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Abstract A temperature gradient within a granular medium
at low ambient pressure drives a gas flow through the
medium by thermal creep. We measured the resulting air
flow for a sample of glass beads with particle diameters
between 290 um and 420 um for random close packing.
Ambient pressure was varied between 1 Pa and 1000 Pa. The
gas flow was quantified by means of tracer particles dur-
ing parabolic flights. The flow varies systematically with
pressure between 0.2 cm/s and 6 cm/s. The measured flow
velocities are in quantitative agreement to model calcula-
tions that treat the granular medium as a collection of linear
capillaries.

Keywords Knudsen compressor - Thermal creep -
Granular matter - Microgravity - Parabolic flight

Introduction

The motion of gas is generally divided in three regimes. At
high pressure, gas flow follows a hydrodynamic approach
where collective effects of gas molecules are important. At
low pressure, collisions of free molecules with boundaries
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are important. In between is a transition regime which con-
nects both. The notion of “high” or “low” pressure is made
with respect to a characteristic size of confining boundaries.
This might be the radius of a capillary through which gas
flows or the radius of a sphere embedded in a flow. The flow
can be quantified by specifying a Knudsen number

Kn=— (1)
l

where X is the mean free path of the gas molecules and /

is a characteristic length of the system. With this defini-

tion hydrodynamic flow corresponds to small K» and free

molecular flow to large Kn.

Especially at intermediate values of Kn = 1 gas flow
can be peculiar. If a temperature gradient is present at a sur-
face gas flows from cold to warm along this surface. This is
known as thermal creep. Thermal creep e.g. in a thin chan-
nel between two chambers of different temperature acts as
a (Knudsen) pump and leads to a pressure increase in the
warm chamber (Knudsen 1909; Kiipper et al. 2014).

A granular bed is a complex system with particles of
various sizes and corresponding pores in between. As a
granular bed is complex so is the gas flow. The average flow
properties might be described by a simple model though as
described below. In this context Koester et al. studied the
overpressure on both sides of a dust bed which was heated
at one side. They also measured the mass flow by study-
ing the time evolution of the pressure difference. These kind
of measurements are indirect. We follow a complementary
approach here by tracing the resulting gas flow behind the
pores. De Beule et al. (2014) first visualized the gas flow
through a dust bed by observing dust particles entrained in
the flow in drop tower experiments. We also use tracer par-
ticles for a more systematic study of gas flows. Working at
low pressure, gravity dominates the motion of solid tracers.
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We therefore carried out the experiments under low grav-
ity. Here, we utilize parabolic flights (Pletser et al. 2016).
This is a first attempt to qualify the method of tracer parti-
cles as suitable for further studies. As complementary work
it is also meant as a first test for the recent model of ther-
mal creep through granular media by Koester et al. which
is based on global measures as mentioned. (M. Koester, T.
Kelling, J. Teiser, G. Wurm; ICARUS; 2016; submitted).

Experiments
Setup

The basic setup is shown in Fig. 1 and mainly consists of a
Peltier-element with an inner opening. The cylindrical hole
has a length of 3.2mm and a diameter of 9.8 mm. It is
filled with glass spheres in a size range between 290 um
and 420 um or an average size of 350 um. Both sides of the
Peltier are covered with a copper net. They confine the gran-
ular matter within the Peltier element and provide a thermal
bridge to the Peltier’s surfaces.

To trace the flow we use aerogel particles placed on the
outflow side of the Peltier. To keep the tracers in place
they are confined in a container which is open on both
sides. The outer side is again covered by a mesh to prevent
the tracers from leaving. One side of the confinement con-
sist of glass to allow observation of the tracer particles. In
order to allow continuous measurements during a parabola,
a plunger can kick particles back from the outer mesh. These
return towards the Peltier element and can again be observed
to trace the flow.

For an overall setup representation see Fig. 2, where the
imaging system is placed at the readers point of view. The
images where taken with 70 frames per second with a reso-
lution of 1/32 mm/pixel. One side of the Peltier is coupled
to a copper reservoir for heat conduction. The heat is trans-
ported away by radiators which are placed on the outside of

lement
tracer particles ~ metal confinement

gas flow

solenoid
tracer barrier

Fig. 1 Schematics of the experiment setup. Thermal creep is flowing
through a granular bed placed within a Peltier element. The gas flow is
traced by aerogel particles. A plunger in a solenoid drives back tracer
particles which reach the mesh confining the tracers
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Fig. 2 Representation of the experimental setup with the imaging
system at viewer’s position. The vacuum chamber provides the envi-
ronmental pressure. The Knudsen pump with the tracer particles
(Fig. 1) is centered in the chamber (12cm Diameter). The ventila-
tion and cooling system outside of the vacuum chamber is not shown
completely

the vacuum chamber. The cold part of the Peltier element is
therefore kept at a constant temperature of 320 K. The vac-
uum chamber provides the working environment of the gas,
air in this case, between 1 Pa and 1000 Pa.

