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[1] We report on thermal conductivity measurements performed on glass spheres of
different grain sizes under varying pressure conditions ranging from 10�5 up to 1000 hPa.
Glass spheres of 0.1 up to 4.3 mm were used as an analogue for the coarse-grained
fractions of planetary regolith. From the obtained conductivity versus pressure data,
sample pore sizes were derived and compared to estimated pore sizes. An increasing
difference between derived and estimated pore size with increasing grain size was found.
The behavior of the granular matter with decreasing pressure was analyzed by estimating
the Knudsen number for the given system. The results indicate a high variability of the
effective thermal conductivity for Martian conditions. Furthermore, the results imply
that the thermal conductivity reaches a grain size-dependent, but pressure-independent,
value for pressures below 0.01 hPa. For vacuum conditions a linear relation between grain
size and effective thermal conductivity was found. Additionally, a mixture was analyzed,
which showed a stronger decrease with gas pressure compared to the single-sized
samples. From the pore size derived for the mixture an ‘‘effective’’ grain size composed
of weighted mean of the mixture components was determined.
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1. Introduction

[2] Many planetary bodies of our solar system, notably
bodies not protected by atmospheres, like the Moon, Mars,
and Mercury, but also the satellites of the outer solar system,
comets and asteroids are covered by so-called regolith
layers. This material occupies the surface layers of these
bodies and has a texture ranging from micrometer-sized
particles up to boulders with sizes in the meter range
[Vaniman et al., 1991]. Regolith mainly consists of the
planetary body’s bedrock material, processed by impact
meteorite gardening. The bulk of regolith was produced
during the period of late heavy bombardment which oc-
curred approximately 3.8–4.1 Ga ago. Later on up to the
present time the continuous flux of micrometeorites toward
these surfaces led to further reduction of typical grain sizes
in the near-surface layers of the regolith. These layers form
the boundary between the interior of the body and its outer
environment. Thus, their thermophysical properties,
especially the effective thermal conductivity, control to a
high extent the energy balance of these bodies as a whole.
Unfortunately, until now in situ measurements of the thermal
conductivity have only been carried out on the Moon in the
frame of the Apollo 15 and the Apollo 17 mission. Thermal
conductivity values of 0.015 up to 0.03 W m�1 K�1 were

found in a depth of 1 to 2.36 m. Currently, after a period of
lesser interest, the Moon is again a topic of active research.
Several missions from various countries including rovers for
in situ measurements are planned. Along with cameras and
spectrometers to determine the surface chemical composi-
tion, thermal experiments are included in the planned pay-
load. Furthermore, first in situ thermal conductivity values
have recently been obtained at Mars by the Phoenix Mars
Lander. In section 2 we give a short overview of the theory
of heat transfer in particulate media and prior laboratory
measurements of this phenomenon. Subsequently, the mate-
rial and the applied measurement method are described in
sections 3 and 4, followed by a description of the measure-
ment procedure and the measurement setup in section 5.
The measurement results are presented in section 6.

2. Heat Transfer in Granular Media

[3] The conduction of heat through a porous medium
depends on the texture of the material and the thermal
conductivities of the participating phases [Kaviany, 1998].
The spatial distribution of the solid and the fluid phase can
be described by the porosity y, which is defined as the ratio
of the volume filled by the fluid to the total volume.
Alternatively, the porosity can also be expressed by the
ratio of the density difference between particle material
density and bulk density to particle material density:

y ¼ Vf

Vtot

¼ 1� rbulk
rsolid

ð1Þ
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Additionally, the other modes of heat transfer, namely
radiation and convection, may contribute. Thus, in general,
the overall effective thermal conductivity of a granular
medium can be given as the sum of the ‘‘conductivities’’
related to different heat transfer processes. As a matter of
fact, the majority of the various models and relations for the
effective thermal conductivity of granular material that can
be found in literature take into account the influences of the
conductivities of the participating phases and their spatial
distribution. The radiative and convective contributions are
modeled separately. Commonly used models for determin-
ing the effective thermal conductivity of granular materials
are, e.g., given by Chauk and Fan [1998] or Woodside and
Messmer [1961]. In a dry system of solid particles and gas
the gaseous phase controls the overall effective thermal
conductivity. This is because the bigger part of the particle
surface is in contact with the gas molecules in the pores and
only small areas are in contact with other particles.
Furthermore, the heat transfer via the contact areas is
hindered by the surface roughness of the particles. So the
major part of the heat transfer takes place via gas molecule
interaction and gas molecule/particle surface interaction. A
dimensionless parameter, characterizing the gas behavior in
a porous medium is the Knudsen number, which is given as
the ratio between the mean free path of the gas molecules
and the average pore size:

