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THERMOPHYSICAL PROPERTIES OF MOX AND UO, FUELS
INCLUDING THE EFFECTS OF IRRADIATION

S. G. Popov J. J. Carbajo
V. K. Ivanov G. L. Yoder
Russian Research Center “Kurchatov Institute” . Oak Ridge National Laboratory
ABSTRACT

Available open literature on thermophysical properties of both MOX and UO, fuels has
been reviewed, and the best set of thermal properties has been selected. The properties reviewed
are solidus and liquidus temperatures of the uranium—plutonium dioxide system (melting
temperature), thermal expansion, density, heat of fusion, enthalpy, specific heat, and thermal
conductivity. Only fuel properties are studied in this report. The selected properties will be used
in thermal-hydraulic codes to study design basis accidents. The majority of the properties
presented are for solid fuel. '

1. INTRODUCTION

The excess weapons-grade plutonium available in the Russian Federation (R.F.) and the
United States will be mainly disposed of by burning it as mixed-oxide (MOX) fuel in existing
reactors. These reactors will be primarily VVER-1000s in the Russian Federation and
pressurized-water reactors (PWRs) in the United States.

Safety analyses are required by the national regulatory bodies to prove that MOX fuel can
be burned safely in these reactors. These safety analyses require calculations with safety codes
that need the appropriate thermophysical properties of the MOX fuel.

The MOX fuel contains between 3 and 5% PuQ; blended with natural or depleted uranium
(in the proportion of 95-97%). The PuO, replaces the enriched fraction of *°U oxide in the
regular UQ, fuel. The uranium and plutonium dioxides are isostructural because their atomic
masses are very close (238 and 239), and they form solid solutions.

A considerable body of data and correlations in the open literature covers measurements of
thermal properties of UO,, PuO,, and MOX fuels. The data on MOX fuel are not so extensive as
those on UO, fuel; but nevertheless they are sufficient to select adequate properties for MOX
fuel. o

In this report, the available open literature on fuel properties has been searched and
reviewed, and the best set of thermal properties for MOX and UQ, fuels has been selected.

The properties reviewed are solidus and liquidus temperatures of the uranium—plutonium
dioxide system (melting temperature), enthalpy (or heat) of fusion, thermal expansion and den-
sity, enthalpy and specific heat, and thermal conductivity. Only fuel properties are studied in this
report. The selected properties will be used in thermal-hydraulic codes that study only design
basis accidents, Thus, no fuel melting will take place, and the majority of the properties pre-
sented are only for solid fuel. Properties needed to study severe accidents will be covered in a
separate report.

For each property, the variables that influence the property are described, followed by a
review of the available data and correlations. Variables considered are fuel composition,
temperature (T), porosity (p) or fraction of the theoretical density (TD), burnup (B), and




oxygen-to-metal (O/M) ratio or deviation from stoichiometry (x = O/M - 2). It is expected that
the use of these variables can accommodate fuel property variations due to different fuel
manufacturing processes.

After the review, recommended values or correlatlons for both MOX and UO, fuels are pre-
sented, and the properties are given as graphs or tables of the property vs temperature with or
without burnup (fresh fuel). These tables can be used readily as input for the properties required
in thermal-hydraulic codes.

As expected, the properties of UO, and MOX fuels are very similar, but some differences
were clearly identified. MOX fuel has a lower melting temperature and a lower thermal conduc-
tivity than UQ, fuel, and burnup and/or deviation from stoichiometry reduce the thermal conduc-
tivity of both UO, and MOX fuels significantly.

This report was completed as a collaborative effort between the Kurchatov Institute (R.F.)
and Oak Ridge National Laboratory (ORNL).



2. SOLIDUS AND LIQUIDUS TEMPERATURES OF URANIUM-
PLUTONIUM DIOXIDE FUELS

2.1 INTRODUCTION

The melting temperature of fuel is a function of the composition (PuO, and UO, fraction),
O/M ratio, and burnup (B). This temperature decreases with increasing PuO, mass or mole
fraction (y), with increasing burnup, and with decreasing O/M ratio.

2.2 AVAILABLE DATA

The Adamson' equations provide the best fit to the data. The MATPRO? expressions are
based on Lyon and Baily® data and yield the lowest values of the temperature, with the largest
temperature reductions due to burnup. The Komatsu® formula yields the highest temperatures; it
has O/M ratio and burnup dependency. Tables 2.1 and 2.2 summarize the available data on
melting temperatures.

2.3 RECOMMENDATIONS
Adamson' reported melting temperatures and equations that are the best fit to the experi-

mental data. They are, therefore, recommended. This recommendation agrees with recent values
reported by Fink® for the International Nuclear Safety Center.

Table 2.1. Available data and formulas on melting temperatures of UO; and PuO,

Reference Pure UO, Pure PuO, Comments
Lyon and Baily3 (3113200 K (2663 +£20) K No burnup effect
Aitken, Evans’ (3120+30) K (2718 £35) K  No burnup effect
Latta, Fryxell® (B138+£ 15K No burnup effect
Adamson, Aitken' (3120+30) K (2701 £35) K  Burnup effect: -0.4 K/MWd/kg
MATPRO? 3113.15K 2647 K Burnup effect: -3.2 K/MWd/kg
Komatsu* (B138 15K 2718K Burnup effect: -0.7 K/MWd/kg

Table 2.2. Available data and formulas on solidus
and liquidus temperatures of the system UO,-PuO,

Reference Experiment Table Correlation Arguments
Lyon and Baily’ Yes Yes No y
~ Aitken and Evans’ Yes Yes No y
Epstein’ No Yes No y
Adamson et al.' No No Yes y,B
Komatsu et al.* No No Yes y, O/M, B
MATPRO, 1993° No No Yes y,B
Fink, 1999° No Yes Yes y




The recommended values for the melting temperatures of UO, o and PuO, o are
Tr(UO200) =3120+ 30K ,
T(PuOs00) =2701 35K .

The recommended solidus and liquidus curves for stoichiometric fresh fuel solutions are
based on detailed analyses of experimental data®’ reported in Ref. 1. The liquidus [T (y)] and
solidus [Ts (y)] temperatures (in K) are given by:’ .

Ti(y) = 3120.0-388.1y - 30.4y” ,
Ts(y) = 3120.0-655.3y + 336.4y° ~ 99.9y° ,

where y is the mole fraction of PuO,. The solid-liquid phase diagram for the UO,~PuO, system
is shown in Fig. 2.1. The enlarged portion of this figure for y less than 0.1 is shown in Fig. 2.2.
The solidus and liquidus temperatures are tabulated in Table 2.3 as a function of the PuO, mole
fraction.

