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FORWARD 

This report describes an improvement of the fuel thermal conductivity 
subcode which is part of the fuel rod behavior modeling. task performed at 
EG&G Idaho, Inc. The or.iginal version was published in the Materials Pro­
perties. (MATPRO) Handbook[a] Section A-2 (Fuel Thermal Conductivity). · 

The tmproved ~ersion incorporates data which were not included in 
the previous work and omtts some previously used data which are believed 
to come from cracked specimens. The models for the effect of porosity 
on thermal conductivity and for the electronic contribution to thermal 
conductivity have been completely revised in order to place these models 
on a more mechanistic basis. As a result of modeling improvements the 
standard error of the model with respect to its data base has been 
significantly reduced. 

The material property correlations and computer subcodes described 
i~ MATPRO are developed for Use in Light Water Reac~or (LWR) analytical 

·.programs such as the FRAPCON-l[b] and FRAP-T4Ic] codes. This work is 
being performed ~s part of the broad effort to develop and verify an­
alytical models capable of describing nuclear fuel .rod behavior. 

I 

The format and numbering scheme used in this report is consistent 
with its intended use as a replacement for the second section of , 
Appendix A of the MATPRO handbook. It is beyond the scope of this 
report to provide a complete description of the MATPRO subcode and its 
organization. Readers who require descriptions of the use of materials 
properties subcodes should consult the code descriptionsfb,c] 

[a] D. L. Hagrman and G. A. Reymann (Eds), MATPRO Version 11 - A Hand­
book of Materials Properties for use in the Analysis of Light Water 
Reactor Fuel Rod Behavior, TREE-1280, NUREG-CR-0497, (to be published, 
February 1979). 

[b] G. A. Berna et al, FRAPCON-1: A Code for the Steady-State Analysis 
of·Oxide Fuel Rods, CDAP-TR-78-032..,Rl, (November 1978). · 

[c] J. A. Dearien et al, FRAP-T4: A Computer Code for Transient 
Analysis of Oxide Fue 1 Rods -· Vo 1 ume 1 - Ana lyti ca 1 Mode 1 s and 
Iriput Manual, CDAP-TR-78-027, (July 1978). 
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2. FUEL THERMAL CONDUCTIVITY ( FTHCON) 
(D. L. Hagrman) 

In this section a correlation is presented for the thermal con­
ductivity of uncracked uo2 and (U,Pu)o2 fuels. This property and the 
closely associated models for the effect of· fuel cracking on temperature 
distributions within the fuel are critical t6 accurate predictions of 
fuel rod behavior in both steady state operation' and in off-normal 
transients. because fuel rod behavior .is critically dependent on temperature. 

2. 1 Summary 

The FTHCON subcode determines the fuel thermal conductivity and its 
derivativ~ with respect to temperature as a function of temperature, 
density, oxygen to metal ratio and the plutonium content of the fuel. 
Burnup is also a required input but it is used only to calculater-the· 
melt temperature. 

The model presented here is similar to the correlations used in 
f':JATPR0-5 to MATPR0-11 but predicts a somewhat higher conductivity than 
earlier versions because some data which were apparently taken with 
cracked specimens are no longer used. Also, the expression for the 
effect of poro~ity has been revised to consider. more data than the 
expression used in previous versions of MATPRO. The.current data 
base shows·no $1-gnificant effect of porosity at temperatures above about 
1600 K, probably because of the effects of radiation and gas conduc­
tivity which increase pore conductivity at high temperature. Although 
no data for the conductivity of molten fuel have been found, physical 
considerattons have ]ed to a revised estimate for the thermal conduc-

. tivity of liqujd fuel. The new estimate for the th.ermal conductivity of 
molten fuel is about half.as large as earlier estimates. Finally, a 
disconttnuity in the slope of the MATPR0-5 to MATPRO-llcorrelations for 
thermal conductivity as a functi.on of temperature has been removed. 

2 



With the exception of minor modifications made to eliminate discon­
tinuities in slope in the temperature range 1364 to 2300 K the expression 
used to model th.ermal conductivity of solid fuel is 

where 

[a] 

k = 

D = 

= 

eth = 

T = 

therma 1 conductivity (W/ (tnK)J. .. · 

fraction of theoretical density (unitless} 

phonon contribution to the specific heat at constant 
volume (J/(kgK). · The first term of the MATPRO correlation 
for fuel specific heat capacity is used for this factor[aJ. 

linear strain caused by thermal expansion when. temperature 
is above 300K (unitless}. The MATPRO correlation for 
fuel thermal expansion is used for this facto~ 

fuel temperature (K) 

The analytical expression for C as a function of temperature, T, 
and plutonium content, comp, isv 

= 296.7 (535.285)
2 

[exp (535.285)~~-1-comp~. 
T2 ( exp. ( 535. 285) -1) 2 T t J 

T . 
(A-2.la) 

comp 



------

T• = fuel temperat·ure if the temperature is less than 1364K. 
9 ... 

For temperatures above 1834K .the porosity factor, 
D /,:·.::.: :. 

1 + (6.5~0.0046gT•)(l-D)' is equal to 1 and for temperatu~es 
in the range 1364-1834K the factor is interpolated as 

explained in Section 2.3. 

T11 = fuel temperature if the temperature ts less than 1800K. 

For temperatures above 2300K,, T11 is equal to 2050 K and 

for temperatures in the range. 1800-2300K, T11 is inter­

polated as explai'ned in Section 2.3. 

A = a factor which is proportinnal to the point defect con­

tribution to the phonon mean free path (ms{kg )_, The 

corre.l at ion used for th.t.·s factor t:s 0. 339 +. 11. l * 

Absolute value (2.0-oxygen to ·metal ratto).. 

B = a factor which is proportiona 1 to th.e phonon-, phonon 

scattering contribution to the phonon mean free path 

(ms/kgK). The co·rrel ati'on u.sed for thi's factor is 0. 06867 

+ (1 + 0.6238 *plutonium content of fuell 

The first term of Equation (A-2. 1). represents th.e. phonon contribution 

to specifi'c heat and. th.e second term represents the ~.lectronic (~lectron-

'· hole) contri.buti'on. When the fuel ts molten, the first term is neglected. 

The· expected error of the thermal conductivi.ty model has been 

esti'mated by computi'ng the standard error of the model \1ith. respect to 
. ' ' . . . .. 

its data base. For stoichJometric uo2 samples the standard error 

was 0. 2W/ (mk}_ and for stoich:i ometri c mixed oxtde samples with. Pu02 . the 

standard error was 0. 3W/Cmk)_. Based on these results, the following 

expression is. used to· calculate the expected standard error of the solid 

fuel th.erroal conducttyi'ty 

Uk = (0.2 (1-COMP) + 0.7 COMP) * (1.0 + 12-0TMilO) (A-2.2) 
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where 

Uk 

COMP 

OTf'tl 

= 

= 

= 

expected standard error of solid fuel thermal conduc­
tivity (W/(mK)) 

Pu02 content of the fuel (ratto of weight of Pu02 to 
total weight) 

oxygen to metal ratio of fuel (unitless) 

The followin~ subsection is a review of the general theories and 
. . 

data used to deri've the model for fuel thermal conductivity. Section 2.3 
describes the development of th.e model and se'ction 2.4 is a discussion 
of the model•s uncertainty. A code listing and comparisons to earlier 
versions of the code is presented in Section 2.5. Section 2.6 contains 
references. 

