtained; similarly, a constant 

C 

A selected set of these data 1,2,4-7,12,13 were fit 
2' 

2' P 

was also found for the liquid U02 region. 
P 

The Kerrisk-Clifton equation used to fit the heat capacity consists 

of three terms. 

The first term which dominates at low temperature is due to the phonon 

contribution. The second term is a contribution due to volumetric 

thermal expansion. The third term contains the anomalous contribution 

not included in the first two. The form chosen for this last term in 

the Kerrisk-Clifton treatment was that due to Frenkel defects. Here 

Ed/R is the activation temperature for formation of an anion Frenkel 

defect. 

Young,17 MacInnes and Catlow," and Harding et a d 9  have pointed 

out that it is more appropriate to attribute this anomalous contribution 

to electron effects. Young suggests that the third term should be of 

the form: 

C 3 k (1 + 2) 
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cP 

where k is the Boltzmann constant and E is th 

conduction and valence bands. 

a 
energy gap between the 

The enthalpy and heat capacity data for solid U02 '-13 have been 

reexamined by us. Comparisons were made with fits using (1) a Kerrisk- 

Clifton equation over the entire temperature range, (2) a Kerrisk-Clifton 

formulation for the first two terms and an electronic term for the 

anomalous contribution, (3) the Rand formulation using two equations, 

and (4) the Rand formulation with an electronic term. We found that the 

data were best fit by (4) with a transition temperature of 2670 as pro- 

posed by Rand. 

The recommended equations for heat capacity in J/(mol*K) are: 

for 298 K < T < 2670 K - -  

2 B/T I 
C, e e 
L + 2C2T c =  

T2(ee/T - 1)2 

1 (T-298.15) Ea 

kT2 
+ C3k e 

where C - 78.212 J*mol-l*K, -1 
1 -  

C2 = 3.8616 x J*mol-1*K-2, 

C3 = 3.3993 x 10 8 J*mol-loeV'l, 

E = 1.8815 eV, 
a 

e = 516.11 K, 

and k = 8.6144 x eV/K is the Boltzmann constant; 

for 2670 K < T < 3120 K - _  

Cp = 167.04 
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cP 

In Eqs. ( -  -4), T is in kelvins. 

term from that suggested by Young is due to the inclusion of the factor 

(T-298.15) in the corresponding enthalpy equation to satisfy the constraint 

that H(T) - H(298.15) is zero at T = 298.15 K .  

The slight deviation in form of the third 

The condition dH/dT (T = 

298.15) = 15.20 cal/mol*K was used to constrain the five parameters, C1, c2, 

C3, Ea, and 8. 

are independent. 

Thus while five parameters are given, only four of them 

In our fit to the enthalpy and heat capacity data, we first obtained 

a fit of the enthalpy data and then evaluated the corresponding equation 

for heat capacity with respect to the heat capacity data. In examining 

the experimental data we have chosen not to include some measurements in 

the fit. Of the five separate sets of enthalpy data examined, two sets 

were not included in the final fit of experimental data. In the region 

from about room temperature to 1500 K the measurements of Moore and 

Kelley3 and those of Ogard and Leary’ do not agree well with those of 

Fredrickson and Chasanov . Because of the agreement of Fredrickson and 

Chasanov’l with Hein and Flagella6 who in turn agree well at higher tem- 

7 

peratures with Leibowitz et al.,’ we have selected the data of 

Fredrickson and Chasanov for use in the moderate temperature range. The 

heat capacity of Affortit8” seem to be clearly at variance with those 

of several other experimenters and has not been included. Because the 

data of Popov et a1.I’ are high and that of Engel” appear to have a 

systematic error, (it differs from data of other experimenters by a normal- 

ization) these two sets of data have not been included in the 

final assessment of the equation obtained from the fit to the enthalpy 
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data. The recommended set of values would not change very much if we 

had included all the data. 

In the figure comparing the recommended equation with experimental 

data, the data of Grdnvold et a1.12 in the temperature region 500 to 800 K 

are high. 

of U02 by U409 creating an excess of oxygen in his sample. 

area of the figure shows the contribution due to the solution of U 0 in 

the sample. 

Grdnvold stated that this was due to contamination of his sample 

The shaded 

4 9  

For liquid UO the constant value obtained from Rand’s14 fit to 
2’ 

the liquid enthalpy and heat capacity data is recommended. 

For 3120 K < T < 3530 K, _ _  

Cp = 130.95 (5 )  

Above 3530 K, it is assumed that Cp is constant. Equations (3) through 

aH which is not thermodynamically 
‘;iT )SAT 

( 5 )  define Cp to be equal to 

accurate. Thermodynamically Cp is defined as 

where H is the enthalpy, 

V is the volume, 

aP is the instantaneous volumetric thermal expansion coefficient, 

and y - 
SAT 

( 7 )  

However, for UO 

aH 

the terms V ysAT and V T ap ysAT which distinguish Cp 2 

are so small that they give no contribution to the order of 
from MSAT 
significant figures quoted here. For the solid V ySAT ranges from 4 x 10’73 
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J/mol*K a t  400 K t o  1 x 

from 4 x 

J/mol*K a t  3120 K and V T up ySAT r anges  

J/mol*K a t  400 K t o  2 x J/mol*K a t  3120 K so  t hey  a r e  

i n s i g n i f i c a n t  compared t o  (s) . 
SAT 

For l i q u i d  U02, V ysAT up T r anges  from 3 .2  x J/mol*K a t  

3120 K t o  9.0 x 

J/mol*K. I n  t h i s  t empera tu re  range ,  

T and V y are  of t h e  o r d e r  of 1 x 10 J/mol*K a t  though V y 

6000 K ,  t h e s e  v a l u e s  are s t i l l  smaller t h a n  t h e  number of s i g n i f i c a n t  

f i g u r e s  be ing  r e t a i n e d  i n  t h e  c a l c u l a t i o n ,  and t h u s ,  make no s i g n i f i c a n t  

c o n t r i b u t i o n  t o  Cp i n  t h e  t empera tu re  range  3120 t o  6000 K. Thus, f o r  

t h e  t empera tu re  range  298 - 6000 K, Cp may be approximated as 

J/mol*K a t  6000 K and V ySAT r anges  from 1.1 x 

= 130.95 J/mol*K. Thus, even 

-3 
(E) SAT 

SAT 'P SAT 

SAT 
CP (s) 

w i t h  no a d d i t i o n a l  e r r o r  w i t h i n  

The h e a t  c a p a c i t y  of UO i s  n o t  expec ted  t o  v a r y  markedly w i t h  
2 

oxygen s t o i c h i o m e t r y .  Moreover, t h e  d a t a  which are a v a i l a b l e  are in- 

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

e f f e c t  of oxygen s t o i c h i o m e t r y .  
8 

The u s e  of two e q u a t i o n s  f o r  t h e  s o l i d  phase h e a t  c a p a c i t y  i s  based 

on p h y s i c a l  obse rva t ions2 '  of changes i n  U 0 2  t e x t u r e  c l o s e  t o  2700 K ,  

Bred ig ' s  a rguments21  t h a t  t h e r e  i s  a h igh  p r o b a b i l i t y  of a phase t r a n s i -  

t i o n  i n  UO below t h e  m e l t i n g  p o i n t  (as  i s  found i n  o t h e r  compounds w i t h  
2 

a f l u o r i t e  s t r u c t u r e ) ,  and a n a l y s i s  o f  t h e  expe r imen ta l  d a t a  which i n d i -  

cates a b e t t e r  f i t  above 2700 K u s i n g  a c o n s t a n t  Cp. The t r a n s i t i o n  

p o s t u l a t e d  by Bredig21 a t  2670 K i s  e q u i v a l e n t  t o  a "mel t ing"  of t h e  
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anion lattice while the uranium lattice remains until the melting point 

at 3120 K. This behavior corresponds to a second-order or a lambda 

transition; however, the U02 experimental data have here for simplicity 

been treated as though the transition were first order. 

For solid U02 in the temperature range 298 to 2670 K, the standard 

deviation (lo) in the UO heat capacity data and that from a least 

squares fit to that data is +.6%. Between 2670 K and the melting point 

(3120 K), the error is estimated as *l%. For molten UO the error (la) 

is estimated as 1% in the temperature interval 3120 to 3500 K, 10% in 

the temperature interval 4000 to 5000 K, and 20% in the temperature 

interval 5000 to 6000 K. 

2 

2’ 
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Heat Capacity at Constant Volume 

The heat capacity at constant volume, Cv, may be calculated from 

the heat capacity at constant pressure, Cp, using the thermodynamic 

22 relation 

BS cv = cp jj- 
T 

where BT is the isothermal compressibility 

pressibility. 

The isothermal compressibility, BT of 

20 
using the relation 

(9) 

and B s  is the adiabatic com- 

U02, was evaluated 

The volumetric thermal expansion coefficient for solid UO 

given by the equation 

in K-1 is 
2 

23,24 

-12 T2 

(11) 
1.7169 x + 1.4928 x T + 1.0260 x 10 

a =  

* 0.9989695 + 5.723 x T + 2.488 x lo” T2 + 1.140 x T3 

23,24 
The volumetric expansion coefficient for liquid UO is 

2 

-1 
K .  

1 .os 
a =  

1 + 3.5 x (T-3120) 

The adiabatic compressibility for solid UO 

modulus (E) and Poisson’s ratio(a) using the relation 

was calculated from Young’s 
2 

- 3(1 - 2 ~ )  

Bs - E 
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25 Below 1600 K, Young’s modulus is given by the equation 

E = 2.26 x 10l1 [ l -1 .31 x (T-273.15)] [l-2.62 (I-D)] 

CV 

where 

E = Young’s modulus in pascals, 

T = temperature in K, 

and D = fraction of theoretical density. 

The value used for Poisson’s ratio26 is 0.316. 

Above 1600 K, there is no recommended equation for Young’s modulus 

Thus, % for solid U 0 2  is not calculated because of insufficient data. 

above 1600 K. 

speed of sound (v) using a fit to the Slagle-Nelson data27 and from the 

density ( p )  of Christensen 2 3 9 2 4  using the relations 

From 3120 through 3200 K ,  Bs may be calculated from the 

1 
8 = -  

PV* 

P = 10970 (1.0522 - 8.192 x T )  

v = 3660 - 0.5769 T 

3 
where T is in kelvins, P is in kg/m , v is in m/s, and B 

Above 3200 K, Bs may be approximated using the Grosse28 technique 

is in Pa-’. S 

where 

Q 

S9m 
B 

a -- b 
O + b  

B =  
S 

-11 -1 
B = 3.3 x 10 Pa 
S,m 
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is the at iabatic compress 

temperature defined by 
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URANIUM D I O X I D E  CV 

bility at the melt-ng point. 8 is the reduce1 

T - T  ~ 

m 

T~ - Tm 
e =  

where T 

(estimated as 7560 K). 

= 3120 K ,  is the melting point and TC is the critical point 
m 

29 

The parameters a and b determined using the Grosse equilateral 

hyperbola method with the existing data are 

a = 0.5633 

b = 0.4018 

Because of the Uncertainty of the value of the critical temperature, 

the limited data (4  points),and limited temperature range 3120-3200 K 

upon which this extrapolation technique is based, it is expected to be 

unreliable at high temperatures. Consequently, values of CV above 

3200 K should be taken only a s  estimates. The large estimated errors 

reflect this uncertainty. 

The standard deviations (a )  expressed as a percent for the heat 

capacity at constant volume, %, have been calculated from the standard 

deviations of the dependent paramecers of Eq. (9) namely Cp, B s ,  and 

BT. 

above 3400 K, there is also a large uncertainty in the estimated values 

Because of the large uncertainty in the calculation of B s  and BT 

for Cv above 3400 K. 

values of Cv for solid U02 is 4%. 

3400 K ,  the estimated standard deviation is 20%. From 3400 to 4000 K ,  

The estimated standard deviation of recommended 

For liquid U 0 2  between 3120 and 
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this standard deviation increases to 25%. 

in the temperature range 4000-5000 K is estimated as a factor of 1.3 or 

equivalently the standard deviation is 60%. Above 5000 K, the values 

are estimated to be correct within a factor of 2.20, h, they have a 

standard deviations of 120%. 

The error in the values of Cv 
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Melting Point* 

Rand et a1 have recently analyzed fourteen experimental studies 

(spanning a period of 20 years) dealing with the melting temperature of 

m 
T 

U02; they note that: the range of these values has decreased with time. 

The value recommended by Rand et a1.l is: 

T = 3120 30 K 
m 

This value has been accepted as the melting point by international agree- 

ment. The work completed prior to 1965 has been summarized by Hausner ; 

more recent data have been reported by Latta and Fryxell , Lyon and 

Baily , and Bates . Measurements have been made using "V" filament and 

thermal arrest methods. The data from the latter method are generally 

more reliable since the sample is encapsulated and vaporization is not a 

problem. 

irradiated materials. Of the data from thermal arrest measurements, the 

2 

3 

4 5 

Bates5 used the "V" filament method since his work was aimed at 

3 
data of Latta and Fryxell appear to be the best. Their value agrees 

within experimental errors with the value reported earlier by Lyon and 

Bailey4, who used the same methods. Latta and Fryxel13 also report 

reasonably reliable data for the effect of oxygen stoichiometry on 

melting temperature in the range -0.50 < X < 0.20 for U02+x. 

Some of the values reported for T are given below: 
m 

T-, K 

3078k15 

3113k20 

3 13 8+15 

2 
Hau sner 

Lyon and Baily 

Latta and Fryxell 

4 

3 

Parts of this section have been contributed by R. Gibby, Hanford 
Engineering Development Laboratory, Richland, WA. 

* 
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The uncertainty in the recommended melting temperatures is +_1% (la). 

The experimental results of Latta and Fryxel13 and that of Lyon and 

Bailey4 are well within this error estimate. 
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Heat of Fusion* 

7 4 . 8  21 kJ 'mol-1 

The heat of fusion for UO was calculated using for 
2 

2: 
the enthalpy of UO 

2670 - -  < T < 3120 K, H(T)-H(298.15) = 167.04 T - 218342; (1) 

3120 _ _  < T < 3530 K, H(T)-H(298.15) = 130.95 T - 30911. (2) 

In Eqs. (1) and (2) enthalpy is in J'mol-I and temperature in kelvins. 

Evaluation of these expressions at 3120 K provides a value of 7 4 . 8  

kJ'm01-~ for the enthalpy of fusion with a standard deviation of 1%. 

This recommended value for the heat of fusion is consistent with 

the recommended enthalpy data for UO 

enthalpy measurements of Chikalla,3 Leibowitz et a1.,4 and Hein and 

Flagella. 

and with experimental results of 
2 

5 

Parts of this section were contributed by R. Gibby, Hanford 
Engineering Development Laboratory, Richland, WA. 

* 
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V a D o r  Pressure over Solid Uranium D i o x i d e  

T ,  K 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

230 0 

2400 

25 00 

2600 

2700 

2800 

2900 

3000 

3 100 

3120 

P .  MPa 

8.27 

1.66 x 

2.35 x 

2.48 x 10-l' 

2.03 

1.35 x 

7.53 x 

3.58 

1.49 x 

5.48 x 

1.82  

5.51 

1.54 

3.99 

9.69 

2.22 

4.81 

5.59 

P ,  atm -- 

8.17 10- l~  

1.64 x 

2.32 x 10-l' 

2.44 

2.01 x 

1.34 

7.43 

1.47 

5.41 

1.80 

5.44 

1.52 

3.94 

9.56 

3.53 x 

2.19 x loe2 

4.75 x 

5.52 x 
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Vapor Pressure over Liquid - Uranium I- Dioxide 

T, K 

31 20 

3 200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5 100 

5200 

5300 

54 00 

55 00 

5600 

5700 

5800 

5900 

6000 

P ,  MPa 

0.005 59 

0.00923 

0.0166 

0.0288 

0.0480 

0.0776 

0 .122 

0.185 

0.275 

0.400 

0.568 

0 .791 

1.08 

1.45 

1 .92  

2.50 

3.22 

4.08 

5.11 

6.34 

(7.77)"  

( 9 . 4 3 )  

( 1 1 . 3 )  

( 1 3 . 5 )  

( 1 6  .O) 

( 1 8 . 7 )  

( 2 1 . 8 )  

( 25 .2)  

( 2 9  .O) 

( 3 3 . 1 )  

P ,  atm _- 

0.0552 

0 .0911 

0.164 

0.284 

0.474 

0.766 

1.20 

1.83 

2 .72  

3.95 

5.61 

7 . 8 1  

10.7 

14.3 

19 .o 

24.7 

31.7 

40.3 

50.5 

62.5 

(76.7)"  

( 9 3  .O) 

( 1 1 2 )  

( 1 3 3 )  

( 1 5 8 )  

( 1 8 5 )  

( 2 1 5 )  

( 2 4 9 )  

( 2 8 6 )  

( 3 2 6 )  

* 
Extrapolated values using E q .  ( 2 )  
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The t o t a l  vapor  p re s su re  ove r  UO 

1 6  w i t h  d a t a  from r e f e r e n c e s  7 ,  8 :  10, 1 3 ,  and 16 th rough 2 2 .  
The f i g u r e  w a s  adapted from r e f e r e n c e  
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Vapor P r e s s u r e  

P 

There have been many exper imenta l  d e t e r m i n a t i o n s  of t h e  vapor  

2 
p r e s s u r e  over  s o l i d  UO 

Tetenbaum and Hunt,3 and P a t t o r e t  e t  a l .4  

have been measured by Reedy and C h a ~ a n o v , ~  Ohse, e t  a l .  , 6  Bober, 

e t  a l . ,  and Benson.8 These exper imenta l  measurements have extended t o  

about  6000 K.  I n  a d d i t i o n  t o  t h e s e  d i r e c t  d e t e r m i n a t i o n s  of  UO vapor  

p r e s s u r e s  t h e r e  have been many i n d i r e c t  e s t i m a t e s  of t h e  p r e s s u r e s .  

'O'" have c a l c u l a t e d  p r e s s u r e s  o v e r  UO 
9 

Gabelnick and Green 

m a t r i x - i s o l a t i o n  s p e c t r o s c o p i c  s t u d y  of gas  phase uranium o x i d e s .  

vapor  p r e s s u r e s  have a l s o  been c a l c u l a t e d  u s i n g  cor responding  states 

t h e o r y  , 12' l3 s i g n i f i c a n t  s t r u c t u r e s  t h e o r y ,  

 thermodynamic^.'^ 

a v a i l a b l e  uranium d i o x i d e  p r e s s u r e  d a t a  were reviewed and a n  e q u a t i o n  

f o r  t h e  p r e s s u r e s  o v e r  l i q u i d  UO w a s  recommended f o r  use  up t o  5000 K. 

