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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 original version was published in the Materials Pro-
perties_(MATPRO) Handbook[d]Section A-2 (Fuel Thermal Conductivity).-

The improved versien incorporates data which were not included in
the previous work and omits some previously used data which are believed
to come from cracked specimens. The models for the effect of porosity
on thermal conducfivity and for the<e1ectronic 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
~in MATPRO are developed for Use in Light Water Reactor (LWR) analytical
programs such as the FRAPCON¥1[b] and FRAP-T4[C:I codes. This work is
,being.performed as part of the broad effort to develop and verify an-

-alytical models capable of describing nuclear fuel.rod behavior.

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
orgahization‘ Readers whoArequire descriptions of the use of materials
. properties subcodes should consult the code descriptions[b’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). '

[bl G. A. Berna et.al, FRAPCON-1: A Code for the Steady-State Analysis
of Oxide Fuel Rods, CDAP-TR-78-032-R1, (November 1978). ‘

[c] J. A. Dearien et al, FRAP-T4: A Computer Code for Transient
Analysis of Oxide Fuel Rods - Yolume 1 - Analytical Models and
Input Manual, CDAP-TR-78-027, (July 1978). :



2. FUEL THERMAL CONDUCTIVITY (FTHCON)
(D. L. Hagrman)

In this section a correlation is presented for the thermal con-
ductivity of uncracked U0, 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 to 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
derivative 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 célcu]até:the?'
mé]t(temperature. ‘ ' ‘

The model presented here is similar to the correlations used in
MATPRO-5 to MATPRO-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 porosity has been revised to consider more data than the
expression~used in previous versions of MATPRO. The current data -
base'shows'no iignificant effect of porosity at temperaturés above about
f 1600 K, probabjy because of the effects of radiation and gas conduc-
tivity which fnérease pore conductivity at hﬁgh temperature. Although
no data for thé conductiyity of molten fuel have been found, physical
. considerations have led to a revised estimate for the thermal conduc-
_tivity of liquid fuel. The new estimate for the thermal conductivity of
molten fuel is about half as large as earlier estimates. Finally, a
"~ discontinuity jn the slope of the MATPRO-5 to MATPRO-]]ﬁcorrelations for
thermal conductiyity as a function of temperature has been removed.



With the exception of minor modifications made to eliminate discon-
tinuities 1n slope in the temperature range 1364 to 2300 K the express1on
used to model thermal conduct1v1ty of solid fuel is

_ D - ¢
k = [1 + (6.5-0.00469T')(1-DT] [(A+BTX) (1+3etHT

. 8 IA | 2
-3 -13358 [1 3358 +2]]
+ 5.2997*10 T[exp(——————T )]F + 0.169—5 (A-2.1)

where

k = thermal conductivity (W/(mK)),.;

D =  fraction of theoretical density (unitless)

Cv = 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[a]

e T Tinear strain caused by thermal expansion when temperature

is above 300K (unitless). The MATPRO correlation for
fuel thermal expansion is used for this factor.

T = fue] temperature (K)

" [a] The analytica] expression for C.. as a function of temperature T,
and p]uton1um content, comp, is

. _ 296.7 (535.285)2 535. 285\ {l(1-comp)|
cv = 5 > exp _T——) )
T (exp.(535.285) 1)

T

(A-2.1a)

+237.4 (571)° exp (5_7_1_)] comp
2 (exp(sp) ])2 T




T' = fuel temperature if the temperature is less than 1364K.
For temperatures above 1834K .the porosity factor,

D’
1+ (6.5- 0 00469T )(1- D)’
in the range 1364-1834K the factor is 1nterpolated as

explained in Section 2.3.

is equal to 1 and for temperatures

™ = fuel temperature if the temperature is less than 1800K.
For temperatures above 2300K,. T" is equal to 2050 K and
for temperatures in the range. 1800-2300K, T" is inter-
polated as explained in Section 2.3. '

A = a factor wh1ch is proportional to the point defect con-
tribution to the phonon mean free path. (ms/kg). The
correlation used for this factor is°0.339 + 11.1 *
Absolute value (2.0-oxygen to metal ratio).