Data analysis

We manually tracked the data and extracted the particle
positions. Figure 3 gives an example of the measured loca-
tion of a tracer particle in flow direction over time. The
general motion of a particle within a constant gas flow can
be described by

_t
x(1) = (Vgas, —V0) " T-€ T + Vgas, - I+, 2

where 7 is the gas grain coupling time, vy is the initial veloc-
ity and c the constant of integration. vg.s, is the uncorrected
gas velocity to which corrections due to the residual grav-
ity acting on particles in parabolic flights are applied as
specified below. For all traced particles we fitted Eq. 2 to
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Fig. 3 Circles: Example of tracer particle locations over time along
the flow direction (x axis); Solid line: A fit based on motion with
constant gas flow and gas drag as described by Eq. 2
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the data with these four parameters as free fit parameters.
Uncorrected gas velocities are on the order of several cm/s.

Disturbances

We use tracer particles to visualize and quantify the flow.
The motion might be influenced by other interactions as
well. As such we consider the residual gravity during a
parabolic flight section. We neglect convection and pho-
tophoresis for the following reason. Free convection only
occurs under gravity and does not occur under parabolic
flight conditions (Kufner et al. 2011). The thermal radiation
by the Peltier should induce photophoresis. However, the
tracers are encapsulated in a (mostly) metal container which
heats up as well and leads to an essentially isotropic radia-
tion. We quantified the insignificance by putting in numbers
in equations given by Loesche et al. (2016), Loesche and
Husmann (2016), and Soong et al. (2010), which all fall
well below residual gravity and cannot be resolved within
our data accuracy. Due to the complexity of the equations
and the unimportance we do not recite these equations and
calculations here.

Thermophoresis

Due to a possible temperature gradient along the metal
confinement the tracer movement could be biased by ther-
mophoresis (Vedernikov et al. 2005). Therefore we per-
formed a ground experiment, measuring the temperature
along the surface at different pressures with thermal imag-
ing. Figure 4 shows the temperature profile along the direc-
tion of flow for an ambient pressure of 200 Pa. For lower
pressures the profiles are similar with a reduced temperature
gradient due to lower influence of convection. Therefore it
is a good assumption to estimate a maximum gradient of 1 K
over 2.5 cm.
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Fig. 4 Measured temperature profile along the observable surface of
the metal confinement at 200 Pa ambient pressure under 1 g

Table 1 Derived gas velocity vy, caused by thermophoresis with
an estimated maximum temperature gradient of 1 K over 2.5 cm (see
Fig. 4)

P [Pa] Fri, [N/s] T [1/s] vrn [em/s]
6.9-10710 0.17 0.36

9 4.1-10710 0.22 0.27

90 1.2-10711 0.12 0.004

1090 3.6-10713 0.05 6107

P is the gas pressure, F7j, is the resulting thermophoretic force and T is
the average coupling time. For the calculations we use Eq. 3 by Zheng
(2002)

Table 1 shows the derived thermophoretic velocities for
an average tracer particle using Eq. 3 given by Zheng
(2002):

}"2K

———VT
«/ZkBTo/m

where fr is the dimensionless thermophoretic force (Takata
et al. 1994), x = 0.026 W/Km is the thermal conductiv-
ity, 7 = 0.4mm is the particle radius, m = 4.8 - 107> kg
is the gas molecule mass, Tp = 363K is the average gas
temperature and VT is the temperature gradient. A distor-
tion of the gas velocity driven by the thermophoretic force
is negligible since the derived maximum value falls well
within the standard derivation of our binned data points
(see Fig. 8). In addition the gas flow by thermal creep on
the confinement-walls is negligible for such low (40 K/m)
temperature gradients.

F=—fr (€)]

Residual Gravity

While the gravity level on a parabolic flight is strongly
reduced, an acceleration of about a, = 10~2 g might
remain. An example profile measured is shown in Fig. 5.

residual acceleration [m/s?]

03 5 10 15 20

time [s]

Fig. 5 Example for residual acceleration levels during the low-g part
of a parabolic flight for the visual observable axes (x: flow direction;
z: perpendicular to flow, observable with camera)
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Typical tracing times are on the order of a second or less.
During this time we consider the gravity level to be constant
using the computed mean over the tracing time. In equilib-
rium a constant force leads to a particle velocity with respect
to a gas atrest of v = ag - 7. Using the coupling times fitted
to the data above, values are on the order of 1 cm/s. This is
significant compared to the flow velocities. However, it can
be calculated with sufficient accuracy and can be subtracted
from the uncorrected gas velocity. The true gas velocity is
therefore determined by vgas = vgay, — ag - T.

Results

Figure 6 shows the gas velocities for all 76 tracked particles
during 36 parabolas where the ambient pressure was varied
from 1Pa to 1000 Pa. The uncorrected as well as the data
corrected for residual gravity are shown.

The fits of the corresponding trajectories are accurate to
3.4% on average for the uncorrected gas velocity, which
leads to corrected velocities with an accuracy of 14.6% due
to error propagation. The ambient pressure is accurate to
15%.