2.2. Re.view of Literature: Theory and Available Data 

The mechanistic· basis for a description of the thermal conductivity 
of solid unirradiated uo2 and (U,Pu)o2+x. is well documented in the 
literature[A-2··1 ,A- 2· 4J. The thermal conductivity is the sum of con­
tributions due to lattice vibrations, electron-hole p~irs and infra-red 
radiation heat transfer. At temperatures below 1500 K the lattice 

· component 

where· 

= 

p = 

= 

= 1/3 P Cv u A (A-2.3) 

lattice vibration (phonon) contribution to thermal con-
ductivity (W/(mK)) ... 

density.of the solid (Kg/m3} 

phonon contribution to the specific heat at con~tant 
vo 1 ume · ( J/KgK)) 



u = mean phonon spee'd (m/s ). 

= phonon mean free path· (m) 

is the most important contribution. · At temperatures above 2000 K there 
is sufficient thermal energy to create significant numbers of electron­
hole pairs. These pairs contribute-

(A-2.4) 

where 

= electronic contribution to thermal conductivity 

= Saltzman's constant, 1.38*10-23 J/K 

e = electron charge; 1.6*lo-19coulombs 

= electron contribution to electrical conductivity (1/ohm m)) 

= hole contribution to electrical conductivity (1/(ohm·:m)) 

a = 

= energy gap between conduction and valence bands (J) 

T = temperature (_K) . 

to the thermal ·conductivity[A- 2· 4] if the solid is not doped with donors 
or acceptors[aJ. The radiation heat transfer contribution to the thermal 
conductivity is small in po·'ycrystaline fueliA- 2· 1], presumably because 
the material is transparent only at long wavelengths. 

[a] Equation (A-2.4) models both the kinetic transport of thermal energy and 
the bipol~r h,eat-conduction effect caused by the creation of electron­
hole pairs at high temperature and thetr recombination at low tempera­
tures. The bipolar effect is not present in heavily doped semiconductors. 
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The application of Equation (A-2.4) i's simplified by· the existence 

of accurate measurements of the electri·cal conduct1vity of uo2• Bates, 
Hinman and Kawada[A- 2· 5] report electrical conductiviti.es aboye 1400 K 
to be given by 

cr = 3.569*107 exp ( .Eg ) - 2K8 T · . 

where 

cr = electrical· conductivity 0/(ohm·mH 

= Boltzman•s constant, 1.38*10-:-23 J/K 

= energy gap between conduction and valence bands, 3.688*lo-19J 

T = temperature (K) 

Equation (A-2.4) can be comblned wit[l Equ~ti'on lA-2.5). to obtain 

K . 
e = [K l 2 [ (-E )~ [ . 2 eBJ * T *3.569*107 exp ~ 1 +. 2f 2 . . . B (l+f) ( 

E g 

where f = crh/cre and the other symbols have been defined i:n conjunction with 
the two prevtous· equations·. Equati'on CA-2. 6} contains onl,y one undetermined 
parameter, t~e ratio f. 

Unforiunately, the application of Equati'6n (A-2.3) for the lattice 

contribution to thermal conducti'vity is· complex. Cv and p are available 
from the MATPRO rouUnes for fuel specific heat and fuel thermal' expanst:on 

and u is approximately th.e speed of sound in. th.e latttce but the phonon 

mean free path.~ . .A, is not a di·rectly measured quantity. for th.e purpose 
of applying Equatiqn (A-2. 3}. to 0.J,Pu)02 .n ts suffi·ci·ent to point out 

that the quantity l/3uJ. i:n Equation (A-2. 3). at temperatures tn. ttle ran~e 
500-3000K ts determined ·by two mai'n contribution~ ,;,_ .. th.e deflectton or 

. . 

scattedng of attice vi'brattons. from permanant defects~ in. th.e re9ular 
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lattice pattern and the scattering of lattice vibrations from each 
other[aJ. The first contribution is primarily a function of the oxygen­
to-metal ratio and the impurity content of the fuel while the second 
contribution is a function of.temperature and the plutonium content of 
the fuel[A- 2.1]. When the two main contri'butions to the· phonon mean free 
path are tncorporated in Equation (A-2.3} the appropriate expression for 
the lattice vibration contribution to the thermal conductivity of solid 
fue 1 is 

= 
pC v 

A + BT 
(A-2. 7} 

where A is a function of the number of permanent defects in the lattice 
and B is a measure of the probability that lattice vibrations interfere 
with each other. The second term irt the denominator is proportional to 
temperature because the density of lattice vibrations is proportional to 
temperature in the range 500-3000 K. 

For porous material, some modification of Equation (A-2. 7} is 
required because the pores do not have the same conductivity as the 
latti.ce. The physical problem h.as been discussed extensively in the 
literature[A-2. l,A- 2· 6 to A- 2· lO] where it has been shown that the 

effect of porosity is not only a function of the porosity fraction 
(volume of pores/total volume) but also dependent on pore shape, the 
thermal conductivity of any gas trapped within the pores and the emis­
sivity of the lattice. 

Unfortunately, the detailed mechani~tic analysis presented in the 
literature cannot be applied to most of the published thermal conductivity 
data because the pore shape and the composition of the gas trapped 
within the pores are usually not reported. Most authors interested in 
obtaining usable expressions[A- 2· 11 to A- 2· 14] have adopted some form of 

either the modified Loeb equation 

K . -
KlOO -

1 - aP 

[a] The interested reader will find detailed physical discussions in 
Reference (A-2.3) and (A-2.4). 
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or the Maxwell-Eucken equation· 

where 

K = 

= 

p = 

a,e = 

K = 
KlOO 

1 - p 
1 + aP 

thermal conductivity of a porous sample (W/(mK)) 

(A-2.9) 

th.ermal conductivity of a sample with no pores (W/(mK)) 

volume of pores/total sample volume (unitless} 

factors depending on the shape and distribution of the 
pores (unitless). 

These authors usually assume a or a to be linear·functions of temperature 
and fit the linear functions to data from a limited set of samples. 

None of' the pub 1 i shed stu.di es of the effect of porosity ~n therma 1 
tonductivity:has used the large collection of data that is available. 

' 
This will be done in Section 2.3. The correlation will be based on the 
Maxwell-Eucken relation because the mechanistic studies of both Marino[A-2·6] 
and Ondracek[A- 2. lO] recommend this relation .. 