T h i s  e q u a t i o n  i s  g i v e n  below, a long  w i t h  a s l i g h t l y  modif ied v e r s i o n  of  

t h e  e q u a t i o n  of Tetenbaum and Hunt3 f o r  p r e s s u r e s  o v e r  s o l i d  U02.  

n o t a b l y  t h e  work of  Ackermann, e t  a l . , '  Ohse, 
2' 

2 
The p r e s s u r e s  o v e r  l i q u i d  UO 

7 

2 

based on 
2 

uo 2 

14 
and oxygen p o t e n t i a l  

A t  a r e c e n t  meeting16 of s p e c i a l i s t s  a t  H a r w e l l ,  t h e  

2 

These e q u a t i o n s  f o r  t h e  b a s e  10 l o g a r i t h m  of  t h e  t o t a l  vapor  pres-  

s u r e  over UO are: 

below 3120 K ( s o l i d ) ,  

2 

l o g  P = - - 31284 + 7.774; 
T 

3120 - 5000 K ( l i q u i d ) ,  

l o g  P = 28.65 - - 34930 - 5.64 l o g  T. 
T 

where P i s  i n  MPa and T i s  i n  k e l v i n s .  
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Above 5000 K ,  t h e  s i t u a t i o n  i s  unreso lved;  t h e  t a b l e  below p r e s e n t s  

c a l c u l a t e d  v a l u e s  a t  5000 and 6000 K based on t h e  work of v a r i o u s  

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

Table  I. C a l c u l a t e d  Vapor P r e s s u r e  

Source 

Eq. ( 2 )  

Ohse 

Gabelnick 

Booth 

Menzi es 

Brei  t ung 

G i l  l a n  

Benson 

Green 

Reference  

16 

6 

9 

12 

1 3  

1 5  

14 

8 

10 

P a t  5000 K ,  a t m  P a t  6000 K ,  a t m  

62.5 

13 .O 

29.1 

98.9 

46.5 

150. 

3 3 . 1  

86.1 

21.5 

327 

1120 

171 

554 

272 

--- 

151 

404 

137 

The mean of t h e  t a b u l a t e d  v a l u e s  a t  5000 K [exc luding  Eq. ( 2 ) ]  i s  60 a t m  

w i t h  a s t a n d a r d  d e v i a t i o n  of 45 a t m ;  t h i s  i s  comparable t o  t h e  62.5 a t m  

p r e d i c t e d  by Eq. ( 2 ) .  A t  6000 K ,  t h e  mean of t h e  v a r i o u s  i n v e s t i g a t o r s ’  

estimates i s  403 a t m  w i t h  a s t a n d a r d  d e v i a t i o n  of about  324 a t m ;  t h i s  i s  

i n  r e a s o n a b l e  agreement w i t h  t h e  v a l u e  c a l c u l a t e d  u s i n g  Eq.  ( 2 ) .  

Most of t h e s e  s t u d i e s  have n o t  allowed f o r  t h e  f a c t  t h a t  t h e  vapor  

i n  e q u i l i b r i u m  w i t h  UO 
2 

complex m i x t u r e  of 0,  02,  U ,  U O ,  U 0 2 ,  and UO 

does n o t  s imply c o n s i s t  of U 0 2  molecules  but  i s  a 

molecules .  The vapor  composi- 
3 

t i o n  and p r e s s u r e  b o t h  depend on t h e  condensed phase composi t ion and temper- 

a t u r e .  

Leibowitz” which t a k e  t h i s  v a r i a t i o n  i n t o  account .  

Vapor p r e s s u r e s  have been c a l c u l a t e d  by Gabelnick’ and by Green and 
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The e r r o r  ( l o )  i n  t h e  v a l u e s  f o r  t h e  loga r i thm of t h e  vapor  p r e s s u r e  

above s o l i d  U02 ( E q .  (I)) i s  0 . 4 .  

l oga r i thm of t h e  vapor  p r e s s u r e  ove r  l i q u i d  UO ( E q .  ( 2 ) )  r anges  from 

k0.2 a t  3120 K t o  0.6 a t  5000 K .  Between 5000 K and 6000 K ,  t h e  s t a n d a r d  

d e v i a t i o n  i s  e s t i m a t e d  as  1.0.  These s t anda rd  d e v i a t i o n s  f o r  t h e  l o g a r i t h m  

of t h e  p r e s s u r e  cor respond t o  l a r g e  e r r o r s  i n  t h e  c a l c u l a t e d  v a l u e s  of  t h e  

vapor  p r e s s u r e .  For  Eq. ( l ) ,  t h e  e r r o r  ( l a )  i n  t h e  p r e s s u r e  i s  60%. For  

E q .  ( 2 ) ,  below 4000 K ,  t h e  e r r o r  i n  t h e  vapor  p r e s s u r e  v a l u e s  i s  60%, between 

4000 and 5000 K ,  i t  r ises  t o  300% ( a  f a c t o r  of 4 )  and to 900% ( a  f a c t o r  of 1 0 )  

a t  6000 K .  

The s t anda rd  d e v i a t i o n  ( l o )  f o r  t h e  

2 
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Boiling Point 

TB 

3660420 K 

The boiling point was calculated from the equation' proposed by the 

International Working Group on Fast Reactors for the vapor pressure of 

liquid U02: 

l o g  P = 28.65 - 34930/T - 5.64 log T (1) 

where P is in MPa and T is in kelvins. The temperature corresponding 

to 1 atm (0.1013 MPa) was calculated to be 3660 K with a standard devia- 

tion of 5 . 5 % .  
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Q 

T,K 

3120 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

A 1 . 1 . 7 . 1  
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Heat of V a p o r i z a t i o n  

, 

3, kJ rno1-l 

52 2 

519 

514 

509 

505 

500 

495 

490 

486 

481 

476 

472 

467 

462 

458 

453 

448 

444 

439 

434 

(430 ) "  

( 4 2 5 )  

( 4 2 0 )  

( 4 1 6 )  

( 4 1 1 )  

( 4 0 6 )  

( 4 0 1  1 
( 3 9 7 )  

(392 1 

( 3 8 7 )  

* 
E x t r a p o l a t e d  beyond range of Eq. ( 1 ) .  

.. . 
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Heat of VaDorization 

A H  
g 

The heat of vaporization was calculated by application of the 

Clausius-Clapeyron equation: 

2: 
to the equation for the total vapor pressure over liquid UO 

log P = 28.65 - 34930/T - 5.64 log T (2) 

In Eq. (2) P is in MPa and T is in kelvins. 

(the calculated boiling point of liquid U02) was 497 kJ/mole. Tabulated 

values over the temperature range of interest are given in the preceding 

table. 

The value obtained at 3660 K 

The estimated error (la) in the calculation of the heat of vaporiza- 

tion using the Clausius-Clapeyron equation and Eq. (2) for the vapor 

pressure has been calculated based on the error in the vapor pressure. 

The standard deviation in the temperature range 3120 to 4000 K is only 

5% but increases to 20% in the temperature range 4000 to 5000 K and to 

85% above 5000 K. 

I 
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Sur face  Tens ion  

.494 ? .074 N/m 

The s u r f a c e  t e n s i o n  of s o l i d  UO has been measured o r  c a l c u l a t e d  f o r  
2 

a range  of t empera tu res .  Matzke, Inoue ,  and Warren' have t a b u l a t e d  t h e  

a v a i l a b l e  d a t a .  Because of l a r g e  scat ter  i n  t h e  d a t a ,  no tempera ture  

c o r r e l a t i o n  of t h e  d a t a  has  been made and no v a l u e s  are recommended. 

Recent measurements o f  t h e  s u r f a c e  t e n s i o n  of s o l i d  UO by Matzke, 
2 

1 
Inoue ,  and Warren a t  room tempera tu re  u s i n g  an  H e r t z i a n  i n d e x t a t i o n  

f r a c t u r e  method show a s e n s i t i v i t y  t o  O / m  r a t i o .  

from 1.65 N/m f o r  U01.989 and 1.8 N/m f o r  U 0 2  t o  2.20 N/m f o r  U02.052.  

T h e i r  r e s u l t s  range  

The t a b l e  below shows t h e  a v a i l a b l e  d a t a  on t h e  s u r f a c e  t e n s i o n  of 

U 0 2  a t  t h e  m e l t i n g  p o i n t .  The mean v a l u e  of t h e s e  d a t a  i s  0.494 N/m. 

The e r r o r ,  l a ,  is  e s t i m a t e d  a t  15%. T h i s  v a l u e  shou ld  be used  i n  t h e  

neighborhood o f  t h e  m e l t i n g  p o i n t  of U 0 2 .  

Sur face  Tens ion  of UO a t  t h e  Mel t ing  P o i n t  
2 

S u r f a c e  Tens ion  Method Determined Experiments  Reference  

0.445 f .210 d r o p l e t  photographs  C h r i s t e n s e n  2 

0.550 f .210 d r o p l e t  photographs  Chr i s  t e n s  e n  2 

0.441 f .035 l i q u i d  meniscus shape  Bates 

measurement s 
3 

0.420 shape  of f r o z e n  men i sc i  C has  anov 4 

0.615 k .180 l i q u i d  drop  measurements Schfns 5 

Nikolopoulos  and Schulz6 estimate t h e  t empera tu re  dependence of t h e  

s u r f a c e  t e n s i o n  of l i q u i d  U02 from t h e  m e l t i n g  p o i n t  t o  3225 K u s i n g  

c o m p r e s s i b i l i t y  d a t a .  They g i v e  t h e  t empera tu re  dependence as 
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-1 -1 - -  d u  - -0.19 x N * m  * K  
dT 

Using t h i s  tempera ture  dependence, t h e  s u r f a c e  t e n s i o n  may be est i -  

mated as a f u n c t i o n  of tempera ture  i n  t h e  tempera ture  range 3120 t o  3225 K 

from 

u = 0.494 - 0.19 x (T-3120) 

where T i s  i n  k e l v i n s  and u is  i n  N / m .  
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Density 

-3 T,K p x kg-m 

298.15 

300 

400 

500 

600 

7 00 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3120 

10.97 

10.97 

10.94 

10.92 

10.89 

10.86 

10.83 

10.80 

10.76 

10.73 

10.69 

10.65 

10.61 

10.56 

10.52 

10.47 

10.43 

10.38 

10.33 

10.27 

10.22 

10.16 

10 .ll 

10.05 

9.987 

9.925 

9 .a62 

9.798 

9.732 

9 -664 

9.651 

P 
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T,K 

3120 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

57 00 

5800 

5900 

6000 

URANIUM D I O X I D E  

Density 

P x kg*m-3 

8.739 

8.667 

8.577 

8.487 

(8.397)" 

(8.307) 

(8.218) 

(8.128) 

(8.038) 

(7.948) 

(7.858) 

(7.768) 

(7.678) 

(7 S89) 

(7.499) 

(7.409) 

(7.319) 

(7.229) 

(7.139) 

(7.049) 

(6.959) 

(6.870) 

(6.690) 

(6.690) 

(6.600) 

(6 -510) 

(6.420) 

(6.330) 

(6.241) 

(6.151) 

"Parentheses indicate extrapolation beyond the range of experimental data. 

P 
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8.00 

m- 9.00 
I 

0 
x 
>- 
I- 

Cn 
z 

- 

- 

: 10.00 

11.00' 
3 

0 Christensen (REF 2) 

DENSITY CHANGE 
ON MELTING=-9.5 o i  101 

TEMPERATURE, K 

A comparison of the recommended function for 
the density of U02 with experimental data. 
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Density 

-3 
P ,  k 3 . m  

Error in 
U,% 

-9 2 
T 10970 (1.0056 - 1.6324 x lO+T - 8.3281 x 10 

+ 2.0176 x 10 T ) 
-13 3 

298 - 2000 (solid) 

2000 - 3120 (solid) 

10970 (1.0522 - 8.192 x 10-5T 1 i 
3120 - 3400 (liquid) 

3400 - 4000 (liquid) 

4000 - 6000 (liquid) 

9 

13 I 20 
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* 
Densi ty  

0. D .  S l a g l e '  has  ana lysed  t h e  UO thermal  expansion d a t a  of 
2 

C h r i s t e n s e n 2  i n  t h e  tempera ture  range 1550 t o  3420 K and of Conway e t  a l .  3 

4 
from 1300 t o  2500 K. 

t i o n s  f o r  t h e  f r a c t i o n a l  change of l e n g t h  a s  a f u n c t i o n  of tempera ture .  

From t h e s e  e q u a t i o n s ,  h e  c a l c u l a t e s  t h e  d e n s i t y  of UO a s  a f u n c t i o n  of 

tempera ture  and t h e n  f i t s  t h e s e  v a l u e s  t o  a polynomial.  

Using t h e  a n a l y s i s  of Olsen , S l a g l e  recommends equa- 

2 

The recommended e q u a t i o n  f o r  t h e  d e n s i t y  of  s o l i d  UO i s  
2 

-9 2 
P = P o  (1.0056 - 1.6324 x T - 8.3281 x 10 T 

-13 T3 + 2.0176 x 10 

3 
where P 

of l i q u i d  U 0 2  i n  t h e  tempera ture  range 3120 t o  3420 K i s  g i v e n  by 

= 10970 kg/m , t h e  d e n s i t y  of t h e  s o l i d  a t  298.15 K. The d e n s i t y  
0 

P = P 0 (1.0522 - 8.192 x T)  (2  1 

3 
where P = 10970 kg/m , t h e  d e n s i t y  of  t h e  s o l i d  a t  298.15 K. 

A t  t h e  m e l t i n g  p o i n t ,  3120 K ,  t h e  d e n s i t y  of t h e  s o l i d  g i v e n  by Eq. (1) i s  

9660 kg/m3. 

The d e n s i t y  change a t  m e l t i n g  d e f i n e d  as 100 ( P I 1 - P  )/P T h i s  

i s  w i t h i n  e x p e r i m e n t a l  e r r o r  of t h e  e x p e r i m e n t a l  v a l u e  of+ .6% g i v e n  by 

C h r i s t e n s e n .  

0 

The d e n s i t y  of  t h e  l i q u i d  a t  3120 K i s  8740 kg/m3 from Eq. ( 2 ) .  

i s  -9.5%. 
s s  

1 

* 
The d a t a  a n a l y s i s  on which t h i s  s e c t i o n  i s  based w a s  c o n t r i b u t e d  
by 0. D. S l a g l e ,  Hanford Engineer ing  and Development L a b o r a t o r y ,  

Richland ,  WA. 
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In the accompanying figure, the density functions as a function of tempera- 

ture are compared with the high temperature density data for Christensen 

for single crystal UO The data agree with the functions to better than 

+2% at all temperatures in the range of comparison. 

1 

2 '  

Above 3420 K, we recommend using Eq. ( 2 )  for liquid U 0 2 .  Comparisons 

have been made with the liquid densities of UO calculated via the law of 

rectilinear diameters from the vapor density of Green and from the vapor 

density derived from the IWGFR vapor pressure equation using the relative 

composition given by Green. In both cases, agreement between the extra- 

polation of Eq. ( 2 )  and the liquid densities calculated via the law of recti- 

linear diameters from the vapor densities was within 5% through 6000 K. 

2 
5 

6 

5 

Care must be taken in applying Eq. ( 1 )  above the sintering tempera- 

ture of the sample. Since further densification can occur above the 

sintering temperature, Eq. (1) will not give accurate results unless the 

extent of densification is taken into account by adjusting p Radio- 

graphy of molten U02 and ceramographic examinations of once molten UO 

samples indicate that the use of the theoretical density for p may not 

always be valid. Thus, one has the option of adjusting p for porosity 

in Eq. ( 2 )  when experimental data so indicates. 

0' 

2 

0 

0 

Insufficient data currently exist to evaluate how density is affected 

by oxygen stoichiometry and fission product accumulations during irradiation. 

The density is related to the experimental quantity fractional linear 

expansion by the following equations. The fractional change in density 

relative to the density p at temperature T (T = 298.15 K) is given by 
0 0 0  

P- Po 
A P  -z- 
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Densi ty  a t  t empera ture  T i s  
0 

m - - -  
Po vo 

P 

( 4 )  

where V 

a t  t empera ture  T i s  j u s t  

i s  t h e  volume a t  Toand m i s  t h e  sample mass. Thus, t h e  d e n s i t y  
0 

(5 )  
m 

P = v  

S i n c e  V = V + A V ,  
0 

m 

S u b s t i t u t i n g  E q .  ( 6 )  i n  Eq. ( 3 ) ,  t h e  f r a c t i o n a l  change i n  d e n s i t y  i n  terms 

of t h e  f r a c t i o n  change i n  volume i s  

The f r a c t i o n a  

by 

T h e r e f o r e ,  

change i n  vo u m e  i s  r e l a t e d  t o  L e  f r a c t i o n  change i n  l e n g t h  

1 + -  = I + -  
vO Av ( :y 
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Substituting Eq. ( 9 )  in Eq. ( 7 )  gives the fractional change in density in 

terms of the fractional change in length. 

The fractional change in length relative to the length at T (298.15 K) is 
0 

based on experimental data. For solid UO in the temperature range 
2 

298.15 to 3210 K ,  the data is fit by 

1.9305 x + 5.723 x T + 2.488 x lo-’ T2 
AL - =  - 
LO 

( 1 1 )  
+ 1 .140  x T3 

For liquid U 0 2  in the temperature range 3120 to 3420 K ,  the fractional 

change in length relative to the length of the solid at 298.15 K is 

(12 )  
AL 
- = 7.87 x + 3.775 x (T - 3120)  

LO 

This equation for the change of length of liquid UO relative to the length 
2 

of the solid takes into account the change in length of the solid from 

298.15 K to the melting point 3120 K, a linear expansion of 0.0436,  and 

the equivalent expansion at 3120 K due to melting which is 0.0351.  

the total fractional change in length from a solid at 298.15 K to a liquid 

Thus, 

at 3120 K is 0.0787.  It is this factor that is multiplied by the mean 

thermal expansion coefficient, 3 . 5  x in the second term of Eq. ( 1 2 )  to 

1 give 3.775 x Values from Eqs. ( 1 1 )  and ( 1 2 )  were fit by 0. D. Slagle 

to obtain the recommended equations for density [Eqs. (1) and ( 2 ) ] .  
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The e s t ima ted  e r r o r s  are  those  a s s o c i a t e d  w i t h  t h e  thermal  expans ion  

d a t a  and not w i t h  t h e  polynomial  f i t  t o  t h e  c a l c u l a t e d  d e n s i t i e s .  The R 

f a c t o r  f o r  bo th  f i t s  w a s  g r e a t e r  than  0.9999999 ( R  = 1 i s  a p e r f e c t  f i t )  

i n d i c a t i n g  t h a t  any e r r o r  i n  f i t t i n g  t h e  d e n s i t y  v a l u e s  i s  i n s i g n i f i c a n t  

compared t o  t h e  expe r imen ta l  e r r o r .  

t i o n  h a s  a n  e s t i m a t e d  u n c e r t a i n t y  ( 1  a )  of  f l% t o  2000 K and an u n c e r t a i n t y  

For  s o l i d  U02, t h e  recommended equa- 

of f2% from 2000 K t o  t h e  m e l t i n g  p o i n t  (3120 K ) .  The e s t ima ted  e r r o r  

( 1  a )  f o r  t h e  e q u a t i o n  f o r  t h e  d e n s i t y  of  mol ten  UO i s  t 9 %  from 3120 

t o  3420 K. From 3420 t o  4000 K ,  t h e  e s t ima ted  e r r o r  i s  *13%; from 4000 

t o  6000 K ,  t h e  e s t i m a t e d  e r r o r  i s  f20%.  