B A=' a factor which is proportional to the phonon-phonon

' scattering contribution to the phonon mean free path
(ms/kgK). The correlation used for this factor is 0.06867
+ (1 + 0.6238 * plutonium content of fue])

The first term of Equation (A 2.1) represents the. phonon contribution

to specific heat and the second term represents the electronic (electron-

ho]e)dcontr1but1on ‘When the fuel s molten, the f1rst term is neg1ected

The expected error of the thermal conductiyity model has been
est1mated by comput1ng the standard error of the mode1 w1th respect to
its data base. For stoichiometric UO2 samp1es the standard error
was 0.2W/(mk) and for stoichiometric mixed oxide samp]es with. PuO2 the

~ standard error was 0. 3W/(mk). Based on these results, the following

express1on is used to calcu]ate the expected standard error of . the solid
fuel thermal conduct1y1ty

= (0.2 (1-COMP) + 0.7 COMP) * (1.0 + |2-0TM|10) (A-2.2)




where

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

COMP = PuO2 content of the fuel (ratio of weight of PuO2 to
total weight)

OTM™ = oxygen to metal ratio of fuel (unitless)

The following subsection is a review of the general fheories and
data used to derive the model for fuel thermal conductivity. Section 2.3
describes the development of the model and Section 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 Review of Literature: Theory and Available Data

. The mechanistic basis for a description of the thermal conductivity
of solid unirradiated UO2 and (U,Pu)02+x‘is well documented in the

[A'Z'J’A'2'4J. The thermal conductivity is the sum of con-

literature
tributions due to lattice vibrations, electron-hole pairs and infra-red

radiation heat ﬁransfer. At temperatures below 1500 K the lattice

" component
K o= W3ec, u A | " | (A-2.3)
.Wherew
Kp = lattice vibration (phonon) contributionvto thermal con-
ductivity (W/(mK))
p = density of the solid (Kg/m3)
Cv = phonon contributjdn to the specific heét at constant

volume (J/KgK))



‘to the thermal conductivity
or acceptors[a]. The radiation heat transfer contribution to the thermal
- conductivity is small in polycrystaline fue

| =
1]

mean phonon speed (m/s)

o
]

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. ' '

K, = 2 [-Z‘i] g {o : 2°§°h ( ZE:T + z) 2] (A-2.4)
where - |

,Ke = e]e;tronic confributionvto thermal conductivity

Kg = | Bo]tgman's constant, 1.38%10723 g/

e = . electron charge, 1.6*i0"]9c6u10mbs
e = e]ectroq contribution to electrical conductivity (1/ohm m))
o = «ihoTe cohtributidn to electrical cpnductivity (1/(ohm=m))

o = qu+°h (1)(ohm m))

Eg, = fenerg¥ gap between conduction and valence band;.(d)
| T = ':teﬁperature ‘K),

[A-2.4] if the solid is not doped with donors

1[A'2']], 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 bipolar heat-conduction effect caused by the creation of electron--
hole pairs at high temperature and their recombination at low tempera-
tures. The bipolar effect is not present in heavily doped semiconductors.



The application of Equation (A-2.4) is simplified by'the existence
of accurate measurements of the electrical conduct1v1ty of U02. Bates,
Hinman and Kawada[A -2.5] report electrical conductiyities above 1400 K

- to be given by

o = 3.569%107 exp (- T%T—)  (A-2.5)
where
g = e]ectrica]lconductivity (]/(ohm-m))
kg - Bo]tzman'e,constant 1.38+10723 y/k
tg = enetgy gap between coedgction and va1ence‘bands, 3.688*]0’19J
T = temperature (K)

Equation (A-2.4) can be combined with Equation (A-2.5) to obtain

SR K12 -E ' E ]
B - 7 g 2f g
K- = 2[—— * T *3.569*10° Jexp ( )] [] + ( + 2) ] (A-2.6)

where f= h/o and the other symbols have been defined in conjunction with
the two prev1ous equat1ons ‘Equation (A-2 6) contains only one undetermined

parameter, the ratio f.

