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Introduction: The heat flow measurement on the 

Moon is one important technique for exploring thermal 
state and evolution of the lunar interior. The heat flow 
is given by measuring the subsurface thermal conduc-
tivity and temperature gradient. Accurate determina-
tion of the thermal conductivity is necessary to esti-
mate the heat flow value exactly. 

In Apollo 15 and 17 Heat Flow Experiments, the 
thermal conductivities at several depths were measured 
on the four sites on the Moon. As a result, Langseth et 
al. reported that the thermal conductivity of the subsur-
face increases with depth: 0.0141 W/mK at 35 cm and 
0.0295 W/mK at 233 cm from the surface [1]. They 
concluded that the conductivity variation would be due 
to the regolith disruption during the drilling process for 
inserting the probes, and finally they revised the values 
to constants for each site, between 0.009 W/mK for 
Apollo 15 probe 2 and 0.013 W/mK for Apollo 17 
probe 1 [2]. However, it has not been clarified whether 
the regolith conductivity varies with depth as a practi-
cal matter. Understanding of parameter dependencies 
of the thermal conductivity is not enough for powder 
media, such as the lunar regolith.  The conductivity 
possibly varies with depth due to change of bulk den-
sity, particle size, and pressure applied with depth. In 
this study, we measured the thermal conductivity of 
powder media at several depths to verify degree of 
above-mentioned parameter dependence using glass 
beads as an analogous material of the lunar regolith. 

Method: For the thermal conductivity measure-
ments, glass beads samples in four diameter ranges 
were used: 53-63, 90-106, 355-500, and 710-1000 µm. 
The spherical shape and almost uniform size of beads 
made the same porosity ~38% in the four cases. The 
line heat source method [3] was used for thermal con-
ductivity measurements. The sensor consists of a line 
heater providing heat into the beads and a thermocou-
ple measuring temperature on the center of the heater 
line. The thermal conductivity is estimated from the 
temperature rising rate of the heater. In order to mini-
mize the deviation from an ideal line heat source, a 
thin Nichrome wire (180 µm in diameter) was used for 
the heater because of its low thermal conductivity. A 
thin alumel-chromel wire (100 µm in diameter) was 

used for the thermocouple whose thermal conductivity 
is also sufficiently low, so that undesired heat leaks 
through the metal lines were considered negligible. A 
schematic of the sample container is shown in Figure 1. 
This container has four measurement points arranged 
in depth order, which can directly detect the conductiv-
ity variation with depth. Gas pressure was configured 
to less than 10-3 Pa during measurements, under which 
the heat transfer by gas is considered negligible by 
experimental and theoretical studies. The experimental 
conditions are summarized in Table 1. 

Results and Discussions: Experimental results in 
each beads diameter and depth were plotted in Figure 2. 
It is summarized that the glass beads under vacuum 
conditions have the same order of conductivity as that 
of the regolith measured on the Moon. The thermal 
conductivity increased linearly with particle size at all 
depths. This trend may be attributed to the radiative 
heat transfer. Since the porosity is almost the same for 
all samples, the size of pores broadened with particle 
size. Past theoretical studies [4] indicated that the ra-
diation contributes to the bulk thermal conductivity 
correlating proportionally with the pore size. 

 
 

  
 

Figure 1: The sample container for the thermal conduc-
tivity measurements of the glass beads. 
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Introduction: The heat flow measurement on the 

Moon is one important technique for exploring thermal 
state and evolution of the lunar interior. The heat flow 
is given by measuring the subsurface thermal conduc-
tivity and temperature gradient. Accurate determina-
tion of the thermal conductivity is necessary to esti-
mate the heat flow value exactly. 

In Apollo 15 and 17 Heat Flow Experiments, the 
thermal conductivity of four stations was measured at 
several depths. As a result, Langseth et al. suggested 
that the thermal conductivity of the lunar subsurface 
increases with depth from 0.0141 W/mK at the depth 
of 35 cm to 0.0295 W/mK at the depth of 233 cm [1]. 
They concluded that the conductivity variation would 
be due to the regolith disruption during the drilling 
process for inserting the probes, and finally  the values 
were revised to constants from 0.009 W/mK for Apollo 
15 probe 2 to 0.013 W/mK for Apollo 17 probe 1 [2]. 
However, it has not been clarified whether the regolith 
conductivity varies with depth as a practical matter, 
because of lack of the investigation of parameter de-
pendency for the thermal conductivity of powder me-
dia.  The conductivity probably varies with depth due 
to change of bulk density, particle size, and applied 
pressure with depth. In this study, we measured the 
thermal conductivity of powder media at several 
depths to verify degree of above-mentioned parameter 
dependence using some diameters of glass beads as an 
analogous material of the lunar regolith. 

M ethod: For the thermal conductivity measure-
ments, glass beads samples in four diameter ranges 
were used: 53-63, 90-106, 355-500, and 710-
The spherical shape and almost uniform size of beads 
made the same porosity ~38% in the four cases. The 
line heat source method [3] was used as a thermal con-
ductivity measurement method. The sensor consists of 
a line heater providing heat into the beads and a ther-
mocouple measuring temperature of the center of the 
heater line. The thermal conductivity can be estimated 
by the temperature rise rate of the heater. In order to 
minimize the deviation from perfect  line heat source, 
thin nichrome wire (180 m in diameter) was used for 
the heater because of its low thermal conductivity. The 
thermocouple line would behave as undesirable heat 
path. The thermocouple consisted of thin alumel and 
chromel wire (100 m in diameter), whose thermal 
conductivities are sufficiently low, can make the heat 
loss negligible. A schematic of the sample container is 
shown in Figure 1. This container has four measure-
ment points arranged in depth order, which can directly 

detect the conductivity variation with depth. Gas pres-
sure was configured to less than 10‐3 Pa during meas-
urements, under which the heat transfer by gas is neg-
ligible supported by experimental and theoretical stud-
ies. The experimental conditions are summarized in 
Table 1. 