2 
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Ins t -an taneous  Thermal Expansion C o e f f i c i e n t  ( S o l i d )  -_ . ---____--_-. - . -_ __ - - - -. - 

298.15  

300 

400 

500 

600 

700 

80 0 

90 0 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

24 00 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3120 

7 . 2 4  

7 . 2 5  

7 . 7 6  

8 . 2 8  

8 . 8 1  

9 .34  

9 .88  

1 0 . 4 2  

10.97 

1 1 . 5 2  

12.08  

1 2 . 6 4  

1 3 . 2 1  

13 .78  

14 .36  

1 4 . 9 4  

15.52 

16 .11  

16 .70  

17.30 

1 7  - 9 0  

1 8 . 5 0  

19 .11  

1 9 . 7 1  

20.33 

20.94 

21.56 

2 2 . 1 8  

22 .80  

23.43 

23.55 

2 .171 

2.174 

2.329 

2.485 

2.643 

2 .803 

2 .964 

3.127 

3.291 

3 . 4 5 3  

3.624 

3 . 7 9 1  

3 .963  

4 . 1 3 5  

4.307 

4 -482 

4.657 

4.833 

5 .011 

5.190 

5 . 3 6 9  

5.550 

5 .732 

5.914 

6.098 

6.282 

6.468 

6.654 

6 .840 

7 . 0 2 8  

7.065 

* 
The recommended v a l u e s  i n  t h i s  column are  no t  a lways p r e c i s e l y  3 
times t h e  v a l u e s  g i v e n  i n  t h e  preceeding  column due t o  round-off 

t o  t h e  number of j u s t i f i e d  s i g n i f i c a n t  f i g u r e s .  



A 1 .1 .10 .2  

12  / 8 0  URANIUM DIOXIDE 

Instantaneous Thermal Expansion Coefficient (Liquid) -- -- 

T7 K 

3120 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

41 00 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

* 
Volumetric 

(a,,) x 1 0 5 ,  ~ - 1  

1 0 . 5  

10.5 

10.4  

10 .4  

(10.5)' 

( 1 0 . 3 )  

( 1 0 . 3 )  

( 1 0 . 4 )  

( 1 0 . 2 )  

( 1 0 . 2 )  

(10.2) 

( 1 0 . 1 )  

( 1 0 . 1 )  

( 1 0 . 0 )  

( 1 0 . 0 )  

( 1 0 . 0 )  

( 9  - 9 )  

( 9  - 9 )  

(9  - 9 )  

( 9  - 9 )  

( 9 . 8 )  

( 9  * 8 )  

( 9 . 8 )  

( 9 . 7 )  

( 9  - 7 )  

( 9  - 7 )  

( 9 . 6 )  

( 9 . 6 )  

( 9 . 6 )  

( 9 . 5 )  

The recommended values in this cozumn are not always precisely 3 times 
the values given in the preceding column due to round-off to the number 
of justified significant figures. 

* 

P 
CY 

-t Parentheses indicate extrapolation beyond range of experimental data. 
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Mean Thermal Expansion Coefficient (Solid) -- _- _ _  

Linear Volumetric 

298.15 

300 

400 

500 

600 

7 00 

800 

900 

1000 

1100 

1200 

1300 

14 00 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3120 . 

7.24 

7.24 

7.50 

7.76 

8.03 

8.30 

8.57 

8.84 

9.11 

9.39 

9.67 

9.95 

10.23 

10.51 

10.80 

11.09 

11.38 

11.68 

11.98 

12.27 

12 - 5 8  

12.88 

13.18 

13.49 

13.80 

14.12 

14.43 

14.75 

15.07 

15.39 

15.45 

2.171 

2 . 17.3 
2.252 

2.333 

2.415 

2.497 

2.581 

2.665 

2.751 

2.837 

2.925 

3.014 

3.103 

3.194 

3.286 

3.380 

3.474 

3.569 

3.666 

3.764 

3 . 8 6 3  

3.964 

4.066 

4.169 

4.274 

4.380 

4.487 

4.596 

4.707 

4.818 

4.841 
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3120 

3200 

3300 

3400 

35 00 

3600 

3700 

3800 

3 900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

U R A N I U M  D I O X I D E  

Mean Thermal - Expansion C o e f f i c i e n t  ( L i q u i d )  

- Volumetr ic  
(ap)  x 105,  K-1 

10.5 

10.5 

10.6 

(10 .6)*  

(10 .6)  

(10 .7)  

(10.7) 

(10.8) 

(10.8) 

(10.8) 

(10.9) 

(10.9) 

(10.9) 

(11 . O )  

(11  . O )  

(11.1) 

(11.1) 

(11.1) 

(11.2) 

(11.2) 

(11.2) 

(11.3) 

(11.3) 

(11.4) 

(11.4) 

(11.4) 

(11.5) 

(11 .5)  

(11.6) 

(11.6) 

P 
a 

* 
P a r e n t h e s e s  i n d i c a t e  e x t r a p o l a t i o n  beyond range of e x p e r i m e n t a l  d a t a .  
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Fractional Thermal Expansion (Solid) 

T, K 

298.15 

300 

400 

500 

600 

700 

800 

90 0 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2 500 

2600 

2700 

2800 

2900 

3000 

31 00 

3120 

L-J2(298.15) 102 V-V(298.15) 2 
L( 298.15) V (  298.15) 

0.0 

0.001 

0.076 

0.157 

0.242 

0.333 

0.430 

0.532 

0.639 

0.753 

0.872 

0.996 

1 . 1 2 7  

1.264 

1.406 

1.555 

1.710 

1.871 

2.038 

2.212 

2.392 

2.578 

2.771 

2.971 

3.177 

3.390 

3.610 

3.837 

4.071 

4.312 

4.361 

0.0 

0.004 

0.229 

0.471 

0.729 

1.003 

1.295 

1.604 

1.931 

2.275 

2.638 

3.019 

3.420 

3.839 

4.278 

4.738 

5.217 

5.718 

6.239 

6.782 

7.348 

7.935 

8.546 

9.180 

9.838 

10.52 

11.23 

11.96 

12.72 

13.50 

13.66 
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Frac t i ona  

31 20 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

41 00 

4200 

4300 

4400 

4500 

4600 

47 00 

4800 

4900 

5000 

51 00 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 
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Thermal ExDans-m ( L i a u i d )  

L-L(298.15) 2 

L(298.15) 

V-V(298.15) 2 

V(298.15) 

7.87 

8.17 

8.54 

8.93 

(9.30)* 

(9.68) 

(10.06) 

(10.44) 

(10.81) 

(11.19) 

(11.57) 

(11.95) 

(12.32) 

(12.72) 

(13.08) 

(13.46) 

(13.83) 

(14.21) 

(14.59) 

(14.97) 

(15.34) 

(15.72) 

(16.10) 

(16.48) 

(16.85) 

(17.23) 

(17.61) 

(17.99) 

(18.36) 

(18.74) 

25.52 

26.57 

27.90 

29.24 

(30.59)* 

(31.95) 

(33.32) 

(34.69) 

(36.08) 

( 3 7 . 4 7 )  

(38.88)  

(40.29) 

(41.72) 

(43.15) 

(44.59) 

(46 .OS) 

(47.51) 

(48.98) 

(50.46) 

(51.96) 

(53.46) 

(54.97) 

(56.49) 

(58.02) 

(59.56) 

(61.12) 

(62.68) 

(64.25) 

(65.83) 

(67.42) 

* 
P a r e n t h e s e s  i n d i c a t e  e x t r a p o l a t i o n  beyond range  of expe r imen ta l  d a t a .  
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n 

3120 

3200 

3300 

34 00 

3500 

36 00 

3700 

3800 

3900 

4000 

41 00 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

51 00 

5200 

53 00 

5400 

5500 

5600 

5700 

580 0 

5900 

6000 

F r a c t i o n a l  Thermal Expansion ( L i q u i d )  

L-L(3120) 2 
L(3120) 

V-V(3120) 2 

V(3120) 

0.0 

0.28 

0.63 

0.98 

(1.33)" 

(1.68) 

(2 .03)  

(2 .38)  

(2 .73)  

(3 .08)  

(3.43) 

(3.78) 

(4.13) 

(4.48) 

(4.83) 

(5.18) 

(5.53) 

(5.88) 

(6.23) 

(6.58) 

(6.93) 

(7.28) 

(7.63) 

(7.98) 

(8.33) 

(8.68) 

(9.03) 

(9.38) 

(9.73) 

(10.08) 

0.0 

0.84 

1.90 

2.97 

(4.04)"  

(5.13) 

(6.21) 

(7.31) 

(8.42) 

(9 .53)  

(10.65)  

(11.77)  

(12.91) 

(14.05) 

(15.20) 

(16.36)  

(17.52) 

(18.70) 

(19.88) 

(21.07) 

(22.26)  

(23.47) 

(24.68) 

(25.90) 

(27.13) 

(28.37) 

(29.61) 

(30.86) 

(32.12) 

(33.39) 

* 
P a r e n t h e s e s  i n d i c a t e  e x t r a p o l a t i o n  beyond range  of expe r imen ta l  d a t a .  
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Thermal Expansion Coefficient* 

Thermal expansion measurements have been made in the temperature 

range 1470 to 3420 K by Christensen' and in the range 1300 to 2500 K 

by Conway et a1.' 

U02 by Drotning3 agree reasonably well with the results of Christensen. 

Drotning's preliminary results for the density at the melting point are 

4% higher than the value reported by Christensen and his coefficient of 

volumetric thermal expansion for molten UO is 10% larger than Christensen's. 

The recommended equations for thermal expansion of UO derived by 0 .  D. 

Slagle4 are based on the analysis of solid U02 by Olsen5 and on the 

experimental results of Christensen' for liquid U02. 

Recent measurements of the thermal expansion of liquid 

2 

2 

4 

For solid U02, the recommended equation which is derived from experi- 

mental data is for fractional change in length ( & / L o )  and is 

1.9305 x + 5.723 x T 
AL - = -  

LO 

-13 T3 + 2.488 x lo-' T2 + 1.140 x 10 

where Lo is the length of the sample at 298.15 K, L is the length at T 

(in kelvins), and & = L - Lo. 

O l ~ e n , ~  in that Slagle has normalized the Olsen expression to give - = 0 

at 298.15 K. The mean linear thermal expansion coefficient is defined as 

Equation (1) differs from that given by 

AL 

LO 

The data analysis on which this section is based was contributed by 
0. D. Slagle, Hanford Engineering & Development Laboratory, Richland, WA. 

* 
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A s  a f u n c t i o n  of (T - 298.15) ,  t h e  mean l i n e a r  thermal  expansion c o e f f i c i e n t  

f o r  s o l i d  UO i n  u n i t s  1 / K  i s  
2 

-6 
( L ~ ) ~  = 7.237 x 10 + 2.590 x lo-’ (T - 298.15) 

2 + 1.140 x (T - 298.15) . 
From Eq. ( 2 ) ,  i t  i s  clear  t h a t  E q .  (1) i s  simply g i v e n  by 

( p ) a  (T - 298.15).  
AL - =  

LO 

The i n s t a n t a n e o u s  l i n e a r  thermal  expansion c o e f f i c i e n t  i s  d e f i n e d  a s  

The i n s t a n t a n e o u s  l i n e a r  thermal  expansion c o e f f i c i e n t  i s  re lated t o  

t h e  mean l i n e a r  thermal  expansion c o e f f i c i e n t  (a ) by P R  

where ( a p ) a  i s  i n  1 / K .  

I n  t e r m s  of t h e  f r a c t i o n a l  change i n  l e n g t h  g i v e n  i n  Eq. (l), t h e  

i n s t a n t a n e o u s  l i n e a r  ‘ t h e r m a l  expans ion  c o e f f i c i e n t  i s  

( 4 )  

which expressed i n  terms of t e m p e r a t u r e  is  

-13 T2 
( 8 )  

5.723 x + 4.976 x lo-’ T + 3.420 x 10 
= 

-13 T3 
0.9980695 + 5.723 x T + 2.487 x lo-’ T2 + 1.140 x 10 
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The vo lumet r i c  thermal  expansion c o e f f i c i e n t s  are related t o  t h e  

l i n e a r  ones through t h e  r e l a t i o n  of t h e  l i n e a r  and vo lumet r i c  f r a c t i o n a l  

change w i t h  tempera ture .  The vo lumet r i c  f r a c t i o n a l  change wi th  tempera ture  

from volume V a t  t empera ture  T t o  volume V a t  t empera ture  T i s  g iven  by 
0 0 

3 

(9) 
- Lo (Lo + AL)3 

AV V - VO - 

vO vO 

and 
3 

- = ( l + $ ) - l  AV 

" 0  

= 3  ( A L )  - + 3  (:$ - + (Ci' - 
LO 

Using Eq. ( 1 )  f o r  AL/Lo i n  Eq. (9) ,  

t empera tu re  i s  

t h e  f r a c t i o n a l  change i n  volume w i t h  

-9 T2 - '(Iv = (0.9980695 + 5.723 x 
vO 

T + 2.488 x 10  

3 
+ 1.140 x T3)  - 1 

where V i s  t h e  volume a t  298.15 K .  
0 

The mean vo lumet r i c  thermal  expansion c o e f f i c i e n t  i s  d e f i n e d  as 

I n  terms of t h e  l i n e a r  f r a c t i o n a l  change, t h e  mean vo lumet r i c  thermal  

expansion c o e f f i c i e n t  is  
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which may be written as 

The mean volumetric thermal expansion coefficient is related to the mean 

linear thermal expansion coefficient by the equation 

Qp 

The instantaneous volumetric thermal expansion coefficient defined as 

is the thermal expansion coefficient most commonly used in thermodynamic 

relations. It is related t o  the mean volumetric thermal expansion 

coefficient by the equation 

Using E q .  (14) in E q .  (18), the instantaneous volumetric thermal expansion 

0 
coefficient may be expressed in terms of linear fractional change AL/L 
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which is three times the instantaneous linear thermal expansion coefficient, 

ap = 3 ( Q a .  

Using Eq. (8) in Eq. (20), the instantaneous volumetric thermal expansion 

coefficient of solid U02 expressed as a function of temperature is 

-12 T2 
1.7169 x + 1.4928 x T + 1.0260 x 10 

(21) -13 T3 
0.9980695 + 5.723 x T + 2.488 x lo-’ T2 + 1.140 x 10 

From his analysis of Christensen‘ s1 experimental data on the thermal 

-5 
expansion of liquid U02, 0. D. Slagle4 recommends using 3.5 x 10 K for 

the linear thermal expansion coefficient for liquid U02. He expresses 

the fractional change in length relative to L the length of the solid at 

298.15 K as 

0’ 

!k = 7.87 x + 3.775 x (T - 3120). 
LO 

The constant term, 7.87 x comes from the expansion of the solid from 

298.15 K to the melting point 3120 K plus the fractional change on melting. 

The factor 3.775 x is the thermal expansion coefficient 3.5 x 10 

times 1.0787, the length of the molten sample at 3120 K. The fractional 

change of the liquid UO 

3120 K is 

-5 

relative to the length of molten liquid U02 at 
2 

- 3.5 x (T - 3120) AL _ -  
Lm 

where Lm is the length of the liquid at the melting point, 3120 K. 



-8 

A 1.1.10.15 

12/80  LRANIUPf  D I O X I D E  

Equation (22)  is for a theoretically dense sample. 

not theoretically dense, upon melting there will be a densification due 

to the change in porosity. This effect may be accounted for in the 

fractional linear expansion relative to the solid at 298.15 K by the 

addition of the term: 

If the material is 

(1 - x 1 / 3 )  (e)* = - 

where X is the ratio of the sample density to the theoretical density. 

The mean linear thermal expansion coefficient for liquid UO is 
2 

-5 -1 
( ap )& = 3.5 x 10 K . 

The instantaneous linear thermal expansion coefficient defined as: 

in terms of the mean linear thermal expansion coefficient is: 

- 3.5 
( U p > a  - 

1 + 3.5 x lo-' (T - 3120) 

for liquid U02. 

The fractional change in volume of liquid UO relative to the 
2 

volume of solid U02 at 298.15 K, 

v - vo 

" 0  

- AV 
V 

- 0  

_ -  

is given by 

3 
- =  [1.0787 + 3.775 x (T - 3120)] - 1, 
vO 

a 
P 
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Equations (10) and (22) were used to obtain the above equation. The frac- 

tional change in volume of liquid UO relative to the volume of liquid 
2 

UO at the melting point, Vm, 
2 

v - vm 
AV 

m 
V 
- =  

m 
V 

is given by 

- = [1 + 3.5 x (T - 3120)13 - 1 
V 
m 

The mean volumetric thermal expansion coefficient of liquid UO is 
2 

defined as 
v - v  - 

aP =$(T m - TI) 

where V = volume of the liquid at temperature T, 

V 

T = melting point of UO 3120 K. 

= volume of the liquid at temperature Tm, and 
m 

m 2’ 

Equation (16) relates the mean volumetric thermal expansion coefficient 

the mean linear thermal expansion coefficient. 

and Eq. (32), the mean volumetric thermal expansion coefficient of liquid 

Using Eq. (16) with To - - Tm 

uo2 is 

- -4 2 
a = 1.05 x 10 + 3.675 x lo-’ (T - 3120) + 4.2875 x (T - 3120) . (33) 
P 

The instantaneous volumetric thermal expansion coefficient, defined 

as 
a = - 1 (-) av 
P v aTp (34) 

Q 
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has been shown, Eq. (20) to be equal to three times the instantaneous 

linear thermal expansion coefficient. Thus, using Eqs. (20 )  and ( 2 7 ) ,  

the instantaneous volumetric thermal expansion coefficient of liquid 

UO is 
2 

1.05 
a =  

1 + 3 . 5  x (T - 3120) 

P 
a 

Equations (22 )  through (35)  are for liquid UO in the temperature 
2 

range 3120 to 3420 K .  Above 3420 K, no experimental data exist. A s  an 

estimate, the recommended functions for the liquid range 3120 to 3420 K 

may be used but since this function is based only on a 300 K temperature 

range, large errors may be introduced. 

In the above discussion, expressions are given for the linear frac- 

tional change with temperature, volumetric fractional change with tempera- 

ture, and the linear and volumetric mean and instantaneous thermal expansion 

coefficients. Note that the frequently used factor of three to relate 

volumetric and linear thermal expansion coefficients or fractional changes 

holds only for instantaneous thermal expansion coefficients. In general, 

the relation for mean thermal expansion coefficients is more complicated 

and the factor of three is just the first term of a series. While the 

instantaneous volumetric thermal expansion coefficient is the significant 

thermodynamic quantity, it is usually the mean thermal expansion coeffi- 

cient (either linear or volumetric) that is measured experimentally. The 

instantaneous thermal expansion coefficient is a differential quantity. 

