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Abstract 

The effects of the shape and distribution state of voids on the thermal 
conductivity of UO2, and the temperature distribution and heat flow within the 
irradiated MOX fuel were evaluated by finite element analysis. Although the work 
is still in progress, some preliminary results are presented. 

Introduction 

Among the various properties of a nuclear fuel, thermal conductivity is considered to be 
one of the most important for determining fuel temperature. The thermal conductivities 
of uranium dioxide (UO2) and mixed oxide (MOX) ((U,Pu)O2) fuels have been 
investigated by a number of researchers thus far [1]. 

The thermal conductivity of a nuclear fuel is affected by a number of factors. In 
particular, accumulation of fission products (FP) and structural rearrangement occur in 
fuel pellets under irradiation, and the thermal conductivity of the fuel pellets changes 
significantly. 

Solid FPs show complex behaviour depending on the environment of the fuel. 
Specifically, they directly react with UO2 or (U,Pu)O2, and form compounds with other 
associated FPs. Solid FPs present within a nuclear fuel, depending on their form, can be 
classified into three categories, a fuel matrix phase (for example, (U,Pu,Ln)O2, Ln = rare-
earth element), an oxide precipitate phase (for example, BaZrO3), or a metal precipitate 
phase (Mo-Ru-Rh-Pd alloy) [2-4]. On the other hand, pronounced structural 
rearrangement occurs in fast reactor fuel, which has a high fuel pellet centre temperature 
and a sharp temperature gradient. As a result of vapourisation and translocation of various 
chemical species within the fuel, the structure of irradiated fuel pellets is extremely 
complex. In other words, a nuclear fuel after irradiation can be called a multi-component 
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fuel consisting of various phases and components, with a complex microstructure. 
However, there have been no detailed studies on the properties of such a multi-
component fuel, particularly its thermal conductivity. 

Accordingly, in this research, we attempted to evaluate the thermal conductivity of 
multi-phase, multi-component systems using finite element analysis. This evaluation was 
done in two stages. In stage 1, a case was assumed wherein various shaped voids are 
distributed in UO2, and together with evaluating the validity of the computational method, 
the effects of these voids on the thermal conductivity of UO2 were assessed. In stage 2, a 
part was cut out from a metallographic photograph of an MOX fuel actually irradiated in 
the experimental fast reactor JOYO. The effects of the accumulation of a FP precipitated 
phase and the complex microstructure on the temperature distribution and heat flow 
within the fuel pellet were then evaluated. 

Figure 1. Evaluation of thermal conductivity by finite element analysis 

 

Thermal conductivity evaluation by finite element method 

We briefly summarise here the method used for evaluating the thermal conductivity by 
finite element analysis. The method is shown in Figure 1. The computational system 
assumes a two-dimensional surface. An adiabatic state is assumed at the upper and lower 
ends of the computational system, and a given value of surface heat flux Q is applied 
uniformly. The temperature at the right end in Figure 1 is fixed at T1, and the average 
temperature at the left end, when it has risen and reached a steady state, is T2. In addition, 
the distance between the left and right ends is Δx. The heat flux value is set so that the 
temperature of the left side becomes a few °C to a few tens of °C higher than the fixed 
right-side temperature. At this point, the thermal conductivity of the system κ can be 
evaluated from the following equation: 

x
TTQ

∆
−

= 12κ .     (1) 

In assessing the thermal conductivity of such a multi-phase system, it was assumed 
that each phase tightly adhered to the other, and that there was no temperature difference 
at the boundaries. In addition, in performing the finite element analysis, thermal 
conductivity values for each phase were needed as input data; in order to meet the 
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objectives of the calculation, therefore, thermal conductivity values selected from the 
literature data [5] and measured values previously obtained by our group [6, 7] were used 
as input data. 

Figure 2. The four types of computational systems used for evaluating thermal conductivity  
by finite element analysis, the mesh models thereof, and the temperature distributions  

of the system obtained by computation 

 

 

Effect of porosity on the thermal conductivity of uranium dioxide 

In order to prove the validity of the method for evaluating the thermal conductivity by 
finite element analysis, the shape and dispersion state of voids that affect the thermal 
conductivity of UO2 were evaluated. Here, the thermal conductivity for UO2 reported by 
Washington [5] (Equation 2) was used as the input data. In addition, the thermal 
conductivity of Ar was used as the thermal conductivity for the voids. 