The remainder of this liter:ature ·review will discuss the available 
experimental measurements of thermal conductivity. Two general types of 
experiment will be encountered: the radial heat flow ~ethod and the 
transient heat pulse method. In the radial heat flow method heat is 
supplied internally to a specimen and the thermal conductivity is de­
duced from measurements of the h.eat input and the steady-state temper­
ature difference across the sample. In the transient heat pulse method 
the measured quantity is the thermal diffusivity[A- 2· 3], 
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where 

a = 

. K = 

= 

,p = 

a. = K 
cP P 

thermal diffusivity (mR/sec) 

thenna 1 conductivity (W/ (mK)) 

fuel specific heat at constant pressure (J/Kg K) 

fuel density (kg/m3) 

(A-2. 10) 

· It is interesting to note that as much as 5% of the scatter in the 

. reported values of thermal conductivity is caused by differences in the 

v~l~es of Cp assumed by authors whct~~1y on thermal diffusivity data . 

: The a~ailable uo2 data are ~ontained in References A-2.11 to A-2.27. 

·Several of the~e sources were not used in the present analysis: 

Hedge[A~ 2 • 15] and Kingery[A- 2. 16], used samples with densities between 

·. 70 and 75% TD -· far below those used in commercial fuel. Asamoto et 
al[A- 2· 14], Reiswig[A- 2· 23], ·.stor.a[A- 2· 24] and· Hetzler et al[A- 2•17] 

. employed radial h.eat flow meth.ods in which. the electrically heated 
,·· 

· · · ··· ce~ter conductor ~ay have been able to contact the oxide sample, so that 

( ;: >· .·:,;. >: .. ·:Joule. heating ~f the oxide could. result and indicate anomalously high 
i :, :0.· 
1.;··' ·.·'·',.: ,·. 

I··.·/ .. ·' 
1:., ·;.;: ., 

. ''.: . 

·.,· .. 
··. ,·: 

•,' 

:. ~ ,!;.:.' 
~. -~ ·: .... 

,·· ··: ·.: 

. :· ' ~ , .. · '"' . ,'. ' 

. conductivity. The data of Hetzler and Asamoto also show unusually large 

scatter, probaql~ because of cracking during the measurements. The data 

cif Ferro et al_.,LA-2· 25] show such large. scatter that they were rejected for 

:this ·reason· alone. The data of Lyons et aliA- 2· 22] were derived from-

. observation of :postirradiation grain growth and restructuring, a less 

· reliable method th.an that used by other investigators. The data of 

.Van Craeynest and Stora[A- 2• ll] and Luck and Deem[A- 2· 20] showed ano-

malously low conductivity compared to data from fuels with similar 

density. The low conductivity was probably caused by cracking before 

the reported d~ta were taken. 
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Christensen • s data[A- 2· 21] are the most sus_pect of those that were 

used. The apparatus used i'n his radi-al heat .flow experiment is not well 

described. It is possible that the sharp increase in thermal ·conduc­
tivity at high temperature reported by Christensen i's due to electrical 

contact with the heati'ng element. Because of thi's posstbi'lity and because 
the specimen composi'ti'on changed from U02_01 ·to U0,_ 99 during the test, 
Christensen•s data for temperatures above 1800 K were not used. The 

data from Christensen that were used are li'sted i'n Table A-2.1. 

The data oi Godfrey·et al[A- 2· 18] are the most reliable radial heat 

flow data reviewed in this secti'on. Granular alumina and careful 
positioning of the center heater were used to mi'nimize electrical con­

tact between th.e center heater and the sample. Runs which. resulted in a 
change in the oxygen to metal ratio \'Jere reported as suspect and not 
used. Thermocouple errors were analyzed carefully and runs above 1373 K 

,. 

were identHied as not valid because of thermocouple problems. 

. . 

Unfortunately, Godfrey et al used only samples of 93.4% of the 
theoretical density. Also the data were 11 corrected to theoretical 
dens ity 11 by divi dtng by the fracti'on of theoreti·ca 1 densi'ty. The un­
satisfactory nature of this ·correction would nQ doubt have become evi­
dent if samples· of varytng dens-ity h.ad been used. This "correcti'on•• was 

. . 

removed before th.e data were used to deyelop.the model descrtbed here. 

The data with. th.e densi'ty correcti'On retTJoved are ltsted in Table A-2. U. 
· Severa 1 runs are represented and there is no systematic yari'attori from 

run to run~ Data at temperatures below SOOK are not i.ncluded in Table A-2. Il 
. . 

because the 1 ow temperature data cannot· be used with. Equati'on· (A-2. 7) 

(The equati'on ts va 1 i d only when temperatures are well . aboye. the De bye 

Temperature). 

The remaintng five sets of uo2 data whi'ch were used were all ob-
tained w·ith. the h.eat pulse method. Bates[A-2. 19] measured the th.ennal 

diffusivity of th.ree samples, all with a densi'ty of 98.4% of the theoretical 
density. Some data whi'ch corresponded to runs taken when the samples 

11 



. TABLE A-2. I 

U02 DATA FRQI.1 CHRISTENSEN (A-2 • 21) 

...... 
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TABLE A-2. II 

U02 DATA FROM GODFREY ET AL(A-2.18) 

Density Thenna1 
:remperature {fraction of Conductivity 

(_K). theoret i ca 1) (w/ (mK)) 
~-:_tS ft·8!~•D.30l- ~--·· •. 99.33-~.E.:tOO....,.~ _____ dt.O~.OOE .. ~Oi ... 
:~!,i ,.z.n:o,..r!o· ']<;~ ..• ,. l!Oo.EE.~OOO .. ;' . , ;~:~-, •. OOE.,Ql, ,.,. t - ~i"!' . .• •• • .,. • •' . . • •• 3Z200E*Ol' •. :·:1 20-'lf;tol. __ ..• 93-tOE+.OO -........... J.9.0.Z.OO£.~tU.: 
.· .· .l60I£J:O~--· ..... 93t.oe•g.o. ____ ...• .l55900E.•.cu . 
.• l07tGf .. Q_,. .9~iti-'t 0. .:J.26500E•OJ, . 

13 

;.s_il:700f~.O.l. 
:e.J7J·JGOE-t.n · 
e369000E•OJ._ 
• 368100E+'Ol ; 
• 288800£ tOl.' 
• 2.87000E .• .01. 

· Run Number 

l 

4 

j 

5 



had a metallic second phase at the grain boundaries were not used. 
Table A-2.III is a list of the values of thermal conductivity deduced 
from Bates' thermal diffusivity data, Equation (A-2. 10), and the MATPRO 
expressions for ·fuel specific heat at constant pressure and· thermal 
expansion[aJ. There is no systematic variation in the data either from 
run to run or sample to sample. 

Gibby[A- 2.· 27 ] reported the thermal diffusivity of a uo2 sample as 
part of a study on the effect of plutonium additions .. The sample had a 
density of 95.8% of the theoretical density. The therma.l conductivity 
calculated from Gibby's diffusiviites are shown in Table A-2.IV. 