It is related to the mean thermal expansion coefficient by 
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where a = i n s t a n t a n e o u s  thermal  expans ion  c o e f f i c i e n t  

and Ti = mean thermal  expans ion  c o e f f i c i e n t .  

The  f o l l o w i n g  f i g u r e  a l s o  i l l u s t r a t e s  t h e i r  r e l a t i o n .  

No d a t a  e x i s t  on t h e  e f f e c t s  of O/M and i r r a d i a t i o n  on t h e  thermal  

2 '  
expans ion  c o e f f i c i e n t s  of s o l i d  o r  l i q u i d  UO 

The thermal  expans ion  d a t a  of Conway e t  a1.2 vary  about  t h e  f i t  by 

1 
22% (2 a). C h r i s t e n s e n ' s  d a t a  have a r e p o r t e d  u n c e r t a i n t y  (2  a )  of &13% 

f o r  t h e  s o l i d  and +18% f o r  t h e  l i q u i d  up t o  3420 K. The good agreement 

between t h e  d a t a  of Conway e t  a l .  and t h a t  of C h r i s t e n s e n  i n  t h e  s o l i d  

r e g i o n  seems t o  i n d i c a t e  t h a t  C h r i s t e n s e n ' s  d a t a  i n  t h i s  r e g i o n  are b e t t e r  

t han  he estimates. The e s t i m a t e d  e r r o r  (1 a) i s  *1% f o r  t h e  s o l i d  below 

2000 K and *2% from 2000 K t o  t h e  m e l t i n g  p o i n t  (3120 K ) .  

i n  t h e  t empera tu re  r ange  3120 t o  3400 K ,  t h e  e s t i m a t e d  u n c e r t a i n t y  (1 a )  

is  +9%. Above 3400 K ,  w e  estimate t h e  u n c e r t a i n t y  t o  be +13% t o  4000 K 

and &20% above 4000 K. These v a l u e s  are c o n s i s t e n t  w i t h  t h e  e s t i m a t e d  

u n c e r t a i n t i e s  i n  t h e  d e n s i t y  i n  t h e s e  t empera tu re  ranges .  

For  l i q u i d  U 0 2  
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Note Added I n  Proof -- 

The v a l u e s  of Q f o r  l i q u i d  UO c a l c u l a t e d  from t h e  d e f i n i t i o n  
P 2 

where p i s  r e p l a c e d  by t h e  l i q u i d  d e n s i t y  g i v e n  by 

p = p, 11,0522 - 8.192 x T I  

3 
where p = 10970 kg/m 

are n o t  t h e  same as t h e  v a l u e s  c a l c u l a t e d  f r o m  

0 

Q ="?I) 
P V a T p  

3 
where V = L and 

- =  " 

Lm 
(T - T ~ )  = 3.5 x (T - T ~ ) .  

The s o u r c e  of t h e  d i f f e r e n c e  i s  from t h e  l i n e a r i z a t i o n  of t h e  d e n s i t y ,  i . e . ,  

- [1.0522 - 8.192 x loV5 TI - Po 

This  approximat ion  is  o n l y  v a l i d  f o r  (<) (T - T,)<<l.  A t  l a r g e  T (around 
II 

cy 
P 

6000 K) , (a,) (T - T ) is  of o r d e r  0 . 1  and t h e  approximat ion  is  n o t  v a l i d .  
m 
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T 

I D 

T -  To 

- I v- vo 

a p = v ,  ( T-To) 

Relationship of instantaneous volumetric thermal expansion coefficient, 
0 and mean volumetric thermal expansion coefficient, -B P' P '  
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Adiabatic Compressibility 

7 -1 
B x 10 , atm 
-S 

B x l o 6 ,  MPa-l 
-S T ,  K 

3120 (I,) 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

33.07 

(35.07)" 

(37.80) 

(40.84) 

(43.87) 

(47.06) 

(50.41) 

(53.94) 

(57.66) 

(61.59) 

(65.75) 

(70.16)  

(74.84) 

(79 . 8 l )  

(85 . l l )  

(90.76) 

(96 . 8 l )  

(103.3) 

(110.3) 

(117.8) 

(125.9) 

(134.8) 

( 1 4 4 . 4 )  

(154.9) 

(166.4) 

(179 . l )  

(193.1) 

(208.8) 

(226.3) 

(246 .l) 

33.51 

(35.53)" 

(38.30) 

(41.38) 

(44.45)  

(47.68) 

(51.08) 

(54.66) 

(58.43) 

(62.41) 

(66.62) 

(71.09) 

(75.83)  

(80.87) 

(86.24) 

(91.97) 

(98.10) 

(104.7) 

(111.7) 

(119.4) 

(127.6) 

(136.6) 

( 1 4 6 . 3 )  

(156.9) 

(168.6) 

(181.4) 

(195.7) 

(211.5) 

(229.3) 

(249.3) 

* 
Parentheses indicate extrapolation beyond the range of experimental data. 
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298.15 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

Adiabatic Compressibility 

-1 7 -1 
B x 1 0  , atm 6 
-S 

B x 1 0 ,  MPa 
-S 

4.899 

4.900 

4.956 

5.014 

5.072 

5.133 

5.194 

5.258 

5.322 

5.389 

5.457 

5.527 

5.598 

5.672 

5.748 

4.964 

4.965 

5.022 

5.178 

5.140 

5.201 

5.263 

5.327 

5.393 

5.460 

5.529 

5.600 

5.673 

5.747 

5.824 

.. - 
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T) K 

298.15 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

A 1.1 .11 .3  

URANIUM DIOXIDE 

Isothermal Compressibility 

6 
B x 10 ) MPa-l 
-T 

4.953 

4.954 

5.031 

5.115 

5.205 

5.303 

5.409 

5.523 

5.645 

5.777 

5.918 

6.070 

6.233 

6.407 

5.748 

7 -1 
B x 10 , atm 
-T 

5.019 

5.020 

5.098 

5.182 

5.274 

5.374 

5.480 

5.596 

5.720 

5.854 

5.997 

6.151 

6.316 

6.492 

6.678 



1 2 / 8 0  

T, K 

3120 ( a )  

3200 

3300 

3400 

35 00 

3600 

37 00 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5600 

5700 

5800 

5900 

6000 

A 1.1.11.4 

URANIUM D I O X I D E  

I s o t h e r m a l  C o m p r e s s i b i l i t y  

41.19 

(43 .41 )*  

( 4 6 . 4 4 )  

( 4 9 . 7 7 )  

( 5 3  . l o )  
( 5 6 . 5 9 )  

( 6 0 . 2 4 )  

( 6 4 . 0 8 )  

( 6 8 . 1 2 )  

( 7 2 . 3 6 )  

( 7 6 . 8 4 )  

( 8 1 . 5 7 )  

( 8 6 . 5 8 )  

( 9 1 . 8 8 )  

( 9 7 . 5 2 )  

( 1 0 3 . 5 )  

( 1 0 9 . 9 )  

( 1 1 6 . 8 )  

(124  .l) 

( 1 3 2  . O )  

( 1 4 0 . 5 )  

( 1 4 9 . 7 )  

( 1 5 9 . 7 )  

( 1 7 0 . 6 )  

( 1 8 2 . 5 )  

( 1 9 5 . 6 )  

( 2 2 6 . 2 )  

( 2 4 4 . 2 )  

( 2 6 4 . 4 )  

( 2 1 0  .l) 

7 -1 
B x 10 , a t m  
-T 

41.74 

( 4 3  ..99)* 

(47  . O S )  

( 5 0 . 4 3 )  

( 5 3 . 8 0 )  

( 5 7 . 3 4 )  

( 6 1 . 0 4 )  

( 6 4 . 9 3 )  

( 6 9 . 0 2 )  

( 7 3 . 3 2 )  

( 7 7 . 8 6 )  

( 8 2 . 6 5 )  

( 8 7 . 7 2 )  

( 9 3 . 1 0 )  

( 9 8  . 8 l )  

( 1 0 4 . 9 )  

( 1 1 8 . 3 )  

( 1 2 5 . 8 )  

( 1 3 3 . 8 )  

( 1 4 2 . 4 )  

( 1 5 1 . 7 )  

( 1 6 1 . 8 )  

( 1 7 2 . 9 )  

( 1 8 4 . 9 )  

( 1 9 8 . 2 )  

( 2 1 2 . 9 )  

( 2 2 9 . 2 )  

(247  .4)  

( 2 6 7 . 9 )  

( 1 1 1 . 4 )  

T P a r e n t h e s e s  i n d i c a t e  t h a t  t h e  parameters  used i n  t h e  c a l c u l a t i o n  of B 
have been e x t r a p o l a t e d  beyong t h e  range  of exper imenta l  d a t a .  

* 
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32 

28 

0 24 

16 

TEMPERATURE, K 
2 '  

The isothermal compressibility of liquid UO 
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Isothermal Compressibilitv 

Temperature 
Range T,K 

Error 
U,% 

298-1 600 

3120-3400 

3400-4000 

4000-5000 

5000-6000 

(solid) 

“p2VT 

+cp 

3 

15 

20 

50 

85 
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A 1.1.11.9 

URANIUM D I O X I D E  
BS 

Adiabatic Compressibility 

The adiabatic compressibility has been calculated from data on Young's 

modulus and Poisson's ratio using the expression: 

3( 1 - 2 ~ )  

E 
B, = 

where U = Poisson's ratio and E = Young's modulus of elasticity. 

The equation used to calculate Young's modulus and the value used 

for Poisson's ratio have been taken from MATPRO-VERSION 11: A Handbook 

of Material Properties for Use in the Analysis of Light Water Reactor 

1 
Fuel Rod Behavior. In the temperature range 0 < T < 1600 K ,  Young's 

modulus is calculated from the relation: 

E = 2.26 x 10 l1  [ l  - 1:131 x (T - 273.15)] [1  - 2.62 (1 - D)] (2 )  

where E = Young's modulus in pascals, 

T = temperature in K, 

and D = fraction of theoretical density. 

This equation is based on a least-squares fit to the data for stoichio- 

metric UO at room temperature of Marlowe and KaznoffY2 Belle and 

L~stman,~ Lambertson and HandwerkY4 and Roberts and Ueda,' and to 

temperature dependent data of Padel and Novion,6 Wachtman et al.,' and 

Belle and L~stman.~ The UO 

to. Eq. ( 2 )  of 0.037 x l o l l .  

boundaries in UO and in other ceramics. In other ceramics with this 

phenomena, the elastic modulus exhibits abrupt changes with temperature 

when sliding occurs. Because abrupt changes with temperature are also 

2 

data have a standard deviation with respect 

At high temperatures, sliding occurs at grain 

2 

2 '  
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expected for UO and since there is a scarcity of data as a function of 

temperature and porosity above 1600 K, no equation for Young's modulus 

2 '  

above 1600 K is available and Eq. ( 2 )  should not be extrapolated above 

1600 K. 

The value recommended in MATPRO-VERSION 11 for Poisson's ratio is 

0.316 .l This value is based on measurements of Young's modulus and the 

shear modulus on single crystal UO 

directional measurements on single crystal UO Wachtman et al. ca lcu la t e  

the Reuss and Voigt averages of Young's modulus and the shear modulus. 

at 25°C by Wachtman et a1..7 From 
2 

2 '  

The values for nonporous polycrystalline U02 are assumed to lie between 

these averages. These midvalues for Young's modulus and the shear modulus 

are used to determine the recommended value for Poisson's ratio. 

No direct measurement of the compressibility of molten UO has been 
2 

reported. The speed of sound in molten UO was measured by Slagle and 

Nelson8 at 4 points between 3138 and 3196 K. These data can be repre- 

2 

sented by the equation: 

v = 3660 - 0.5769 T ( 3 )  

where v is in m/s and T is in kelvins. Equation ( 3 )  differs from the 

original Slagle-Nelsen equation8 which had a square root of T dependence. 

It was felt that 4 points were insufficient data to justify assuming the 

square root of T dependence particularly since it is not evident in the 

speed of sound of other materals. The adiabatic compresssibility of 

molten U02, Bs,  can be calculated using the relation: 

1 

PV 
BS = -7- ( 4 )  
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8S 

where P is the density of molten U02 and v is the speed of sound. 

density data of Christensen' can be used in conjunction with the Slagle 

and Nelson values to obtain the adiabatic compressibility in the range 

of their experimentation. 

The 

The recommended equation for density" is 

P = 10970 (1.0522 - 8.192 x T) ( 5 )  

where P is in kg/m3 and T is in kelvins. 

1 

Extrapolation of the speed of sound data to temperatures above 3200 K is 

not reliable enough to permit their use in calculation of adiabatic 

compressibility much beyond that temperature. One finds, however, that 

simple extrapolation using Eqs. (1-3) for temperatures up to 6000 K yields 

results similar to those obtained by using the Grosse method'' of fitting 

the reduced compressibility to reduced temperature via an equilateral 

hyperbola; however, the reliability of values obtained from either method 

is questionable at this time. 

In order to provide a rough estimate of compressibility values above 

3400 K, the Grosse equilateral hyperbola method'' has been used. 

parameter equation due to Grosse was used. 

A two 

where B '  is the reduced adiabatic compressibility 

-11 pa-l 
B = 3 . 3  x 10 
s ,m 
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and 8 i s  t h e  f r a c t i o n a l  l i q u i d  t empera tu re  between t h e  m e l t i n g  p o i n t  

(3120 K )  and t h e  c r i t i c a l  p o i n t  ( e s t i m a t e d  as 7560 K ) :  
1 2  

By p l o t t i n g  expe r imen ta l  d a t a  from 3120 t o  3400 K ,  t h e  parameters  a 

and b were determined a s  

a = 0.5633 

b = 0.4018 

SYT 
So lv ing  f o r  8 

T h i s  e x t r a p o l a t i o n  above 3400 K i s  c l e a r l y  c o n j e c t u r a l  due t o  t h e  

u n c e r t a i n t y  i n  t h e  v a l u e  of t h e  c r i t i c a l  p o i n t  and t h e  l i m i t e d  d a t a  (u-58 K 

t empera tu re  r ange )  on which i t  i s  based .  

c r i t i c a l  p o i n t  range  from a low v a l u e  of 6250 K t o  a h igh  v a l u e  of 9332 K .  

The chosen v a l u e  7560 K of F i s c h e r  et  a1.12 i s  a r e a s o n a b l e  mid-value and 

i s  a l s o  c l o s e  t o  o t h e r  estimates. Comparisons were made of v a l u e s  of 8 

c a l c u l a t e d  v i a  e x t r a p o l a t i o n  of E q s .  (3-5) and of v a l u e s  of B S  ca lcu -  

l a t e d  w i t h  t h e  Grosse method f o r  c r i t i c a l  t empera tu res  6250 K ,  9332 K ,  and 

7560 K.  Below 5500 K ,  d i f f e r e n c e s  i n  t h e  v a l u e s  c a l c u l a t e d  by t h e  Grosse 

method u s i n g  d i f f e r e n t  c r i t i c a l  t empera tu res  were s m a l l  compared t o  t h e  

The e s t i m a t e d  va lues13  f o r  t h e  

S 

d i f f e r e n c e  between t h e  v a l u e s  c a l c u l a t e d  u s i n g  t h e  Grosse method and t h o s e  I 
c a l c u l a t e d  w i t h  t h e  e x t r a p o l a t e d  e q u a t i o n s .  From 5500 K th rough 6000 K ,  

t h e  d i f f e r e n c e s  due t o  method and c h o i c e  of c r i t i c a l  t empera tu re  were of 

similar  magnitude.  

I 
The e s t i m a t e d  e r r o r s  are based on t h e  l a r g e s t  d i f f e r e n c e s .  
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The estimated error ( l o )  in the recommended values of adiabatic 

compressibility of solid UO below 1600 K is 2%. This is based on the 

standard deviation in Young's modulus and the estimated error in the value 

of  Poisson's ratio. Between 3120 and 3400 K where Eqs. ( 3 - 5 )  are used, 

the estimated error ( l a )  is 8% based on the errors in the speed of sound 

equation and the density equation. In the temperature range 3400 through 

4000 K, the estimated error ( l o )  is 10%. Between 4000 and 5000 K, the 

error is estimated as 35%. Above 5000 K, the error is estimated as 75%. 

2 
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Isothermal Compressibility 

The isothermal compressibility of solid and liquid UO 8 was cal- 
2’ T 

culated using the relation 

where 8 

coefficient of UO 

is the adiabatic compressibility ap is the volumetric expansion 
S 

V is the molar volume, and Cp is the heat capacity. 

and p are available from Christensen’s work9 and Cp from the fits of  

2 ’  

aP 

Fink and Leibowitz14 and of Rand et al.15 

coefficient for solid UO is given by: 

The volumetric expansion 

9’10 
2 

1.7169 x + 1.4928 x T + 1.0260 x 10 -12 T2 
(12) 

- - 
-13 T3 

0.9980695 + 5.723 x T + 2.488 x lo-’ T2 + 1.140 x 10 

where a 

cient for molten UO is 

is in 1 / K  and T is in kelvins. The volumetric expansion coeffi- 
P 

9’10 
2 

- 1.05 - 
1 + 3.5 x (T - 3120) 

9,lO 
The density for UO in kg/m3 is given by the equations: 

. 2  

298 < T < 3120 K _ -  

-9 T2 
p = 10970 (1.0056 - 1.6324 x T - 8.3281 x 10 

-13 3 + 2.0176 x 10 T ) 

T > 3120 - 

p = 10970 (1.0522 - 8.192 x T) 
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2 
The heat capacity at constant pressure is 1 6 7  J/(mol'K) for solid UO 

T 
and is 131  J/(mol*K) throughout the liquid range. The reliable range for B 

is the same as B 
S '  

The estimated error ( l a )  in the calculated values for the isothermal 

compressibility have been calculated from the error or estimated error 

in the dependent parameters C p ,  B S ,  "p, and p .  

standard deviation is 3%. From 3120 through 3400 K ,  the standard devia- 

tion is 15%. Between 3400 and 4000 K ,  it increased to 20%. From estimated 

errors, the standard deviation has been calculated to be about 50% in the 

4000 to 5000 K temperature range and 85% in the 5000 to 6000 K range. 