Kn ¼ mean free path of the gasmolecules

average pore size
¼ l

dp
¼ kbTffiffiffi

2
p

pd2gpdp
ð2Þ

For Knudsen numbers Kn > 10 [Kaviany, 1998] molecule
pore wall collisions are dominating. That implies that hardly
any intergaseous conduction takes place. Therefore, in the
absence of phase transitions, where large amounts of energy
could be transported from pore wall to pore wall by the
remaining gas molecules, the gaseous contribution is
negligible. The average pore size (also referred to as
interparticle distance) depends on the configuration and size
of the particles. For the case of spherical particles in random
arrangement the pore size can be estimated by using
[Kaviany, 1994]:

dp ¼
0:905

1� yð Þ
1
3

� 1

" #
dp ð3Þ

In vacuum the effective thermal conductivity is finally
reduced to contributions from heat transfer via the solid phase
(contact points of the particles) and radiation [Huetter and
Koemle, 2008]. In this case the effective thermal conductivity
can be expressed as

kvac ¼ ksolid þ krad ð4Þ

The contribution due to radiation krad was found to be
proportional to T3 [Howell and Mengüc, 1998]. The fraction
of the vacuum conductivity kvac due to the solid phase ksolid
includes the influence of porosity and reduced contact area
between the particles. For this scenario the radiative and
surface properties of the particles have a high influence
on the effective thermal conductivity. Moreover, for very
small grained particles under ultrahigh vacuum, like on

the surface the Moon (10�11 hPa), the vacuum conductivity
is influenced by adhesive forces between the grains
[Starukhina, 2000]. A model for the radiative conductivity
in a granular medium consisting of spherical particles was
proposed by Schotte [1960]. He arrived at

krad ¼ 1� y
1

ks
þ 1

4dseyT3

þ 4dseyT3 ð5Þ

The effective thermal conductivity of sands under various
conditions was investigated by Woodside and Messmer
[1961]. They suggested a relation for the gaseous
conductivity as a function of gas pressure using an effective
mean free path leff. This effective mean free path can be
applied to the kinetic theory relation for the thermal
conductivity of a gas. Thereby, equation (7) can be found:

leff ¼
ldp

lþ dp
ð6Þ

kg ¼
k0gpdp
pdp þ B

ð7Þ

The decrease of the effective thermal conductivity due to a
decrease of the gaseous conductivity can be approximated
by a linear relation (equation (8)). Deviations from this
linear correlation appear at the start and at the end of the
decrease. Substituting kg with relation (7) results in a linear
relation between the reciprocal conductivity change and
reciprocal pressure, given by equation (9). Woodside and
Messmer [1961] proposed that this correlation could be used
to determine the pore size dp of a granular material from
thermal conductivity versus pressure measurements:

keff ¼ Wkg þ kvac ð8Þ

1

keff � kvac
¼ 1

Wk0g
þ B

Wk0gdp

1

p
ð9Þ

Further investigations on the thermal conductivity as a
function of pressure were done by Presley and Christensen
[1997a]. They found a linear relationship between effective
thermal conductivity and grain size for low pressures and
particle sizes smaller than 1 mm. Their investigations
[Presley and Christensen, 1997a, 1997b] aim at the
determination of the effective thermal conductivity of the
regolith material occupying the Martian surface. Thermal
conductivity studies considering lunar regolith analogs under
simulated lunar conditions have been done by Wechsler and
Glaser [1965]. Investigations of the thermal conductivity of
granular materials under vacuum conditions have been
conducted, e.g., by Merrill [1969], Watson [1964], and
Reichenauer et al. [2007]. However, they did not investigate
the influence of grain size on the thermal conductivity.