Unfortunately, the application of Equation (A-2.3) for the lattice
- contribution to thermal conductivity is compiex C and p are ava11ab1e
from the ‘MATPRO routines for fuel specific heat and fue] thermal expans1on
and u is approxrmate]y the speed of sound in.the 1att1ce but the phonon
mean free path, ), is not a d1rect1y~measured quantity. For the purpose
of app1ying Equation (A-2.3) to (U,PU)OZ it {s sufficient to point out
that the quantity 1/3ur in Equation (A-2.3) at temperatures in . the range
500-3000K is determ1ned by two main contr1but1ons -~ the def]ect1on or
scattering of ]att1ce vibrations from permanant defects, in . the regular



lattice pattern and the scattgring of lattice vibrations from each
other[a]. The first contribution is primarily a function of the oxygen-
to-metal ratio and the impurity cbntent of the fuel while the second
contribution is a function of temperature and the plutonium content of
the fuel[A'Z']]. When the two main contributions to the- phonon mean free
path are fncorporatéd in Equation (A-2.3) the éppropriate expression for
the lattice vibration contribution to the thermal conductivity of solid
fuel is

pC

Kp = —————A +VBT i (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 in 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
lattice. The physical problem has been discussed extensively in the
literature[A'z']’A'z'6 to A-2.10] where it has been shown that the
~ effect of poroﬁity.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 mechanistic 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

.. . [A-2.11 to A-2.14]
obtaining usable expressions have adopted some form of
either the modified Loeb equation

== 1-0P (A-2.8)
100 : ‘

[a] The interested reader will find detailed physical discussions in
Reference (A-2.3) and (A-2.4).

8




%5 = ]‘;B: o | (A-2.9) -
where
K = thermal cohductivity of a porous sahp]e (W/ (mK))
K]00 = thermal conductivity of a samb1e with.no pores (W/(mK))
’P = volume of pores/total sample volume (unitless)
a,B = factors depending on the shape ana d1str1but10n of the

pores (unitless).

These authors usually assume'a or B8 fo be linear: functions of temperature '
and fit the linear functions to data from a limited set of samples.

None of ‘the published studies of the effect of porosity on thermal
COnductivity3hqs used the large collection of data that is available.
~ This will be déne in Section 2.3. The correlation will be based on the
Maxwell-Eucken relation because the mechanistic stud1es of both Mar1norA -2.6]

[A-2.70] recommend th1s re]at1on

and Ondracek

The remaihderOf this -Titerature review will discuss the available
expekimenta] measurements of thermal conductivity. Two general types of
experiment will be encountered: the radial heat flow method 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 heat input and the steady-state temper-
atUre difference across the sample. In the transient heat pulse method
the méasured quantity is the thermal d11’fus1v1ty[A 2. 3]



a = T o | (A-2.10)
pP .
where
a = thermal diffusivity'(ﬁ?/séc)
K = thermal conductivity (ﬁ/(mK))
Cp' = fuel specific heat at constant pressure (J/Kg K)
o - = fuel density (kg/m3)

'It is interesting to note that as muth as 5% of the scatter in the
1reported values of thermal conduct1v1ty is caused by differences in the
’values of Cp assumed by authors who re1y on therma] diffusivity data.

. * The ava11ab]e U0, data are contained in References A-2.11 to A-2.27.
. 'Several of these sources were not used in the present analysis:
';"f:Hedge[A -2.15] and K1ngery[A 2.16]

11170 and 75% TD - far below those used in commercial fuel. Asamoto et

‘ 31[A'2 ]4], Reisw1g[A 2. 23], ,Stor-vza.[A 2.24] and Hetzler et al[A’2'17]

:3 _ehp]oyed'radiaT heat flow methods in which the electrically heated
" Acenter conductdr'may have beén able to contact the oxide sample, so that
- Joule heating of the ox1de could result and indicate anomalously high

t.conduct1v1ty The data of Hetzler and Asamoto also show unusually large

Ascatter, probab] because of cracking during the measurements. The data
. of Ferro et al. A 2.25) show such large scatter that they were rejected for
-.:':th1s_reason a1one The data of Lyons et a1[A-2.22]
,“1ob$ervation of:postirradiatibh gréin growth and restructuring, a less
“reliable method than that used by other investigators. The data of
| L.:Van Craeynest and Stora[A 2.11] 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

, used samples with dens1t1es between

were derived from.

the reported data were taken.