Below 1600 K, the calculated 
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Speed of Sound 

v. km*s-1 

V 

1 . 8 6 0  

( 1 . 8 1 4 ) *  

( 1 . 7 5 6 )  

( 1 . 6 9 8 )  

( 1 . 6 4 8 )  

( 1 . 5 9 9 )  

( 1 . 5 5 4 )  

( 1 . 5 1 0 )  

( 1 . 4 6 9 )  

( 1 . 4 2 9 )  

( 1 . 3 9 1 )  

( 1 . 3 5 4 )  

( 1 . 3 1 9 )  

( 1 . 2 8 5 )  

( 1 . 2 5 2 )  

( 1 . 2 2 0 )  

( 1 . 1 8 8 )  

( 1 . 1 5 7 )  

( 1 . 1 2 7 )  

( 1 . 0 9 7 )  

( 1 . 0 6 8 )  

(1.039) 

(1.011) 

( 0 . 9 8 2 5 )  

( 0 . 9 5 4 3 )  

( 0  - 9 2 6 2 )  

( 0 . 8 9 8 1 )  

( 0 . 8 6 9 9 )  

( 0 . 8 4 1 5 )  

( 0 . 8 1 2 8 )  
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SDeed of Sound 

" a  

1 The speed of sound in molten UO was measured by Slagle and Nelson . 
2 

Their data consists of four points between 3138 and 3196 K. 

may be represented by the equation 

These data 

v = 3660 - 0.5769 T (1) 

where v is in m/s and T is in kelvins. 

Slagle-Nelson equation which is 

This equation differs from the 

(2) 
1 /2 v = 5268 - 61.98 T 

where v is in m/s and T is in kelvins. Eq. (1) was selected over E q .  (2) 

because there is not sufficient data to justify the square root of T 

dependence and from measurements of the speed of sound in other materials 

there appears no reason to expect a square root of temperature dependence. 

Below 3400 K, the speed of sound has been calculated using Eq. (1). 

Above 3400 K, the speed of sound was calculated from the adiabatic com- 

pressibility using the thermodynamic relation 

where p is the density given by christen sen'^^'^ equation. 

p = 10970 (1.0522 - 8.192 x T) (4) 

where p is in kg/m3 and T is in kelvins. The adiabatic compressibility, 

was extrapolated to the 3400-6000 K temperature range using the 
BS * 

4 
Grosse method of fitting the reduced compressibility to the reduced 

temperature via an equilateral hyperbola. Such an extrapolation based on 

_ _  . 
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t h e  l i m i t e d  d a t a  ( 4  p o i n t s  from 3138 t o  3196 K)  a r e  open t o  q u e s t i o n .  

Thus t h e  r e s u l t s  should  o n l y  be used a s  rough e s t i m a t e s  and have l a r g e  

e r r o r s  a s s o c i a t e d  w i t h  them. Using t h e  Grosse method, 

T - Tm 

T c  - Tm 
e =  

V 

where B is  t h e  a d i a b a t i c  c o m p r e s s i b i l i t y  a t  t h e  m e l t i n g  p o i n t ,  0 

i s  t h e  reduced tempera ture ,  and a and b are  parameters  determined by t h e  

f i t  t o  t h e  e q u i l a t e r a l  hyperbola .  The reduced tempera ture  is  d e f i n e d  as 

s , m  

where T, = 3120 K ,  t h e  m e l t i n g  p o i n t ,  

and Tc = 7560 K ,  t h e  c r i t i c a l  p o i n t .  

The v a l u e s  used f o r  t h e  a d i a b a t i c  c o m p r e s s i b i l i t y  a t  t h e  m e l t i n g  p o i n t  

and t h e  parameters  a and b are  

(7 )  
a = 0.5633 

b = 0.4018 

The s t a n d a r d  d e v i a t i o n  i n  t h e  f i t  t o  t h e  d a t a  i s  0.2% but  because 

of t h e  l i m i t e d  amount of d a t a ,  t h e  e s t i m a t e d  e r r o r  ( a )  below 3400 K i s  

e s t i m a t e d  as 4 % .  Above 3400 K ,  t h e  e s t i m a t e d  e r r o r  i s  c a l c u l a t e d  from 

t h e  e r r o r s  i n  t h e  d e n s i t y  and t h e  a d i a b a t i c  c o m p r e s s i b i l i t y .  S i n c e  t h e  

e s t i m a t e d  e r r o r s  i n  t h e  a d i a b a t i c  c o m p r e s s i b i l i t y  are v e r y  l a r g e ,  t h e  

cor responding  e r r o r s  i n  t h e  speed of sound are l a r g e .  Between 3400 and 

4000 K ,  t h e  e r r o r  i n  t h e  speed of sound i s  e s t i m a t e d  as 15%. I t  i n c r e a s e s  

t o  40% i n  t h e  tempera ture  range  4000-5000 K and t o  80% above 5000 K. 
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A 1.1.13.1 

U R A N I U M  D I O X I D E  

C r i t i c a l  Cons tan t s  

C r i t i c a l  P r e s s u r e  1210 a t m  122.6 MPa 

C r i t i c a l  Temperature 7560 K 7560 K 

1660 kg'm C r i t i c a l  D e n s i t y  1.66 g*cm 
-3  - 3  

Cri t ica l  C o m p r e s s i b i l i t y  
F a c t o r  0.317 0.317 

Range of Estimates 

( % I  

65 

23 

97 

23 
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URANIUM D I O X I D E  

Critical Constants 

A large number of calculations of the critical constants of UO, 

1-10 have been made. 

along with z comment 

L 

Results of these calculations are tabulated by date 

on the method of calculation. Three main methods 

7 1  - 0  

the law of 

15  

I1,LL were used: the Grosse method of rectilinear diameters, 

corresponding states, l3 and the significant structures theory. 

The recommended critical constants are values calculated by Fischer, 

Kinsman, and Ohse’ using the significant structures theory. The values 

were chosen by selecting a critical temperature near the mean of the 

various estimates that range from 6150 through 9332 K .  The range of 

estimate expressed as a percent based on the deviation of the other 

estimated values of the critical parameters from the recommended value. 

In calculation of the estimated error of the critical pressure, the 

value 6958 atm was not included since it is so far from the other values. 

Similarly, the value 1 . 0  was not included in the calculation of error of 

the critical coefficient of compressibility and the value 31.8 g/cc was 

dropped from the values of critical density used in estimating the error. 



I 

I 

TC 
K 

7 300 

9115 

8000 

__ 
“C pc 

cclmole glcc ~- 
pc 
a tm 

1900 

1230 

2000 

- Year 

1964 

1965 

1966 

__ ZC Reference 

Meyer and Wolf (1) 

Miller (2) 

Menzies (3) 

Method 

8.5 31.8 

170. 1.59 

89.9 3.01 

Corresponding states 

Law of rectilinear diameters 

Corres?onding states, assuming, Zc ,  using vapor pressure of 
Ackermann et., (Ref. 16) 
Corresponding states 

0.27 

5500- 
10,000 

6723 

6960 

1966 Robbins (4) 

98.9 2.73 

165. 1.64 

1404 

1070 

0.2513 

0.308 

1968 

1975 

Booth (5) 

Gillan (6) 

Corresponding states 

Significant structures theory with bent molecule and vapor 
pressure of Ohse (Ref. 17) 

Significant structures theory with bent molecule and vapor 
pressure of Tetenbaum and Hunt (Ref. 18) 

Significant structures theory 

Corresponding states using data of Ohse (Ref. 17) and of 
Ackermann (Ref. 16) 

Corresponding states using vapor pressure of Ohse (Ref. 17) 

Corresponding states using vapor pressure of Tetenbaum and 
Hunt (Ref. 18) 

Law of rectilinear diameters using vapor pressure of Ohse 
(Ref. 17) 

Law of rectilinear diameters using vapor pressure of 
Tetenbaum and Hunt (Ref. 18) 

Significant structures theory using vapor pressure of Ohse 
(Ref. 17) 

Signiftcant structures theory using vapor pressure of 
Tetenbaum and Hunt (Ref. 18) 

Significant structures theory using Gillan’s bent molecule 
and vapor pressure of Ohse (Ref. 17) 

Significant structures theory using Gillan’s bent molecule 
and vapor pressure of Tetenbaum and Hunt (Ref. 18) 

Law of rectilinear diameters using vapor pressure of 
Tetenbaum and Hunt with Zc = 1.0 (Ref. 18) 

Law of rectilinear diameters using vapor pressure of 
Tetenbaum and Hunt (Ref. 18) 

9332 166. 1.63 1450 0.308 1975 Gillan (6) 

7 560 

6744 

163. 1.66 

98.5 2.74 

1210 

1404 

0.317 

0.25 

1976 

1976 

Fischer etal. (7) 

Kapil (8) 

P 

I- 

I- 

P 
w 

w 

6723 

6820 

98.7 2.74 

9a .4 2.74 

1404 

1380 

0.2513 

0.2126 

1978 

1978 

Browning sal. (9) 

Browning sal. (9) 

7 200 93.1 2.90 1978 Browning ___ et al. (9) 

&owning - et al. (9) 6250 84.3 3 -20 1978 

7 320 152. 1.78 1256 0.318 

0.310 

0.309 

0.314 

1 .oo 

0.27 

1978 Browning e. (9) 

8840 1978 158. 1.71 1424 Browning - et al. (9) 

6960 165. 1.64 1070 1978 Browning - et al. ( 9 )  

9332 166. 1.63 1450 1978 Browning - et al. ( 9 )  

7365 90.4 2.99 6958 1979 Finn etal. (10) 

Finn etal. (10) 6464 82.6 3.27 1734 1979 
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THEBKODYNAHIC PROPERTIES OP L I Q U I D  U R A N I O H  DIOXIDE 

4940 6.159dDt05 1.3395DtO2 1.1656Dt02 5.5787Dt00 4.3707Dt05 7.1032Dt03 9.8712D-05 1.1322D-1C 1.2720D-10 7.7606Dt05 

4950 6.1729DtG5 1.3095Dt02 1.1661DtO2 5.699BDtOG 4.3661Dt05 7.0943Dt03 9.8680D-05 1.1397D-10 1.2798D-10 7.7104Dt05 

4960 6.166ODtG5 7.3095Dt02 1.1666DtC2 5.82309+00 1.361UDt05 7.0853D+03 9,86470-05 1.1473D-10 1.2877D-10 7.6605Ct05 

4970 6.1991DtO5 1.3095Dt02 1.1672DtC2 5.9481Dt00 4.3567DtO5 7.0763Dt03 9.86151)-05 1.1549D-10 1.2957D-10 7.6108Dt05 

4980 6.2122DtG5 1.3095Dt02 1~1677DtO2 6.0753DtOO 4.3520DtO5 7*0673D+03 9.8582D-05 1.1625D-10 1.30371)-10 7.5614Dt05 

4990 6.2253Dt05 1.3095Dt02 1.1682Dt02 6.2G4bDt00 4.3473Dt35 7.9583Dt03 9.85501)-05 1.1703D-10 1.3110D-10 7.5123DtC5 

5030 6.2384Dt05 1.3095D+GZ 1*’687D+OL 6.3359DtCO Us3426DtO5 7.0493DtC3 9.8516D-05 1.1780D-10 1.3200D-10 7.4634Dt05 

5010 6.2515DtO5 1.3095DtC2 1.1692Dt02 6.46?3Dt00 4.3379DtO5 7.0403Dt03 9.8485D-05 1.1859D-10 1.3282D-10 7.4148DtC5 

5020 6.2646D+05 1.3095Dt02 1.1697DtO2 6.6049DtCO 4.3332Dt05 7.C313Dt03 9.8453D-05 1.1938D-10 1. 3365D-10 7.3664DtO5 

5030 6.2777DtO5 1.3095DtO2 1.1702Dt02 6.7’425Dt00 4.3285Dt05 7.0224DtO3 9.84210-05 1.2018D-10 1.3448D-10 7.3183Dt05 

5040 6.2908Dt05 1.395Dt02 1.1707DtO2 6.88?.3Dt00 4.3236Dt05 7.0134Dt03 9.8388D-05 1.2098D-10 1.3533D-10 7.2705Dt05 

5050 6.3039DtG5 1.3095Dt02 1.1712Dt02 7.CL43DtU0 4.319,?D+05 7.0044Dt03 9.8356D-05 1.2179D-10 1.3617D-10 7.2220Dt05 

5360 6.3170DtC5 1.3095Dt02 1.1717Dt02 7.1635D+OO 4.3145DtO5 6.9954Dt03 9.8324D-05 1.22619-10 1.3703D-10 7.1755DtO5 

5070 6.3301Dt05 1.3095Dt02 1.1722Dt02 7.3109DtGO 9.3098Dt05 6.986UDt03 9.829213-05 1.2343D-10 1.3789D-10 7.1284DtC5 

50f0 6.3431D+05 1.3095DtO2 1.1727Dt02 7.4635Dt00 4.3051Dt95 6.9774Dt03 9.8259D-05 1.2426D-10 1.3875D-10 7.0815Dt05 

5090 6.356iDtC5 1.3095Dt02 1.1732Dt02 7.6144DtCO U.3004Dt05 b.9684DtO3 9.8227D-05 1.2510D-10 1.3963D-10 7.3349Dt05 

5100 6.3693Dt05 1.3095Dt02 1.1737Dt02 7.7676DtCO ‘4.2957Dt05 6.9595D+03 9.8195D-05 1.259UD-10 1.4051D-10 6.9885Dt05 

511C 6.38L4Dt05 1.3095DtG2 1.1742DtO2 7.9230Dt00 4.291CDtJ5 6.9505Dt03 9.8163D-05 1.2679D-10 1.41UOD-10 6.9423DtO5 

5120 6.3955Dt05 1.3095Dt02 1.1747DtC? G.C8CBD+GO 1.2863Dt05 6.9415DtO3 9.8131D-i)S 1.2765D-10 1.4229D-10 6.8964Dt05 

513C 6.4086Dt05 1.3095Dt32 1.1752DtC2 8.2408DtOO U.2816Dt05 6.9125Dt03 9.8099D-05 1.2851D-10 1.4319D-10 6.8507Dt05 

514C 6.4217D+C5 1.3395DtG2 1.1757Dt02 8.4033Dt00 4.2770Dt05 6.9235D+33 9.8067D-05 1.2938D-10 1.44lOD-10 6.8053DtO5 

5150 6.4348D+05 1.3095DtO2 1.1762D+r)2 8.5681Dt00 7.2723DtO5 6.9145DtO3 9.80350-05 1.3026D-10 1.4502D-10 6.7601Dt05 

5160 6 4479D+G5 1.3095DtG2 1.1767Dt02 8.7353D+00 4.2676D t o 5  6.9055D+03 9.8003D-05 1.31 15D-10 1 45940-1 0 6.71 51 D+@5 

5170 6.4610Dt05 1.3005Ct02 1.1772D+02 F.9049Dt00 4.2625Dt05 6.8965D+O3 9.7971D-05 1.3234D-10 1 s4688D-10 6.6703Dt05 

518C 6.4741DtC5 1.3095Dt02 1.1777Dt02 ?.0763Dt00 4.2582D+05 6.8676Dt03 9.7939D-05 1.329UD-10 1.4781D-10 6.6258DtCS 

5190 6.4872Dtti5 1.3095DtO2 1.1782Dt02 9.;514Dt@3 7.2535DtOZ, h.B786Dt03 9.7907D-05 1.3385D-10 1.4876D-10 6.5815Dt05 
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THB6HODYNAHIC PROFERT1 ZS OF L I Q U I D  U R A N I U N  D I O X I D E  

5460 6.8408DtO5 1.30?5D+02 1.1917Dt02 1.4955DtOl 4.1269Dt05 6.6359Dt33 9.7051D-05 1.6164D-10 1.7762D-10 5.464ODt05 

5470 6.8539Dt05 1.3095DtC2 1.1922Dt02 1.5206Dt31 4.1222Dt05 6.6270Dt03 9.70209-05 1.6281D-lG 1.7883D-10 5.4254Dt05 

5480 6.@669D+05 1.3095Dt02 1.1927Dt02 1.5459DtOl 3.1175Dt05 6.6180Dt03 9.6989D-05 1.6398D-10 1.8005D-10 5.3AGQDt05 

5490 6.88OODt05 1.3095Dt02 1.1932Dt02 1.5716DtOl 4.1128Dt05 6.6090Dt33 9.6957D-05 1.6517D-10 1.8128D-10 5.3486Dt05 

5500 6.8931Dt05 1.3095Dt02 1.1937D+C2 1.5975Dt01 J.lCRlD+05 6.6000Dt03 9.69261)-05 1.6637D-10 1.8252D-10 5.3105Dt05 

5510 6.9062DtO5 1.309SDt02 1 . 1 9 4 2 D W  1.€238D+01 4.!035D+35 6.591CDt03 9.6895D-05 1.6759D-10 1.8377D-10 5.2725Dt05 

5520 6.9193Dt05 1.309SDt02 1.1947Dt02 1.6503Dt01 U.0988Dt05 6.582GDt03 9.6863D-05 1.6881D-10 1.853UD-10 5.2348Dt05 