For mole fractions of PuO, in fuel from 0O to 0.6, the two-standard-deviation estimated
uncertainties are +35 K for the solidus temperature and 55 K for the liquidus temperature. For
mole fractions of PuQO, above 0.6, the two-standard-deviation uncertainties increase to £50 K for
the solidus and to %75 K for the liquidus temperatures.

The effect of burnup on the solidus (melting) temperatures of MOX fuel and UO, was
investigated in Refs. 1, 4, 9, and 10 (Fig. 2.3). We recommend a correction for burnup by
decreasing the solidus temperature by 0.5 K/MWd/kgU for both MOX and UO; fuels.
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Table 2.3. The solidus and liquidus temperatures of the UO,-PuQ, system

Mole Solidus Liquidus Mole Solidus Liquidus
fraction of temperature temperature | fraction of temperature temperature

PuO, X (K) PuO, (K) (K)

0.00 3120.00 3120.00 0.10 3057.73 3080.89
0.01 311348 3116.12 0.11 3051.85 3076.94
0.02 3107.03 3112.23 0.12 3046.04 3072.99
0.03 3100.64 3108.33 0.13 3040.28 3069.03
0.04 3094.32 3104.43 0.14 3034.58 3065.07
0.05 3088.06 3100.52 0.15 3028.94 3061.10
0.06 3081.87 3096.60 0.16 3023.35 3057.13
0.07 3075.74 3092.68 0.17 3017.83 3053.14
0.08 3069.68 3088.76 0.18 3012.36 3049.16
0.09 3063.68 3084.82 0.19 3006.95 3045.16
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3. THERMAL EXPANSION AND DENSITY OF FUEL

3.1 INTRODUCTION

The fuel density p is'a function of the fuel composition, temperature, fraction of theoretical
density (TD) or porosity p [p = (Prp — p)/prp], O/M ratio, and burnup (B).

The density of PuO, (or MOKX fuel) is larger than the density of UOz At 273 K, the density
of UO, is 10970 * 70 kg/m’, and the density of PuO, is 11460 + 80 kg/m® (for 100% TD). There-
fore, the density increases with increasing PuO, content and decreases with i increasing
temperature. '

The effect of the other variables (O/M ratio and burnup) is less important and usually does
not need to be considered. The deviation from stoichiometry (O/M ratio different than 2)
decreases the density. The burnup has two different effects: at low burnups the density increases
by fuel densification; at higher burnups, the density decreases by fuel swelling.

3.2 AVAILABLE DATA AND CORRELATIONS

Table 3.1 shows the relevant correlations and data for the thermal expansion and density of
the fuel.

Table 3.1. Thermal expansion and density of UO, and MOX fuels

vo MOX/PuO
Reference thern’ial thermal ’ p(UO,) p(Pu0,)
. . at273 K at273 K
expansion €xpansion

Martin’ X X
Tokar’ ' X
MATPRO® X X 10980 + 20 kg/m’
Fink* X 10960 + 70 kg/m®
Benedict’ 10970 + 70 kg/m’ 11460 + 80 kg/m’

3.3 RECOMMENDATION

The UO,, PuO,, and MOX fuels have very similar thermal expansmns 2 The expression of
Martin' can be used for UO, and MOX, with the corresponding basic density (at 273 K). The
relative thermal expansion [(L(T) — L(273)]/L(273) = AL(T)/L(273), the true linear thermal
expansion coefficient (TLTEC) [o(T) = 1/L(273) * (dL/dT),], and density [p(T)] of solid
stoichiometric UO, or MOX fuel in the temperature region of 273 to 923 K are recommended to
be calculated by these correlations:'

AL(T)/L(273) = ~2.66 * 107 + 9.802 * 10 * T=2.705 * 1071° * T2 + 4391 * 1073 * T .
L(T) =L(273) * (9.9734 * 107 + 9.802 * 107 * T —2.705 * 107'%* T2+ 4.391 * 107 + T%) ;

0(T) =9.828 % 10° - 639 * 107 * T+ 1.33 x 1072 * T2 = 1757+ 1077 + T>, (I/K) ;

ps(T) = p(273)
*(9.9734 % 107 +9.802 * 107° * T=2.705 * 107%* T2 + 4.391 * 107 « T | (kg/m) ;




in the temperature region of 923 K up to the UO, or MOX fuel melting temperature
Tm[(Ul—yPuy)OZ] :

AL(T)/L(273) =-3.28 * 10> + 1.179 % 10 * T~ 2.429 * 10° * T>+ 1.219 * 102 = T° ;
L(T) =L(273) * (9.9672 * 107" + 1.179 * 107 * T -2.429 * 107 * T> + 1.219 * 1072+ T%) ;

0(T)=1.1833 %107 -5.013 * 10° * T+3.756 * 102 * T2 - 6.125 * 107" * T , (1/K) ;

ps(T) = ps(273)
%(9.9672 % 107 + 1.179 * 10° * T—2.429 * 107 * T> + 1.219 * 102+ T | [kg/m’] .

Densities p,(273) at 273 K of uranium and plutonium dioxides are 10,970 kg/m® and
11,460 kg/m’, respectively. Depending on mole fraction of PuO;, density of the solid solution of
uranium and plutonium dioxides (U;_,Pu,)O, changes according to the linear law:

p«(273) = 10,970 + 490y (in kg/m’) , for (0<y<1) .

Errors in the values of the relative expansion are +2.6 X 107*, £4.4x 107, and +7 X 107*in
the temperature regions of 293-1273 K, 1273-2273 K, and 2273-2929 K, respectively. The
corresponding errors in the values of the TLTEC are +0.11 x 10, 0.22 x 107, and +1.1 x
107 1/K. The recommended uncertainty in the density of UO, and MOX fuels is 1% for the
entire temperature range. Recommended values of thermal expansion of stoichiometric MOX
fuel are given in Table 3.2 and Figs. 3.1 and 3.2.

The parameters of thermal expansion of hypostoichiometric, (U;_yPuy)O,, solid MOX fuel
are recommended to be calculated by the corresponding parameters of the stoichiometric fuel,
multiplying them by a factor of [1 + 3.9(20.9) * x]. Analysis of the experimental data' showed
that this recommendation is valid up to 1800 K; however, in the absence of high-temperature
data, it can be used up to the melting temperature.

The recommended correlations for the coefficient of volume expansion and density of liquid
UO, and MOX fuels as functions of temperature in the 3120-4500 K region are given by:®

0, o(T) = 0.9285/[8860-0.9285(T — 3120)] , (1/K) ;

p(T) = 8860-0.9285 (T - 3120) , (kg/m’) .

The relative uncertainties of these values are 4%.