10



[A-2.21]

" used. The apparatus used in his radial heat flow exper1ment is not we]]

Christenseh s data are the most suspect of . those that were
described. It is possible that the sharp increase in thermal "conduc-
tivity at high temperature reported by Christensen is due to electrical
contact with the heating element. Because of this possibility and because
the specimen composition changed from UO2 01 to UO] 99 during the test,

-Christensen's data for temperatures above 1800 K were not used. The

" data from Christensen that were used are listed in Table A-2.I.

. The data of Godfrey et a1lA-2.18]

flow data reviewed in this section. Granular alumina and careful

are the most reliable radial heat

positioning of the center heater were used to minimize electrical con-
tact between the center heater and the samp1e Runs which. resu]ted in a
change in the oxygen to metal ratio were reported as suspect and not
used. Thermocoup]e errors were ana]yzed carefu]]y and runs above 1373 K
were identified as not valid because of thermocoup]e prob]ems

Unfortunately, Godfrey et al used only samples of 93.4% of the
theoretical density. Also the data were "corrected to theoretlca]
dens1ty" by dividing by the fraction of theoretical dens1ty The un-
satisfactory nature of this correct1on would no doubt haye become eyi-
dent if samples of varying density had been used. .This "correction" was '
removed before the data were used to deye]op.the mode]l descrihed here.

The data with the density correction removed are 1isted in Table A-2.TI.
" Several runs are represented and there is no systematic yariatioh from

run to run. Data at temPeratures below SOOK are not included in Tab]e A-2. II
" because the low temperature data cannot: be used with. Equat1on (a-2. 7)

(The equation is valid only when temperatures are we]] aboye . the Debye
Temperature).

The remaining five sets of UO2 data which were used were all ob-
tained with the heat pu]se method. Bates[A 2.19] measured the thermal
diffusivity of three samp]es, all with a density of 98. 4% of the theoretical
density. Some data thch corresponded to runs: taken when the samples

1



- TABLE A-2.1

U0, DATA FROM CHRISTENSEN(A-2-21)
‘ . Density - Thermal
Temperature (fraction of Conducttyity
(K} theoret1ca1) L lw/(mK))
'.jnme;ns _.uooemu T a2
.13 ’ o .5 -
183 .
21489
«19
o158
'}2
S17A;
o18

12




TABLE A-2.11

U0, DATA FROM GODFREY ET aL (A-2.18)

" Temperature

(K)

%7300E903
%103&&03

143160QE183
«10740E404

&&150&&&03@
=87000E¢

004
.12 2 E"OQ

WHWWWW

.7

(fraction of Conductivity
_ theoretical) (w/(mK))
«9340E+00 . _.%40400E+01 -
9340E000 . 475400E¢0}
-e9340E¢00: «%32200E+01%
'e9340E¢00_ _ +390200E¢B1
29340E+00 T 2355900E¢01
+9340£+00 " ,326500€400
«9340E¢00 5. -5461000E¢CL:
+9340E400 . 2379400E+01 .
=29340E400 :~ " 2383200E401
«9340E+00 »348700E+01
<3340E+00 2318200E+0L
«9340E400 ' .298500E¢01
.93405900': 2297300€ ¢01
*9340£400 " ' +277400€20
29340E+00 755005«01
193406400 - 510700E¢0)
-9340E400 <373700E+01"
<9340E+0 ©369000€¢0)
<9340E +00. +368100E+01"
*9340E+00 .  .288800E+0L
<9340E+00 - +287000E¢0L
514000E¢01
233306108 i- ;sxlxoosfoi;
93406400 . . +458900E901
'9340E+00 . . «4$55700E+01
9340E400 . $07700E401
9340E+0 1 $09600E¢01
9340E400  +371100E+0L
9340E +00 =373400E ¢01
J340E+00. <341600E¢01
33a0E 00 <3tes00esol
+33 308180 - 2316s00Es0L
" 9340E200 . 52950802301
193406400, «275100E%01
3340600 © +343200E+0)
)340E400. . «523200E401
i cand
giseise -{sateseist
23306300 2382100401