( ) 31214 100.831025.2035.0
2 KKUO TT −−− ×+×+=κ    (2) 

The computational systems used in this study are shown in Figure 2. Four systems 
were constructed, and the temperature dependence of the thermal conductivity was 
evaluated for each. In all of the systems, the porosity was assumed to be 10%, and two 
types of void shapes, circular and rectangular, were assumed. For the rectangular shaped 
voids, cases were assumed wherein their long axis was aligned vertically, horizontally, and 
45° to the heat flow. The diagrams shown in the centre column in Figure 2 show the 
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mesh partitions used in the finite element analysis of the computational system. Thermal 
conductivity data for UO2 were input into the mesh at the locations corresponding to the 
matrix phase, and thermal conductivity data for Ar were input into the mesh at the 
locations corresponding to the voids. The diagrams shown in the right column in Figure 2 
show the temperature distribution for the case where a specified heat flux was input from 
the left side of the system, and a steady state was reached. 

The temperature dependence of the thermal conductivity for each computational 
system obtained by finite element analysis is shown in Figure 3. The thermal conductivity 
for UO2 and Ar used as input data are also shown for reference. It is seen that reasonable 
results were obtained for the thermal conductivity of all four computational systems in 
that the values obtained were between the thermal conductivities of UO2 and Ar. In 
addition, in looking in detail at the distribution state of the rectangular shaped voids, it 
was seen that the thermal conductivity became smaller in descending order of the case 
with voids positioned horizontal to the heat flux (Model C), then the case with voids 
positioned at 45° (Model D), and finally the case with voids positioned vertical (Model B). 
On the other hand, the value determined for the circular-shaped voids (Model A) was 
between that of Model C and Model D. 

Figure 3. Temperature dependence of the thermal conductivity of UO2 containing 10% voids (Ar) 
obtained by finite element analysis (comparison of results obtained for computational systems A 

through D; the red line represents computed values determined using Formula (3) 

 

A number of formulas exist for expressing the porosity dependence of thermal 
conductivity. Here, the porosity dependence of the thermal conductivity of UO2 was 
evaluated using the representative formula (Equation 3) shown below [8], and this was 
compared to results from finite element analysis shown previously. 

( ) 5.1
0 1 PP −= κκ     (3) 

In Formula 3, κP is the thermal conductivity for the case containing voids, κ0 is the 
thermal conductivity for the case where porosity is zero, and P is the porosity. The red 
line in Figure 3 shows results for calculations using Formula 3 of the thermal conductivity 
of UO2 with 10% voids. The values calculated from Formula 3 were confirmed to be in 
good agreement with the results for Model A that had circular shaped voids. 
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From the above, it was confirmed that the porosity dependence of the thermal 
conductivity of UO2 in response to various void shapes and distribution states could be 
evaluated by finite element analysis. In addition, the results obtained agreed well with the 
results of established formulas expressing the porosity dependence of thermal 
conductivity reported in the past. 

Thermal conductivity evaluation of high burn-up mixed oxide fuel 

In evaluating the thermal conductivity of irradiated MOX fuel, finite element analysis was 
carried out by constructing a computational system from three phases: a matrix phase, a 
precipitate phase, and voids (cracks), and inputting the thermal conductivities for the 
respective phases. In this analysis, the actual thermal conductivity values previously 
measured by our group [6,7] were used for the thermal conductivities of the fuel matrix 
phase and the metal precipitate phase. Thermal conductivity data were obtained for three 
types of samples with a composition represented by (U0.65-xCe0.3Pr0.05Ndx)O2 (x = 0.01, 
0.08, 0.12) as the simulated matrix phase [6], and here, results obtained for x = 0.12 were 
used, which have the maximum FP content. On the other hand, thermal conductivity data 
were obtained for Mo-Ru-Rh-Pd alloys of various compositions for the metal precipitate 
phase [7], and of these, the actual measured values for the metal precipitate phase of the 
composition exhibiting the highest thermal conductivity among these were chosen as the 
input data. For voids (cracks), the thermal conductivity of Ar was used, similar to the 
evaluation of the porosity dependence of UO2. The temperature dependence of thermal 
conductivity is shown in Figure 4 for the matrix phase, (U0.53Ce0.3Pr0.05Nd0.12)O2, and the 
metal precipitate phase, Mo-Ru-Rh-Pd alloy, used as input data. 