Results and Discussions: Experimental results in 
each beads diameter and depth were plotted in Figure 2. 
It is summarized that (a) the glass beads under vacuum 
conditions have the same order of conductivity as that 
of the regolith measured on the Moon. (b) The thermal 
conductivity increased with particle size linearly at all 
depths. This trend may be attributed from the radiative 
conductivity. Since the porosity is almost same for all 
samples, the pore size would broaden with particle size 
proportially. Theoretical investigations indicated that 
radiative contribution to the bulk thermal conductivity 
is proportional to the pore size between particles. (c) 
The significant increase of the conductivity was found 
in deeper layers to 30 cm. For spherical glass beads, 
the packing density would be almost the same at the all 
depth. In the powder media, physical contact points 
between the bead particles perform as thermal re-
sistances. The contact area would become large in the 
deeper layers because of the higher powder pressure. 
The broadened contacts perform wide heat paths 
through which heat can effectively flow to next parti-
cles, and then the bulk thermal conductivity becomes 
high. 
 

 
 

Figure 1. The sample container for the thermal conduc-
tivity measurements of the glass beads. 
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Table 1: Summary of the experimental conditions. 

Gas pressure Temperature Particle size Porosity Measurement depth 

< 10-3 Pa ~20 degC 

53-63 µm 
90-106 µm 

355-500 µm 
710-1000 µm 

~0.38 

1 cm 
5 cm 

15 cm 
30 cm 

 
 

The significant conductivity increase was found in 
deeper layers to 30 cm, although the bulk density of 
the beads samples is almost the same at all depths. In 
the powder media, physical contact points between the 
bead particles perform as thermal resistances. The con-
tact area would become large in the deeper layers be-
cause of the higher stress at the points. The broadened  

 

 
 

Figure 2: Relations between the thermal conductivity 
and the particle size (A) and the measurement depth 
(B) are shown. The horizontal error bars in (A) repre-
sent the bead diameter ranges of each sample and the 
vertical error bars in both plots represent fluctuations 
in three measurements, respectively. 

contacts perform wide heat paths through which heat 
can effectively flow to next particles, and then the bulk 
thermal conductivity becomes high. 

Halajian and Reichman [5] modeled the thermal 
conductivity considering the mechanical strain of elas-
tic spherical materials by the applied stress. It was 
found that their theoretical expression agreed with the 
measured conductivity as a function of the depth. This 
agreement supports our understanding that the meas-
ured conductivity increase with depth is due to the 
change of contact area by stress. 

In this study, the conductivity variations with the 
particle size and load were verified. Considering the 
gravity difference between the Earth (~9.8 m2/s) and 
the Moon (~1.6 m2/s), an upper load at 30 cm in depth 
on the Earth corresponds to that at 180 cm in depth on 
the Moon for example. The average particle size of the 
lunar regolith is estimated to be ~70 µm [6]. Our ex-
perimental results indicate that the thermal conductiv-
ity of glass beads under lunar environment is lower 
than the results in Apollo missions. This disagreement 
would be caused by the difference of other parameters 
(such as particle shape, size distribution, bulk density, 
etc.). However, it was obviously revealed that there are 
the effects that increase the thermal conductivity with 
depth on the Moon. 
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Table 1. Summary of the experimental conditions. 
Gas pressure 

(Pa) 
Temperature 

(°C) 
Particle size 

( m) Porosity Measurement depth 
(cm) 

< 10‐3 ~ 20 

53-63 
90-106 

355-500 
710-1000 

~ 0.38 

1 
5 
15 
30 

 
 

Halajian and Reichman [4] modeled the thermal 
conductivity considering the mechanical strain of elas-
tic spherical materials by the applied pressure. It was 
found that their theoretical expression agrees with the 
measured conductivity as a function of the depth. This 
agreement supports our understanding that the meas-
ured conductivity increase with depth is due to the 
change of contact area by pressure. 

In this study, the conductivity variation with parti-
cle size and pressure was verified. One can extend the 
experimental data to the lunar gravitational environ-
ment. Considering the gravity difference between the 
Earth (~9.8 m2/s) and the Moon (~1.6 m2/s), the pres-
sure at the depth of 30 cm on the Earth corresponds to 
that at 180 cm depth on the Moon, for example. The 
average particle size on the lunar regolith is ~70 m 
[5]. Our experimental results indicates that the thermal 
conductivity of glass beads under lunar environment 
would be lower than s values. This disa-
greement would be caused by the difference of other 
parameters (such as particle shape, size distribution 
and density, etc.). However, it was become clear that 
there is thermal conductivity increase with depth on 
the atmosphere-free bodies such as the Moon, which 
suggests that the depth-independent conductivity val-
ues by Langseth et al. [2] is not appropriate. 
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Figure 2: Relations between the thermal conductivity 
and the particle size (A) and the measurement depth 
(B) are shown. The horizontal error bars in (A) repre-
sent the bead diameter ranges of each sample and the 
vertical error bars in both plots represent fluctuations 
in three measurements, respectively.  
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