These density correlations are for fully dense fuel with zero porosity. Generally, com-
mercial fuel density ranges from 94-96% of TD prior to irradiation. During the early phases of
irradiation, commercial fuel will densify by approximately 1-2% with maximum densification
occurring by 5-15 MWd/kg burnup.’ Fuel also swells, due to progressive buildings of fission
products, at a rate of 0.7-1.0% Av/v per 10 MWd/kg (Ref. 8). Maximum fuel density occurs
between 5-15 GWd/MT burnup; thereafter, the fuel density decreases proportionally with
increasing burnup.

10



Table 3.2. Parameters of thermal expansion of stoichiometric MOX fuel
and density of UQ,q as a function of temperature

Relative Average linear

Temperatore  thermal o, TEC PgoRYt
coefficient kg/m®
AL(T)/L(273) 1/K) (kg/m’)
3.0000E+02 2.6811E-04 9.9300E-06 9.7555E-06 1.0961E+04
4.0000E+02 1.2456E-03 9.8081E-06 9.7841E-06 1.0929E+04
5.0000E+02 2.2283E-03 9.8161E-06 9.8388E-06 1.0897E+04
6.0000E+02 3.2187E-03 9.8430E-06 ' 9.9196E-06 1.0865E+04
7.0000E+02 4.2195E-03 9.8817E-06 1.0026E-05 1.0832E+04
8.0000E+02 5.2333E-03 9.9304E-06 1.0159E-05 1.0800E+04
9.0000E+02 6.2628E-03 9.9885E-06 1.0317E-05 1.0766E+04
1.0000E+03 7.3001E-03 1.0041E-05 1.0515E-05 1.0733E+04
1.1000E+03 8.3725E-03 1.0124E-05 1.0782E-05 1.0699E+04
1.2000E+03 9.4768E-03 1.0223E-05_ 1.1120E-05 1.0664E+04
1.3000E+03 1.0620E-02 1.0341E-05 1.1529E-05 1.0628E+04
1.4000E+03 1.1810E-02 1.0479E-05 1.2008E-05 1.0590E+04
1.5000E+03 1.3054E-02 1.0639E-05 1.2558E-05 1.0551E+04
1.6000E+03 1.4359E-02 1.0821E-05 1.3177E-05 1.0511E+04
1.7000E+03 1.5733E-02 1.1025E-05 1.3865E-05 1.0468E+04
1.8000E+03 1.7182E-02 1.1252E-05 1.4622E-05 1.0423E+04
1.9000E+03 1.8714E-02 1.1502E-05 1.5447E-05 1.0376E+04
2.0000E+03 2.0337E-02 1.1776E-05 1.6341E-05 1.0327E+04
2.1000E+03 2.2057E-02 1.2073E-05 1.7302E-05 1.0275E+04
2.2000E+03 2.3883E-02 1.2394E-05 1.8331E-05 1.0220E+04
2.3000E+03 2.5820E-02 1.2738E-05 1.9427E-05 1.0162E+04
2.4000E+03 2.7878E-02 1.3107E-05 2.0590E-05 1.0101E+04
2.5000E+03 3.0062E-02 1.3499E-05 2.1818E-05 1.0037E+04
2.6000E+03 3.2381E-02 1.3915E-05 2.3113E-05 9.9698E+03 -
2.7000E+03 3.4841E-02 1.4356E-05 2.4474E-05 9.8989E+03
2.8000E+03 3.7450E-02 1.4820E-05 2.5899E-05 9.8244E+03
2.9000E+03 4.0216E-02 1.5309E-05 2.7389E-05 9.7462E+03
3.0000E+03 4.3145E-02 1.5821E-05 2.8944E-05 9.6644E+03
3.1000E+03 4.6245E-02 1.6358E-05 3.0563E-05 9.5787E+03
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‘4. ENTHALPY AND SPECIFIC HEAT CAPACITY OF UO,,
PuO,, AND MOX FUELS

4.1 INTRODUCTION

The fuel enthalpy and specific heat capacity are functions of fuel composition (UO, and
PuO; fractions), temperature, burnup, and O/M ratio or deviation from stoichiometry. The effects
of O/M ratio and burnup are very small and can be neglected. The specific heat capacity of MOX
(or Pu0y) fuel is slightly larger than the values of UO, fuel up to a temperature of ~1800 K.
Above this temperature, the reverse is true: UO, fuel has a larger heat capacity than MOX fuel.

4.2 AVAILABLE DATA AND CORRELATIONS
The available data on enthalpy and specific heat capacity are given in Table 4.1.

Table 4.1. Available data on enthalpy and heat capacity of UO,, Pu0,, and MOX fuels

Reference U0, PuO, MOX Comments
Gibby et al.,' 1974 Experiment, formula T
Fink,? 1982 Formula, table Formula, table Formula T
Cordfunke,’ 1990  Formula, table Formula, table T
MATPRO,* 1993 Formula Formula Formula T,y, O'M
Ronchi et al.,’ Experiment, table T, liquid
1993
Lucuta et al.,é"9 Experiment, _ T,O/M, B
1992-1997 table, formula (SIMFUEL)
Ronchi et al., " Experiment, table T, solid
1999 :
Fink,'' 1999 Formula, table T

Recently, Ronchi et al.'® measured the heat capacity of UO, from 2000 to 2900 K. However,
these measurements lacked the sensitivity required to detect the phase transition peak at 2670 K,
which has been confirmed by high-temperature neutron diffraction and scattering experiments
reported by Hutchings et al.”” and by thermal analysis of UO,+x cooling curves from 2300 to
3000 K by Hiernaut et al.”® It was shown that above the A-phase transition, the heat capacity has
a temperature dependence that is similar to that prior to the phase transition. The heat capacity
equation of MATPRO" does not fit these recent high-temperature data perfectly although the
equation gives heat capacity values that increase with temperature (Figs. 4.1 and 4.2). Previously
recommended equations developed by Fink, which give a constant heat capacity above 2670 K,
are not consistent with the heat capacity data of Ronchi et al.'® above 2670 K. More recently,
Fink'' reviewed all available heat capacity and enthalpy data for solid UO, and made a combined
analysis of enthalpy and heat capacity data to obtain equations for the enthalpy increments and
heat capacities that are consistent with each other and with the experimental data.

