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Abstract

Mechanism and variable affecting on the thermal conductivity of UOs
are studied and published experimental data relating to the thermal
conductivity of UOg, UOgz+x and mixed (U, Pu) oxides are reviewed and
recommendation put forward for the thermal conductivity of these
materials.

Heat in UQO: 1is transferred by phonon and heat transfer rate is
decreased with increasing temperature in the low temperature region.
However, heat in UO; is transferred by polaron and heat transfer rate is
increased with increasing temperature in the high temperature region.

The model of the thermal conductivity of UQOs consists of hyperbolic

term by phonon and exponential term by polaron as follow:

k= G + Cs e(cte
C,+Ct+Cit2 1

where t = T/1000.
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Constants used in the thermal conductivity correlation
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2}. Ainscough [17]

k=9.851 —8.803x10 ~* T+ 3.301x10 ~57°2 —3.727x10 173

v}, Killeen [23]

(_ Lo7)
k=(0.0375+2.165*%10"*7) ! +3.861*10 3 7&\ *sT) 9
v, MATPRO model [20]

= 1 —— + 1.420% 10 %! %0710 10

0.04378 4 2.294% 10~ * T

A} Fink et al. [38]

For T < 2670 K
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For T > 2670 K
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2. Irradiated UQO; o] 944 %
Quron wAY UOZ dne BAEEE 0 Wse 9B Wit

- solid fission products - dissolved and precipitated
- pores and fission—-gas bubbles

- deviation from stoichiometry

- radiation damage

- circumferential cracks

o] 7] A
K, : unirradiated UO2 ¥ A==

[(1(1 (5 ) . the effect of the dissolved fission products
](1], . the effect of precipitated solid fission products

[(210 : the modified Maxwell factor for the effect of the pore and

fission—-gas bubbles

st = 1 : no deviation from stoichiometry under NOC

[Qr . the effect of radiation damage

7}. Olander model[50]

Olanderdl] 9] s}

o] o, O
& 42 fual

ol

M ionic solid®] A%+ phononl & TAE AR AZsIaL
o
AR

o},

H,
1+ (o)
K=o _dt 13
B A+ BT

H., : Energy expended in forming the equilibrium number of point defects
at temperature T, (in Joules)

Cw : Constant value of the heat capacity at temperature below 2100 K
(Joules/K)



T : Temperature, A=10.8 cm-deg/W, B=0.022cm/W for fully dense UOx.

1}. Lucuta model (FRAPCON code°l A ©]-8)[35]
FRAPCON codeol| A 2F3} S8t <9 A =%+ Lucuta modelS A3t
K=K, FD. FP. FM. FR

FD : Effect of dissolved fission products
FP @ Effect of precipitation fission product
FM : Effect of porosity

FR : Effect of radiation

o] 7] A
Ky : Conductivity of unirradiated urania(W,/m-K)

1 Crogmt 14

KA=oTar T T

o1 714 C; = 0.0375, Cy =2.165+10° , C3 =4.715+10" ,C4 =16361
1) FD : Effect of dissolved fission products

1 G 1

D= ——— + /T arctan 15
3.265

BC VB 1 G p

303.205 \/B

Ci = 1.09 , C2 = 00643 , B : the burnup in atoms %, T: K

2) FP : Effect of precipitation fission products

G5 1 16

G-GEB 1+exp — -G
@

FP=1+

o714 Ci = 0019 C; = 3, Cs =1200, Cs4 =100



3) FM : Effect of porosity

1-P

=15 =10p

17

P : the porosity, s : the shape factor (it is 1.5 for spherical pores)
4) FR : Effect of radiation

G

FR= 18

G

G

1+exp

Cr =02 ,C2 =900, C3 =80, T in K

}. Harding and Martin‘s model[28]

o] 52 Washington[19], Brant and Neuer[22], Ainscough[17 ] %
Killeen[23]12]1 & 7122 &} poreE *33}o modelings 3+ Aolt}.