3. Material

[4] In this work glass beads of five different grain size
fractions, ranging from 0.1 up to 4.3 mm (see Figure 1),
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were used as a first-order approximation for coarse regolith.
The chosen grain sizes complement and extend previous
studies [Presley and Christensen, 1997a; Merrill, 1969;
Watson, 1964; Wechsler and Glaser, 1965] where mostly
grain sizes smaller than 1 mm were used. Furthermore, the
spherical geometry of the particles is helping comparing the
measurement results with results obtained from theoretical
models, since many of them presume a spherical geometry
of the particles (see section 2). An additional advantage is
that the investigated glass beads are all made of the same
material. This allows a good recognizability of grain size
effects. The chemical composition and physical properties
of the glass beads are given in Tables 1a and 1b. The
uniformity of the five different size fractions was checked
under a microscope for random samples. For all size
fractions the effective thermal conductivity was first deter-
mined under atmospheric conditions and then at different
gas pressures. Supplementary, the effective thermal conduc-
tivity of a defined mixture of glass beads, consisting of the
three biggest grain sizes (1.00–1.25, 2.00–2.30, and 3.80–
4.30 mm), was investigated under varying pressures. There-
fore, equal volumes of each of the three grain sizes were
mixed. For this case one container was used to scoop equal
volumes of each of the three types of glass spheres into the
sample container. For every scoop the ‘‘scoop container’’
was carefully filled up to edge. The different size fractions
were added in an alternating order. In all from each grain
size the same amount of scoop containers was added.
Subsequently, the sample was mixed manually by thorough
vertical and horizontal stirring. The porosity of all samples
was determined by weighing a known volume of the sample
and applying equation (1). This was done five times per
grain size fraction (each time the volume was refilled) and

then the mean value of the five measurement results was
calculated. The procedure was repeated for all grain size
fractions. The obtained porosities for the different grain
sizes ranged between 0.37 and 0.39. The error of these
values is ±0.01. This is in good agreement with the porosity
values for well-shaken spherical packing’s given in litera-
ture [e.g., Kaviany, 1998]. For the mixture of glass spheres a
porosity of 0.355 ± 0.003 was determined in this way.

4. Measurement Method

4.1. Measurement Probe

[5] For measuring the effective thermal conductivity, a
commercial probe (TP02 thermal conductivity probe) from
the Dutch company Hukseflux was used. The design of this
sensor is based on the principle of the hot wire method, a
well known non steady state technique. The TP02 probe,
shown in Figure 2, consists of a heating wire and two
thermocouples embedded in a stainless steel tube. One
thermocouple is located at the center of the heating wire
and reacts to the applied heating, the other is placed at the
tip and acts as the reference. This configuration allows the
verification that the heat flow only occurs in radial direction
(in this case the readings of the thermocouple located at the
tip do not change during measurement). Additionally, a
temperature-dependent resistor is placed at the base of the
instrument. The probe method has already been used very
effectively to measure the thermal conductivity of granular
materials such as sand, soil and glass spheres [Wechsler,
1992; Koemle et al., 2007].

4.2. Data Evaluation

[6] The data evaluation for probe measurements is based
on the theory of an infinitely long and thin line heat source
embedded in an infinitely extended medium. The medium is
heated by the line source with a constant power supply. A
solution of the heat conduction equation for this configuration
was given by Carslaw and Jaeger [1959]. For sufficiently
long heating times an approximation for the temperature
distribution in response to constant heating can be derived

Figure 1. Glass spheres photographed through a microscope. A lead with a diameter of 0.6 mm is
displayed for comparison.

Table 1a. Chemical Composition of the Used Glass Spheres as

Given by the Producer Sigmund Lindner

Element Fraction (%)

SiO2 70
Na2O 13.1
CaO 8.72
MgO 4.1
B2O3 2.65
Al2O3 0.67
K2O 0.27
SO3 0.21
Fe2O3 0.09
TiO2 0.03
BaO, ZnO, Sb2O3, As2O3, PbO <0.01

Table 1b. Physical Properties of the Glass Spheres Used as

Sample Material

Properties Values

k 0.8 W m�1 K�1

r 2500 kg m�3

� 0.92
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by a series expansion. The approximation found in this way
leads to a linear relation between the temperature rise and
the natural logarithm of time when choosing two points on
the time axis (with t1 < t2) in sufficient distance from the
onset of heating:

4T ¼ Pheat

4pk
ln

t2

t1

� �
ð10Þ

The slope of the temperature rise with the natural logarithm
of time only depends on the applied heating power and the
thermal conductivity of the surrounding medium. For a
known heating power the latter can be calculated easily
from a temperature versus time measurement by linear
regression. The linear part was determined by sequential
linear fitting of the temperature versus ln(t) data in between
the time limits outlined in section 4.3. Sequential fitting
means, that a linear fit is applied to a part of the
measurement curve (e.g., from 70 to 90 s) and the results
are stored. In the next step the data are fitted in between 80
and 100 s, and again the results are stored. This is repeated
until the fit interval oversteps the end of the measurement.
From the stored regressions the one least deviating from the
measurement data is used to determine the thermal
conductivity. A typical measurement curve is shown in
Figure 3. For the evaluation of the thermal conductivity the
part indicated in red was used.