Lucuta et al.>® measured the specific heats of simulated high-burnup UO,-based fuel .
(SIMFUEL) with an equivalent burnup from 3 to 8 at. % between room temperature and 1673 K.
The results indicate that the burnup effect caused by fission products is rather small. The specific
heat measurements of SIMFUEL have shown: (1) the specific heat increases slightly with
burnup, as predict by the Kopp-Neymann rule; (2) higher oxygen contents increase the specific
heat, but only slightly; (3) the dependence on burnup and on deviation from stoichiometry can be
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expressed by slightly modifying the coefficients used for the analytical expression recommended
for UO, [Eq. (4.2)]. :

Equations for the enthalpy and heat capacity of liquid UO, were obtained by Fink."" They
are a combined fit of the liquid UO, heat capacity data of Ronchi et al.’ and the enthalpy data of
Leibowitz et al.'® and Hein et al.™

Data sources for pure PuO, are scarce. Enthalpy has been measured by Kruger and Savage'®
from 298 to 1404 K, Ogard'’ from 1500 to 2715 K, and Oetting'® from 353 to 1610 K. In
MATPRO, the constants for PuO, are determined by fitting only the data of Kruger.16 All mea-
surements of Refs. 16-18 have been examined by Fink,? who fitted the enthalpy measurements to
an expression representing two heat capacity contributions—a lattice contribution (taken to be a
classical Einstein harmonic oscillator) and a term proportional to T, representing the contribution
from lattice expansion. Fink’s values have been refitted to the more usual polynomial form by
Cordfunke and Konings.® Figure 4.3 compares the MATPRO* results with the Fink’~Cordfunke
and Konings® formula.
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Fig. 4.3. Heat capacity of PuQ,.
4.3 RECOMMENDATION

Recommended equations for the enthalpy and heat capacity of solid UO, are based on the
combined analysis made by Fink."" The best fit to the data was obtained with the equations:
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For298.15 K<T<3120K,

H,(T) - H,(298) = C; * 8{[exp(6/T) - 1] - texp(e/298) -1
+ Cy(T?-298% + Csexp(-EJ/T) , (J/kg) ; (4.1)

Cp(T) = C; * (8/T)* * exp(6/T)/[exp(6/T) — 1]* + 2C,T

+ C; E exp(-E/T)/T 2 J/kkg*K)] ; (4.2)
where

Hy(T) — Hy(298) = the enthalpy increment (J/kg);
Cr = specific heat capacity (J/kg/K);
T = temperature (K);
0 = Einstein temperature (K); :
E. = electron activation energy divided by the Boltzman constant (K);

and the value of the constants used in Egs. (4.1) and (4.2) are given in Table 4.2.

Table 4.2. Constants used in the enthalpy and heat
capacity correlations

Constant U0, PuO, Units
C 302.27 322.49 J/kg/K
C 8463 x10° 14679%x102%  Jkg/K?
G 8.741x 107 0 Jkg
6 548.68 587.41 K
E, 18,531.7 K

The same Egs. (4.1) and (4.2) are recommended for the enthalpy and heat capacity of solid
PuO, using the constants for PuO, from Table 4.2; these constants are from Ref. 2. These
equations are applicable from 298.15 K to 2701 K, the melting point of PuO,.

The uncertainty in the recommended enthalpy increments is £2% from 298 to 1800 K and
13% from 1800 K to the melting point. The heat capacity uncertainty is +2% from 298 to 1800 K
and £13% from 1800 K to the melting point.

The effect of simulated burnup on specific heat can also be incorporated in the analytical
expression of the heat capacity by modifying the constant C, accordingly. Lucuta et al.’
obtained:

C, =C,(1+0.011*B) , 4.3)
where C; is the constant in Eq. (4.2) (see Table 4.2), and B is the numerical value of burnup
o %T)fle enthalpy of liquid UO, from 3120 to 4500 K is:"!
H,(T) - Hy(298.15K) =2.977 x 10° + 0.931T - 4.9215 x 10T , (J/kg) . 4.4

The uncertainty in the recommended enthalpy increments is 2% from 3120 to 3500 K and
+10% from 3500 K to 4500 K.
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The specific heat capacity of UO, in the liquid state from 3120 to 4500 K is given by"’
Cp,Z(T) =0.931 +4.9215 x 10°/T% , [J(kgK)] . 4.5)

The heat capacity uncertainty is +10% from T, to 3400 K and increases linearly from £10% at
3400 K to 25% at 4500 K. For PuO, or MOX the values for UO, can be used.

The solid solutions, formed in the system UO,~PuO,, are almost ideal. The Kopp—Neumann
rule is true for an ideal system. We recommend the calculation of specific heat of solid MOX
fuel [(U;yPuy)O,] by the Kopp—Neumann rule: for a mixture of UO, and PuO,, the specific heat
capacity of the solid is determined by combining the contribution from each constituent in pro-
portion to its mole fraction.

Cp(T) = (1 - y) C(T, UO200) + y Cp(T, PuO2.0) - (4.6)

When the material is partially molten, the heat capacity is determined similarly with a weighed
sum of the solid and liquid portions.

Table 4.3 shows calculated values of the density (calculated as recommended in Sect. 3),
heat capacity, and the product “density” times “heat capacity” for UO, and MOX fuel (assuming
5% PuO, with 95% TD). The values of this table can be used as input for thermal-hydraulic
codes.

Table 4.3. Density and heat capacity of UO, and MOX fuels
(densities are for 100% TD fuel; products of p x Cp are for 95% TD fuel)

UO0,. ' MOX (5% Pu0O,)
Fuel ) ) 4 2 6
T (K) px10 Cpx 10 095xpxCpx px10 Cpx 10 095 xpx Cpx10
(kg/m’)  (Jkg/K) 10°(Jm*’K) (kg/m’) (J/ke/K) J/m%/K)
300 1.0961 2.3658 2.4635 1.0986 2.3698 24732
400 1.0929 2.6432 2.7443 1.0954 2.6521 2.7598
500 1.0897 2.8153 2.9144 1.0921 2.8253 2.9314
600 1.0865 2.9299 3.0241 1.0889 2.9403 3.0416
700 1.0832 3.0071 3.0945 1.0856 3.0181 3.1127
800 1.0800 3.0584 3.1378 1.0824 3.0702 3.1570
900 1.0766 3.0918 3.1624 1.0790 3.1050 3.1829
1000  1.0733 3.1140 3.1752 1.0757 3.1286 3.1972
1100 1.0699 3.1306 © 3.1819 1.0723 3.1466 3.2054
1200 -1.0664 3.1465 3.1877 1.0688 3.1640 3.2125
1300 1.0628 3.1666 3.1971 1.0652 3.1850 3.2229
1400 1.0590 3.1950 3.2144 1.0614 3.2139 3.2407
1500 1.0551 3.2357 3.2434 1.0575 3.2545 3.2695
1600 1.0511 3.2925 3.2876 1.0534 3.3102 3.3127
1700 1.0468 3.3688 3.3502 1.0491 3.3845 3.3733
1800 1.0423 3.4679 3.4340 1.0447 3.4803 3.4540
1900 1.0376 3.5926 3.5415 1.0400 3.6005 3.5571
2000 1.0327 3.7457 3.6748 1.0350 3.7475 3.6848
2100 1.0275 3.9297 3.8359 1.0298 3.9239 3.8387
2200 1.0220 4.1468 4.0261 1.0243 4.1316 4.0204
2300 1.0162 4.3989 4.2468 1.0185 4.3726 4.2308
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Table 4.3. (continued)