5530 

5540 

5550 

5560 

5570 

5580 

5590 

5600 

5610 

5620 

5630 

5640 

5650 

5660 

5673 

5680 

5690 

5700 

57 10 

6.93240+05 

6.9455Dt05 

6.9586DtC5 

C.9717D+05 

6.9848Dt05 

6.99 7 9 D t  C5 

7.0113Dt05 

7.C241Dt05 

7.0372Dt05 

7.05O3Dt C5 

7.0634DtO5 

7.0765Dt05 

7.  0896D t C  5 

7.1027DtC5 

7.1158Dt05 

7.1288DtO5 

7.1419DtCS 

7.155CDt05 

7.1681DtC5 

1.3095DtO2 

1.3095Dt02 

1.3095Dt02 

1.3095Dt02 

1.3095Dt02 

1.3095Dt02 

1.3095Dt02 

1.3095DtC2 

1.3095Dt02 

1.3095DtG2 

1.1095Dtn2 

1.3095Dt02 

1.3095Dt02 

1.3095DtG2 

1.3C95DtG2 

1.3095Dt02 

1.3095Dt02 

1.30SSDt02 

1.3095Dt02 

1.1952De02 

1.1957Dt02 

1.1962DtG2 

1.1967 Dt02 

1 ,1972Dt.02 

1.1977Dt02 

1.1982D+02 

1.1987Dt02 

1.1992Dt02 

1.1997DtCZ 

1.20n2Iltc2 

1.2007Dt02 

1.2CJ12Dt02 

1.2017Dt02 

1.2022DtC2 

1.2027D+02 

1.2032Dt02 

1.20 37 Dt02 

1.2042Dt02 

1.6 772Dt 0 1 

1.7043Dt01 

1.7318DtOl 

1.7596Dt0 1 

1.7 8 76Dt 0 1 

1.8160Dt01 

1.R448Dt01 

1.8738DtOl 

1.90310tOl 

1.9328Dt01 

1.9628Dt01 

1.9Y31Dt01 

2.0237DtOl 

2.0546DtOl 

2.08598+01 

2.1 1 75DtC1 

2.1494Dt0 1 

2.1 81 7 D t O  1 

2 .2  143DtO 1 

4.0941Dt05 

4.00 94D t 0 5  

4.0847Dt05 

U .0800Dt05 

7.0753D t o 5  

1(.070hD+05 

4.Oh59 Dt05 

4 .O612Dt05 

1.0566Dt05 

4.0514Dt05 

11.3472D+05 

4.0425Dt05 

4.0  3 78DtO 5 

4.0331 DtO5 

4.9284Dt05 

4.0237Dt05 

4.0190Dt95 

4.91 44DtO5 

4.0397DtO5 

6.573GDt03 

6.56UCDt03 

6.5551 Dt03 

6.5461Dt03 

6.5371 Dt03 

6.528 1 Dt03 

6.5191 Dt03 

6.5101D+03 

6.50 1 1 Dt03 

6 ,  4922Dt33 

6.4832lJt93 

6.4742Dt03 

6.4652 Dt03 

6. U562Dt03 

6 .  4472DtO3 

6.  a382Dt03 

6.4292Dt03 

6.4203Dt03 

6.41 13 Dt33 

9.683 2D-05 

9.6801D-05 

9.6770D-05 

9.6739D-05 

9.6707 D-05 

9.6676D-05 

9.6645D-05 

9.66 1 4D-05 

9 .6  583 D- 05 

9.65520-05 

9.652 1 D - D 5  

9.6490D-05 

9.6459D-05 

9.6428D-35 

9.6397D-05 

9.63660-05 

9 .  6335D-OS 

9.636QD-35 

9.6273D-05 

1.7005D- 10 

1.7130D-10 

1,72561)-10 

1.7384D-10 

1.7512D-10 

1.7642D-10 

1.7774D-10 

1.7906D-10 

1.804OD-10 

1.8176D-10 

1.8313D- 1J 

1.8451D-10 

1.85901)- 10 

1.8732D-10 

1.8874D- 1C 

1.9018D-10 

1.91 64D- 10 

1.9 3 11D- 10 

1.94601)- 10 

1.8632 D-10 

1.876 1 D- 10 

1.889 1 D-10 

1.90 23 D- 10 

1.91558-10 

1.9290 D-10 

1.94251)-10 

1.9562D-10 

1.9700D-10 

1.984OD- 10 

1 ,9981 D- 1 0 

2.01 23D- 10 

2.0267D- 10 

2.04 13D- 10 

2.05591)- 10 

2.0708D-10 

2.0858D- 10 

2. 10090-10 

2.1162D-13 

5.1972Dt05 

5.1598Dt05 

5 . 1 2 2 5 ~ 0 5  

5.0855DtO5 

5.OU86Dt05 

5.011 8Dt05 

4.9753Dt05 

4.9389Dt05 

4.9026Dt05 

4.8666Dt05 

4.8307DtO5 

4.7949Dt35 

4.7504Dt 0 5  

U .723 9Dt 05 

4.6887Dt05 

4.6536Dt05 

U.6186Dt05 

4.5839DtC5 

4.5492Dt05 
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I 

THERUODYNAHIC PROPEGTIIS O F  L I Q U I D  U R A N I U Y  D I O X I D E  

T H-€I (298) CP cv P DH R [io ALP HAP BETAS BETAT G A n l  A Y  

( K )  (J / f iOL)  (J/MOL- K) (J/flOL-K) (NPN ( J / H O L )  (KG/I** 3) ( 1 / K )  (1/PA) (l/PA) (1 / P a )  

5720 7.1812Dt05 1.3095Dt02 1.2047DtOL 2.2472DtO1 1.005ODt05 6.4023DtG3 9.6242D-05 1.9611D-10 2.1317D-10 4.5147Dt05 

5730 7.1943Dt05 1.3095Dt02 1.205ZDtU2 2.2805DtOl +.0003Dt05 6.3933DtO3 9.621 1D-05 1.9763D-10 2.1474D-10 4,4804Dt05 

5740 7.2074Dt05 1.3095Dt02 1.2057Dt02 2.3140DtOl 3 .9956Dt05 6.3843Dt03 9.6180D-05 1.9917D-10 2.1632D-10 4.4462Dt05 

5750 7.2205Dt05 1.3095Dt02 1.2062Dt02 2.3480DtOl 3.9909Dt05 6.3753Dt03 9.6149D-05 2.0072D-10 2.1792D-10 4.4122Dt05 

5760 7.2336DtC5 1.3095DtG2 1.2067Dt02 2.3822Dt01 3.9862Dt05 6.3663Dt03 9.61191)-05 2.0229D-10 2.1953D-10 4.3783DtO5 

5710 7.2467Dt05 1.3095DC2 1.2072Dt02 2.4168DtOl 3.9815Dt05 6.3574DtO3 9.6088D-05 2.0388D-10 2.2116D-10 4.3446Dt05 

5780 7.2598Dt05 1.3095Dt02 1.2077Dt02 2.4517DtOl 3.9768Dt05 6.3484Dt03 9.6057D-05 2.0549D-10 2.2282D-10 4.3110Dt05 

5790 7.2729Dt05 1.3095Dt02 1.2082D+C2 2.4870DtOl 3.9721Dt05 6.3394Dt03 9.6026D-05 2.0712D-10 2.2449D-10 4.2776Dt05 

5800 7.286GDtCS 1.30?5D*G2 1.2C87Dt02 2.5226Dt01 3.9675DtC5 6.3304Dt03 9.5396D-05 2.0876D-10 2.2617D-10 4.2443Dt05 

58 13 7.29YlDt05 1.3095Dt02 1.2092D+02 2.5586Dt01 3.9628Dt05 6.3214 Dt03 9.5965D-05 2.1 043D- 10 2.27880- 10 4.21 12Dt05 

5820 7.3122Dt05 1.3C95Dt02 1.2097DtOL 2.5949Dt01 3.9581Dt05 6.3124Dt03 9.59341)-05 2.1211D-10 2.2961D-10 4.178LDt05 ? 
N 

5830 7.3253Dt05 1.3095DtC2 1.2102Dt02 2.6315Dt01 3.9534Dt05 6. 3034Dt03 9.5904D-05 2.1381D-10 2.3135D-10 4.1454Dt05 W 

5840 7.3384Dt05 1.3095DtG2 1.2107Dt02 2.6685DtOl 3.9487Dt05 6.2944Dt33 9.5873D-05 2.1  5531)-10 2.3312D-10 4.1126Dt05 

5850 7.3515UtC5 1.3095DtG2 1.2112Dt02 2.70580tC1 3.904ODt05 6.2855Dt03 9.5842D-05 2.1727D-10 2.3490D-10 4.0801Dt05 

5865 7.3646Dt05 1.3095Dt02 1.2117DtC.2 2.7435DtOl 3.5393Dt05 6.2765Dt03 9.5812D-05 2.1904D-10 2.36710-10 4.0476DtO5 

5870 7.3777DtC5 1.3595DtC2 1.2122D+02 2.7815Dt01 3.9346Dt05 6.2675Dt03 9.5781D-05 2.2082D-10 2.385UD-10 4.0154Dt05 

5880 

5890 

5900 

591 c 

5920 

553C 

5940 

5950 

59GO 

5970 

7.3987Dt05 

7.4038DtG5 

7.  4 1 6 ? ~ + r ) 5  

7.4300DtC5 

7.9431DtU5 

7.4562D+05 

7.4693DtC5 

7.4e24DtC5 

7.4955Dt05 

7.5086DtC5 

1.3095DtG2 

1.3O95Dt02 

1 . 3 3 9 5 ~ t 0 2  

1.3095DtC2 

1.3095Dt02 

1.3095Dt02 

1.3095Dt02 

1.3095Dt02 

1.309SDtC2 

1,209 5D t02  

1.2127Dt02 

1.2132D+@2 

1.2137DtC2 

1.2143Dt32 

1.2148DtG2 

1.2153Dt02 

1.2158Dt02 

1 .2  163DtC2 

1.2168DtOZ 

1.2173 Dt02 

2 . 8  1 99DtO 1 

2.8586DtOl 

2 .8977DtJ l  

2.9371Dt01 

2.9769DtOl 

3.C171DtOl 

3.0575D+C1 

3.0984DtC'l 

3.1396Dt01 

3.18 1 1 D t C  1 

1.9299Dt05 

3.9253Dt05 

3.9206DtO5 

3.9159Dt05 

3.9112D+05 

3.9065D to5 

3.9018Dt05 

3 .@Y71Dt05 

3.892UDt05 

3.8877Dt05 

6.2585D+!l3 

G .  2495Dt03 

6.2405D+03 

6.231SDt03 

6.2226Dt03 

6.2136Dt03 

6.234bDt03 

6. 1956Dt03 

6.1866DtO3 

6. 1776Dt03 

9.5751D-05 

9.57200-05 

9.56891)-05 

9.5b59D-05 

9.5628D-G5 

9.5598D-05 

9.5567D-05 

9.55370-35 

9.5507D-05 

9.5476D-05 

2.2262D- 10 

2.2445D- 10 

2.2630D- 10 

2.281 7D- 10 

2.3006D- 10 

2.31 98D- 10 

2.339213-10 

2.35RBD- 10 

2.37870-10 

2.39880-10 

2.4039D- 10 

2.4226D-10 

2.4415D-10 

2. 4606D- 10 

2.4800D-10 

2.49961)- 10 

2.51 950-10 

2.5396D-10 

2.5599D-10 

2.580 5D-10 

3.9832Dt35 

3.951ZDt05 

3.9193Dt05 

3.887GDt05 

3.8569Dt05 

3.8245Dt05 

3.793 2 D t  C5 

3.761YDt05 

3.7309Dt05 

3.6997DtOS 



h
a 

P
 

H
 

3
4
 

0
 

Y
 

n
 

n
 
E
 

H
 

2
 

4
 
a
 
3
 

P
 

U
 

D
 

0
: 

H
 

b
4

 

IL
 
0
 

v
)
 

w
 

c
(
 

h
 

Lli 

w
 

0
1
 

0
 

m
 

n
l 

V
 

U
 

m
 

a: 
z
 

r-4 
a
 
0
 

L: 
a
 

w
 

X
 

k
 

In
 

0
 

+
 

P
 
c
 

cn 
W
 
W
 

m
 

2
 I 

P
 

m
 

0
 

W
 

N
 

c
 

2
 

n
 

m
 

N
 

c
 

f
 

r
y
 

m
 

Q
 

I 
a
 

W
 
3
 

*
 

u
l
 

m
 

m
 
0
 

+
 

P
 

W
 

W
 

W
 
c
 

9
 

m
 

0
 

+
 

P
 

m
 

W
 

m
 

F
- 

a
3
 

c
 

0
 

+ 
la
 

P
)
 

N
 

N
 

m
 

c
 

N
 

0
 

.e 

a
3
 
I
' 

(
v
 

n
 

c
 

e
 

(-4 

'i 
n
 

m
 

m
 

0
 

m
 
c
 

m
 

0
 

+
 

9
 

I-
 

N
 

L
n
 

I-
 

O
 

cn 

u
l
 

- m
 

In
 
0
 

+
 

f
 

a3 
m

 
W
 

m
 

n
 

0
 

I 
P

 
J
 

?
I 

N
 

W
 

N
 

c
 

0
 

I 
9
 

m
 

m
 

- m
 

J
 

N
 

v
, 

0
 

I 
0

 
W
 

f
 

ul 

0
,
 

c
 

m
 
0
 

+
 

P
 
9
 

v
)
 

m
 

e
 

W
 

In
 

0
 

+
 

f
 

a
3
 

I-
 

W
 

m
 

a
 

c
 

0
 

+
 

P
 

m
 

m
 

W
 

N
 

m
 

N
 
0
 

+
 

P
 

m
 

W
 

N
 
c
 

c
 

CY 

P
 

n
 

L
n

 
m

 
0
 

m
 

c
 

m
 
0
 

P
 

W
 

f
 

m
 

v
)
 

p
. 

0
 

m
 

m
 

m
 

u
l
 
0
 

+
 

P
 

I-
 

0
 

W
 

m
 

m
 

z I 
P

 
cn 
m

 
3
 

W
 

N
 

0
 

I 
P

 

0
 

W
 

0
 

N
 

c
 

m
 

m
 

0
 

I 
P

 
m

 
a
D
 

m
 

m
 

m
 

m
 
0
 

+
 

P
 

I-
 

O
 

In
 
c
 

W
 

v
)
 
3
 

+
 

9
 

I-
 

m
 

I-
 

W
 

m
 

c
 

0
 

+
 

0
 

0
 

m
 

m
 

n
 

m
 

N
 

P
 

W
 

a
3
 

N
 

2
 

c
 

c
 

N
 

2
 

P
 

m
 

OI 
0
 

m
 

c
 

m
 

0
 

+
 

n
 

m
 

I-
 

C
I 

u
l
 

b
 

0
 

0
 

0
 

W
 

A
- 2

4
 



B- 1 

TABULATED THERMODYNAMIC PROPERTIES 

I N  CGS UNITS 



THEhFlODYNAfiIC P P O P E h T I E S  OF SOLIU U R A N I U n  D I O X I D E  

I 
298 

300 
~ 

310 

320 

33c 

340 

35c 

36C 

37c 

38C 

39c 

400 

41c 

4 20 

430 

440 

45c 

460 

47G 

480 

490 

50 0 

51C 

520 

535\ 

540 

H-H (2’38) 
(J/G) 

0 .0  

4.3 63713-0 1 

2.8175Dt00 

5.2345DtOO 

7.6848DtOC 

1.0166Dt01 

1.2676Dt01 

1.52143tOl 

1.7777DtOl 

2.0363Dt01 

2.2973DtOl 

2.5603Dt01 

2.8253Dt01 

3.0922Dt01 

3 .3  609Dt01 

3.631ZDt01 

3.9032Dt01 

4.1767Dt01 

4.4517Dt01 

4.728ODt01 

5.0056DtOl 

5.2846DtOl 

5 .5 t47Dt01 

5.8463DtOl 

6.1284Dt01 

6.4119Dt01 

CP 
(J/ G- K) 

2.3552D-01 

2.3623C-G1 

2 .3  99 5D- 3 1 

2.4 3 40 D- 0 1 

2.466 LD-0 1 

2.49 62 0-3 1 

2.5242D-01 

2 .5 50 4 D-0 1 

2.5750D-01 

2.598 1 D-0 1 

2.61999-01 

2.6 4 0 4  D-0 1 

2.6 597D-I! 1 

2.6 78 0 D-0 1 

2.6954 D-0 1 

2.71 18D-01 

2.7 275 D-0 1 

2.74240-0 1 

2.756 5 D-0 1 

2.7701D-01 

2.7 630D- C1 

2.7 9540-0 1 

2 .  e 3 7 3 ~ -  c 1 

2.  b 187 D-0 1 

2.82 9 6D-  0 1 

2.840 1D-0 1 

cv 
[ J / G - K )  

2.3293D-01 

2 . 3  362 D-01 

2 .3  722D-01 

2.4 J55D- 01 

2.4364D-01 

2 .4  651 D-01 

2.4918D-01 

2.5166D-01 

2.53991)-01 

2.5616D-01 

2.5P19F-01 

2 .60  10D-0 1 

2.6 189D-0 1 

2.6357D-01 

2 .65  15D-IJ 1 

2.6664D-01 

2.6805D-01 

2.6 9381)-0 1 

2.7063D-01 

2.7 18LD-CI 1 

2.72341)-0 1 

2.7401D-01 

2.7502D-01 

2.75930-01 

2.7690D-01 

2.7777D-01 

P 
(ATW 

0 . 0  

0 . 0  

0.0 

0.0 

0.0 

0.0 

0 . 0  

0.0 

0.0 

0.0 

0.0 

3.6141D-70 

2.9 21 2D- 68 

1.9 1 55D- 66 

1.0340D-64 

4.6559D-63 

1.7701 D-6 1 

5.7452 D- 60 

1.6080D-58 

3.9174D-57 

8.3773D-56 

1.5840D-54 

2.6719D-53 

4.0407D-52 

5.5155D-51 

6.8339D-50 

R B O  

( G / W  

1 .@970D+01 

1.0970Dt01 

1.0967DtOl 

1.0965Dt31 

1.0962D +O 1 

1.0960Dt01 

1.0958D t o  1 

1.0955Dt31 

1.0953D t o  1 

1.0950Dt01 

1.09 48Dt01 

1.0945DtOl 

1.0943DtOl 

1.0940DtOl 

1.0938Dt01 

1.0935Dt01 

1.0933Dt01 

1 .0930D+Ol 

1.09 27D t 0  1 

1.0925Dt01 

1 .O922Dt3 1 

1.0919Dt01 

1.0 9 17D t 9  1 

1.3914DtOl 

1.0911D+31 

1.0508D t o  1 

kLPHAP 

(1/K) 

2.1711D-05 

2.17391)-05 

2.1893D-05 

2.2048D-35 

2.220‘28-05 

2.2356D-05 

2.251 1 D-95 

2.2666D-05 

2.282 1 D-05 

2.2976D-05 

2.31 31D-35 

2.328713-05 

2.3 4 4 2D-05 

2.3598D-05 

2.3754D-05 

2.391OD-05 

2.4066D-05 

2.422313-05 

2 . 4 3  80D-05 

2. 4536D-05 

2.46 93 D-05 

2.4851 D-05 

2.5008D-05 

2 51 651)-05 

2.5323D-05 

2.5481D-05 

BETAS 

(1 /ATfl) 

U ,963713-07 

4.9 64 8D- 07  

4.9704D-07 

4.9 76OD- 07 

4.9817D-07 

4.9874D-07 

4.9Y 3 1 D-07 

4.99881)-07 

5.0 045 D- G7 

5 .O 1 OLD-07 

5.0 16 CD-07 

5.G217D-07 

5.0275D-07 

5.0333D-07 

5 .039  1 D-07 

5.0449D-07 

5.0507D-07 

5.0565D-07 

5.0624D-07 

5.0683D-07 

5.074lD-07 

5.0800D-07 

5.0859D-07 

5 .09  1 8D-07 

5.0978D-07 

5.1 03713-07 

BET AT 
( 1  /ATf l )  

5.0188D-07 

5.0202D-07 

5.0 2 76D- 07  

S. 03 5 1 D- 37 

5.0 42 7D- 37  

5.0503D-07 

5 .O 58 1D- 0 7 

5.0659D- 0 7  

5.07 37D- 07  

5.08 170- 07  

5.089 7D-07 

5.0978D-07 

5.10590-07 

5.11721)-07 

5.1225D-07 

5.1308D-07 

5.1393D-07 

5.17 78D-07 

5.1564D-07 

5.165OD-07 

5.1737D-07 

5. i a 2 5 ~ - 0 7  

5.191UD-07 

5. LO 0 3D-0 7 

5.20933-07 

5.2 18 UD-07 

4.3259Dt01 

U.3334DtOl 

4.3546DtO 1 

4.3788Dt01 

4.4028DtOl 

4.4267Dt01 

4.4505Dt01 

u.4742Dt01 

4.497tlDtO 1 

4.5213Dt01 

4.5447DtOl 

4.5680DtO 1 

9” 
10 

4.5912 D t O  1 

4.6142Dt01 

4. 6372Dt01 

4.6601Dt01 

4.6829Dt0 1 

4.7055Dt01 

4.720 1DtO 1 

4.7505Dt01 

4.772@0+01 

4.79510401 

4.8172Dt01 

4.83923tOl 

4.86 1 1DtO 1 

4. R829Dt01 
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THEKIODYNAhIC PHOPEKTTES OP SOLID U R A N I U O  D I O X I D E  