"f:"fo(lfpl)(l*PQ*P3)2'5(1*P4*P5)3'5 19

.
I

= large spherical pores (greater than 5um)

)
©3
|

= small spherical manufacturing pores(less than 5um)

P3 = small spherical intragranular gas bubbles or pores

.
Il

lenticular grain face bubbles or pores

ase] 49

)

SRR

et 2.

rlo

9 J—
k= (0.0375 +2.165x 10 *) '+ 4~715sz 107 o (10361

371 k= Wm 'K~' T : K, % uncertainty = -3.9 + 0.0061 T



H
j=
o EHEY B%E VTo

1) Schulz equation

- Closed porosity

K=Fky(1— P)X
_1- cos’a n cos’a 21
X=T1—F °F
- Open porosity
B B 2(1—cos’a) |, cos’a — s
(1=P)(ry—£)( . + - )= P(2—cos’a) 22
0
2) Loeb equation
k= ky(l —aP) 23

a = 25 for fractional porosity values less than 0.1

3) Maxwell-Eucken equation

1-P

K=RT 1P 24
B=py+ 56T

By = 65 B, = -0.00649 for MATPRO

B8 = 2 for fractional porosity values higher than 0.1

4) Harding equation
k= ky(1—P)*? 25
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- 1 411.2 (—@)
k= 05T+ 3350 + (0.206—0.650¢ T 2 © : 28

o] 714 x& deviation from stoichiometryE et}

U029l ElolE & yerd Zelth xo 5
Eftom, 21 Aol A2 A =LA
01 = ASE YEigy. 29 32 xol
o Aoz md & & Atk

I L

k =6.54 — 97.12x + 576.459x* at213K
k =4.866 — 58.096x + 320.295x 2 at50 K
k=3.104 — 25.354x + 133.184x 2 atl000 K
k=2.211 —13.893x + 80.007x% at1500K
k=1.963 — 10.480x + 65.816x% at1S00K

o] 714 x= deviation from stoichiometryE e}l T}

. MOX(3-15% Pu)e] dAE: »d

MOX<e] dA =% UO: 9} 7ol 2% 9o Z7kl uwhel 2000 K7FAl #H4stthrt 21 o] A
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v}, SIMFUEL® dAx: 4

SIMFUEL®] dd=%ke] #sr= 1773 K ©]ste] 2=l A Lucutal36]7F #1A] &

REe B AP E FAd &

- 3 at% burnup

1
=—————— , T<1773 K 30
k="0.1362+0.212¢ -
- 8 at% burnup
1
=0, I<I773 K 31
k= 0.1858+0.205¢
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Fig. 1. Thermal conductivity of UOy
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1. U0, #dme dd:= 7|79

o=}
=
U0, dds, (U, PO, ¥ B AMESdAg e AR #3 A5ES F

& Bl g A e mae A s,

2. U0, 5o dde 79w AolA Eimol o dddo] ofFojAH of=

27t S7MESE = A = A7
A A &= polarondl 2|8 AAddo] Frlsle] AT F7H8te

o},

3. U0, ddse] dAxe Bde ¥i=o o dxe-S e hyperbolic %
3o

3} polaron®] 23 exponential & o2 thS¥ o] LERA 4= glom 7}

9
o gk A e Eoll JERTh

k= I
CHCpt+Ct 2 ¢
o714 t = T/1000& YEFACH

Table 1. Constants used in the thermal conductivity correlation

Const. | U0, | UOwy | UOuss | UOwusi | MOX(3-15% Pw | SIMFUEL
temp. | < 3100 < 1773 < 3100

G 115.8 1 1 1 1.1579 302.27

C 75408 | 0.1022 0.2031 0.3669 2.85x+0.035 Cy'=Cx(1+0.011B)

Cs 0.0177 | 0233x10° | 022x10° | 0156x10° | (-7.15x+2.86)x10"" 8.741 X 10’
Cx10° | 36142 0 0 0 0 548 68
Csx10" | 2.3434 0 0 0 2.3434 18531.1