, U0, MOX (5% PuQO,)
Fuel —4 -2 -4 -2 —6
T (K) px10 Cpx 10 095xpxCex px10 Cpx 10 095 xpxCpx 10

kgm’) (JkgK) 10°Jm /K) (kgim’) (J/kg/K) (J/m*/K)

2400 1.0101 4.6878 4.4986 1.0124 4.6486 4.4709

2500 - 1.0037 5.0151 47821 1.0060 49610 47411
2600  0.9969 5.3820 5.0974 0.9992 5.3109 5.0414
2700  0.9898 5.7896 5.4445 0.9921 5.6995 5.3718
2800 0.9824 6.2386 5.8226 0.9846 6.1275 5.7317
2900 0.9746 6.7297 6.2310 0.9768 6.5954 6.1203
3000 0.9664 7.2632 6.6685 0.9685 7.1035 6.5364

3160  0.9578 7.8392 7.1335 0.9600 7.6520 6.9787
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5. HEAT OF FUSION OF UO,, PuO,, AND MOX FUELS

5.1 INTRODUCTION

The phase transition from solid to liquid (melting) represents the loss of long-range order.
For stoichiometric oxide compounds, this change is the phase transition of the first kind and
occurs uniquely at one temperature. If the compound is nonstoichiometric or involves added
components in solid solution, then melting may involve a liquid phase coexisting with a solid
phase at different compositions. Composition changes are required to maintain the lowest free
energy for the mixture at a given temperature. This transition is the phase transition of the second
kind and occurs over a temperature range. The free energy content of the liquid exceeds the free
energy content of the solid by an amount approximately equal to the heat of fusion, which is a
measure of the loss of long-range order.

The experimental data about heat of fusion of pure UO, are not numerous; and for pure
PuO, they are absent in the open literature. The enthalpy or heat of fusion of pure UO, appears to
be larger than the values for pure PuO, or MOX fuel. There is significant scatter in the reported
values, with some values for PuO, larger than for UQ,. Table 5.1 summarizes the most relevant
values.

Table 5.1. Available data on the heat of fusion (kJ/mol) in the system UO,-PuO,

Reference U0, MOX PuO, Comments
Epstein,' 1967 77.8+54 66.5t54 Calculation from phase diagram
88.7+54 70.3+5.4 Evaluation

Hein, Flagella,> 76.1£2.0 Drop calorimetry, experiment
1968 :

Leibowitzetal.,”  74+3 Drop calorimetry, experiment
1971 '

Leibowitz et al.,’ 673 Drop calorimetry, experiment
1975 (UogPuo2)O,

Rand et al.,} 1978; 748+3 Combined analysis of the avail-
Fink et al.,® 1981 able enthalpy data to 1978

Fink,” 1999 70+4 Combined analysis of the avail-

able enthalpy and heat capacity
data up to 1999

5.2 RECOMMENDATIONS
The recommended value for the heat of fusion of UO, ¢ was calculated from Eqs. (4.1) and
(4.4) recommended in Sect. 4 for the enthalpy of solid and liquid UO, at the melting point of
3120 K.
AH(UO,00) = 70 + 4 kJ/mol = 259.3 + 14.8 kJ/kg .
This value was chosen as the best estimate value based on the recent analysis completed by Fink’
for the International Nuclear Safety Center.

The recommended value for the heat fusion of PuQO, g is

AH(PuO, ) = 66.5 £ 5.4 kJ/mol = 245.4 £ 19.9 kl/kg .
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This value is based on evaluation by Epstein’ from the liquid and solid data of the UO,—Pu0Q,
system. This PuO, fusion heat is the lowest reported value and, therefore, the most conservative
value.

For MOX fuel, a value of 67 % 3 kI/mol (248 + 12 kJ/kg) can be used, or the fusion heat of
stoichiometric MOX fuel with the given content of the mole fraction, y, of PuO, in (U;-,Pu,)O,
can be calculated by the weighted average of the MOX components:

AI—Im((.Ul--yPuy)OZ =(1 - Y) AI'Im(IJC)ZOO) +y AI_Irn(PUOZOO) s

where AH,(UO,00) and AH,(PuO, o) are the heats of fusion for UO, and PuQ,, respectively. The
estimated error for this value is ~15 kJ/kg.

Values of the heat of fusion, AH,((U_yPu,)O,), and the melting temperature of MOX fuel
are tabulated in Table 5.2 as a function of the mole fraction of PuQ,.

Table 5.2. Dependence of the melting temperature and the heat of fusion
on mole fraction of PuO, in MOX fuel (U;,Pu,)O,

Mole fraction Melting Hea.t of Mole fraction Melting Hea.t of
of PuO;, y temperature fusion of PuO,, y temperature fusion

’ (K) (kJ/kg) ’ (K) (kJ/kg)
0.00 3120 259.3 0.10 3057.7 258.0
0.01 - 31135 259.2 0.11 3051.8 257.8
0.02 3107 259.1 0.12 3046.0 257.7
0.03 3100.6 258.9 0.13 3040.3 257.6
0.04 3094.3 258.8 0.14 3034.6 2575
0.05 3088.1 258.6 0.15 30289 . 257.3
0.06 3081.9 258.5 0.16 30234 257.2
0.07 3075.7 258.4 0.17 3017.8 257.0
0.08 3069.7 258.2 0.18 30124 256.9
0.09 3063.7 258.1 0.19 3007.0 256.8
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6. THERMAL CONDUCTIVITY OF FUEL

6.1 INTRODUCTION

The thermal conductivity of both UO, and MOX fuels is a function of temperature; fuel
composition, fraction of the fuel theoretical density (TD) or porosity p [p = (prp — P)/Prpl, O'M
ratio or deviation from stoichiometry (x), and burnup (B). The thermal conductivity decreases
with temperature up to ~2000 K and then increases with temperature. The addition of PuO, to the
fuel slightly decreases the thermal conductivity. Deviation of the O/M ratio from 2 significantly
decreases the thermal conductivity and so does the burnup. The burnup slightly changes the O/M
ratio, so both effects are interrelated.

6.2 AVAILABLE DATA AND CORRELATIONS

There is a very large body of data and correlations for the thermal conductivity of fuel. The
data are not so extensive for MOX fuel as they are for UO, fuel. Table 6.1 shows the most rele-
vant data published after 1989. Burnup is considered by four references in this table, and only
one of them considers burnup for MOX fuel.