4.3. Boundary Effects

[7] Equation (10) is an approximation only valid for the
temperature development after the initial transient period,
which can easily be identified in Figure 3. It is reasonable to
estimate the duration of the transient time period, if relation
(10) is ought to be used. This was done using equation (11)
which was derived by Vos [1955] and has been successfully
applied to measurements performed with the same type of
measurement probe as used in this work by Goodhew and
Griffiths [2004]. A second important fact is that the samples
have finite dimensions and boundary effects may occur.
This was checked using equation (12), also derived by Vos
[1955] and applied by Goodhew and Griffiths [2004]:

ttrans >
50r2sensor
4asample

ð11Þ

tmax ¼
0:6R2

sample

4asample

ð12Þ

For the estimation of ttrans and tmax tabulated thermal
diffusivity values for dry and water saturated glass beads

(16 � 10�8 and 28 � 10�8 m2s�1) were used. It was found
that for the used probe and sample dimensions, the
transient period should last for at least 44 s for the dry
and 25 s for the water saturated glass beads. Boundary
effects may occur after about 17 h in the saturated glass
spheres and after approximately one day in the dry glass
beads. These results indicate, that for the typical measure-
ment times between 100 and 200 s boundary effects do not
play a role, but nevertheless the time interval for the
calculation of the thermal conductivity has to be chosen
carefully. The operational reliability of the measurement
probe was assured by calibrating the sensor in Agar and in
Teflon. The derived thermal conductivities for these well
known materials were within a range of ±3% of the tabulated
values.

5. Experimental Setup and Measurement
Description

[8] The thermal conductivity of the glass beads was
investigated in a pressure range from atmospheric pressure
of approximately 103 hPa down to a high vacuum of 3 �

Figure 2. Hukseflux TP02 thermal conductivity measurement probe. The locations of the two
thermocouples (TC1 and TC2) and the heating wire are indicated.

Figure 3. Typical temperature gradient versus natural
logarithm of time measurement curve obtained with the
TP02 probe for the 1.0–1.25 mm glass beads. The dashed
lines indicate the part used for the calculation of the thermal
conductivity by linear regression.
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10�4 hPa. The measurement setup for this task consisted of
the following:
[9] 1. A sample container (dimensions are diameter =

0.265 m, height = 0.34 m) filled with the respective glass
spheres. These ‘‘large’’ containers guaranteed that no bound-
ary effects occurred during a measurement (see section 4).
[10] 2. A vacuum chamber with a rotary vane pump to

generate a medium vacuum of approximately 10�2 hPa and
a turbomolecular pump to establish a high vacuum of about
10�5 hPa.
[11] 3. A pressure measurement system.
[12] 4. An adjustable supply of nitrogen gas, which

allowed to establish different pressure levels.
[13] 5. The TP02 measurement probe described in

section 4 with the corresponding data logger. The setup of
probe and sample during ameasurement is shown in Figure 4.
[14] The measurement procedure was the same for all

samples and is outlined in the following:
[15] 1. The sample container was filled with the particular

glass spheres and placed in the vacuum chamber. Then the
TP02 thermal conductivity probe was mounted in the center
of the specimen. After making sure that the probe and the
container were fixed in place, the vacuum chamber was
closed.
[16] 2. Next, vacuum conditions were established by first

using the rotary vane pump and subsequently the turbomo-
lecular pump. This process took up to several hours depend-
ing on the grain size of the specimen. Constant pressure was
established by means of an adjustable flow of nitrogen gas.
The gas flow was corrected manually until an equilibrium
between incoming (from the nitrogen gas cylinder) and
outgoing gas flux (via the pumps) was reached.
[17] 3. Then a thermal conductivity measurement was

performed. At each pressure level three measurements

were taken. The thermal conductivity of the glass sphere
samples for the corresponding pressure level was deter-
mined as the arithmetic mean of these three values. The
time interval between the measurements had to be chosen
to be long enough that the sample and the probe could
reach again a thermal equilibrium state after completion of
the heating period. Depending on the particular grain size
and pressure level this took quite a long time. The
temperature gradient in the sample was logged continu-
ously, not only during measurement. This was used to
check if thermal equilibrium was reached. For measure-
ments at pressures of approximately 103 hPa the time
periods between measurements were about 10 min. Under
vacuum it took about a few hours until thermal equilibri-
um was reached again. The longest waiting periods were
those for the smallest glass spheres under high vacuum
(only two measurements per day were possible). Corre-
spondingly, the effective thermal conductivity for these
samples was the smallest (Table 2).