Weilbacher[A- 2· 26] reported the thermal diffusivity of a uo2 
sample as part of a study of the effect of thorium additions. The· 
sample had a density of 98.0% of the theoretical density. The data are 
important because they include temperatures up to melting and because 
the low temperature part of the data fall within the narrow scatter of 
the data reported by Bates for his samples of similar density. The 
close agreement of the two sets of data prov~de support for.the idea 
that.recent thermal diffusivity data on uncracked samples is more con­
sistent than had been previously expected. The thermal conductivity 
calculated from Weilbacher's thermal diffusivity data using the same 
MATPRO expressions that were used w.ith Bates' data are listed in 
Table A-2.V. 

[a] The expressions for uo2·specific heat and thermal expansion are 

c 
- p 

= 

+ 

296.7 (535.285) 2 

T2 ( exp (535T285) 

8.745*107*1.577 
T2 

exp (535.285) + 
-l) 2 T 

5. 
exp (-1. 577*l0 ) 

8.3143 T 

2.43*i0-2 T 

{A-2.11) 

· and eth = ' ( -20 ) 10-5 T- 3*10-3 + 4*10-2 exp - 6· 9*10 
. 1.38*10-23T 

(A-2. 12) 

where Cp = U02 specific heat (J/(kg K)) 

eth = linear strain caused by thermal expansion (unitless) 

T = temperature (K) 

14 



TABLE A-2. I II 

U02 DATA FROM BATES(A-2· 19 ) THERMAL DIFFUSIVITY MEASUREMENTS 

15 

Sample 
RRJ_ 

RRI 

Cycle 
Number 

3. 
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TABLE A-2.III (cont ... ) 
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Cycle 
Number 

2 

1 
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TABLE A-2.III (cont ... ) 

Sample 

R3 

RR3 

Cycle 
Number 

2 

3 



TABLE A-2. IV 

U0
2 

DATA FROM GIBBY • S (A-2' 27) THERMAL DIFFUSIVITY MEASUREf~ENTS 

-18 



TABLE A-2.V 

U02 DATA FROM WEILBACHER•s(A-2·26 ) THERMAL DIFFUSIVITY MEASUREMENTS 
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The data of Goldsmith and Douglas[A- 2· 12] provide more support for 
the idea that recent thermal diffusivity data on uncra.cked samples are 
more consistent than previously reported. When the MATPRO expressions 
for specific heat and thermal expansion are employed to convert the 
thermal diffusivity data of Goldsmith and Douglas to thermal conduc­
tivity, the resultant thermal conductivities fall within the scatter of 
the data of several authors who performed extensive measurements on a 
limited number of samples. The thermal conductivities obtained from 
Goldsmith and Douglas' data are presented in Table A-2.VI. The thermal 
conductivity data from the 98.2 and 97.7% of theoretical density samples 
agree with the data of Bates and .Weilbacher, the 95.1 and 95.8% dense 
sample data agree with the data of Gibby, the 95.2 and 94.7% dense 
sample data agree with the data of Hobson et al[A~ 2 · 13] (~hich will be 
discussed in the next paragraph}._, and the 93.2% and 93.0% dense sample 
data agree with the data of GodfreiaJ • 

The final set of uo2 data to be discussed are those of I; C. Hobson 
et al[A- 2· 13]. These authors have apparently measured the thermal dif­
fusivity of a series of uo2 samples. However, they. reported only data 
froma single sample of density 10.40*103 Kg/m3 (9.4.9% of theoretical 
density)_. Th.e remainder of thei·r results are reported as correlati-ons, 
a format which renders thei-r work useless for the purpose of thts report. 
The usable thermal diffusivi'ty data were converted to thermal conductivity 
and are listed in Table A-2.Vll. 

The data appropriate for modeling the thermal conductivity of mixed 
(U Pu)O include the avai'lable (U Pu)O measurements[A-2· 11 ,A-2.17' ' - 2+x · ' ·· 2 . · . · 
A-2.27 to A-2.34] and uo

2
+x data wi'th xro[A-2. 12,A-2. l3,A-2. 17]. The 

uo2+x data are important because the effect of non-stoi'chi'ometry in 
mixed oxide fuels is at least as important as the effect of vari'ations 
in the weight fraction of Pu02. Unfortunatel,y, the li.mi'ted resources 
available to produce th.e present model preclude a careful revi'e~ of th.e 

[a] The th.ermal conductiveness determined from each author's 9ata wtll be 
compared with each. other and the MATPRO model in a seri'es of figures 
presented in Section 2.4. 
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TABLE A-2.VI 

U02 DATA FROM GOLDSMITH AND DOUGLAS'(A-2·12 ) THERMAL DIFFUSIVITY MEASUREMENTS 
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. TABLE A-2.VII 

U02 DATA FROM HOBSON ET AL'S(A-2. 13 ) THERMAL DIFFUSIVITY MEASUREMENTS 
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------~-------

(U,Pu)o2+x or the uo2+x data. For that reason the stoichiometric data 
from References A-2.27 to A-2.30 and the model proposed by Olander[A-2· 1] 
for the effect of oxygen-to-metal ratio variations will be adopted 
without modification. 

2 .. 3 Model Development 

The development of the model for thermal conductivity of (U,PU)o2+x 
was based directly on the theory and data which have just been reviewed. 
The first step in producing the model was the determi.nation of an ex­
pression for the effect of density. The U02 data were grouped by density 
and second degree ploynomials in temperature were fit to th.e data in 
each group. Inspection of the data(a] revealed a regular pattern of 
decreasing thermal conductivity with decreasing density at low temper­
ature but almost no effect·of density at high temperature. For this 

. : ... ,, . 
reason, the polynomials representi·ng the thermal conductivity of the· 
various groups were evaluated at 600 and 1000 K and the average thermal 
conducti'vi'ties obtained were used \'li'th Equation (1:\-2.91 to obtai-n linear 
functions of the form 

S = s0 + s1 T (A-2.13} 

corresponding t~ pairs of porosity groups. The res'ultant values of a0 
and s1 are listed in Table 2.VIli. 

The scatter in the values of s0 and a. 1 is caused by unknown 
variations of pore shape and content as discussed in Section 2.2. In 
subseq~ent model development steps all three sets of ~0 and s.1 as well 
as their average values were tested to see which produced the model with 
th.e smallest st11ndard error. ·very 1 ittle di·fference was- found so the 
average values of e0 and a. 1 were adopted~ 

[a] The data and model ptedictions are illustrated in fi9ures A-2.1 to 
A-2.8 of S~ction 2.4. 
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TABLE A-2.VIII 

VALUES OF 130 ANO 131 FROM VARIOUS DENSITY GROUPS 

Groups Compared a 6 0 13· 1 

2 and 5 9.6 -0.00946 

2 and 7 4.-1 -0.00281 

4 and 7 5.8 -0.00181 

Averages 6.5 -0.00469 

a Group 2 contains densi~ies between 0.975 and 0.985 of theoretical 

Group 4 contains densities be~Ween 0. 955 and 0. 965 of theoretical··· 

Group 5.contains densities between 0.945 and 0.955 of theoretical 

Group 7 contains densities between 0.925 and 0.935 of theoretical 

24 
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The second step in the development of the model was.the determination 

of the constants A and B of Equati·on (A-2. 7}, . This wa~: done with a 
. . 

