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Abstract

The model for thermal conductivity of irradiated metallic fuel has been developed to consider the
effects of temperature, gas-filled porosity and sodium infiltration.

Irradiated metallic fuel can be modelled as a two component system: pores filled with fission gas
and infiltrated sodium, and fuel matrix. The thermal conductivity of pores is first calculated
considering the contributions of gas and sodium. And then the irradiated fuel thermal
conductivity is calculated for the 100% dense fuel matrix and pores.

This model will be incorporated into a fuel performance analysis code to improve the prediction
of irradiation behavior of metallic fuel.

1. Introduction

Fuel temperature has an effect on almost all the physical processes related to fast
reactor fuel behavior. Since more fission gases are available for release and swelling in metallic
fuel, temperature is the one of the most important controllable operating parameters. A
reasonable prediction of temperature is therefore an essential requirement for the performance
analysis of metallic fuel.

However, it is not available to obtain a detailed burnup dependence of the measured
temperature during irradiation in fast reactor. Therefore it is difficult but very important to
develop more accurate model for temperature prediction, which is determined from the thermal
conductivity.

The thermal conductivity variation with irradiation is very complicated due to the
generation of fission gas-filled pores, their open and interconnection, and sodium infiltration into
the gas-filled pores at the irradiated metallic fuel.*

In the present paper, new methodology was proposed to correct the irradiated thermal

conductivity of the irradiated fuel that contains the gas pores and infiltrated sodium.

2. Correction factor for thermal conductivity

High and very rapid swelling in the restructuring with constituent migration is a key

feature of the metallic fuel. At the beginning of irradiation, most of the net volume increase in



swelled fuel is from low-conductivity gaseous fission products accumulating in randomly
distributed pores.! At some point in the swelling process, gas-filled pores are open and,
therefore, gas is released from them into the pin plenum, and high-conductivity bond sodium is
able to infiltrate the fuel through the interconnected pores. A maximum gas-filled porosity of
~23% may be reached, followed by sodium logging, which is weakly dependent on fuel type. In
the progress of irradiation the gas-filled pores degrade the thermal property, while the sodium-
filled pores can increase the thermal conductivity by replacing the fission gases in the pores.
This variation of thermal conductivity depends on the swelling, gas-filled porosity, sodium-
logged volume fraction.

Therefore, the behavior of thermal conductivity is a little complicated as shown in Fig.
1. Minimum thermal conductivity occurs at ~1.75 at. % burnup with large conductivity
fluctuations between 1 and 2 at % burnup, followed by linear increase and leveling off. At the
beginning of fuel life, the steady decline of conductivity with burnup corresponds closely to initial
fuel swelling through the growth of gas filled porosity. As burnup increases to ~1.7 at %, typical
pores continue to enlarge, overlap, and interconnect, while fuel-cladding contact becomes more
extensive. The measured rise in thermal conductivity from the 1.7 at. % suggests the onset of
sodium logging of the fuel pores. This implies that during initial stage of expansion, fuel reaches
but does not press strongly against the cladding. Because axial transport of bond sodium seems
to be very difficult once fuel-cladding gap closure is complete, the fact that 6 to 10% sodium is
measured in fully restructured cross sections indicates that it is present at the initial stage of fuel
expansion. The swelled fuel configuration at minimal conductivity is comprised of a gas-filled
porosity of ~23% and occasional fuel-cladding contact that is largely buffered by a thin annulus
of bond sodium amounting to ~6 to 10% of fuel cross section.*

To take into account the effects of the porosity and the sodium infiltration into the
porosity, the correction factor for thermal conductivity can be approximated by the Bauers
expression.>? Bauer derived for spherical gas-filled and irregular sodium-filled pores. In the case
of binary fuel, for a distribution of pores filled with sodium conductivity, kNa and embedded in

metallic fuel of conductivity, kLJZr , correction factor is given by
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where

Kya» Kz : thermal conductivities of sodium and unirradiated fuel, respectively

P : sodium-filled porosity fraction



P : gas-filled porosity fraction
e : shape factor (1.72).

The sodium conductivity Ky, *is given by

Ky, = 93- 0058119 - 27315(} 1173 10°h - 27315() (W/m-K), (2)

where T is in Kelvins.