Cs -16350 0 0 0 -16350
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B2 148 dane dAEE A% B4
Researcher Material Method Temp. K Remark
Russel
1 i - BMI-1324
(1959) U002 review 563 T 673 MI-13
Russel
2 i 23 7 12 BMI-144
(1959) U002 review 323 73 M 8
R |
3 (lugzsoe) uo; review | 473 ~ 1673 | BMI-1489
May
4 Uo 273 7 1473 | AECL-1641
(1962) ’
Robertson
5 UO2-Y20: 623 ~ 3073
(1962) e
Comparison of
Daniel icl
6 anie U0, 373 ~ 1673 Compacted particles,
(1963) Poly crystal and
Single crystal
Godfrey N The slope of 1/x-T
7 Uo heat fl 216 ~ 1373
(1964) : il is 0.0223 cm/W
IAEA Up to 1300T
8| TR. No59 VOzand |t flow | 273 ~ 1573 |k = 1
- N0 irradiated UOy | C0r WOV 5.33+0.02357
(1965) .
T:T
MacEvan
9 Uo 273 ~ 1773
(1965) ’
Torazi
10 (1965) UO2 and AlOs | heat flow K = Kphonon + Kphoton
T
Lyons Decided / kdt
11 Uo 273 ~ 2773
(1966) ’ ’
with temp.
Coplin - / _Q
12 Uo 273 ~ 2993 kdt = =5 DA M
(1967) ’ 7, A
Bail k =0.0110 +
13 ( 1316% (0.2 Pu-0.8U) 1
7(0.4848 —0.4465D)
UO197-UO201 1673 K7M A& &, 1
Hetzler - - -
14 (1967) (0.2Pu-0.8U)1 08 107372173 [o]Fell A= 0.02
(0.2Pu-0.8U)205 W/em 2 94H
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Researcher Material Method Temp. K Remark
Macewan - activation energy
15 ThO 300 ~ 1200
(1969) ’ 3.5540.2 eV
Schmidt heat-
16 0.2 Pu-0.8U 1073~ 2473
(1970) ( " ) flux
Al h RAA A, Ao 4
17 inscoug U0, - - 1A, A - | A
(1972) Hl w3z A
Goldsmith laser- _ mean—phonon
18 (1972) Uuo flash 670 ~ 1270 |scattering
7 as = 63 * 10 “n
AB.G.
19 Uuo - - -
Washington E
Ronchi 24 < X(Tm) <35
20 Uuo 2500 ~
(1974) ’ W/m K
21 MATPRO UO; CODE - 24 #4H 32=
2 Brant Uo del
mode -
(1976) ’
Killeen referenced by Martin
23 UO, model - in J. Nucl. Mater
(1930) 110(1982) 73
Fukushima
24 U,Y)O 4 700 ~ 2000
(1981) U0,
Fukushima
25 U,Gd)O " 700 ~ 2000
(1981) (UGA)0.
Fink
26 (1551;811) UoO, review ~ 6000
Fukushima (U,R)O2
27 . ” 700 ~ 2000
(1982) R=Nd, Sm, Eu
Marti
28 (13;21;1 UO,, (UPu): review
99 Schimit Irrediated - longitudinal Am, Pu, Cm, Np
(1983) UO: flow o] 93
Harding
30 Uo 773 T 3120
(1989) ’
Hall radial
1 UQO2 sphere- 376 ~ 1173
5 (1990) 2 SPACTETRAC |y eat flow
Dri A= (qg7 + CT%a
32 Hipponneat (U, PwOs « " A=1528 /7 + 0.00931
(1992) -0.1055+0.44mW 'K