1 east squares fitting technique and the uo2 th.erma 1 conductivity. data 

for temperatures between 500 and 1100 K[a] The data were nonnalized to 

100% of theoreti'cal densi'ty with Equati'on (A-2. 9) before th.e fit was. 

carried out. 

The third step in developing the U02 model was the-determination of 

a value of the constant f in Equati"on (A-2.6) with the high temperature 

data. Since Equation (A~2.6) models th~ electronic contribution to 

thermal conductivity, a value of f was determined wHh a least squares 

fit to the difference between th.e experimental thermal conductivities 

and the lattice vibration contribution predicted with. Equation (A-2.7)_. 

The factor A + BT in Equation CA-2. 7). was 1 imited to its value at 

T = 2050 K because the mean free path of the ehonons is about equal to 

the inter-atomic di'stance at thJs temp~ratureiA- 2 . l]. No normalization 

for density was applied to the high temper-ature data. 

The final steps i'n the development of the U0 2 model were a trivial 

smoothing of two di-scontinuities in the s·lope of the predicted thermal 

conductivities as a function of temperature and the provision of an 

estimate for liquid fuel. The discontinuities are caused by limiting· 

the a in Equation (A-2.9) to values larger than -1 and limitirig the · 

phonon mean free path to at least the interatomic distance. Each dis­

continuity was :removed by replacing temperature with an i-nterpolated 

temperature in a range about the cut-off value and requiring the inter­

polated temperature to produce conti"nuous functions and slopesat the 

ends of the range. For liquid fuel, the lattice vibration contribution 

to thent)al conductivity was set equal to zero. 

Several preliminary assumptions have been made to provide at least 

an approximate model for the effects of variations in the plutoni·um 

content and the oxygen- to-meta 1 rati'o of cerami-c fue 1 s: 

[a] Data below 500 K were not used because Equation lA-2.71 t~ not 
valid near the Debye temperature. 
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(a) The effect of variations in density of mixed oxide fuels has 
been assumed to be described by the porosity correction de­
rived with uo2 data. 

(.b) The h.igh temperature electronic contribution to thermal con­
ductivity has been assumed to be similar for Pu02, uo2 and 
non-stoichiometric fuels. 

(c) Variations in plutonium content have been a$sumed to affect 
only the phonon-phonon scattering term of Equation (A-2. 7). 

(d) Variations in oxygen to metal rati'o have been assumed to 
affect only the defect term of Equation (A-2. 7)_. 

The change in the phonon-phonon &tattering term of Equati"on (A-2. 7) 

was modeled by fitting reported the~~~l conducti"viti'es of (U,Pu)o}A-2·27 to 
2.30,A- 2· 33] to Equation (A-2.71 with B replaced by 

where 

s• 

8uo 2 

COMP 

= 

= 

= 

= 

s• = Buo (.1 + b COMP) 
2 

(A-2.14) 

coefficient of temperature i'n Equation· (A-2. 7) for mi'xed 
oxi'des 

coefficient of temperature i'n Equation (A~2. 7) for uo2 

puo2 content of the fuel Cratto of weight of Pu02 to 
total weight) 

constant to be determi'ned. 

The resultant value of b was 0.6238. 
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Olander's expression[A- 2• 1] for th.e effect of oxygen-to-metal ratio 

on the defect term of Equati"on (A-2. 7) was adopted to p~ovide a pre-

1 iminary model for the effect of variations from stoichi-ometry. The 

fractiona 1 change i·n the defect term was estimated by Olander to be 

where 

X 

A' 

a A 
A 

= 

= 

a A 
A = 400X 

A' 

departure from an oxygen-to-meta 1 ratio of 2 

(A-2.15). 

defect term in 01 ander' s version of Equatton (A-2. 7) 

fractional change i'n the defect term of Equation (A-2.7) 

The expression for A which resulted from this adaptati"on is gtven in 

Equation (A-2. 1). 

2.4 Uncertainty of the Model 

. The standard error(a] of the FTHCON model for thermal conductivity 

with respect to its uo2 data base is .:tO. 20 W/ (mK). The standard error 

. with respect to the (.U,Pu)o2 data base is .:!:. 0. 29 W/(mK). The fi'rst two 

terms of Equation (A-2. 2), the expressi'on for model uncertai'nt.y which. 

has been added to the FTHCON subcode, were constructed to reproduce 

these uncerta inti'es at 0 and 20% Pu02 content. . The th.ird term of 

Equation (A-2. 2) provides an engi'neering es·timate of th.e i-ncrease in the 

error of the model for non-stoichi'ometri'c fuel. 

Figures A-·2.1 to A-2.8 illustrate the model predictions and the U0 2 
data base for several densi'ties. Each figure shows data wtth.tn .±_0.05 of 

the fraction of theoreti'cal density assumed for the model predi'cti'on. 

[a] The_standard error was ~stimate~ with the expression (sum of. $quared 
r:s1duals/number of res1duals m1nus the number of constants used to 
flt the data) 0·5. Five constants were used for the UO data and six 
were used for the Puo

2 
data. 2 · 
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The uo2 data of each investigator show scatter whtc~ ts nearly as large 
as the model standard error, an observation which. strongly suggests that 
this part of the model is complete .. 

Mixed oxide data have not been compared to the current model be­
cause that part of the model is preliminary. 

2.5 Fuel Thermal Conductivity Subcode FTHCON Listing and Comparison 
to the f~ATPR0-11 Version of the Subcode 

A listing of the FTHCON subcode is given in Table A-2.IX. The 
expected standard error is computed within the subcode, but is not 
returned. 

