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1. Background and purpose 

This study aims to propose efficient manufacturing processes of exterior walls for human residence in lunar 

surface from local resources: regolith. In recent years, space development has become more active in the world. 

In Japan, JAXA has a plan of a 500-day long-term lunar exploration in 10 years1). To realize such a long-term 

manned exploration, it is necessary to construct a residence. Thus, the following three lunar specific 

environments must be considered: sealing/pressure resistance, radiation resistance, and heat resistance. In 

addition, for sustainable development, it is preferred to complete the project locally. One possible method that 

meets these requirements is a sintering using solar power, but it is difficult to satisfy the strength to withstand 

the internal pressure of 100 kPa that is required to maintain a living space. In order to solve this problem, a 

melting and re-solidification process can be considered as a sole solution. Since the melting process requires 

huge amount of energy, preliminary numerical simulations must be executed to design efficient 

manufacturing processes. To this end, the present study aims to develop a physical model for melting and 

solidification, permeation, and heat transfer in the lunar regolith layers. In a microgravity environment such 

as the lunar, the influence of both gravity and surface tension should be considered in the permeation of 

molten metal into solid regolith layer. In the followings, the order of magnitude of permeation velocities are 

estimated, and based on these results the physical model is formulated for the melting/solidification process 

of lunar regolith layers.  

2. Estimation of permeation rate  

When the molten metal permeates the regolith layer, it is influenced by both gravity and surface tension. 

The permeation by gravity can be modeled based on the Darcy law as follows2):  

𝑢𝑢𝑔𝑔 =
𝐾𝐾
𝜇𝜇
𝜌𝜌𝑔𝑔𝑚𝑚,  (1) 

where 𝐾𝐾 is the absolute permeability, 𝜇𝜇 is the viscosity of liquid, 𝜌𝜌 is density of the liquid, and 𝑔𝑔𝑚𝑚 is the 
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acceleration due to lunar gravity. The permeation by surface tension can be modeled based on the Lucas-

Washburn rule as follows3):  

𝑢𝑢𝑐𝑐 =
𝑟𝑟𝑟𝑟cos𝜃𝜃

4𝜇𝜇𝜇𝜇
,  (2) 

where 𝑟𝑟 is the radius of the porosity, 𝑟𝑟 is the surface tension of liquid, 𝜃𝜃 is the contact angle of liquid, 𝜇𝜇 is 

the viscosity of liquid, and 𝜇𝜇 is the permeation depth. The concrete values are calculated for Al2O3, which is 

of the most abundant materials of lunar regolith. The physical properties of molten Al2O3 were referred from 

Refs.4). The evaluated permeation velocity due to gravity was 𝑢𝑢𝑔𝑔 = 𝛰𝛰(10−6), whereas due to surface tension 

was 𝑢𝑢𝑐𝑐 = 𝛰𝛰(10−5~100), as shown in the Fig. 1. The values of 𝑢𝑢𝑐𝑐 decreases with the depth of penetration.  

 
Figure 1. Relationship between permeation depth and velocity due to surface tension. 

 
 These results indicate that the permeation of molten metal into regolith in a microgravity environment is 

dominated by a surface tension. This result is considered in the model formulation described in the following. 

 

3. Formulation of the physical model 

3.1.  Basic concept of the model 

Fig. 2 shows the model considered in the present study. At first, the regolith layer is modeled by porous 

media. Although about 60% of the regolith has a grain size of 100μm2), the numerical simulation with the grid 

size of the same scale with the grain size takes enormous amount of computational cost even for the simple 

investigation of manufacturing processes. Therefore, we use a coarse-grained model, where the regolith layers 

are represented by porous media. In this model the location of the gas-liquid interface is not considered. The 

field variable 𝛼𝛼 for porosity is introduced and the advection of 𝛼𝛼 is solved. In the momentum equation, the 

pressure loss by the porosity is taken into account. Concerning the melting and solidification, the phase field 

variable 𝜓𝜓  is introduced to represent the phase either the liquid or the solid. The phase change is only 

considered between liquid/solid phases, and it is described only by temperature field.  

The sequence of the simulation is considered as the followings. Initially, the porosity is evenly distributed 

in the whole domain. Then, the upper boundary is heated which leads melting of the solid phase. Because of 

the viscosity reduction due to phase change, the porous media is filled by the liquid. After some time, the 
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upper boundary is cooled, and the liquid phase is solidified. Based on the final porosity distribution, the 

strength of the layer is evaluated. 

 
Figure 2. Overview of coarse-grained models. 

 

3.2.  Governing equations 

Based on the above-mentioned concept the governing equations are formulated as the following 

conservation laws of mass, momentum, energy. 