6. Results

[18] In the following the results obtained from the per-
formed measurements are presented. The thermal conduc-
tivity values determined for the single grain sizes at twelve
pressure levels are given in Table 2. The listed conductiv-
ities are the mean values of the results of three measure-
ments taken at each pressure level. In Figure 5 the
dependence of the determined effective thermal conductiv-
ity on the particular pressure is illustrated in a semiloga-
rithmic scale for each grain size of the glass spheres. For all
grain sizes the well-known s-shaped appearance of the
conductivity versus common logarithm of pressure can be
observed. This profile results from the change of the
gaseous contribution to the effective thermal conductivity
as a function of pressure. For pressures higher than 100 hPa
the conductivity values reside around 0.17 W m�1 K�1 for
all grain sizes. The measurement results for the glass beads
of 0.15 and 0.375 mm mean diameter at lower pressures are
consistent with the data obtained by Presley and Christensen

Table 2. Mean Effective Thermal Conductivity Values Found at

12 Pressure Levels for Glass Spheres of Five Different Grain Sizesa

Pressure (hPa)

Grain Size (mm)

0.1–0.2 0.25–0.5 1.0–1.25 2.0–2.3 3.8–4.3

0.0003 0.008 0.008 0.015 0.021 0.039
0.0008 0.008 0.008 0.016 0.021 0.039
0.008 0.008 0.009 0.016 0.021 0.040
0.05 0.008 0.010 0.019 0.026 0.046
0.1 0.009 0.011 0.023 0.031 0.052
0.5 0.013 0.019 0.041 0.056 0.082
1.0 0.017 0.027 0.055 0.073 0.094
5.0 0.041 0.065 0.103 0.116 0.130
10 0.057 0.084 0.124 0.133 0.141
50 0.110 0.129 0.145 0.152 0.155
100 0.135 0.148 0.163 0.159 0.157
500 0.163 0.169 0.169 0.170 0.159

aThe conductivity values are in W m�1 K�1. The different grain sizes are
indicated by different colors. The standard deviations mainly ranged
between 0.001 and 0.005 W m�1 K�1. For the case of the two smallest
grain size fractions and pressure levels below 5.0 � 10�1 mbar it was an
order of magnitude smaller.

Figure 4. Setup of probe and sample during measurements.
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[1997a] for glass beads of 0.1 and 0.5 mm at 0.6 hPa (0.01
and 0.02 W m�1 K�1, respectively). At a higher pressure of
approximately 100 hPa, Presley and Christensen [1997a]
determined a conductivity value of 0.1 W m�1 K�1 for the
0.1 mm glass beads and a value of 0.17 W m�1 K�1 for the
0.5 mm glass beads. Our value for the 0.1 mm fraction at
this pressure is slightly higher (0.135 W m�1 K�1), while
the conductivity found for the 0.25–0.5 mm glass beads is
smaller (0.148 W m�1 K�1). Furthermore, the measured
thermal conductivity values are consistent with the experi-
mental results reported by Reichenauer et al. [2007], who
performed similar measurements on glass spheres with a
grain size of 1 mm, and with the conductivity of approxi-
mately 0.005 W m�1 K�1 for 0.15 mm glass beads in high

vacuum (0.0004 hPa) determined by Wechsler and Glaser
[1965].

6.1. Pore Sizes

[19] In the region between approximately 0.1 and 100.0 hPa
where a strong decrease of the thermal conductivity occurs,
equation (8) is valid. At the beginning and end of this region
the largest deviations from the linear relation appear. Below
a pressure of approximately 0.01 hPa no significant change
of the effective thermal conductivity is observed. This
indicates that below the given pressure limit the influence
of the gas phase on the thermal conductivity is not signif-
icant. Therefore, the effective conductivity in this pressure
domain is determined by conduction via the solid phase and

Figure 5. Measured effective thermal conductivity of glass spheres of different grain size as a function
of the respective pressure displayed on a semilogarithmic scale.