Figures A-2.9 and A-2. 1~ are computer generated plots which show 
the predicted thermal conductivity of uo2 fuel of 95 and 90% of the 
theoretical density~ The solid lines were generated by the current 
subcode and the dashed 1 ines were generated by the MATPR0-11 Version of 
the FTHCON codeiA- 2. 35]. For 95% dense fuel the predicted low temper­
atur:e conductivity is now approximately 0.3 W/(mK) higher than: it was in 
the MATPR0-11 P.ackage. It is lower at temperatures above 2000 K. For 
90% dense fuel, the predicted thermal conductivity has decreased 
slightly at low temperatures but increased by as much. as 0.5 W/(mK) at 
temperatures near 1500 K. The·predicted conductivity of liquid fuel has 
been substantially decreased in the new model. 
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TABLE A-2.IX

LISTING OF THE FTHCON SUBCODE

1.-

.iling]liT_1„NE_-EI-*iLDN.lf-_I.EMP,FRAIULN*£0IMIl, Cll.N,DKO.I.1

L. ,F,THCON-CAL(47(A=TES-.-THE-F-UEL -THERMAL -CONOUCTIVITY ARD ITS
6.    DERIVATIVk WIIH RESP.ELT TO TEMPERATURE AS A FUNCTION OF
6 ____ _    T LMPt RAT URE,   PE NS I TY ,   MX Y 6 r N  T n MFTAI RATIO,   [11MPASIT 1ON-_._-__

. 6.--- ANO-BURM UP_--..._- -  _    _.  .._ .- _  . _._._        -

C' -     CON .'',4  '=  OUTPUT  FUEL  THERMAL CONDUCTIVITY- EW/EM*Ki) ,...2..1
L..      ..OKUI-_E__lil.Tf_U I.._UERill-AIl V_£    SE- f U-EL_IHERMAL    C[1NDUCTI VII Y
6 -_    _._. .  _HAIH..RESPECT...Til .ILMPERATURE  CH/M*K*Kll.. -
C                                                  ·
C     FIEMP" = INPUT FUEL TEMPERATURE IK)
6.- _-   ..FRAUEN _=. ltiP.UI   E_LIEL _UthS LIZ.iAAI.111_liF ..ACTUR-AL   DENS IT.Y   ID_. ..
C._                                             IHEURETICAL.LENSITYJ
6 .   PUTI«il.-.- lt,PUT 0*YutN TO METAL SATIC OF FUEL CAT.OMS OXYGEN/
C· - 2  ATOMS METAL)

-  --     . ......--  --     p-.            - .

L- Itle. F.OLLUMING_.1MeliTS. AAE.-_aY...COMMON BLOCK  _.                      --
*„ C 6 MP.-. =..iNPUT. PUL;2.CONTENT OF FUEL (PERCENT Pl,02
C'               5    ,     IN.TOTAL·FUEL.WEIGHTJ ' ..  '
1.-_           - _D U _ =    1.hPUT   alikNLLP_.lha-JLKA=Ul __...._
L. ..  _EMFLAGi.LZk =._1NPUI.SWITCH FOR.EVALUATION MODEL. _IF.THIS

E               '1,            '.,  i t
,

VARIAbLE IS EUUAL TO ON THE MATPRO MODEL FOR.,
ItUEE THERMAL CONDUCTIVITY  IS  REPLACED  BY  THE  l,

A                                             -JUBCOLUE „EMF IOW _..._----  .- - --- --   --       · -- -
-  *,...- .

CC -1 28'IF Qi.Sutl iuy'li #tti2 'silM t R"l  O#U FN-Y EA   LANED
_          «__.__._...  _-_ __.IHERMAL. CONDUCII¥l IY__L.W.Ll-M*111 .  -__           _--_  . ....  .___

        THE  ,EOUATLUI,S USED  IN THIS SUdROUTINE ARE BASED ON .DATA FROMill ' J. A. CHRISTENSEN ET AL., URANIUM DIOXIDE THERMAL
-6...._   ___Cillijlt, 11.TIX.I.IY.*_IKANS.ACT I.1.ihIS ..OF.. TltE   AMERICAN..1111£LEAR ___._    ..._-
f..  .-____ .._.-30(11.EIZ__ LLI96*J PI ._391_.--392.-  .   _
C    #LA  T. 6. GODFREY tr AL., THERMAL CONDUCTIVITY OF                 C       -URANIUM DIOXIDE AND AkMCO IRON BY AN IMPROVED

- - (-- --. Hi:AI F.LUW. .rECHNiouti.URN-L·:3556 -119541
L_ £3#_..J._L.   BATES, HIGH TEMPERATURE  T_HER MAL CONDUCTIVITY

OF kuONO ROBIN URANIUM DIOXIDE, BNWL-1431 (1970I
,

  £43. R. L. GIBBY, THE EFFECT OF PLUTONIUM CONTENT. ON THE
9.  __-   -      __Ih2KMAL  CONDUCT.LVITY  UE_  ib,P_11;(12.3DLI_D-  SOLUTIONS-L    -____.-
C           ...JOUANAL OF NUCLEAK MATEKIALS  38 (19711 PP 163 - 177
6     45;  J. C. WtiLSACHEK, UIFFUSIVITE THERMIQUE DE L.OXIDE
./ D  URANIUM  ET  UE  L  OXIDE  DE  THURIUM  A_ HAUTE  TEMPERATURE.
1.--, - ._.-tilutt Iche ERATUAES - HIGH P,LESSuRE_ 41-(19721_.PP 431 - 438
L._.        tult_..L.   A.   GOLDSMIIH   AND  ..t.  .A.  .M.. _LiOUGLAS, MEASUREMENTS       .__.
L

.
Tht THLKMAL CONDuCTIVITY OF URANIUM DIOXIDE AT 670 -

C          1270 K, JOURNAL OF NUCLEAR MATERIALS 47, 619731 PP 31 - 42
6-__. _ 171_- i._.L. HUbSEN LI AL., LFEECT -OF POROSITY AND_STOICHMETKY
L. . Ott Ih£-THERMAL CONDUCTIVITY OF URAN,IUM DIOXIDE, JOURNAL
L          ut PMY)ILS SECTION Di APPLIED PHYSICS 7 (19741
L          PP 1003 - 1015
6 ...   -tua- K. L. 61881* IME TriEKhAL DIFFUSIVITY AND THERMAL _.
L          CONDUCTIVITY Of STOICMIOMETRIC CUO.8.PUO.2102, INWL-704
L.          (1900A
C     69A  R. L. GIBBY, THE EFFECT OF OXYGEN STOICHIOMETRY ON THE

_. -L_   -   _--_TMEKMAL Diff.U.SIVLIY ANE .CUNDUCTIVITY_OF t.tiO.15_,P_Un.25- Z--
1_ __ ___-OZ-* bh,1.1.1921_U9491_ _..____
C       t.ull L. A. bOLOSNITH AND J.  A.  M.  DOUGLAS. THE- THERMAL

6.'.     1    .  Ma,   25  :   W.I..:TEOMM ,ERAI.Ui I. U   ioi Ii731*.UlABi  ML°o ABiLEAliCitATIER.11£131.1 '..f.2,  FL ,1   1
L_ 43 Li51/2-1.-PP 2.25. - 233 ..._
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TABLE A-2.IX (cont...)