1 
8 10 

82 c 

e30 

640 

856 

e6 0 

I 870 

I 880 

89C 

900 

910 

920 

930 

940 

95c 

960 

570 

980 

990 

1000 

1010 

1020 

1030 

1040 

1050 

1060 

H - H  (298) 
(J/G) 

1.4369Dto2 

1 .4673ct02  

1.4 577Dt02 

1 .5 i81Dt02 

1.5586Dt02 

1.5891Dt02 

1.6197Dt02 

1.6504Dt02 

1.6811Dt02 

1.7118Dt02 

1.7426Dt02 

1.7734Dt02 

l . B i I 4 3 ~ t 0 2  

1. R352Dt02 

1.8662GtOi 

1.8S72Dt02 

1.9282DtG2 

1.9593Dt02 

1.9904Dt02 

2.C216Dt02 

2.052BDt02 

2.0840Dt 02 

2 . 1 1 5 3 ~ t 0 2  

2.1467DtO2 

2.178ODtOL 

2.2094Dt02 

C P  

( J / G - K )  

3.0321D-01 

3.03720-01 

3.0 423 D-0 1 

3.04730-01 

3.0 5 2 2 D- 0 1 

3.0570D-0 1 

3 .O 6 1 8D-0 1 

3.06 65D-0 1 

3 .O 7 12D-0 1 

3.07580-0 1 

3 .O 803 D-0 1 

3.084 8 D-0 1 

3.0892D-01 

3.093611-0 1 

3.0979 D-0 1 

3.1022D-01 

3.1065D-01 

3.1 107D-01 

3.1 149D-01 

3.1 1900-01 

3.1231D-01 

3.1272D- 0 1 

3.1312D-C1 

3.1 3 52 D- 0 1 

3.1 39 1 D- 0 1 

3.1 U31D-0 1 

CY 
(J/G-R) 

2.9O55D-01 

2.912OD-01 

2.9143D-01 

2.9166D-01 

2.9188D-01 

2 .9  209D-0 1 

2.9228D-0 1 

2.9247D-0 1 

2.9265D-01 

2.92820-01 

2.9298D-01 

2 .93  13D-0 1 

2.9328D-01 

2.934 1D-0 1 

L.9354D-01 

2.9366D-0 1 

2.9378D-01 

2.9388D-0 1 

2.9398D-01 

2.9 4'3 7n- 0 1 

2 .  S416D-01 

2.942UD-01 

2.9 43 1D- 61 

2.9437D-01 

2 .9  443D- 0 1 

2.9449D-01 

P 
(ATtl) 

1.3089D-30 

4. 1379 D-30 

1.1924D-29 

3.3588D-29 

9.18951)-29 

2.461 8D-28 

6.4473D-28 

1.6520D- 27 

4.1442D-27 

1.0186D-26 

2,45460-26 

5.8030D-26 

1.3468D-25 

3.0701D-25 

6 .  P 78 2D- 2 5 

1.51538-24 

3.2844D-24 

7.0073D-24 

1.4723D-23 

3 .CW79D-23 

6.21931)-23 

1.2514D-22 

2.48421)-22 

4.8667D-22 

. 9.4127D-22 

1.7YBOD-21 

RHO 
(G/CC) 

1.0828DtO1 

1.0824Dt\31 

1.0821Dt01 

1.08 18DtO 1 

1.0815DtO 1 

1.0811Dt01 

1.0808Dt01 

1.0805Dt01 

1.0801Dt01 

1.0798D+01 

1.0794Dt01 

1.0791Dt01 

l.O788D+Ol 

1 .C784Dt31 

1.0781D+31 

1.0771DtOl 

1.077UDti)l 

1 . 0 7 7 0 ~ t O l  

1.0767Dt01 

1 .0763nt01  

1.0760D+01 

1.3756Dt01 

1.0752Dt31 

1.0749Dt01 

1.0745DtOl 

1.0742Dt01 

ALPHAP 

(1 /K) 

2.9803D-05 

2.9 9 6 5D-0 5 

3.3128D-05 

3.3290 D-0 5 

3 0 453 0-05 

3.06 1 6 D-05 

3.0779D-05 

3.3 94 2 D -  05 

3.11 05D-05 

3.1269D-05 

3.1433D-05 

3. 1596D-05 

3.1760D-05 

3. 1925D-05 

3.208 9D- 05 

3.2253D-05 

3.24 1 BD-05 

3.2583 0-05 

3.2748D-05 

3.2913D-05 

3.3 078 D-05 

3.3243D-05 

3.3109D-05 

3.3574D-35 

3.3740D-05 

3.3906D-05 

B E T A S  

(1 /ATHI  

5.26  91x1- 07 

5.2760D-07 

5.2824D-07 

5.2 8871)- 07 

5.2951D- 07 

5.3016D-07 

5.3 083D-07 

5.3144D-07 

5.3209D-0'7 

5.3 274D-07 

5.3339D-07 

5.34O4D-07 

5.3 46Y D-0 7 

5.3534D-07 

5.36OOD-01 

5.3666D-07 

5.3732D-07 

5.3798D-07 

5.3 86UD-0 7 

5 .3  9 30 D- 0 7 

5.3997D-C7 

5.4063D-07 

5.4130D-07 

5 . h  197D-07 

5.  4265D-07 

5.4332D-07 

5.4917D-07 

5.50 29D- 0 7 

5.51 42D-07 

5.5L56D-07 

5.5371D- 0 7  

5 54 87D- 07 

5.560 UD- 0 7 

5.572 1 D-07 

5.5839D-07 

5.5958D-07 

5.6079D-07 

5.61990-07 

5.6 3 2 1 D-07 

5.6 4 4 4 D-0 7 

5.6 568D-0 7 

5.66 9 2D-0 7 

5.68 1 ED-07 

5.6 9 4 UD-0 7 

5 .7J7  1 D-07 

5.7 200 D- 0 7 

5.7329D-07 

5.7459D-07 

5.7 5 90 D-0 7 

5.7722D-07 

5.7 8 55D- 07 

5.7989D- 07 

5.4269Dt01 

5.4453Dt01 

5.4636Dt01 

5.4817DtOl 

5.4998DtOl 

5.5177Dt01 

5.5354 D t 0  1 

5 . 5 5 3 0 ~ t 0 1  

5.5705DtG1 

5.5879DtO 1 

5.6051 Dt01 W 
1 

c 
5.6222DtOl 

5.6392DtO 1 

5.6560Dt0 1 

5.6726DtO 1 

5.6892Dt01 

5.7056D+Ol 

5.721 9StO1 

5.7380DtO 1 

5.75UODt01 

5.7698DtOl 

5.7855DtOl 

5.801 1DtC 1 

5.8165Dt01 

5 . 8 3 1 8 ~ t O  1 

5.8469Dt01 



I 

T H F R I O D Y N A H I C  P E U P E F T I E S  OF S@LID U R k N I U f l  D I O X I D E  

1070 

1 G 8 C  

1090 

11co  

1110 

112c  

1130 

1140 

1150 

1160 

1170 

1180 

1190 

1200 

1210 

1220 

1230 

1240 

1250 

1260 

127C 

1280 

1290 

1300 

1310 

1320 

H-8 (29e)  

( J / G )  

2.24J9Dt02 

2.27240+02 

i. 3039D+02 

2.3355Dt02 

2 .  3671Dt02 

2.3987DtO2 

1.4304Dt02 

2.4621Dt02 

2.4939Dt02 

2.5257Dt02 

2.5575Dt02 

2.5894Dt02 

2.6113DtOL 

2.6532D+02 

i. 6852D+02 

L.7172Dt02 

2.7 $92 Dt02 

L. 7613 ~ 4 2  

2.81340+02 

2.8456Dt02 

2.8778Dt02 

2.9 100Dt02 

2.9423D+02 

2.9746Gt02 

3,0r)69DtC2 

3 .  J393Dt02 

CP 

( J /G-K)  

3.1 470 D-0 1 

3.1509 D-0 1 

3.1547D-0 1 

3,1585D-01 

3.1623 C - 0  1 

3.1661D-C1 

3.16991)-01 

3.1736D-01 

3.1773~1-01 

3.18 10D-C 1 

3.1847D-01 

3.1883 D-0 1 

3.1020D-01 

3.1956D-0 1 

3.1992D-01 

3.20 28 D- 0 1 

3.2064D-01 

3.2 100 D-0 1 

3.2 135 D-0 1 

3.2 17 1 D-0 1 

3.2207D-01 

?.2242D-?1 

3.2277D-01 

3.23 13D- 01 

3.2 3460- 0 1 

3,23830-01 

cv 
(J/G- K) 

2.9 453D- 01 

2.9457D-01 

2.5461D-01 

2.9 464D-01 

2.9 4 66 D- 0 1 

2.946eD-01 

2.9469D-01 

2.947CD-01 

2.947OD-01 

2.94701)-01 

2.9469D-01 

2.9468D-C 1 

2.9466D-01 

2.9464D-01 

2.9462D-01 

2.9459D-01 

2.9455D-01 

2.9451D-01 

2.9 447D-C 1 

2.9 4 42D-0 1 

2.9 437D-0 1 

2.9431D-01 

2.9425D-01 

2 , 9 4  19D-01 

2.9413D-61 

2.9 U06D- 01  

P 

(ATHI 

3.3933D-21 

6.32 90 D- 2 1 

1.1670D-20 

2.12810-20 

3.8390D- 20 

6.8526D-20 

1.2107D-79 

2.11 78 D- I9  

3.6688D-19 

6.2956D-19 

1.0704D- 1 8  

1.8036D- 18 

3.0125D- 18  

4.9888D- 1 A 

8. 1932D-18 

1.3347D- 17 

2. 1570D-17 

3.4591D-17 

5.5055D-17 

8.6982D-17 

1.3 6 U 4 D -  1 6 

2.1251D-16 

3.2873D-16 

5.0511D-16 

7.7105D-16 

1.169513-15 

B HO 

( G/CC 1 

1.0738Dt31 

1.073UDtGl 

1.0731Dt01 

1.3727DtG 1 

1.0723DtOl 

1.3719DtOl 

1.0716Dt01 

1.0712Dt01 

1.07CR D *!I 1 

1.0704Dt31 

1.0700Dt01 

1.0697D+Gl 

1 .(3693DtJl 

1.0 b89D t o 1  

1 .@685D+O1 

l.Oh81DtO 1 

1.0677DtO 1 

1.0673DtOl 

1.066YOt31 

1.0665D t0 1 

l.OC61Dt01 

1.0657DtOl 

1.0653Dt01 

1.0649Dt01 

1,0645Dt0 1 

1.064lD+01 

4LPHAP 

(1/K) 

3.40721)-05 

3. U238D-05 

3.4405D-05 

3. 4571D-05 

3 .  U739D-05 

3.4935D-05 

3.507 1 D-05 

3.5239D-G5 

3.5406D-05 

3.5573D-05 

3.5741D-05 

3.59031)-05 

3.607613-05 

3.62U4D-05 

3.641 2D-05 

3.6580D-05 

3.6749D-05 

3.691 7D-05 

3.7086D-05 

3.7255D-05 

3.7424D-95 

3.7593D-05 

3. '76 21)-05 

3.793 13-05 

3.8101D-05 

3,82701)-05 

BETAS 
(1/ATfl) 

5.4400D-07 

5.4 4 6 7D- 07 

5.45350-07 

5.4 6uD-07  

5.4671D-07 

5.4 74OD- 07 

5.4  8i)tlD- 07 

5 .  4 877D- 07 

5 .4  9 46D- 07 

5.5015D-37 

5.50RUD-07 

5.5154D-07 

5.52231)-07 

5.5293D-07 

5.5363 D-07 

5.5433D-07 

5.5503D-07 

5.55 74D-0 7 

5.5645D-07 

5.5715D-07 

5.5786D-07 

5.5858D-07 

5.5929D-07 

5.0001D-07 

5 .60  72 D-07 

5.6144D-07 

BETAT 
(1 /AT.'I) 

5.8 1 LQD-07 

5. P 2 60D-07 

5.8397D- 07  

5.8535D- 07  

5. A6 740- 0 7 

5.88 1 4D- 0 7  

5.89540- 07  

5.9096D-07 

5.9239D-07 

5.9383D-07 

5.9 5 2 8D- 57 

5.96 7UD-97 

5.982 1 D-07 

5.99690-0 7 

6.01180-07 

6.02 6 8 D-0 7 

6.0420D-07 

6.05721)-07 

6.0 7 25D-07 

6.0880D-07 

6.1035D-07 

6.11 92D-07 

6 . 1 3 4 9 ~ - 0 7  

6.1508D-07 

6.1668D-07 

6.1829D-07 

GAHlAV 
(AT!l/R) 

5.B619Dt01 

5.8768Dt0 1 

5.R915Dt01 

5 .  YO6 1 D t O  1 

5.9205Dt01 

5.9348Dt01 

5.9489DtOl 

5.9629Dt01 

5.9767Dt01 

5.9904Dt01 

6.C04CDt01 

6.01 74 D t O  1 Ln 

6.0307DtOl 

6.0438Dt01 

6.O568Dt3 1 

6.0696Dt01 

9" 

6.0823DtOl 

6.0948DtO 1 

6.1072Dt01 

6 . 1  194DtO 1 

6.1315Dt01 

6.1434Dt0 1 

6.1552DtOl 

6.  1669Dt01 

6. 1784Dt01 

6. 1897Dt01 



to raLtrEtr -9 

1 o+ a69t 11 9 

LOtat61 b '9 

t otat t t v.9 

tO+(IOEGh '9 

LOta8h6E '9 

LOtml98 E '3 

Lota6fLE '9 

LOtaE69E '9 

totaso9~-9 

t otag LSE '9 

to tag zt~~ a 3 

totatrfEE-9 
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I 
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so-acoot ah 
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so-aee n0-c 

so-aL LEO 'h 

sc-ash LO'h 

SO-(ltr L 66 E 

so-ai 086-i 

SO-a2E 96 't 

so-az9h6'c 

SO-a 1 62 6 'E 

sc-a 121 6 'E 

so-aus6e*~ 

so-aoQLa 

so-a o i 96'~ 

so-aottia 'E 

(w/t) 
dVHdlV 

to-ae~t6.z 

~o-a9a16*z 

to -at76 16 *z 

t o-a2026*z 

io-attz6*z 

i 0-a6 176 *z 

t o-a~czet*z 
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THEhHODYNAfl IC  PROPERTIES OF SOLID U R A N I U M  D I O X I D E  

1850 

1860 

1 870 

1880 

189C 

1900 

1910 

192G 

1930 

1940 

1 5 5 0  

1960 

1970 

1980 

1990 

200c 

2510 

2c2c  

2C30 

2340 

2C5C 

2060 

2070 

2080 

2090 

2 130 

4.8132Dt02 

4.8482Dt02 

4.8833DtOL 

4 . 9  185Dt02 

4.9537DtO2 

4.9891Dt02 

5.0245Dt02 

5.0601Dt02 

5.0957Dt02 

5.1315Dt02 

5.1674Dt02 

5.2034Dt02 

5.2395Dt02 

5.2757Dt02 

5 .3  120Dt02 

5.3485Dt02 

5.3 851 D t  02 

5.4219DtO2 

5.4587D t o 2  

5.4958Dt02 

5.533ODt02 

5.57O3OtC2 

5.6078Dt02 

E.  6455DtC2 

5.6833Dt02 

5.7213DtCZ 

3.495@ D-0 1 

3.5035D-0 1 

3.5 122D-0 1 

3.52 12D-0 1 

3.5 3C 5D-0 1 

3.5401D-01 

3.55COD-01 

3 -5602D-01 

3.5707D-01 

3.5E15D-01 

3.5027D-01 

3.6043D-01 

3.6 162D-0 1 

3.62851)-01 

3.6 4 12 D-0 1 

3.6543 D-0 1 

3.6678 D-0 1 

3.6 8 17D-0 1 

3.6960 D-0 1 

3.7 106 D-0 1 

3.7261D-01 

3.7419D-01 

3.7581 D-01 

3.7748D-01 

3.792 1D-01 

3.8098D-0 1 

7.2 066 D- 09 

8.8847D-09 

1.0429D-08 

1.3414D-GB 

1.6429D-C8 

2. C079D-08 

2.4 4 871)-C8 

2.98G2D-08 
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4 .38 76 D - U B  

5.3079D-08 

6.4088D-C8 
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2.2 759 D- C7 
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1.0387DtGl 
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1.0361Dt01 

1.0356DtOl 

1.0351Dt01 

1 ,0346Dt01 

1.0341Dt31 

1 .O336D+01 

1.0331DtOl 

1.0326Dt01 

1.032CDt01 

1.0315Dt01 

1.031GDt01 
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1.0284DtOl 

1.0278Dt01 

1.0273DtOl 

4.7448D-05 
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4.81 551)-05 
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4.92 1 ED-05 
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4.9530D-05 

5.0 1 OBD-05 

5.02 86D-05 

5.046UD-05 

5.O643D- 35 

5.08219-05 

5.1000D-05 

5.11 791)-05 

5.13580-05 

5.1537~1-05 

5.1 7 1 6 D - 0 5  

5.18?5D-!l5 

m 
I 

CQ 



B
- 9

 

x
 

-
I
 

b
e
 

0
 

+
I 

a
 

n
 

E
 

D
 

6.4 2
 

d
 

a
 
0
 

n
 

H
 

-1
 
0
 

10 

n
4
 

0
 

v
)
 

w
 

H
 

€
4

 

p
i 

w
 

I& 3
 

m
 

b
 

V
 

H
 

x: 
U

 

In
 

0
 

I
 

f
 

P
 

0
 

N
 

m
 

n
 

c
 

0
 

+
 

Q
)
 

W
 

N
 
0
 

n
 

c
 

I-
 
O
 

I
 

0
 

m
 

I-
 

@
 

n
 

m
 

In
 
0
 

I 
n
 

m
 

L
n
 

N
 

N
 

lr
, 

e
 

0
 

+
 

N
 

W
 

N
 
0
 

n
 

c
 

a
 
0
 

I 

W
 

W
 

N
 
0
 

n
 

c
 

In
 

0
 

I
 

m
 

m
 

J
 

N
 

L
n
 

n
 

c
 

n
 

+
 

P
 

m
 

N
 
0
 

n
 

c
 

W
 
0
 

I 
n
 

e
 
3
 

0
 

N
 

c
 

In
 

0
 

I
 
0
 

0
 

F
 

\o
 

N
 

In
 

c
 
0
 

+
 

N
 

In
 

N
 

0
 

n
 

r
 

W
 
0
 

I 

m
 
0
 

t
 

n
 

c
 

- 

L
n
 
0
 

I
 

9
 

N
 

m
 

r
 

N
 

m
 

r
 

0
 

+
 

W
 
3
 

N
 

0
 

n
 

- W
 
0
 

I 
n
 

m
 

m
 

f
 

W
 

F
 

In
 
0
 

I 
9
 

N
 

P
 

m
 

N
 

L
n
 

P
 

c
)
 

+
 

n
 

c
 

3
 

N
 

0
 

- W
 

0
 

I 

0
 

W
 

N
 

n
 

m
 
c
 

L
n
 

0
 

I 

N
 

m
 

n
 

c
 

P
- 

m
 

- +
 

In
 

m
 

N
 
0
 

n
 

c
 

W
 
0
 

I
 

0
 

W
 

f
 

N
 

N
 

n
 

In
 
0
 

I 

N
 

C
I 

m
 

n
 

m
 

L
n
 

r
 

0
 

+
 

0
 

m
 

N
 

0
 

n
 

c
 

\o
 

0
 

I 

f
 

In
 

W
 

N
 

n
 

c
 

In
 
0
 

I 

r
y

 

L
n
 

m
 

m
 

n
 

v- c
 

0
 

+
 

f
 

c
y
 

c
y
 

.¶ n
 

e
 

s, 
0
 

I
 

f
 

* 
0
 

m
 

n
 

r
 

m
 
0
 

I
 

N
 

Q
 

n
 

m
 

m
 

m
 

- 0 +
 

n
 

m
 
e
 

N
 
0
 

c
 

W
 
0
 

I
 

9
 

m
 

m
 

m
 

n
 

?
 

m
 

0
 

I
 

m
 

P
 

(
”
 

In
 

n
 

m
 

c
 
0
 

+
 

m
 

N
 
0
 

n
 

e
 

.-. 