Figure 6. Reciprocal thermal conductivity change versus reciprocal pressure plotted for the different
grain size fractions.
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radiation. This meets relation (8) for the vacuum conduc-
tivity. From the given measurement data the pore sizes of
the different samples were determined using relation (9).
The obtained reciprocal conductivity change versus recip-
rocal pressure is shown in Figure 6. In each case the
conductivity value measured at the lowest pressure level
of 0.0003 hPa was used for the vacuum conductivity kvac.
The derived d/dp ratios were 44 for the biggest glass beads
with a mean diameter of 4.05 mm, 38.8 for the 2.15 mm
glass beads, 30.6 for the 1.125 mm glass beads, 23.3 for the
0.375 mm glass beads, and 17.1 for the 0.15 mm glass
beads fraction. Woodside and Messmer [1961] calculated a
d/dp value of 72.6 for their glass bead sample with a mean
diameter of 0.358 mm. For a lead shot sample of 1.23 mm
grain size they computed a ratio of 170. The d/dp ratios of
the comparable size fractions of the glass beads, namely the
0.375 mm and 0.358 mm grains, differ by about a factor of

3. The higher ratio of Woodside and Messmer [1961] is
maybe due to the fact that the used conductivity value was
too high, since the lowest pressure level they investigated
was above 0.013 hPa. A second possible explanation,
mentioned by Presley and Christensen [1997a], is that
Woodside acknowledged that the conductivity measurement
probe used by Woodside and Messmer [1961] sometimes
produced higher values. Furthermore, the pore sizes were
also determined using equation (3). Except for the smallest
glass beads, these strongly differ from the values derived
from the measurement data. For the smallest grain size
fraction the pore size derived from the measurements and
the pore size determined from equation (3) are in the same
range. In Figure 7 the pore sizes determined from the data
and estimated by equation (3) are shown as a function of
grain size.

6.2. Knudsen Number

[20] The behavior of the gas in the pores under different
pressure conditions can be described by the Knudsen
number (see section 2). Therefore, this dimensionless factor
was estimated for these measurements. In Figure 8 the
derived Knudsen number as a function of pressure is
displayed for various conditions in a double logarithmic
scale. The boundary of Kn = 10, where the gaseous
conductivity becomes negligible, is indicated as a thick
black line. First, the pore sizes calculated from equation
(3) were used to estimate the Knudsen number for the given
experimental environment. The results for the biggest and
for the smallest grain size fraction are shown, since the
results for the other grain size fractions lie in between these
two. The before stated pressure limit of 0.01 hPa clearly
satisfies Kn>10. Below this pressure the gaseous conduc-
tivity becomes negligible. Additionally, the Knudsen numb-
ers were calculated for Martian conditions (gas is CO2, dg =
0.46 nm, T = 240 K). This causes a shift of the Knudsen
number versus pressure curve by 0.0015 hPa toward lower
pressures. Second, the Knudsen number was also evaluated
for the pore sizes determined from the data (see subsection

Figure 7. Pore sizes determined from the measurement
data using relation (9) (chain-dotted line), and pore sizes
estimated by equation (3) (solid line); these sizes are plotted
against the mean grain size.

Figure 8. Derived Knudsen number versus pressure for different conditions of grain size, temperature,
and interstitial gas displayed on a double logarithmic scale.
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6.1). These pore sizes are significantly smaller than the
estimated ones in the case of the biggest glass spheres, but
the values get closer with decreasing grain size. The largest
pore size difference occurs for the 4.05 mm glass beads.
This causes a shift of the pressure limit for the largest grain
size fraction toward higher pressures, while hardly any shift
occurs for the 0.15 mm glass bead fraction. Furthermore, it
is noticeable that Knudsen flow is established at signifi-
cantly higher pressures for the smallest glass spheres than
for the biggest glass spheres.

6.3. Vacuum Conductivity

[21] Below a pressure of about 0.01 hPa the contribution
of the gaseous phase becomes negligible. In this region
equation (8) is valid. A grain size–dependent splitting up
of the vacuum conductivity can be observed. The highest
values at hand are those for the biggest glass beads. More-
over, nearly identical thermal conductivity values were
found for the two smallest fractions of glass spheres (the
0.15 and 0.375 mm fraction) in the pressure range below
0.01 hPa. In Figure 9 the variation of the conductivity as a
function of grain size is plotted for two low pressure levels,
namely, 0.0008 and 0.01 hPa. Here the observed decrease of
conductivity with decreasing particle size is linear. This is in
agreement with model calculations performed by Tavman
[1996], who also found a decrease of the effective thermal
conductivity with decreasing grain size. The linear relation
between grain size and effective thermal conductivity for
the determined set of conductivity data is valid for pressures
below approximately 0.05 hPa. Above this pressure con-
ductivity versus grain size is linear in the double logarithmic
scale. This is in agreement with the results of Presley and
Christensen [1997a, 1997b]. In Table 3 the parameters slope
s, axis intercept a, and goodness of fit R2, which were
determined by linear regression from the conductivity
versus grain size data, are given for the five pressure levels
from 0.1 down to 0.0003 hPa. The vacuum conductivity is
composed of the conduction contributions from the solid
phase and of the radiative contribution. For the radiative
part, relation (5), which was proposed by Schotte [1960],