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ⋅ (𝜌𝜌𝒖𝒖) = 0,  (3) 

𝜕𝜕(𝜌𝜌𝒖𝒖)
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ⋅ (𝜌𝜌𝒖𝒖𝒖𝒖) = −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ (𝜇𝜇𝛻𝛻𝒖𝒖) + 𝒇𝒇𝑝𝑝 + 𝜌𝜌𝒈𝒈, (4) 

𝜕𝜕�𝜌𝜌𝑐𝑐𝑝𝑝𝑇𝑇�
𝜕𝜕𝜕𝜕

+ ∇ ⋅ �𝜌𝜌𝑐𝑐𝑝𝑝𝑇𝑇𝒖𝒖� = ∇ ⋅ (𝜆𝜆∇𝑇𝑇) + Δℎ𝜌𝜌𝑙𝑙
𝜕𝜕𝜓𝜓
𝜕𝜕𝜕𝜕

,  (5) 

𝜕𝜕𝛼𝛼
𝜕𝜕𝜕𝜕

+ ∇ ⋅ (𝛼𝛼𝒖𝒖) = 0,  (6) 

where 𝜌𝜌, 𝜇𝜇, 𝑐𝑐𝑝𝑝 , 𝜆𝜆 are density, viscosity, specific heat, and thermal conductivity of the mixture, respectively. 

𝒖𝒖, 𝛻𝛻,𝑇𝑇 are the velocity, pressure, and temperature, respectively. The field variables 𝛼𝛼 stands for the volume 

fraction of the phase which is not gas. 𝛼𝛼 = 1 is corresponding to the control volume is filled with liquid or 

solid. The field variable 𝜓𝜓 stands for the fraction of the liquid phase. If we denote the individual volume 

fractions 𝜙𝜙𝑔𝑔, 𝜙𝜙𝑙𝑙, and 𝜙𝜙𝑠𝑠 for gas, liquid, and solid respectively, the relation between fractions is written by 

𝜙𝜙𝑔𝑔 + 𝜙𝜙𝑙𝑙 + 𝜙𝜙𝑠𝑠 = 1,  (7) 

𝜙𝜙𝑔𝑔 = (1− 𝛼𝛼),  

𝜙𝜙𝑙𝑙 = 𝛼𝛼𝜓𝜓, 

 𝜙𝜙𝑠𝑠 = 𝛼𝛼(1 −𝜓𝜓). 

(8) 

Physical properties for the mixture are formulated by the weighted average of the three phases. The arbitrary 

physical property 𝑋𝑋 is evaluated as: 

𝑋𝑋 = 𝜙𝜙𝑠𝑠𝑋𝑋𝑠𝑠 + 𝜙𝜙𝑙𝑙𝑋𝑋𝑙𝑙 + 𝜙𝜙𝑔𝑔𝑋𝑋𝑔𝑔 = 𝛼𝛼(1 − 𝜓𝜓)𝑋𝑋𝑠𝑠 + 𝛼𝛼𝜓𝜓𝑋𝑋𝑙𝑙 + (1 − 𝛼𝛼)𝑋𝑋𝑔𝑔. (9) 

The phase change between liquid and solid are determined only by the temperature as: 
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𝜙𝜙(𝑇𝑇) =

⎩
⎪
⎨

⎪
⎧ 0, 𝑇𝑇� < −𝛿𝛿𝑇𝑇/2,

1
2

+
𝑇𝑇�

2𝛿𝛿𝑇𝑇
+

1
2𝜋𝜋

sin�
𝜋𝜋𝑇𝑇�
𝛿𝛿𝑇𝑇
� �𝑇𝑇�� ≤ 𝛿𝛿𝑇𝑇/2,

1, 𝑇𝑇� > 𝛿𝛿𝑇𝑇/2,

  (10) 

where 𝑇𝑇� − 𝑇𝑇𝑚𝑚 is the temperature difference from the melting point 𝑇𝑇𝑚𝑚. The term 𝒇𝒇𝑝𝑝 in the Navier-Stokes 

equation denotes the pressure loss by the porous media, which is formulated by the Kozeny-Carman model: 

𝒇𝒇𝑝𝑝 = −𝐴𝐴(𝛼𝛼)𝒖𝒖,  

𝐴𝐴(𝛼𝛼) = 𝐶𝐶
𝜇𝜇
𝐷𝐷2

(1 − 𝛼𝛼)2

𝛼𝛼3 + 𝜖𝜖
, 

(11) 

where 𝐶𝐶 is the coefficient determined by the shape of the regolith grain, 𝐷𝐷 is the diameter of the grain, and 

𝜖𝜖 is the small value which is introduced to avoid singularity. These governing equations are implemented on 

the open-source CFD toolbox OpenFOAM-v2112 as a customized solver. 

The validity of the developed solver and the representative results will be shown in the conference. 
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