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Introduction:  In order to properly interpret 

thermal observations of the surfaces of airless bodies, 

it is necessary to have an understanding of the thermal 

properties of the materials that cover the surface. In the 

case of particulate regolith, the thermal conductivity 

varies primarily as a function of particle size and 

porosity and to a lesser extent material composition. 

Several theoretical, numerical, and experimental 

studies have been conducted to improve our 

understanding of heat flow through particulates in a 

vacuum with the ultimate goal of developing a broadly 

applicable model for regolith thermal conductivity 

(e.g. [1,2]). Theoretical models are often validated by 

experimental data, which of course limits the types of 

regoliths that can be studied. For example, high-

porosity regoliths (>60% void fraction) are nearly 

impossible to create under Earth’s gravity, except with 

very fine powders. However, 3D numerical 

simulations are not limited in this sense and thus can 

be used in lieu of a laboratory experiment to study the 

relationship between thermal conductivity and 

porosity. Thus, the objective of this work is to use a 

numerical model to study the thermal conductivity 

properties of regolith in configurations that would be 

difficult or impossible to study in a laboratory.  

The first target for study in this work is the 

relationship between conductivity and porosity. Two 

widely utilized models for regolith conductivity 

(Sakatani et al., 2017 and Gundlach and Blum, 

2012/2013) predict significantly different thermal 

conductivity as a function of porosity.  

The second objective of this work is to investigate 

what we will refer to as the skin-depth problem (Figure 

1). To explain the problem, we must first provide some 

background. Regolith composed of particles that are 

“small” compared of the diurnal skin depth (i.e. e-

folding depth of the thermal wave) can be treated in 

thermal models as a continuous material with bulk 

material properties. In this case, the apparent thermal 

inertia is equivalent to the bulk thermal inertia of the 

particulates as a whole. Conversely, when regolith is 

composed of particles that are “large” compared to the 

skin depth (e.g. cobbles, boulders), that regolith is 

assumed to have an apparent thermal inertia that is 

equivalent to a bedrock or boulder of infinite size with 

the bulk rock material properties [3]. Until now, the 

definition of particles being “small” and “large” has 

only been vaguely defined as occurring somewhere 

around the diurnal skin depth. On Bennu, the diurnal 

skin depth is approximately 1–3 cm, which falls 

directly across the cutoff for sampleability by 

TAGSAM, the OSIRIS-REx sample acquisition 

mechanism. As such, it is essential to study how the 

apparent thermal inertia of a regolith varies when the 

particles are within this size range (Figure 1). 

 

 
Figure 1. Illustration of the skin-depth problem 

(circled), where apparent regolith thermal inertia no 

longer follows the particle-size trend once the particle 

size is sufficiently large compared to the diurnal skin 

depth.  

 

Methods:  Regolith particles are rendered as 

spheres in a 3D finite element modeling mesh 

framework [4]. Heat transfer is accomplished by heat 

diffusion within the spheres themselves and by 

radiative heat transfer between the surface mesh 

elements of the spheres. All simulations and 

geometries are periodic in the x-y direction to 

minimize the size and computation time of the 

simulations.  

Sphere packings are generated with several 

different methods to achieve different porosities. The 

lowest possible porosities (0.26 and 0.32) are achieved 

with ordered face-centered and body-centered 

packings. The optimized dropping and rolling 

algorithm [5] generates dense random packings with 

porosities of approximately 0.39. A simple cubic 
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packing provides a porosity of 0.48. For higher 

porosities (>0.60), two methods are utilized: random 

ballistic deposition and random sequential packing 

(e.g. [6]). For the ballistic deposition method, particles 

or small clusters of particles move in linear trajectories 

from random directions and stick to each other upon 

first contact (Figure 2). For the sequential packing, 

individual spheres are placed randomly into a 3D space 

and are kept only if they are not intersecting any pre-

existing spheres.  

The porosity studies are conducted in a steady-state 

configuration, where a constant temperature is applied 

to one side of the geometry and a constant flux is 

applied to the other side. The bulk conductivity is 

determined simply from the temperature differential 

across the geometry once steady-state is achieved 

(Figure 2).  

The skin-depth problem study is conducted in a 

diurnal heating configuration, where a periodic 

packing of spheres is heated from above with a solar 

source that varies in magnitude and direction based on 

specified target body latitude, longitude, and date. The 

particle size, porosity, and material properties of the 

regolith is varied iteratively to explore how the diurnal 

brightness temperature curves are affected.  The 

resulting diurnal brightness temperatures from the 

simulation are then compared to a simple, 1-

dimensional model for diurnal heat flow in order to 

determine the apparent thermal inertia.   

 

 
Figure 2. Example steady-state heat flow simulation 

temperature results. This bed of spheres was generated 

by random ballistic particle-to-particle deposition 

(porosity=0.62). The periodicity of the packing is 

apparent between the left and right sides of the 

packing.  
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