Figure 4. Temperature dependence of thermal conductivity of the matrix phase [4]  
and the metal precipitate phase [5] used as input data 

 

For evaluating the thermal conductivity of the irradiated MOX fuel, we attempted to 
construct a computational system for finite element analysis from metallographic 
photographs of the MOX fuel that had been actually irradiated in a fast reactor to the 
point of high burn-up. A metallographic photograph of the cross-section of an irradiated 
high burn-up MOX fuel pellet is shown in Figure 5(a). This photo was obtained after 
irradiation of the MOX fuel pellet that reached a maximum high burn-up (approximately 
144 GWd/t) in the experimental fast reactor JOYO [4]. Characteristics of the structure of 
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this fuel include a continuously changing structure in the radial direction of the fuel pellet, 
the shape of the outermost periphery of the pellet being severely uneven and the clear 
presence of a gap between the fuel pellet and cladding tube, and the precipitation of a 
coarsened white metal phase from near the centre hole to the radial intermediate area of 
the fuel pellet. 

Figure 5. A cut-out of the computational system obtained from an irradiated high burn-up MOX 
fuel and evaluation of thermal conductivity by finite element analysis (heat is assumed to flow 

from left to right in the computational system) 

 

 

(a) Metallographic photograph of a cross-section of an irradiated high burnup MOX fuel pellet 

(b) Computational object cut out from photo (a) 

(c) Computational object cut out from photo (b) 

(d) Computational system prepared based on photo (c) 

(e) Mesh model prepared based on photo (d) 

(f) Temperature distribution of the computational system 

(g) Vector diagram of heat flow in the computation system 

Figure 5(b) shows a cut-out of part of the metallographic photo in Figure 5(a). The 
region enclosed within the white lines in this figure was the object of finite element 
analysis. A constant quantity of heat was assumed to flow from the left of observer, and 
we attempted to visualise the temperature distribution and heat flow of the system. The 
cut-out region enclosed by the white lines in Figure 5(b) is shown in Figure 5(c). In  
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Figure 5(d), the regions representing the matrix phase, the metal precipitate phase, and 
voids (cracks) are outlined based on the image analysis of Figure 5(c). The regions in  
Figure 5(d) partitioned into a mesh are shown in Figure 5(e). In Figure 5(c), the regions 
indicated by the white round shapes correspond to the metal precipitate phase, the 
regions represented by black correspond to voids and cracks, and the other gray-colored 
regions correspond to the matrix phase. 

The temperature distribution of the computational system and a heat flow vector 
diagram are shown in Figure 5(f) and (g), respectively. In Figure 5(f), it was confirmed that 
the temperature rose due to the heat flux from the left end of the computation system and 
that there was a temperature gradient from left to right. In addition, it was confirmed that 
there was practically no temperature rise in the region at the top right of the 
computational system. On the other hand, from Figure 5(g), it was confirmed that the 
heat flow was impeded by the large cracks cutting across the top part of the 
computational system at a slant. This is the reason why almost no temperature rise 
occurred in the upper right region of Figure 5(f). Also, it was found that while heat had 
been assumed to flow into the upper right region of the computational system via the 
metal precipitate phase present at the cracks, since the region through which heat could 
flow was narrow, the heat flow stagnated. Not only the chemical make up and 
components but also the microstructure of the fuel was found to have large effects on the 
thermal conductivity of fuel pellets. 

From the above analysis, it became clear that in multi-component fuels having 
complex microstructures such as irradiated fuels, the temperature distribution of fuel 
pellets and the heat flow within the fuel change significantly due to the presence of the FP 
precipitate phase, voids, cracks, and similar defects. 

Conclusion and future challenges 

In this research, the effects of the shape and distribution state of voids on the thermal 
conductivity of UO2, and the temperature distribution and heat flow within the irradiated 
MOX fuel were evaluated by finite element analysis. The results obtained were reasonable 
in all cases. From this work, upon evaluating the thermal conductivity of irradiated fuels 
having complex phase states and microstructures, it was confirmed that the finite element 
analysis is extremely useful. In addition, this technique is not limited to just evaluating the 
thermal conductivity of fuel pellets. For example, because this technique could be used 
for applications such as evaluating the mechanical properties of light water reactor 
cladding tubes in which hydrides have precipitated, its use in broad-ranging fields is 
anticipated in the future. 
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