Density

Thermal
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had a metallic second phase at the grain boundaries were not used.
Table A-2.1I1 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
expans1on[a]. There is no systematic variation in the data either from
run to run.or sample to sample.

G1bby[A 2. 27] reported the thermal diffusivity of a UO2 sample as

' part of a study on the effect of plutonium add1t1ons . The sample had a

density of 95.8% of the theoretical dens1ty. The thermal conductivity
calculated from Gibby's diffusiviites are shown in Table A-2.1V.
wei1bacher[A'2'26] reported the thermal diffusivity of a U0,
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 provide support for -the idea
that.recent thermal diffusivity data on uncracked éamp1es 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 with Bates' data are listed in .
Table A-2.V. ' ’

[a] The expressions for U02'specific heat and thermal expansion are

2
. - 296.7 (535.285) exp (535.285) ap=2
C = =)+ 2.43%10 " T
. P . T2 (exp (535%285) _1)2 T . |
+ '8.745*107*1.577 ex -1.577*}05- (A-2.11)
. P\8.3143 7 |
-5 -3 -2 6.910°20 \ " (a-2.12)
- and en 10 " T - 3*10 " + 4*10 " exp - —i—————:§§—- e
' ‘ 1.38*10 7T
where Cp = UO2 specific heat (J/(kg K))
&p = linear strain caused by thermal expansion (unitless)
T = temperature (K)
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TABLE A-2.111
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U0, DATA FROM BATES(A"2-19) THERMAL DIFFUSIVITY MEASUREMENTS
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TABLE A-2.1II (cont...)
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TABLE A-2.11I (cont...)
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TABLE A-2.1V

U0, DATA FROM a1sBy's(A-2-27)
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TABLE A-2.V

U0, DATA FROM wEILBACHER'S(A'z'ZG)‘THERMAL DIFFUSIVITY MEASUREMENTS

: Density Thermal
Temperature  (fraction of Conductivity
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[A-2.12] provide more support for

The data of Goldsmith and Douglas
the idea that recent thermal diffusivity data on uncracked samples are
more consistent than previous]y reported. When the MATPRO expressions
for specific heat and thermal expansion are employed to cbnvert the
thermal diffusivity data of Goldsmith and Douglas to thermal conduc-
tivity, the resu]tant thermal conductivities fall within the scatter of
the data of several authors who performed extensive measurements on a
1imited number of samples. The thermal conductivities obtained from
Goldsmith and Douglas' data are presented in Table A-2.YI. 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] (which will be
discussed in the next paragraph), and the 93 2% and 93.0% dense sample

data agree with the data of Godfrey[ J

The final set of UO2 data to.be d1scussed are those of I. C, Hobson
et al[A 2. ]i]. These authors have apparently measured the thermal dif-
fusivity of a series of U02 samples. However, they reported only data
from a single sample of density 10.40*103 Kg/m (94 9% of theoretical
densify). The remainder of their results are reported as correlations,

a format which renders their work useless for the purpose of this report.
The usable thermal diffusivity data were converted to thermal conduetivity
~and are listed in Table A-2.VII.