Table 6.1. Some data on thermal conductivity of fuel (after 1989)

Reference U0, MOX Parameters

Harding, Martin,' 1989 Formula T

MATPRO,? 1993 Formula, table, graphs Formula, T, U/Pu, O/M, p
table, graphs .

Lucuta et al.,3'6 1992-1996 Measurement, formulas, T, p, O'M, B

tables, graphs (SIMFUEL)

Philipponneau,’ 1992 Formula T, p, O'M, B

Wiesenak,? 1997 Measurement, formula T,0.95TD, B

Ohira, Itagaki,’ 1997 Measurement, formula T,p, B

Ronchi et al.,'® 1999 Measurement, table T, p

Fink,"' 1999 Formula T.p

Duriez, Philipponneau, _ Measurement, T, p, O/'M

et al.,’> 2000 formula

Since 1981 theoretical research and new measurements have led to improvements in equa-
tions for the thermal conductivity of unirradiated UO,. The physically based equation of Harding
and Martin' included lattice (phonon-defect and phonon-phonon scattering processes) and small-
polaron ambipolar contributions. Since the publication of this equation, Casado, Harding, and
Hyland" have shown that the temperature dependence for small-polaron ambipolar contribution
is incorrect. They report the correct temperature dependence, which was used Ronchi et al.' for
fitting the thermal conductivity obtained from their thermal diffusivity measurements. The 2000

12900 K thermal diffusivity data of Ronchi et al.' indicate that the high-temperature thermal dif-
fusivity values reported by Weilbacher,'* which were the main high-temperature data available
prior to 1999, are too high. All data for the thermal diffusivity and thermal conductivity of solid
unirradiated UO,, including the latest Ronchi et al.'” data, have been reassessed by Fink."! The
Fink'' equation for the thermal conductivity of 95% dense solid unirradiated UO, consists of a
lattice term and a term suggested by Ronchi et al.' to represent the small-polaron ambipolar
contribution to the thermal conductivity.
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Wiesenack® proposed a modification of the correlation for irradiated urania thermal con-
ductivity based on data from the Halden Ultra-High-Burn Experiment. The data indicated a
steady degradation in urania fuel thermal conductivity (averaged over the temperature range from
750 to 1200 K) of 5 to 7% per 10 MWd/kgU for burnups up to 88 MWd/kgU. The uncertainty on
the burnup degradation rate must reflect the uncertainty on temperature measurement (~2%), heat
generation rate (10%), and on the analysis (~10%); it is therefore about 15% relative standard
deviation. The thermal conductivity values have the same uncertainty. The data evaluation
accounts for concurrent effects (e.g., gap closure and fission gas release), which also have an
influence on temperature. Otherwise, the resulting correlation for urania thermal conductivity
reflected the “total” effect of solid and volatile fission products entrained in the fuel matrix, irra-
diation damage, microcracking, and others. ’

The degradation rate of urania fuel thermal conductivity reported by Wiesenack® is qualita-
tively consistent with the results of laser-flash diffusivity measurements on unirradiated
SIMFUEL performed by Lucuta et al.>® SIMFUEL replicates the composition and the micro-
structure of irradiated fuel by introducing 11 stable additives into the UO,, both those that are
soluble in the fluorite-type lattice of the fuel and others that precipitate as second phases. The
thermal conductivity was determined for different simulated burnups (1.5, 3, 6, and 8 at. %
burnup). The accuracy of diffusivity measurements (better than 5% relative standard deviation)
combined with the extremely accurate specific heat measurements indicates conductivity mea-
surement accuracy of better than 8% relative standard deviation. It is better (less) than the esti-
mated uncertainty (15%) in Wiesenack® measurements. The use of SIMFUEL permitted the
assessment and analysis of “single” effects on thermal conductivity. The effect of fission
products and the effect of deviation from stoichiometry were quantified from the results in the
form of factors applied to thermal conductivity of unirradiated UO,. The expression for each
factor is derived from the available experimental data obtained by studying the single effect.
Lucuta et al.’ provide an analytical expression for the thermal conductivity of irradiated UO, fuel
as a function of the temperature; it accounts for all the changes taking place during irradiation.
There are solid fission-product buildup (dissolved and precipitated), pores and fission-gas-bubble
formation, radiation damage, and changes in the oxygen-to-uranium ratio (O/U). The expression
for the parametric dependence of irradiated UO, thermal conductivity, A, has the form of a
product with contrlbutmg factors for each individual effect. -

Ohira and Itagaki’ measured thermal conductivity of hlgh-bumup BWR pellets using the
“laser flash” method. Their correlation is similar to the Wleseack correlation and fits their data
well.

The “laser flash” method was used to measure the thermal diffusivity of fresh MOX fuel
- with plutonium contents ranging from 3 to 15 wt % and an O/M ratio ranging from 2.00 to 1.95
by Duriez et al."? The temperature range extends from 700 to 2300 K. Duriez et al. have shown
that the MOX fuel thermal conductivity seems not to depend on the plutonium concentration.
However, experimental data'? are lower in the investigated temperature range than the Harding
and Martin! UO, recommendation; this indicates that even a small amount of plutonium leads to
a decrease in the thermal conductivity. Duriez et al. observed an effect of the deviation from
stoichiometry on the thermal conductivity smaller than what is recommended for high plutonium
content (~20% Pu) fast breeder reactors fuels by Philipponneau.” Duriez et al.'? proposed an
equation for the thermal conductivity of 95% dense solid unirradiated MOX fuel as a function of
the deviation from stoichiometry [x = 2 — (O/M)].

6.3 RECOMMENDATION

Analysis of available data shows that all changes taking place during irradiation {solid '
fission-product buildup (dissolved and precipitated), pores and fission-gas-bubble formation, and
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radiation damage] in UO, and MOX fuels are equivalent. We recommended use of the physically
based Lucuta model® for calculation of the irradiated UO, and MOX thermal conductivity:

MT,B,p,x)=Ay(T,x)*FD*FP*FM *FR , (W*m~ *K?) , (6.1)

where A(T, x) is the expression for thermal conductivity of unirradiated, fully dense UO, or
MOX fuel (in W * m™ * K™); the FD factor (unitless) describes the effect of the dissolved solid
fission products in the UO, or MOX fuel matrix; the FP factor (unitless) describes the effect of
the precipitated solid fission products in the UO, or MOX fuel matrix; the FM factor (unitless)
describes the effect of fuel porosity; the FR factor (unitless) describes the effect of radiation
damage; T is temperature (in K); B is burnup [in at. % (1 at. % = 9.375 MWd/kgU)]; p is
porosity, p = (Prp — P)/Prp; P is fuel density; prp is theoretical density (TD) for fully dense UO,
or MOX fuel; and x = 2 — (O/M) is deviation from stoichiometry.

