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1. Introduction 

 
U-Mo/Al dispersion fuel has been developed for a 

candidate high-performance fuel of high-power research 

and test reactors worldwide. U-Mo/Al dispersion fuel 

shows conspicuous microstructure changes during 

irradiation, which is dependent on the fuel temperature. 

In this respect, it is important to estimate temperature 

distribution in the fuel.  

In our previous works, the thermal properties of U-

Mo/Al dispersion fuel were measured and investigated 

some microstructure effects [1, 2]. However, it is 

difficult to apply the measured data to fuel performance 

analysis since it is applicable only to limited fuel 

conditions. Therefore, it is necessary to develop a semi-

empirical model, which is conveniently applicable to 

various fuel conditions.  

Fig. 1 shows a typical microstructure of U-Mo/Al 

dispersion fuel and an illustration for a typical heat 

transfer in a particle-dispersed system. Heat can be 

transferred through the particles or the matrix. The heat 

paths can be simplified and distinguished as follows: 

1. Only through medium 

2. Particle contact conduction 

3. Both particles and matrix sequentially 

In this work, a semi-empirical model was developed to 

consider various fuel conditions.  

 

 
Fig. 1. Schematic representation of heat-transfer pathways in a 

particle dispersed system. 

 

2. Developments of Semi-empirical Model 

 

2.1 Modeling of unit-cell 

 

First, we supposed a unit-cell composed of a particle 

embedded in a matrix as seen in Fig. 2. Solving the 

temperature distribution functions and boundary 

conditions in Fig. 2, Phelan [3] attained the effective 

thermal conductivity of unit-cell as below: 
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where km and kp indicate the thermal conductivities of 

matrix and particle, hc is the interfacial thermal resistance, 

and d is the length of the unit-cell.  

 

 
Fig. 2. Schematic of the unit-cell and temperature distribution 

functions in particle and matrix.  

 

2.2 Modeling of contact conductance 

 

Since heat can be transferred through the contact 

conductance between particles, we adopted a classical 

contact mechanics theory. According to the Hertz contact 

theory [4], the particle contact conductance can be 

expressed as: 

 

kc = 𝛽
2𝑘𝑝𝑎𝐿
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where aL is the contact radius (𝑎𝐿 = √3𝑟𝑝𝐹 4𝐸𝑝⁄3 ), β is 

an accommodation factor which is used to make up for 

the omitted micro-contact thermal resistance, kp is the 

particle thermal conductivity, and rp is the particle radius.  

 

 
Fig. 3. Schematics of particle contact conductance. 
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The contact conductance increases as the particle contact 

increases. In general, the particle contact increases as the 

particle packing fraction increases or the particle size 

decreases. Since the U-Mo particles have a random 

particle distribution, the effect of particle size was 

assumed to be negligible. To estimate the ratio of contact, 

a contiguity ratio was measured in ANL and an empirical 

equation was suggested as follows [5]: 

 

𝐶𝑟 = 0.054 − 0.2779 × 𝑣𝑐 + 0.8083 × 𝑣𝑐
2 

 
where vc is the total volume fraction of fuel and 

interaction layer (IL) phases.  

 

2.3 Modeling of a composite particle 

 

The thermal conductivity of IL-formed particle was 

derived by solving the heat transfer equation for a layer-

structured particle as seen in Fig. 4. The temperature 

conditions at the boundaries were given as in Fig. 4. 

Combining the temperature conditions, the effective 

thermal conductivity of the layer-structured particle, kcp 

can be obtained so that:  
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where rp and tl denote is the radius of particle and layer 

thickness, R1 and R2 are the interfacial thermal 

resistances between U-Mo-IL, and IL-Al, respectively.  

 

 
Fig. 4. An illustration of layer-structured particle and its 

temperature at the boundaries. 

 

2.4 Homogenization 

 

For a randomly distributed system, heat transfer paths 

are mixed randomly. Therefore, the effective thermal 

conductivity can be expressed in non-dimensionless 

form using a geometric mean equation as follows [6] 
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where α is the empirical constant indicating the mixed 

ratio of parallel and series mode. Note that when α =1: 

parallel model; α =-1: series model. Therefore, the α 

indicates a heterogeneity factor for the system mixing. 

As the α is close to 1, it means the heat transfer modes 

are mostly mixed parallel while the system has a more 

serially mixed composition as the α is close to -1. In this 

respect, α is dependent on the microstructures of a fuel 

such as particle packing fraction, particle size 

distribution, and material properties. Therefore, the α 

should be obtained as an empirical constant from the 

measured data. 

 

2.5 Prediction of thermal conductivity of U-Mo/Al 

dispersion fuel 

 

Using the semi-empirical model, thermal conductivity of 

IL-formed U-Mo/Al dispersion fuel was estimated. The 

analyses were performed for the cases when U-Mo 

volume fraction is 0.50. Three average particle sizes of 

50, 55, and 60 μm were considered to investigate and 

verify the effects of particle size. Fig. 5 shows the IL 

volume fraction and thermal conductivity variations with 

IL thickness. As the particle size is smaller, the IL growth 

is faster, and the thermal conductivity decreases more 

rapidly. This overall trend is consistent with the 

measured data. Therefore, it seems that the semi-

empirical model successfully predicts the thermal 

conductivity of U-Mo/Al dispersion fuel considering the 

IL growth as well as the particle size effect.  
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(b) Effective thermal conductivity 

Fig. 5. Model prediction for IL volume fraction and its thermal 

conductivity as a function of IL thickness 
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3. Conclusions 

 

The thermal conductivity of U-Mo/Al dispersion fuel 

is dependent on the microstructure characteristics such as 

uranium loadings, materials, IL thickness, and particle 

size and distribution. In this work, we developed a semi-

empirical model, which can consider the microstructure 

effects. The semi-empirical model was developed based 

on the unit-cell model. Three heat transfer mechanisms 

were assumed: fully through matrix, particle-matrix 

conduction, and particle contact conduction. The model 

prediction showed consistent results as a function of U-

Mo volume fraction and IL thickness, which successfully 

proved a good reproducibility and reliability. In addition, 

the model considered particle size effects. In the future, 

the model will be applied to a fuel performance code and 

its applicability will be proved.  
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