was evaluated. The derived radiative conductivity as a
function a of temperature for different particle sizes is
given in Figure 10. It can be observed that the larger the
particles are, the higher is the radiative contribution. Fur-
thermore, for larger particles a stronger temperature depen-
dence can also be noted. The radiative contribution calculated
for the biggest glass spheres (0.0044 W m�1 K�1) is
approximately 1 order of magnitude smaller than the effec-
tive thermal conductivity for this size fraction under vacuum
(0.04 W m�1 K�1). In the case of the smallest glass beads
of 0.15 mm the radiative contribution (0.0002 W m�1 K�1)
is two magnitudes smaller than the measured vacuum
conductivity (0.008 W m�1 K�1).

6.4. Effective Thermal Conductivity of a Mixture
of Glass Spheres

[22] Additionally, the thermal conductivity of a mixture
of glass spheres was investigated at different pressure
levels. The mixture was composed of glass spheres with
the size ranges 3.80–4.30 mm, 2.00–2.30 mm, and 1.00–
1.25 mm. From each grain size equal volume fractions
were added (see section 3). The thermal conductivity values
determined for the mixture are listed in Table 4. A plot of
the effective thermal conductivity as a function of pressure
is shown in Figure 11 in a semilogarithmic scale. For
comparison the data are plotted along with the values
determined for the single grain sizes. It is striking that
the thermal conductivity of the mixture shows a stronger
rise with pressure than the conductivity determined for the

Figure 9. Thermal conductivity as function of the grain size for two low pressure levels. Both show a
linear behavior.

Table 3. Slope, Axis Intercept, and Goodness of Fit Determined

for the Thermal Conductivity Versus Grain Size Relationa

Pressure (hPa) s(W m�2 K�1) a(W m�1 K�1) R2

0.0003 0.008 0.0056 0.9906
0.0008 0.008 0.0059 0.9882
0.008 0.0079 0.0063 0.9895
0.05 0.0096 0.0067 0.9954
0.1 0.0109 0.008 0.9924

aThe values are given for the five lowest pressure levels. For those the
linear relation fits best.
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single grain sizes. At 500 hPa the thermal conductivity of
the mixture is significantly higher than the conductivities
found for the single grain sizes at this pressure level.
Furthermore, it can be seen clearly that below 0.1 hPa
the conductivity values of the mixture match the values
found for the 0.375 and 0.15 mm glass bead fractions. In
summary, the behavior of the glass sphere mixture signif-
icantly deviates from the behavior of the single grain size
samples. A possible explanation for this different behavior
may be the different texture of the mixture, since the voids
between the bigger glass spheres can be filled by the
smaller ones, which leads to smaller pores. This point is
also indicated by the porosity of 0.355 determined for the
mixture. This interpretation would explain the matching
conductivities at low pressures, where the mixture acts like
a granular material with a grain size smaller than the grain
sizes of which the mixture is composed of, while at high
pressures an increase of the thermal conductivity over that
of the single grain sizes occurs owing to increased con-
duction via the solid phase. A similar behavior in the case
of a grain size mixture was found by Woodside and
Messmer [1961]. Natural samples investigated by Presley
and Craddock [2006] did not display such an enhancement
of the thermal conductivity of a mixture of grain sizes at
high pressure, compared to the thermal conductivity of the
single grain sizes at high pressure. The conductivity data
obtained for the mixture were also analyzed using relation
(9). A representative pore size of 0.0262 mm was found,
which is somewhat smaller than the pore size found for the
smallest glass bead fraction of the mixture. The evaluation
performed on the single grain sizes was used to produce the
diagram shown in Figure 12. Here the d/dp ratios are
plotted first as a function of pore size and second as a
function of grain size. A polynomial fit was performed on
each of the functions. From this graph, pore size and grain
size, respectively, can be determined in a direct way. This
was used to determine the d/dp ratio for the pore size
derived from the data obtained for the mixture. A d/dp
value of 27.1 was found. The corresponding particle

diameter is 0.806 mm, which is equal to the weighted
arithmetic mean of the mean grain sizes used for the
mixture (each grain size is weighted with 0.33, since the
mixture is composed of equal volumes of three grain sizes).
This result is quite reasonable, although it is different from
the analysis of a mixture performed by Woodside and
Messmer [1961], who proposed that the effective diameter
is given as the harmonic mean of the particle diameters of
the mixture components. The derived effective diameter was
used to calculate the mean mixture pore size by equation (3).
A pore size value of 0.036 mm was determined.