The recommended equation for the thermal conductivity of 100% dense solid UQ; is

Ao (T) = 115.8/(7.5408 + 17.692t + 3.6142t%) + 7410.5 t ™2 exp(-16.35/t), (W *m™ * K ™) , (6.2)

with t = T(K)/1000.

This correlation was chosen as the best equation based on the latest analysis completed by
Fink"" for the International Nuclear Safety Center. The recommended equation consists of a
lattice term and a term suggested by Ronchi et al.'® to represent the small-polaron ambipolar
contribution to the thermal conductivity. Uncertainties were determined from the scatter in the
‘available data and the deviations of the data from the recommended equation. From 298 to 2000
K the uncertainty is 10%. From 2000 to 3120 K, the uncertainty has been increased to 20%
because of the large discrepancies between measurements by different investigators.

Our recommended equation for the thermal conductivity of 100% dense solid MOX fuel
consists of a lattice term from Duriez et al.'* and the term suggested by Ronchi et al.' to repre-
sent the small-polaron ambipolar contribution to the thermal conductivity:

o (T, x) = 1.1579/(A + CT) + 2.3434 * 10" * T2 exp(-16350/T) , W+*m™*K™") , (6.3)
where

A = A(x) = 2.85x + 0.035 (mK/W),
C = C(x) = (-7.15x + 2.86) * 107" (m/W),

in the range of 700 < T <3100 K; 3% < Pu/(Pu + U) < 15%. This equation was selected because
the lattice contribution is based on the best experimental data by Duriez et al.;'* and it is in good
agreement with an earlier equation of Philipponneau’ for stoichiometric MOX fuel. At high tem-
peratures (T > 2000 K), heat is conducted predominantly by small polarons, but the contribution
from phonons is by no means negligible. The physically based term for the small-polaron ambi-
polar contribution is given by Ronchi et al.'® Figure 6.1 shows the total thermal conductivity, the
lattice contribution, and the ambipolar contribution as a function of temperature for UO, and
MOX fuels. Below 1300 K the ambipolar term is insignificant, and the total conductivity equals
the lattice contribution. The UO, lattice contribution is larger than that of MOX. Although the
ambipolar term begins to have a significant contribution to the total thermal conductivity above
1300 K, it is not larger than the lattice contribution until 2800 K. At 3120 K the lattice
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conductivity of 95% dense unirradiated UO, ¢ and MOX fuels.

contribution is still significant. We estimated the uncertainties in thermal conductivity calculated
with the equation as 7% from 700 to 1800 K increasing to 20% at 3100 K.
The effect of the “dissolved” fission products is reflected by a burnup and temperature-
dependent factor FD (Lucuta®):
FD = ® * arctan(1/®) , (6.4)
where © = 1.09/B*%% + 0.0643(T/B)'".
The effect of the “precipitated” fission products is reflected by a burnup and temperature-
dependent factor FP (Lucuta6):
FP =1 + 0.019B/(3 — 0.019B) * {1 + exp[—(T — 1200)/100]}" . (6.5)
The effect of “porosity” is accounted for by the well-known Maxwell-Eucken factor, FM:
FM=(1-p)/(1+2p) . (6.6)

The “radiation effect” is given by the factor FR (Lucuta®):

FR =1-0.2/{1 + exp[(T - 900)/801} . 6.7
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This factor has a significant effect at temperatures below 900 K, sharply decreasing as tempera-
tures increase above 900 K. This factor is not dependent on the burnup.

Values for the thermal conductivity for irradiated 95% dense UO, calculated from Egs. (6.1,
6.2, 6.4-6.7) and from the Wiesenack® equation are given in Table 6.2 and are shown in Fig. 6.2
(our recommendation is labeled as Lucuta and Fink). The deviations for the equation of
Wiesenack® from our recommendations are greater than 20% above 2800 K.

Values for the thermal conductivity for irradiated 95% dense stoichiometric and hypo-
stoichiometric (x = 0.02; 0.05) MOX fuel calculated from Egs. (6.1, 6.3-6.7) are given in
Tables 6.3-6.5 and are shown in Figs. 6.3-6.5.

In Fig. 6.6 the recommended values for the thermal conductivity for irradiated 95% dense
stoichiometric UO, and MOX fuels are compared. It is shown that values of the thermal conduc-
tivity of MOX fuel at equivalent burnup are less than for UO, from 600 to 2600 K; at tempera-
tures above 2600 K, the thermal conductivity MOX fuel is slightly larger than for UO,.
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Table 6.2. Thermal conductivity, A [W/(mK)], of stoichiometric UO,,o fuel with 0.95 TD for burnup of 0, 2, 3, 4, and 5 (at. %)

Burnup (at. %)

T (K) Recommended Ref.8 Recommended Ref.8 Recommended Ref.8 Recommended Ref.8 Recommended Ref.8
0 0 0 2 2 3 3 4 4 5 5
673 4.74 3.85 4.71 3.27 3.78 3.01 3.45 2.83 3.17 2.68 2.93
773 4.28 3.57 4.23 3.09 3.49 2.86 3.21 2.70 2.97 2.57 2.76
873 3.89 3.43 3.84 3.01 3.24 2.81 3.00 2.66 2.80 2.54 2.62
973 3.55 3.35 3.52 2.97 3.02 2.79 2.82 2.65 2.65 2.53 2.50
1073 3.26 3.19 3.26 2.86 2.84 2.70 2.67 2.58 2.52 248 2.38
1173 3.01 2.99 3.03 2.71 2.68 2.57 2.54 2.46 2.40 2.37 2.29
1273 2.79 2.79 2.85 2.55 2.55 2.43 242 2.34 2.30 2.26 2.20
1373 2.61 2.61 2.69 240 243 2.30 2.32 2.22 2.22 2.15 2.13
1473 2.45 2.45 2.55 2.27 2.33 2.18 2.24 2.11 2.15 2.05 2.07
1573 2.32 2.32 2.44 2.16 2.25 2.09 2.17 2.02 2.09 1.97 2.01
1673 222 2.22 2.35 2.08 2.18 2.01 2.11 1.95 2.04 1.90 1.97
1773 2.14 2.14 2.28 2.01 2.13 1.95 2.07 1.90 2.00 1.85 1.95
1873 2.09 2.09 222 1.97 2.10 191 2.04 1.86 1.98 1.82 1.93
1973 2.06 2.06 2.19 1.95 2.08 1.90 2.02 1.85 1.98 1.81 1.93
2073 2.06 2.06 2.17 1.96 2.07 1.90 2.03 1.86 1.98 1.82 .54
2173 2.08 2.08 2.18 1.98 2.09 1.93 2.05 1.89 2.01 1.85 1.97
2273 2.12 2.12 221 2.03 2.13 1.98 2.09 1.93 2.06 1.90 2.02
2373 2.18 2.18 2.26 2.09 2.19 2.04 2.16 2.00 2.13 i.96 2.10
2473 2.26 2.26 2.34 2.16 2.28 2.11 2.25 2.07 2.22 2.04 2.20
2573 235 2.35 2.46 2.25 2.40 2.20 2.38 2.16 2.35 2.13 2.33
2673 2.45 2.45 2.61 2.36 2.57 2.31 2.54 2.26 2.52 2.23 2.50
2773 2.56 2.56 2.81 247 2.77 2.42 2.75 2.37 2.73 2.34 2.71
2873 268  2.68 3.07 2.59 3.03 2.54 3.01 2.49 3.00 2.46 2.98
2973  2.80 2.80  3.39 2.71 3.36 2.66 3.34 2.62 3.33 2.58 3.31
3073 293 293 379 2.84 3.76 2.79 375 274 373 271 372
“Radiation effect (factor FR) with no burnup