B=2.89+10" mW '
C=76.4%10 ""mw 'K *
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Researcher Material Method Temp. K Remark
Lucuta UO2:x coulometric
33 873 T 1500
(1993) SIMFUEL titration
Lucuta review
34 Uo
(1994) ’ modeling
Bakker _
35 (1995) UO: fuel rod FEM pore?| o &AL
DSCZ  enthalpy
Lucuta Uuo -
36 DSC 673 71673 |SA%E
(1995) SIMFUEL °er
Al Ak
Lucuta review
37 SIMFUEL
(1996) modelling
Fink
38 (1;;;7) U003, UOq« review -
Hyland
39 18[0) 2000 ~ 3120
(1998) ’
L —
40|  Ronchi UOs, UOsiy X ~ 3000
Flash
41 Pillai ThO XRD 300 ~1200
(1999) ’
Masaki TR-MOX ¢
42 U,PwO; fuel
(2000) (U Py fue FR-MOXH] it
P
43 (2888;7 UO,, (UPu): review
Kezimi
44 (2331;]1 UO,, (U,Pu) review
Masaki (UM)O laser— }
45 300 ~ 1400 idati 8y
(2000) M= Gd, Sr, La flash oxidation B3
Duriez laser— Pu : 3-15 wt%
46 U, PuwO2 « 700 - 2300
(2000) U, Pu0, flash O/M : 2.00-195
A7 Minato U0, p 750 ~ 2000 FHAEEE  EA}
(2001) (U,Gd)O2 T A
Kurosaki laser
48 U,Ce)O 200 1500
(2001) (U L0, flash
Mutsumi laser—
49 U,GdO 298 ~ 2000
(2002) (0,60, flash
Olander
50 U0y, UO2x MOX Text -
(1977) e o
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temp [8[6)% U02.007 U02.035 U02.084
273 7.68622 6.03104 3.79997 2.4437

300 749713 5.11771 3.43525 2.33155
400 6.83411 457247 3.19387 2.25023
500 6.22816 4.13223 2.98418 2.17439
600 5.67706 3.76932 2.80034 2.10349
700 5.17855 3.465 2.63783 2.03707
800 473042 3.20616 249314 1.97472
900 4.33041 2.98329 2.36351 1.91608
1000 3.9763 2.7189%4 2.24669 1.86081
1100 3.66585 2.61917 2.14087 1.80865
1200 3.39681 2.46853 2.04457 1.75932
1300 3.16697 2.33427 1.95656 1.71262
1400 2.97407 2.21386 1.87582 1.66834
1500 2.81589 2.10526 1.80148 1.62628
1600 2.69018 2.00682 1.7328 1.58629
1700 2.59471 1.91718 1.66917 1.54823
1800 2.52725

1900 2.48556

2000 24674

2100 247054

2200 249273

2300 253175

2400 2.58536

2500 2.65131

2600 272738

2700 2.81134

2800 2.90093

2900 2.99393

3000 3.0881
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2. MOX9] dAES

Temp., K (U,Pu)- (U,Pw2o2 (U,Pu)20s
673 4.40 3.64 2.89
773 391 3.31 2.70
873 351 3.04 2.53
973 3.19 2.81 2.38
1073 2.93 2.61 2.24
1173 2.70 2.44 2.13
1273 2.52 2.29 2.03
1373 2.36 2.17 1.94
1473 2.23 2.07 1.87
1573 2.13 1.99 1.81
1673 2.05 1.93 1.78
1773 2.00 1.89 1.76
1873 1.97 1.88 1.76
1973 1.96 1.89 1.78
2073 1.98 191 1.82
2173 2.02 1.96 1.88
2273 2.08 2.03 1.96
2373 2.15 211 2.05
2473 2.24 2.20 2.15
2573 2.35 2.31 2.27
2673 2.46 2.43 2.39
2773 2.58 2.56 2.52
2873 2.71 2.69 2.66
2973 2.85 2.83 2.80
3073 2.98 2.97 2.95
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3. SIMFUEL®] 943 %x%

temp UO2 3at26 Bat%
273 7.68622 5.15262 4.13625
300 7.49713 5.00501 4.04367
400 6.83411 4.52489 3.73413
500 6.22816 4.12882 3.46861
600 5.67706 3.79651 3.23834
700 5.17855 3.5137 3.03674
800 4.73042 3.27011 2.85878
900 4.33041 3.0581 2.70051
1000 3.9763 2.87191 2.55885
1100 3.66585 2.70709 2.43132
1200 3.39681 2.56016 2.31589
1300 3.16697 2.42836 2.21092
1400 2.97407 2.30947 2.11506
1500 2.81589 2.20167 2.02716
1600 2.69018 2.10349 1.94628
1700 2.59471 2.01369 1.87161
1800 2.52125 1.93125 1.80245
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[s]
t

_ Cl 0 C5
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