LISTING OF THE FTHCON SUBCODE

6      _     1.1.Al. H.   E._. S.CBMIDT,..iII,E. WAERMELE.1.TEAEHI GKEIT   VON.URAN   AND
L          URAN-PLUTINIUM u10*YD BEI-MOHEN TEMPERATURES, FORSCHUNG
L           . INGE#LEUR-WEISEN 38 &19761 PP' 149 - 151
_L_.___   -  ti•:-L-1.1..._A.  .Ili-ANDiR *_EUNDAMENIAL_ .A SPECIi  flf...NUCLE AR    REACTOR-
C -_ ...JUEL  ELEMENTS,   I.LD-26111-Pl._119 761
L
C '      FTHCON WAS UAIGIONALLY CODED.BY C'." S. OLSEN FEB  1975
6  -          M.11.Lilf.120 - 01.. 6*  ..A=   .REY-MAN#-_AUG-ui I_1511.8_._____
L__      MODIELED  BY.U. .L.-HAGRMAN _JANUARY _197.9.    ___    .._
6

COMMON    /PHYPRO      /, FTMELI,FHEFUS,CTMEL'T,CHEEUS,CTRANB,
A-_.  _...__.   _.. ..__  .__   C.T#*Arvi ,(.TRAN, ,Fi}FI TA,Bil ._._ *COMP.

L....          ---
COMMUN -AA.ACMOL-/ MAXIuA-*trIECAG

,'101'IMENSION  '  EMIFLAGE'11
filrl=ail-u N.Lia
u-ATA- -UN - _  i _2-HON_._ 1. *

OFF. ./.   380 F F /.....,., . 9                                                  'lrp .

LOCIDA /    12         &
L_--_
L      _   -         F INUC_ON S T *RLS
i.

£RPU   =41' 1'.COMP/,11'00. 1'.  81.,

A_.= ..0..139 . t_12.6 ..4 .-Ad 5 L._2*11...7 - EOI-aIL. . 1 --
1.Elf.RP-Li_..61.. Ii. 75.1 .,F RPU. = .0.75.

r   1 = 6.807E-029 (i.0 + -0.623,8 9 FRPU J.i  i  =    FIE MP,
f-i

C.

  .   &1Nu.SPECIFIC HEAT AT LUNST. VOL. AND VOLUME CHANGE
10   I.K  E_.535.2.ojl rDV =._.296.7 *.TR * TA * EAPLIRA / ti EXPITR) 1_1.6£**2 j - . 5-

DV =.1•0 + 3.0*41.Oc.-059 ,I  - 3.OE-03+ 4.OE-02*.,
i EXP*-5.02*03/Ill . ,
ift f-keU..LI ._-0.00011. 66 Iii .20 -

L.__.- U SL--kliLE    LiF. 111*T UkiES  ·F.OR.Al AED  GXIDES
TK =„, 571.0/I1,       C.9   *:  CV  *     CLI.0  -  FRPUb,   -*   i  .347.4.1  *  TR  *.TR    ·*   _EXPITRD   /,i

Al t._LAP. 11*Li. -. f..u 1**L_1-__... 1 *.fR_PliOV.=.(DV - 1.u j * 4.1.0 -.fkPUl .+  3.0 * L910£-{16*.I

c I r
0   -,4..72-UJ+ 7.0&-02* E.Xe.(-2.01'2£*03/.T 1     1     *    F R P U       +     1.0

i.--__    . FINil._PflRilliTY _El;RRECTION__ _
L Lu oLIA -= 6.SO 1 4.09=-03* T

IFIT .GE. 1364.6471 BETA = 15.811308-T*(.01833647-T*5.E-bl
iFAL_.GI...Ld33..64.71.BEIA .= -1.0...

L
L      Fl NO LLECTXONIC LUNTKIdUTION
L

CONE._= £5*499ZE-03 *   .I._ *..t:*2_2113358.0/ T _. 1.1.*
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TABLE A-2.IX  (cont...)

                           LISTING OF THE FTHCON SUBCODE

14       .._     11.-0...f_..u. 1<19_-9_ Lil315 6.-0/   T_-___-0. 2*0.1**2   ._1.1___o IEMP. =..T
if LI .GE. A.ouu...3. hT.EMP = -'3.240. + -T *..(4.6 - T *-0.OQi)IFIT .GE. 230043 BTEMP.=.2050.

---        - -            ...,... W-.- I.--L
Fitill.lifiN-ECIi Vili .1-                                   _   ... _.... -_ -L
Cti; = 14.ICV *'FRADENJ/COV * AA'*..18 * BTEMP ) * 3.

S ll.6.t..bFIA...2.- 41.0-- ..EAAJENl-.1.1.+_.CLINE   _..  .-_   ...1IFiFI.EMP_ .GE..FIME,Il  CCIJ...s.CONE ...._
- .-.6     -4

6       , F IND UERIAVATIV'EIGF., FUEL.liCONOUCTIVITY .-L __ . ...'.:':..

T = FTEMP + ti-1.01**13
LF.4-1...LTJ  3,1 ·60  TO 10 -

. CON.e. Elli---  -    -_.--- ---_- --  .._ .._.  --.---.    .---.     -  .uKDI = (Cick - Cilll
.-

C     '1' F INOI" UNdtRIA·INT<
2.          - -hcude,ili22-*F ki EL- fRPhi -9-211-*  gipuTJ.*-72*0   +  ABiti.0..-  FO¥MIL

4 3 * 10* 4,IFiFTEMP .1.GE: FTMELTJ  UCON = Cit)/2.0 »

1.FLEMFLAGILUCLO.Xl   .EW..._0Nl.CON  9.  JLMEIONIFIEMP,FRADEN.*-FTMELI.1 ____._ _.    RETURN     - -.                          _.*
t. E NO ., .,

'.,.r

5'17

39



't·' 

~ r-------~------~--------~-------p--------~------~ 

MATPRO 11 
t MATPRO 12 ---

•• 

7 

• 

\ 

' 

FRADEN = 0.95 

0 ~----~------------------------~------~----~ 500 2000 
FTEMP 

2500 1000 

Fig. A-2.9 Comparison of thermal conductivity predicted by the 
MATPR0-11 version of FTHCON to the conductivity 
returned by the current subcode for 0. 95 of theoretical 
density uo2 
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f'RADEN = 0.90 
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F'TEMP 

Fig. A-2.10 Comparison of thermal conductivity predicted by the 
MATPR0-11 version of FTHCON to the conductivity 
returned by the current subcode for 0.90 of 
theoretical density uo2. 

41 



l 

2.6 ·References 

A-2. 1. D. R. Olander, Fundamental Aspects of Nuclear Reactor Fuel 
Elements, TID-26711-Pl (1976). 

A-2.2. C. Kittel, Introduction to Solid State Physics, John Wiley & Sons, Inc., 
(1956). 

A-2.3. R. Berman, Thermal Conduction in Solids, Clarendon Press, 
Oxford, (1976). 

A-2.4. H. J. Goldsmid, The Thermal Properties of Solids~ Dover 
Publications, Inc., New York, .(1965). 

A-2.5. J. L. Bates, C. A. Hinman and T. Kawada, 11Electrical Conductivity 
of Uranium Dioxide 11

, Journal of the American Ceramic Society,50. 
pp. 652-656 (1967). 

A-2.6. G. P. Marino, 11 The Porosity Correction Factor for the Thermal 
Conductivity of Ceramic FuelS 11

, Journal of Nuclear Mat~rials~38 
(1970) pp 178-190. 