The results still show scatter beyond the error bars.
While this is not important in the framework of this paper
there might be several reasons for this. The granular sam-
ple within the Peltier-element does not have a completely
homogeneous temperature profile. Therefore the gas flow at
the hotter surface will not be homogeneous and variations in
the measured tracer drifts are expected. Also, particles are
traced within a confined volume. Even if the sample might
provide a gas flow that is uniformly over the exit area, the
gas flow at the boundaries might be slower depending on
the slip conditions. With the 2d projections we cannot see if
a particle is close to a front or rear face of the confinement.
We can only quantify the proximity to the top and bottom
walls. Figure 7 shows the data depending on the average
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Fig. 6 Gas velocities uncorrected and corrected for residual gravity
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Fig. 7 Corrected gas velocities over average z-component (perpen-
dicular to gas flow) for the 100Pa sample. The boundaries of the
confinement are at 0 cm and 0.8 cm. The error bars for the gas velocity
are derived from the fitting accuracy and for the z position represent
the standard derivation

z-coordinate (perpendicular to the gas flow) for the 100 Pa
sample. There seems to be no tendency that particles fur-
ther away from the top and bottom walls can reach larger
values. The walls also have a different effect as tracer parti-
cles sometimes bounce off the walls. In cases where this is
obviously visible in the track, the trajectory was truncated
at this position. We cannot rule out though that some trajec-
tories close to e.g. a front or back wall mimic slower drifts
as the gas velocities are deduced from fits to the trajectories
assuming only acceleration by gas flow and g-jitter.

One goal was to test the pressure dependence of the flow
velocity. Therefore, the ambient pressure was varied during
the flights. Overall we consider the median of the corrected
gas velocity an acceptable representative for each pressure
sample. Figure 8 shows the pressure dependence of the gas
velocities of four different samples. The error bars represent
the statistical standard derivation.

10

gas velocity [cm/s]

500 1000
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Fig. 8 Gas velocities as measured (data points - error bars represent
the standard derivation of the bin) and modeled (shaded region)
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Model

To understand the physics of gas flow in porous media, we
apply a simplified model for temperature gradients in linear
capillaries. The gas velocity is related to the mass flow rate
per area M by
M
Vflow = , “
Pgas

where pg, is the mean gas density, which depends on the
average pressure p,yg and the gas temperature T,y for an
ideal gas as

Pavg 5)

Pgas = RiTuve

with the specific gas constant Ry = 396.839 J kg~! K~! for
nitrogen. Muntz et al. (2002) showed that the thermal creep
induced mass flow M between two chambers with no pres-
sure gradient and connected with finite capillaries of length
L, and radius L,, is given by

L, AT
Ly Tavg

M= Pavg fA [Z(k/m)Tavg]_l/2 X { QT} , (6)
and directed from the cold side with temperature T;qq to the
hot side with temperature Ty of the granular sample (see
Fig. 9).

fa is the fraction of the cross section area that is covered
by capillary openings, m = 28 u the molecule mass of nitro-
gen and k = 1.38 - 10723J/K the Boltzmann constant. Q7
is the dimensionless mass flow coefficient of thermal creep
from the cold to the hot side and strongly dependent on the
Knudsen number Kn (Sone and Itakura 1990). The capil-
lary radius L, of the granular medium is determined by the
grain radius r. We take in analogy to Jankowski et al. (2012)

L, =2r —r. 7)

Tavg = (Thot + Teold)/2 is the average temperature and
AT = Thot — Tcola the temperature difference. All known

Fig. 9 Schematic illustration of a granular medium as a set of
capillaries

quantities are given for the experiment. Tyt = 365 K, Teolq =
320K, the temperature difference is 45K and L, = 3.2 mm.
Equation 4 is plotted in Fig. 8 for two different grain
sizes. The upper distribution boundary (black line) is for
r = 210 pum grains. The lower boundary (gray line) for
r = 145 pum grains. The averaged gas velocities are also
plotted in Fig. 8. The model shows good agreement to the
experiments.

Conclusion

Granular media in temperature fields act as Knudsen pumps.
This might have some applications for microgravity science
as no moving parts are needed to change the pressure in a
system significantly (Muntz et al. 2002; Young et al. 2005;
Han et al. 2005). The gas flow can be measured in several
indirect or direct ways. Here, we used tracer particles to
visualize the flow directly. On ground Earth’s gravity domi-
nates the tracer motion. Gas motion and cooling by thermal
convection prohibit a disturbance free measurement. How-
ever, the low gravity level on parabolic flights allows the
use of tracer particles. While there are also disturbances
and the remaining gravity is significant, parabolic flights
just provide the minimum gravity level needed as particle
drift induced by the residual acceleration can be calculated
and can be corrected for. In agreement to ground based
measurements of pressure differences, the flow can well
be described by a model of small linear channels with the
particle size as typical diameter.
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