Table 6.3. Thermal conductivity, A [W/(mK)], of stoichiometric (x = 0.00) MOX fuel
with 0.95 TD for burnup of 0, 2, 3, and 5 (at. %)

Burnup (at. %)

T (K
®© 0 2 3 5

673 4.40 3.57 3.04 2.79 248
773 3.91 3.26 2.82 2.61 2.34
873 351 3.10 2.72 2.54 2.29
973 3.19 3.01 2.67 251 2.28
1073 2.93 2.87 2.57 243 2.22
1173 2.70 2.69 243 , 2.31 2.13
1273 2.52 251 2.30 2.19 2.04
1373 2.36 2.36 2.17 2.08 1.95
1473 223 2.23 2.07 1.99 1.87
1573 2.13 2.13 1.98 1.91 1.80
1673 2.05 2.05 1.92 1.85 1.76
1773 200 200 1.88 1.82 1.73
1873 1.97 1.97 1.86 1.80 1.71
1973 1.96 1.96 1.86 1.81 1.72
2073 1.98 1.98 1.88 1.83 1.75
2173 2.02 2.02 1.92 1.87 1.79
2273 2.08 2.08 1.98 1.93 1.86
2373 2.15 2.15 2.06 2.01 1.93
2473 224 2.24 2.15 2.10 2.02
2573 2.35 2.35 2.25 2.20 2.12
2673 2.46 246 2.37 232 2.24
2773 2.58 2.58 249 244 2.36
2873 271 271 2.62 2.57 249
2973 2.85 2.85 275 2.70 2.62
3073 2.98 2.98 2.89 2.84 275

“Radiation effect (factor FR) with no burnup.
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Table 6.4. Thermal conductivity, A [W/(mK)], of hypostoichiometric (x = 0.02)
MOX fuel with 0.95 TD for burnup of 0, 2, 3, 4, and 5 (at. %)

Burnup (at. %)

T (K)

0 2 3 4 5

673 3.64 2.95 251 231 217 - 2.05
773 3.31 2.76 2.39 222 2.09 1.99
873 3.04 2.68 2.35 2.20 2.08 1.98
973 2.81 2.65 2.35 2.20 2.09 2.00
1073 2.61 2.55 2.29 2.16 2.06 1.98
1173 244 242 2.20 2.08 2.00 1.92
1273 2.29 2.29 2.09 2.00 1.92 1.86
1373 2.17 2.17 2.00 1.92 1.85 1.79
1473 2.07 2.07 1.92 1.84 1.79 1.73
1573 1.99 1.99 1.86 1.79 1.73 1.69
1673 1.93 1.93 1.81 1.75 1.70 1.65
1773 1.89 1.89 1.78 1.72 1.68 . 1.64
1873 1.88 1.88 1.77 1.72 1.68 1.64
1973 1.89 1.89 1.79 1.73 1.69 1.66
2073 1.91 191 1.82 1.77 1.73 1.69
2173 1.96 1.96 1.87 1.82 1.78 1.74
2273 2.03 2.03 1.93 1.89 1.85 1.81
2373 2.11 2.11 2.02 1.97 1.93 1.89
2473 2.20 2.20 2.11 2.06 2.02 1.99
2573 231 2.31 222 2.17 2.13 2.09
2673 243 243 2.34 2.29 2.25 221
2773 2.56 2.56 2.46 241 237 234
2873 2.69 2.69 2.60 2.55 2.50 247
2973 2.83 2.83 273 2.68 2.64 2.60
3073 297 297 2.87 2.82 2.78 2.74

“Radiation effect (factdr FR) with no burnup.
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Table 6.5. Thermal conductivity, A [W/(mK)], of hypostoichiometric
(x = 0.05) MOX fuel with 0.95 TD for burnup of 0, 1,2, 3, 4, and 5 (at. %)

Burnup (at. %)

T (K)
0 1 2. 3 4 5
673 2.89 2.34 2.25 2.00 1.84 1.72 1.63
773 2.70 225 2.16 1.94 1.80 1.70 1.62
873 2.53 223 2.15 1.96 1.83 1.73 1.65
973 2.38 224 2.17 1.99 1.87 1.77 1.70
1073 2.24 2.20 2.13 1.97 1.86 1.77 1.70
1173 2.13 2.11 2.06 1.91 1.82 1.74 1.68
1273 2.03 2.02 1.97 1.85 1.76 1.70 1.64
1373 1.94 1.94 1.90 1.79 1.71 1.65 1.60
1473 1.87 1.87 1.83 1.73 1.67 1.61 1.57
1573 1.81 1.81 1.78 1.69 1.63 1.58 1.54
1673 1.78 1.78 1.75 1.67 1.61 1.56 1.52
1773 1.76 1.76 1.73 1.66 1.60 1.56 1.52
1873 1.76 1.76 1.74 1.66 1.61 1.57 1.54
1973 1.78 1.78 1.76 1.69 1.64 1.60 1.57
2073 1.82 1.82 1.80 1.73 1.68 1.65 1.61
2173 1.88 1.88 1.86 1.79 1.75 1.71 1.67
2273 1.96 1.96 1.93 1.87 1.82 1.78 1.75
2373 2.05 2.05 2.02 1.96 1.91 1.87 1.84
2473 2.15 2.15 2.13 2.06 201 1.97 1.94
2573 227 227 2.24 2.18 2.13 2.09 2.05
2673 2.39 2.39 2.37 2.30 2.25 221 2.17
2773 252 2.52 2.50 243 2.38 2.34 2.30
2873 2.66 2.66 2.63 2.57 2.52 248 244
2973 2.80 2.80 2.78 271 2.66 2.62 2.58
3073 2.95 2.95 2.92 2.85 2.80 2.76 272

“Radiation effect (factor FR) with no burnup.
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