A-2~7. A. L. Loeb, 11 Thermal Conductivity: A Theory of Thermal Conductivity 
of Porous Materials, 11 Journal of the American Ceramic Society, 37 
(1954) pp 96-99. 

A-2.8. J. R. NacEwan, R. L. Stoute, and N. F. Notley, 11 Effect of 
Porosity of the Thermal Conductivity of uo2, 11 Journal of Nuclear 
Materials, 24 (1967) pp 109-112. · . 

A-2.9. A. Biancheria, 11 The Effect of Porosity on Thermal Conductivity of 
Ceramic Bodies, 11 Transactions of the American Nuclear Society, 2._ 

( 1966) p 15. 

A-2. 10. G. Ondracek and B. Schulz, 11 The Porosity Dependence of the Thermal 
Conductivity for Nuclear Fuels, 11 Journal of Nuclear Naterials, 46 
(1973) pp 253-258. 

A-2.11. J. C. VanCraeynest and J. P. Stora, 11Effect de la Porosite sur la 
Variation de Conductubilite Thermique du Bioxyde d'Uranium en Fonction 
de la Temperature, 11 Journal of Nuclear Materials, 37. (1970) pp 153-158. 

A-2.12. L. A. Goldsmith and J. A. 'M. Douglas, 11Measurements of the Thermal 
Conductivity of Uranium Dioxide at 670-1270 K, 11 Journal of Nuclear 
Mateirals, 47 (1973) pp 31-42. 

A-2.13. I. C. Hobson, R. Taylor, and J. B. Ainscough, 11 Effect of Porosity 
and Stoichmetry on the Thermal Conductivity of Uranium Dioxide, 11 

Journal of Physics Section D: Applied Physics,? (1974) pp 1003-1015. 

A-2.14. R. R. Asamoto, F. L. Anselin, and A. E. Conti, 11 The Effect of Density 
on the Thermal Conductivity of Uranium Dioxide, 11 Journal of Nuclear 
Materials, 29 (1969) pp 67-81. 

42 



A-2. 15. 

A-2. 16. 

A-2. 17. 

A-2. 18. 

A-2. 19. 

A-2.20. 

A-2.21. 

A-2. 22. 

A-2.24. 

A-2.25. 

A-2. 26. 

A-2. 27. 

A-2.28. 

J. C. H~dge, Neasurement of Thermal Conductivity of Uranium Oxide, 
AECU-3881, Armour Research Foundation of I 11 i noi s Institute of 
Technology {September 20, 1956). 

W. D. Kingery et al, 11 Thermal Conductivity X: Data for Several 
Pure Oxide Materials Corrected to Zero Porosity, .. Journal of the 
American Ceramic SocietY, 37 ( 1954) pp 107- 110. 

F. J. Hetzler et al, The Thermal Conductivity of Uranium and 
Uranium-Plutonium Oxides, GEAP-487~ {August 1967). 

T. G. Godfrey et al, Thermal Conductivity of Uranium Dioxide 
and Armco Iron by an Improved Radial Heat Flow Technique, 
ORNL-3556 (June 1964). 

J. Lambert Bates, Hi h Tern erature Thermal Conductivit of 
11 Round Robin 11 Uranium Dioxide, BNHL-1431 July 1970 . 

C. F. Lucks and H. W. Deem, 11 Thermal Conductivity and Electrical 
Conductivity of U02 , 11 Pro ress Relatin to Civilian A lications 
During June 1960, BMI,l448 July 1, 1960 . 

J. A. Christensen et al, 11 Uranium Dioxide Thermal Conductivity, .. 
Transactions of. the American Nuclear Society, 7 (1964) pp 391-392. 

M. F. Lyons et al, U02 Pellet Thermal Conductivity from Irradiations 
with Central Melting, GEAP-4624 (July 1964}. 

R. D. Reiswig, 11 Thermal Conductivity of UO to 2,100°C, 11 

Journal of the American Ceramic Society, 4~ (1961) pp 48-49. 

J. Stora et al, Thermal Conductivit of Sintered Uranium Oxide 
Under In-Pile Conditions, EURAEC 1095 ~EA-R 2585. August 1964). 

C. Ferro, C. Patimo, and c. Piconi, 11Thermal Diffusivity of 
Mixed (T~ U ) Oxides and Some Materials to be Used as 
Reference 'i~'t~e Range 650-2,700 K, 11 Journal of Nuclear 
Materials, 43 (1972) pp 273-276. 

J. C. Weilbacher, 11 Diffusivit~ Thermique de l'oxyde d'Uranium 
et de 11 Oxyde de Thorium a Haute Temperature, II High Temperatures- . 
High'Pressure, 4 (1972) pp 431-438. 

R. L. Gibby, 11 The Effect of Plutonium Content on the Therma 1 
Conductivity of (U,Pu)o2 Solid Solutions, .. Journal of Nuclear· 
Materials, 38 (1971) pp 163-177. 

R. L. Gibby, The Thermal Diffgsivity and Thermal Conductivity 
of Stoichiometric:(::~0 • 8P~ 0 •· 2 )---2-! BNWL-704 (May 1968). 

43 



) . 

A-2.29. R. L. Gibby, The Effect of Oxygen Stoichiometry on the Thermal 
Diffusivity and Conductivity of u0 75Pu0 25o2_ BNWL-927 
{January 1969). · · x 

A-2.30. L. A. Goldsmith and J. A. ~1. Douglas, "The Thermal Conductivity of 
Plutonium-UraniumDioxide at Temperatures up to 1,273 K," 
Journal of Nuclear Materiais, 43 (1972) pp 225-233. 

A-2.31. H. Serizawa et al, "Thermal ·Diffusivity and Thermal Conductivity of 
Uranium-Plutonium Dioxide," Journal of Nuclear Materials, 34 (1970) 
pp 224-226. 

A-2.32. J. C. Van Craeynest and J. C. ~Jeilbacher, "Etude de la 
Conductibility Thermique des Oxides Mixed d'Uranium et de 
Plutonium," Journal Of Nuclear l~aterials,26 (1968) pp 132-136. 

A-2.33. H. E. Schmidt, "Die Waermeleitfaehigkeit von Uran and Uran­
Plutonium Dioxyd bei Hohen Temperaturen," Forshucng, Ingenieur-
Wesen, 38 (1972) pp 149-151. · · 

A-2.34 H. E. Schimdt, "Die Waermeleitfaehigkeit von Uran and Uran­
Plutonium Dioxyd bei Hohen Temperaturen," High Temperatures-

. High Pressure, 3 (1971) p 345. · 

A.;.2. 35. · D. L. Hagrman and G. A. Reymann, MATPRO Version 11: ·A Handbook 
of Materials Properties for Use in the Analysis of Light Water 
·Reactor Fuel Rod Behavior, TREE-1280, NOREG/CR-0497 (to be 
published, February, 1979). · 

44 