W
 
0
 

I 
G
 

P
 

m
 

0
 

J
 

m
 

m
 
0
 

I 

m
 

L
P

 
0
 

3
 

LT, 

n
 

c
 

0
 

+
 

n
 

m
 
0
 

N
 

0
 

c
 

w
 
0
 

I
 

rD
 

m
 

J
 

I-
 

f
 

n
 

L
n
 
0
 

I
 

f
 

m
 

N
 

J
 

In
 

n
 

c
 

0
 

+
 

N
 
0
 

N
 

n
 

9
 

r
 

W
 
0
 

I 

W
 

W
 

t
 

L
n
 

n
 

m
 

L
n
 

0
 

I 

3
 

3
 

=
?
 

L
n
 

n
 

c
 

e
 
0
 

+
 

I-
 

n
 

m
 
c
 
0
 

c
 

W
 

0
 

I 

I- 
I-
 

m
 

n
 

m
 

W
 

m
 

0
 

I 
0
 

m
 

L
o
 

f
 

L
n
 

m
 

- n + n
 

m
 

?
 

- 0 c W
 

C
’ I 
n
 

r
 

c
 

m
 

f
-
 

m
 

0
 

I 

Q
 

I-
 

r- 3
 

L
n
 

n
 

c
 
0
 

+
 

W
 

OD 

0
 

n
 

c
 

- W
 
G
 

I 
n
 

r
 

3
 

N
 

J
 

m
 

In
 
0
 

I
 

r- 
m
 

f
 

L
n
 

n
 

m
 

- 0 + 3
 

m
 

0
 

n
 

c
 

c
 

ul 
0
 

I 

0
 

3
 

W
 

n
 

m
 

m
 

In
 

0
 

I 

m
 

n
 

m
 

7
 

m
 

rT
. 

c
 

0
 

+
 

ci t
 

P
 

0
 

c
 

F
 

In
 
0
 

I
 

N
 

f
 

n
 

e
 

c
 

- 

L
n
 
0
 

I
 

J
 

f
 
0
 

W
 

L
n
 

n
 

v- 

0
 

+
 

W
 

f
 

0
 

n
 

P
 

c
 

m
 
0
 

I 
n
 

a
 

m
 
3
 

c
 

N
 

0
 

-
3
 

1 

W
 

N
 

N
 

W
 

u
l
 

n
 

c
 

0
 

4. 

n
 

c
 

=
?
 

0
 

c
 

r
 

L
n
 
0
 

1 
0
 

W
 
3
 

0
 

In
 

N
 

m
 
0
 

I 
0

 

m
 
c
 

m
 

!n
 

In
 

e
 

0
 

+
 

n
 

m
 

rD
 

0
 

r
 

7
 

m
 
0
 

I
 
9
 

0
 

P
 

N
 

m
 

- 

In
 
0
 

I
 

0
 

0
 

In
 

!n
 

m
 n
 

c
 

P
 

+
 

m
 
0
 

3
 

n
 

?
 

7
 

m
 
0
 

I 

=
?
 

Q
 

*
o
 

3
 

n
 

- 

L
n
 
0
 

I 
n
 

- a; W m L
n
 

r
 

0
 

+
 

9
 

m
 

0
 

n
 

c
 

c
 

u
l
 
0
 

I 
n
 

- Q
. 

P
 

a
 
c
 

m
 
3
 

I 

m
 

Lo 
(
0
 

L
1

 

m
 

a
 

c
 
0
 

+
 
e
 

N
 

m
 

0
 

c
 

c
 

m
 
0
 

I
 

0
 

N
 

n
 

- m
 
e
 

L
n

 
0
 

I
 

9
 

W
 
0
 

3
 

a
 

m
 

r
 

0
 

+
 

m
 

m
 

0
 

n
 

c
 

e
 

In
 

0
 

I 

3
 

L
n
 

UI 
W

 

N
 

n
 

m
 
0
 

I
 

h
 

m
 

L
n

 
W

 

L
n
 

n
 

c
 
0
 

+
 

n
 

m
 

N
 

0
 

r
 

7
 

!n
 
0
 

I
 

S
 

u
l
 

n
 

- rv
 

m
 

z
 

PI 
a
 
0
 

5
 
a
 

w
 

f
i
 
a
 

c
 

c
 
c
 
0
 

I
 

0
 

I
-
 

0
 

c
 

m
 

m
 

c
 

0
 

I
 

P
 

0
 

m
 

c
 

m
 

m
 

c
 

0
 

I 
0

 

W
 

N
 

m
 

m
 

r
 

c
 

0
 

I 

- n 
c
 

0
 

I 
n
 

m
 

m
 

f
 

9
 

=
?
 

c
 

C
 
e
 

0
 

I 

0
 

m
 

m
 

n
 

9
 

r
 

0
 

F
 

0
 

1 

0
 

I-
 

n
 

r
 
c
 

f
 

c
 

0
 

* 
c
 
0
 

.- 
0
 

r
 

0
 

c
 

0
 

r
 

a
 

r
 

0
 

- 0 I 3
 

N
 
0
 

n
 

‘? 

c
 

0
 

I 

L
n
 
a
 

m
 
c
 

9
 

0
 

I 

W
 

N
 

co 

m
 

n
 

c
 

0
 

I 

f
 

W
 

\o
 

n
 

m
 

m
 

&
 

I
 

L
n
 

W
 

W
 

m
 

n
 

0
 

I 

m
 

(
0
 

N
 

n
 

01 

I 

W
 

n
 

- 
I
 

W
 

m
 

W
 

N
 

f
 

n
 

I
 

n
 

c
 

r
-
 

m
 

N
 

iT
 

I 

m
 

O
I 

m
 

f
 

n
 

m
 

I 

3
 

0
 

m
 

=
?
 

f
 

n
 

!
i
 

m
 

N
. 

In
 
0
 

0
 

f
 

L
n
 

In
 

m
 

m
 

m
 

W
 

0
 

f
 

N
 
c
 

a
 

m
 

N
 

=
r 

m
 

m
 

m
 

f
 

J
 

rv 

n
 

m
 

0
 

+
 

m
 

u
,
 

r
-
 

m
 

N
 

0
 

1u 
0
 

*
 

ry
 

0
 

+
 

n
 

N
 
0
 

+
 

P
 

c
y
 

n
 

m
 

m
 

U
I
 

N
 

0
 

N
 
0
 

(V
 

0
 

+
 

0
 

J
 

rn
 

N
 

\o
 

n
 

N
 

2
 

N
 

0
 

O
 

S
 

U
J
 

m
 

W
 

+
 

r
 

N
 

0
 

+
 

n
 

0
 

W
 

In
 

m
 

N
 

V
 

N
 

0
 

+ 
I-
 

n
 

c
y
 

0
 

+
 

In
 

n
 

N
 
0
 

N
 

0
 

+
 

N
 

0
 

+
 

+
 

m
 

I- n
 

+
 

W
 

N
 

L
n
 

n
 

+
 

n
 

m
 

m
 

m
 

+
 

n
 

m
 

P
 

In
 

W
 

n
 

J
 

W
 

t-l 

W
 

n
 

c
 

m
 

I-
 

N
 

W
 

N
 

m
 

I- 
f
 

W
 

L
)
 

9
 

I
-
 

N
 

m
 

ro
 

f
 

W
 

W
 

F
 

b
. 

I-
 

W
 

u
l 

0
 

W
 

r
 

W
 

m
 

W
 

I- W
 

Y
I

 
W

 
W

 
W

 
ul 

0
 

c
 

e
 

N
 

0
 

CU 

c
 

N
 

0
 

m
 

N
 

- 
0
 

J
 

C
Y 

c
 

0
 

m
 

n
l 

c
 

u
 

W
 

N
 

c
 

O
 

r
 
c
 

N
 

0
 

W
 

(
V

 

c
 

0
 

m
 

ru
 

c
 

0
 
0
 

N
 

N
 

V
 

:v
 

N
 

- 
0
 

-4 C
Y 

?4 

0
 

m
 

-4 N
 

0
 
3
 

Y
 

N
 

0
 

I
n

 
-4 N

 

0
 

r
D
 

N
 

N
 

0
 

f
-
 

r
y

 
N

 

0
 

W
 

N
 

N
 

0
 

N
 

N
 

m
 
0
 

0
 

m
 

N
 

0
 

m
 

N
 

- 
0
 

J
 

m
 

0
 

N
 

r
r
)
 

N
 

0
 

m
 

m
 

N
 

0
 

In
 

m
 

0
 

W
 

m
 

N
 

N
 

N
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THERMODYNAMIC P R O P E H T I E S  OF SOLID U R A N I U M  D I O X I D E  
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6.186OD-01 

6.1860 D-0 1 

6.1860D-0 1 

6.18600-01 

6.18 6GD-0 1 

6.186OD-01 

6.186GD- C 1 

6.186CD-0 1 

6.1860D- 0 1 

6.18600-0 1 

8.7718D-03 

9 .S590D-03 

1.0411D-02 

1.1332D-02 

1.2327D-02 

1.3402D-02 

1.4563 D-02 

1.5815D-02 

1.7 1 66 D-02 

1.862lD-02 

2. o 1 a 9 ~ -  0 2  

2.1878D-02 

2.3694D-G2 

2.5C48D-02 

2.7749 D- 02 

3.0006D-02 

3.2430D-C2 

3.5C32D-02 

3.7824D-02 

4.0819D-02 

4.4028D-02 

4.74 66D-02 

5.1149D-02 

5.50911)-02 

R H O  

(G/CC) 

9.8043Dt33 

9.7978DtOO 

9.7912Dt00 

9.7847Dt00 

9.778lDtOI) 

9.7715Dt00 

9.7649DtGO 

9.7583DtOO 

9.75170+90 

9.7451Dt50 

9.73 84D t o 0  
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T H E F f l O D X N A I I C  P R O P E R T I E S  OF LJQUID U R A N I U f l  D I O X I D E  

3380 1.5247Dt03 4.P495D-Gl 3.9728D-01 2.55200-Gl 1.8895DtO3 8.5352Dt00 1.0405D-34 4.0738D-06 4.9728D-06 2.0924DtOl 

339C 1.5295DtO3 4.8495D-01 3.9760D-01 2.6923D-01 1.887RDt03 8.4062Dt00 1.0402D-04 4.1058D-06 5.0078D-06 2.0771DtOl 

3405 1.5344DtU3 4.8495D-C1 3.97920-01 2.8393D-01 

3410 1 . 5 3 9 2 ~ 0 3  U.8495D-01 3.962OD-91 L.9933D-01 

3420 1.544lDtG3 4.6495D-Gl 3.9848D-01 3.1545D-01 

343C 1 .5489DtO3 4.8495D-91 3.9676D-01 3.3232D-01 

3 4 4 0  1.5537DtC3 4.8495D-01 3.9904G-31 3.4996D-01 

345C 1 .5506D+O3 4.8495D-01 3.9931D-01 3.6842D-01 

1.8861DtO3 8.4872Dt03 1.3398D-'34 4.1381D-06 5.0431D-06 2.0618DtCl 
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1.8791Dt03 8 .45120+00 1.0384D-04 4.2592D-06 5.1762D-06 2.0060Dt01 

1.8774DtG3 8.4422DtI)O 1.0380D-04 4.2899D-06 5.2399D-06 1.9924DtOl 
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3490 1.578CDtG3 4.8495D-01 4.OCUCD-01 4.5097D-01 1 .d7C4DtO3 8.4063DtOO 1.0366D-09 4.4140D-06 5.3461D-06 1.9389DtOl 
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THERtlODYNAUIC PROPERTIES OF L I Q U I D  UFANIOH D I O K I D E  

4680 2.1551DtO3 4.@495D-O1 4.2673D-Cl 3.0229DtCl 1.6638Dt03 7.3369DtOO 9.9564D-05 9. h837D-06 1.1005D-05 9.0473Dt03 

4690 2.1599DtC3 4nP495D-01 4.2692D-01 3nG98LDt01 1.6620Dt03 7.3279Dt00 9.Q531D-05 9.7465D-Ob 1.1071D-05 8.9901Dt00 

4730 2.1648D+03 4.8495D-01 4.2711D-01 3.1749DtOl 1.6603Dt03 7.3189DtOO 9.949dD-05 9.8097D-06 1.1138D-05 t3.9332Dt7'1 

471C 2.1696DtC3 4.8495D-01 4.2731D-01 3.2532DtOl 1.6586Dt03 7.3399Dt30 9.9465D-05 9.8734D-06 1.1235D-05 8.8766Dt03 

4720 Z.1745DtC3 4.eUS5D-01 4.2750D-01 3.3329DtCl 1.6568Dt03 7.3309Dt00 9.9432D-95 9.9375D-06 1.1273D-05 8.8204Dt00 

4730 2.1793Dt03 7.84951)-31 4.276913-01 3.4142DtCl 1.6551Dt03 7.2920Dt00 9.9399D-05 1.0002D-05 1.1341D-05 8.7644DtOO 

4740 2.1842DtC3 4.@495D-C1 4.2788D-01 3.497CDt01 1.653bDt03 7.283ODt00 9.9366D-35 1.0067D-05 1.1410D-05 A .  7088Dt00 

4750 2.1890Dt03 4.8495D-'?l 4.2807D-Cl 3.5814DtCl 1.6516Dt03 7.2740DtOO 9.9333D-05 1.0133D-05 1. 1479D-35 R.6535Dt00 

4753 2.1939Dt03 U.Ra55D-01 4.2826D-01 3.6673Dt01 1.6449Dt03 7.255ODtOO 9.9300D-05 1.01991)-05 1.15480-05 A.5085DtG3 

~ 7 7 0  2 .19870 t03  9.84950-01 4.2845D-C1 3.7548D+01 1.6481Dt03 7.2565Dt00 9.Q.267D-05 1.0265D-05 1.1619D-05 8.5439DtOJ 

4780 2.2036Dt03 4.8495D-01 4.2864D-01 3.84UODt01 1.6464Dt03 7.2470Dt00 9.9234D-05 1.0332D-05 1.1689D-05 8.4895DtO0 

4790 2.2004D+C3 4.8495D-01 4.2884D-01 3.9347Dt01 1.6447Dt03 7.238ODt00 9.92023-05 1.0399D-05 1.17600-35 8.4354D400 

4800 2.2133CtC3 U.@495D-01 4.2903D-01 4.0272Dt01 1.6429DtO3 7.2291Dt00 9.9169D-05 1.0467D-05 1.  1832D-05 8.3817Dt00 

4810 2.2181D+03 4.8495D-01 4.2922D-01 4.1213Dt01 1.6412Dt03 7.2201Dt30 9.913693-05 1.05368-05 1.190UD-05 8.32R2Dt00 

4 8 2 0  2.223CCt03 4.8495D-01 4.2941D-01 4.2171Dt(rl 1.6395Dt03 7.2111Dt00 9.9103D-05 1.0605D-05 1.1976D-05 8.2750Dt03 

4830 2.2278DtG3 4 E495D-01 4 ,29601~-01  4.3146DtO 1 1.6377DtC3 7.202 1Dt00 9.9071D-35 1.067UD-05 1.20'4 9D-05 8.222 1 D t O O  

4840 2.2327DtC3 4.E495D-01 4.2978D-01 4.4138Dt01 1.636ODtC3 7.1931DtOO 9.90380-05 1.0744D-05 1.2123D-OS 0.1695DtOO 

4850 2.2375Dt03 4.E495D-01 4.2997D-GI 4.5148DtOl 1.634iDt.03 7.1841Dt00 9.9005D-05 1.08141)-05 1.2197D-05 8.1172Dt00 

4 6 6 0  2.2424Dt03 4.8055D-51 4.3016D-01 4.6176DtGl 1.63L5DtOJ 7.175 1DtOO 9.8973D-05 1.0885D-05 1.2272D-05 8.0652Dt00 

0 8 7 0  2.2472D+03 4.@495D-C1 4.3035D-i)l 4.7L21DtCl 1.6308Dt33 7.1661Dt30 9.8940D-05 1,09570-05 1.23471)-05 9.0135DtOr) 

41380 2.25LlD+@3 4.8495D-Gl 4.3354D-01 4.62@5D+Cl 1.629GDt03 7. 1572Dt00 9.8907D-JS l.lOL9D-05 1.2422D-05 7.962CDt00 

4890 2.2569Dt03 4.E495D-Gl 4.3073D-01 4.9366DtCl 1.6273Dt03 7.1482Dt00 9.8875D-05 1.1101D-1)5 1.2499D-05 7.9109Dt00 

4990 2.2618DtC3 4.8495D-01 4.3L92D-01 5.G4h7DtGl 1.6256DiO3 7.1392Dt00 9.8842D-55 1,11740-05 1.2575D-05 7.860CDtCO 

4910 2.2666DtG3 4.@495D-01 4 . 3 1 1 1 D - C 1  S.1566Dt01 1.6238Dt03 7.13020tOO 9.8810D-35 1.1248D-05 1.265JD-05 7.6C9'tDtCO 

49.20 2.2715Dt07 4.8495D-51 4.3129D-01 5.2724DtGl 1 .6221Pt93  7.1212Dt00 0.8777D-35 1,1322D-05 1.2731D-35 7.759CD+OO 

4930 2.2763Dt03 a.8455D-Cl 4.3148D-Gl 5.3861DtCl 1.6204Dt03 7. 1122DtOl 9.87450-05 1,1397D-05 1.2809D-05 7.709OD+OO 
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