The data appropr1ate for modeling the thermal conductiyity of mixed
(U,Pu)_O2+ include the available (U, Pu)O measurements[A -2.11,A-2.17,
A-2.27 to A-2.34] and U02+x data with X#OIA -2.12,A-2.13,A-2. 17] The

UO2+x data are Tmportant because the effect of non-stoichiometry in
mixed oxide fuels is at least as important as the effect of yariations
in the weight fraction of PuO2 Unfortunately, the 1imited resources
ava11ab1e to produce the present model preclude a carefu] rev1ew of . the

[a] The thermal conductiveness determined from each author's data will be
compared with each other and the MATPRO mode] in a serles of f1gures
presented in Section 2.4.
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TABLE A-2.VI

U0, DATA FROM GOLDSMITH AND DOUGLAS' A-2-12) THERMAL DIFFUSIVITY MEASUREMENTS

o Density Thermal
Temperature (fraction of Conductiyity
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TABLE A-2.VII

U o (A-2.13 '
0, DATA FROM HOBSON ET AL's( ) THERMAL DIFFUSIVITY MEASUREMENTS

4 Density Thermal
Temperature (fraction of = Conductivity
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from References A-2.27 to A-2.30 and the model. proposed by Olander

data. For that reason the stoichiometric data
[A-2.1]

(U,Pu)0 or the U0

2+x 2+X

for the effect of oxygen-to-meta] ratio.variations will be adopted

- without modification.

2.3 Model Development

The deve]opment of the model for thermal eonductjvity 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 determination of an ex-
pression for the effect of density. The UO2 data were grouped by density
and second degree ploynomials in temperature were fit to the data in
each group. Inspection of the data[a] revealed a regu]ar 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 representing“tﬁe thermal conductiyity of the’
various groups were evaluated at 600 and 1000 K and the average thermal
conductivities obtained were used with Equation (A-2.9) to obtain linear
functions of the form

B=8y+ B8y T (A-2.13)

corresponding to. pairs of poroeity groups. The resultant values of By
and gy are Tisted in Table 2.VHII. '

The scatter in the values of 8o and 81 is caused by unknown
variations of pore shape and content as discussed 1n Section 2.2, In
subsequent model development steps all three sets of By and By as well
as their average values were tested to see which produced the model with
the smallest standard error. Very little difference was found so the
average va]ues of By and By were adopted. |

[a]l The data and model predictions are illustrated in Figures A-2,] to
A-2.8 of Section 2.4.
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Groﬁps Compared a

TABLE A-2.VIII

VALUES OF B, AND By FROM VARIOUS DENSITY GROUPS

B, B4
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 densities
Group 4 contains densities
Group 5 contains densities

Group 7 contains densities
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The second step in the deve]opment'of the model was . the determination
of the constants A and B of Equat1on (A-2. 7) Th]S was: done w1th a
least squares fitting technique and the UO2 thermal conduct1v1ty data
for temperatures between 500 and 1100 K[ ]. The data were normalized to
100% of theoretical density with Equation (A-2.9) before the fit was.
carried out. ‘

The third step in developing the UO mode] was the determ1nat1on of
a value of the constant f in Equat1on (A 2.6) with the h1gh temperature
data. Since Equation (A-2.6) models the electronic contribution to
thermal conductivity, a value of f was determined with a least squares
fit to the difference between the experimental thermal conductivities
and the lattice vibration contribution predicted with_Equatfoh (A-2.7).
The factor A + BT in Equation (A-2.7) was limited to its value at
T= 2050 K because the mean free path. of the phonons is about equal to
the inter-atomic distance at this temperature A-2. ]]. No normalization
for density was applied to the high temperature data.

The final steps in the deve]opment of the UO model were a trivial
smooth1ng of two discontinuities in the slope of the pred1cted thermal
conductivities as a function of temperature and the proyision of an
estimate for 1iquid fuel. The discontinuities are caused by limiting -
the g8 in Equation (A-2.9) to values larger than -1 and Timftihg the :
phonon mean free path to at least the interatomic distance. Each dis-
continuity was removed by replacing temperature with an interpo]ated
temperature in a range about the cut-off value and requ1r1ng the inter-
polated temperature to produce continuous functions and slopes‘at the
ends of the range. For liquid fuel, the lattice vibration contribution
to thermal conductivity was set equal to zero. ‘ '

Severa] preliminary assumptions have been made to prov1de at 1east
an approximate mode] for the effects of variations in the p1uton1um
content and the oxygen to-meta] ratio of ceram1c fuels:

[a] Data below 500 K were not used because Equation (A 2.7) is 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 high temperature electronic contribution to thermal con-
' ductivity has been assumed to be similar for Pqu, UO2 and

non-stoichiometric fuels.