7. Summary and Conclusions

[23] The effective thermal conductivity of glass spheres
of different grain sizes was investigated under varying
pressure conditions. The determined values are in good
agreement with data obtained from previous studies. In
addition, a well defined mixture of different grain sizes
was examined. This specimen showed a different behavior
compared to the tests with single grain sizes. The results
indicate that at lower pressures the mixture can be described
as an effective granular material with a grain size smaller

Figure 10. Radiative conductivity calculated by relation (5) as a function of temperature. Three
different particle sizes are displayed.

Table 4. Effective Thermal Conductivity Values Found for the

Mixture of Different Grain Sizesa

Pressure (hPa) k (W m�1K�1)

0.0003 0.009
0.0008 0.009
0.008 0.009
0.05 0.011
0.1 0.014
0.5 0.037
1.0 0.058
5.0 0.124
10 0.144
50 0.186
100 0.198
500 0.219

aThe standard deviation for these values is in the same range as for the
conductivity values obtained for the single sizes.
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than those of which the mixture is composed of. This case is
most important, since granular material on planetary surfa-
ces is always a compound of several different grain sizes.
The pore sizes of the different samples were determined
using the concept proposed by Woodside and Messmer
[1961] and relation (3) given by Kaviany [1998]. For the
single-sized samples pore sizes about two magnitudes
smaller than the grain sizes were determined from the
measurement data. For the mixture a pore size valid for
the weighted mean of the grain size fractions used for the
mixture was derived. The pore sizes calculated from equa-
tion (3) are systematically larger, the larger the considered
particle size. For the small size fraction the determined and
estimated pore size are in the same range. The Knudsen
number, a factor describing the gas behavior in the pores of
a granular material, was evaluated for the measurement
conditions and also for Martian conditions. The results
show that the behavior under Martian conditions differs

only slightly from the laboratory conditions. From the
measurements and the Knudsen number can be seen that
the pressure region representing Martian conditions around
6 hPa is quite sensitive to variations in grain size. For very
small grain sizes Knudsen diffusion might be reached, for
larger ones not. This implies a significant thermal conduc-
tivity difference depending on the grain size and a high
sensitivity to pressure changes. Furthermore, a significant
grain size dependence was found for the radiative contribu-
tion given by Schotte [1960]. The larger the particles are,
the higher are the radiative conductivity and the temperature
dependence. Another fact is that the thermal conductivities
found for the 1.125, 2.15, and 4.05 mm glass spheres are in
the same range as the conductivities determined for the
lunar regolith during the Apollo missions. The studies
performed in this work complement and extend previous
measurements.

Figure 12. Grain size to pore size ratio d/dp as a function of pore and grain size.

Figure 11. Thermal conductivity values determined for an equivolume mixture of glass spheres of three
size fractions compared to the conductivity values determined for all the single-sized samples. The data
are given on a semilogarithmic scale. The mixture components are indicated by chain-dotted lines, while
the two smallest grain size fractions are indicated by dashed lines.
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Notation

asample thermal diffusivity of the sample.
dp mean pore size diameter.
� emissivity.
l mean free path of gas molecule.
y porosity.
s Stafan-Boltzmann constant,

s = 5.67 � 10�8, W m�1 K�1.
rbulk density of granular material.
rsolid density of particle solid material.

a axis intercept.
B factor, B = kBTffiffi

2
p

pd2g
.

dg diameter of gas molecule.
dp diameter of particles.
kb Boltzmann constant, 1.38110�23 J K�1.
keff effective thermal conductivity.
kg conductivity of gas.
kg
0 conductivity of gas at standard pressure of

1013 hPa.
krad conductivity due to radiation.
ks conductivity of solid material.

kvac effective conductivity under vacuum conditions.
Kn Knudsen number, ratio mean free path of gas

molecule to characteristic pore length.
p pressure, hPa.

Pheat heating power, W m�1 K�1.
R2 goodness of fit.

Rsample radius of sample.
rsensor radius of sensor.

s slope.
T temperature.
t time.

tmax point in time after the onset of heating after which
boundary effects occur.

ttrans time period of nonlinear temperature versus ln(t)
development.

Vf volume occupied by fluid (e.g., gas).
Vtot volume of the sample.
W slope of the linear relation between effective

thermal conductivity and gas conductivity.
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