The thermal conductivity kUZr % of unirradiated binary fuel is a known function of temperature by
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where W, is the zirconium weight fraction, and T is in Kelvins. Fig. 2 shows the variations of
thermal conductivity of sodium and (U, 10Zr) fuel as a function of temperature. It is notable that
the thermal conductivity of (U, 10Zr) fuel increases with temperature, while that of sodium
decreases less steeply.

However, the Bauer s expression contains the empirical shape factor that depends on
the empirical and experimental data. Therefore, instead of Bauer s expression, the generally
applicable thermal conductivity correlation for metallic fuels irradiated larger than 1.7 at %
burnup was derived. In general, the dependence of thermal conductivity on porosity can be

evaluated from the following expression?®,

2 1
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where
Lk
Ke
k0 = thermal conductivity of the fully dense material (W/m-K)
kp = thermal conductivity of the pore (W/m-K)
= porosity (volume fraction of the porous phase)
a = anisotropy factor (a=1 means isotropic pore distribution).

The thermal conductivity is first calculated by applying Eq. (4) to metallic fuel media that
contains gas-filled and sodium-infiltrated pores such as Fig. 3. The pores are assumed that their
shapes are spherical and they contain the sodium and fission gas uniformly. After obtaining
the corrected thermal conductivity for the pore, the correction factor can be obtained for the

irradiated fuel that consists of pore and fully dense metallic fuel media.



First, for the case of pore, the following approximate equation results from Eq. (4)
under the assumption of N ® ¥ (which means that the thermal conductivity of sodium is very
larger than that of fission gas) and an isotropic pore distribution a=1:

f subsystem — 1_ P2/3 (5)

where P is gas-filled fraction of pore. So the thermal conductivity for the pore is given by

Ko o = FP7%K, (6)
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where K is thermal conductivity for the pore. Fig. 4 shows the variation of correction factor

Na- g
as a function of gas-filled porosity in the pore. Fig. 4 exactly describes that if the pore is filled
with only sodium, the corrected thermal conductivity is equal to the sodium thermal conductivity.
From the thermal conductivity of pore, the correction factor on the irradiated binary

fuel can be obtained by,
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where P, is maximum porosity produced until 1.7 at % burnup. Finally, the thermal

conductivity of irradiated binary metallic fuel can be obtained by

Kirg = F Xz (8)

3. Recommendation for thermal conductivity of irradiated
metallic fuels

In summary, thermal conductivity of irradiated metallic fuel is affected by
& Fuel temperature
& Gas-filled porosity
& Sodium infiltration
Based on the analytical expressions describing these effects, thermal conductivity of irradiated

metallic fuel can be expressed by
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where 1‘g is the gas-filled fraction at the irradiated fuel and

K = Puax

f P® is correction factor of

pore

max IS the correction factor when the

thermal conductivity of pore obtained from Eq. (3). And f
pore is filled with the maximum sodium. Fig. 5 shows the variation of thermal conductivity in the
temperature range of 1200 to 1500K of metallic fuel. Compared with Fig. 1, the developed

thermal conductivity model for irradiated metallic fuel well predicts the measured values.*

4. Conclusion

The model for the thermal conductivity of irradiated metallic fuel has been developed
to consider the effects of temperature, gas-filled pore fraction and sodium infiltration. The
calculated thermal conductivity of irradiated fuel showed minimum value at 1.7 at % burnup and
saturates after 2.0 at % burnup in the temperature range of 1200~1500K. This behavior of
thermal conductivity is consistent with the measured data.

This model will be incorporated into a fuel performance code to improve the

predictions of metallic fuel irradiation behavior.
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Fig. 1 Schematic variation of thermal conductivity as a function of burnup.
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Fig. 2 Thermal conductivity of sodium and unirradiated (U, 10Zr) fuel.

(a) Irradiated fuel

Fig. 3 Pore and irradiated metallic fuel.



0.9 \
0.8 \
0.7

e ANy

§ 0.5 \\

§§ 04 \\

i o RN

0.2 ‘\\
| ~

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
GasHilled pore fraction

Fig. 4 Correction factor for the pore that consists of gas and sodium.

1\

0.7

Correction factor (X)

0.6 \

05

0.4

o

0.5 1 15 2 25 3
Burnup (at. %)

T=1200K
T=1300K
T=1400K
T=1500K

Fig. 5 Correction factor for the irradiated (U, 10Zr) fuel.
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