(c) Variations in plutonium content have been assumed to affect
only the phonon-phonon scattering term of Equation (A-2.7).

(d) Vvariations in oxygen to metal ratio have been assumed to
affect only the defect term of Equation (A-2.7).

The change in the phonon-phonon scattering term of Equation (A-2.7)

was modeled by fitting reported thermal conductiyities of (U,Pu)o [A-2.27 to
2.30,A-2.33] { fquation (A-2.7) with B replaced by '
B' = B (1 + b COMP) (A-2.14)
. U02
whefe
B! = ;oefficient of temperature in Equationt(A-2.7) for mixed
oxides
BUO = coefficient of temperature in Equation (A-2.7) for U02
2 . .
coMP = Pu0, content of the fuel (ratio of weight of PuQ, to
' total weight)
b = constant to be determined.

The resultant value of b was 0.6238.
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Olander's expression[A'z’]] for the effect of oxygen-to-metal ratio
on the defect term of Equation (A-2.7) was adopted to pfovide a pre-
liminary model for the effect of variations from stoichiometry. The
fractiona] change in the defect term was estimated by Olander to be

AA 400X

A = ——'—-A (A"2°]5)
where _
X = departure from an oxygen—to-meta] ratio of 2
A - = defect term in Olander's version of Equation (A-2.7)
A% = fractional change in the defect term of Equation (A-2.7)

The expression for A which resulted from this adaptation is ngen in
Equation (A-2.1).

2.4 Uncertainty of -the Model

f 4 ’The standard error[a] of the FTHCON model for thermal conductfvity
with respect to its U0, data base is +0.20 W/ (mK). The standard error
with respect to the (_U,Pu)o2 data base is + 0.29 W/(mK). The first two
terms of Equation (A-2.2), the expression for model uncertainty which
has been added to the FTHCON subcode, were constructed to reproduce
these uncertainties at 0 and 20% Pud, content.” .The third term of
‘Equation (A-2.2) provides an engineering estimate of the increase in the
error of the model for non-stoichiometric fuel. '

Figures A-2.1 to A-2:8 illustrate the model predictions and the U02
data base for several densities. Each figure shows data within +0.05 of
the fraction of theoretical density assumed for the model prediction.

[a]l The standard error was estimated with the ex i Jare
] : d pression (sum of squared
residuals/number of residuals minus the number of congtants usgd to

fit the data)” >, Five constants were used for the UO. d "
were used for the Pu02 data. 02 ata and six
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Fig; A-2.1 Model prediction for thermal conductivity of 0.99.ofA
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with densities in the range 0.985 to 0.995 of theoretical
density. ‘
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Fig. A-2.5 Model prediction for thermal conductivity of 0,94 of
theoretical density U0, compared to data from specimens
with densities in the range }.935 to 0.945 of theoretical density.
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Fig. A-2.6 Model prediction for thermal conductivity of 0.93 of
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The U02 data of each investigator show scatter which is 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 Condqctivity Subcode FTHCON Listing and Comparison
to the MATPRO-11 Version of the Subcode

A 1listing 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-2.10 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 lines were generated by the MATPRO-11 Version of
the FTHCON codé[A'2'35]. For 95% dense fuel the predicted low temper-
ature conductivity is now approximately 0.3 W/(mK) higher than it was in
the MATPRO-11 package. 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 1iquid fuel has

- been substantially decreased in the new model.
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Fig. A-2.9 Comparison of thermal conductivity predicted by the
MATPRO-11 version of FTHCON to the conductivity
returned by the current subcode for 0. 95 of theoretical
density UO2
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Fig. A-2.10 Comparison of thermal conductivity predicted by the
MATPRO-11 version of FTHCON to the conductivity
returned by the current subcode for 0.90 of
theoretical density U02.
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