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1. Introduction

One of the most critical features of rarefied gas is
that flow could be induced without imposed
pressure or external forces. If the mass flow is
generated by the temperature difference in an
object within rarefied gas, the obtained flow will
be called thermally-driven flow. Radiometric
flow, which is a thermally-driven flow, is created
on the perimeter of a surface where the sides are
heated unevenly or the two sides of the surface
have temperature differences. The force imposed
by the heated side of the surface to the cold side is
called radiometric force. Radiometric pumps
work based on producing radiometric force in
rarefied gas flow. The Knudsen number expresses
the degree of rarefaction in gas flows. This
number reports the ratio of the molecular mean
free path to the characteristic length of the
geometry.

At small Knudsen numbers, the primary force
that causes the blades of a radiometer to rotate is
a force created near the blade's edges. Thus, the
edge effect is dominant in small Knudsen
numbers, but in large Knudsen numbers, the effect
of pressure difference between both sides of the
blade is noticeable.
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Figure 1. The comparison between the results of different

theories and the experimental data for force per unit
temperature difference based on Knudsen number

In Figure 1, the results of Einstein's, Epstein's,
and free molecular regime theories and the
experimental results of Bruche and Littwin for
force per unit temperature gradient are compared
for radiometric flow. It is observed that Einstein's
theory at low Knudsen numbers and the free
molecular theory in large Knudsen numbers agree
well with the experimental data.

Different researchers performed quantitative
studies of radiometric flow in recent years, but
few experimental studies have been reported in
this field. Researchers have concluded that
knowing the temperature difference on
radiometric blades is essential to calculate the
generated forces on radiometric blades. However,
no experiment has reported the temperature
measurement of the two sides of a blade. Using
thermal resistant sensors, this experimental study
reported directly the temperature measurement of
the blade's two sides for the first time. This
temperature measurement method will effectively
calculate the generated forces to radiometric
blades and result in the radiometric forces to be
reported with higher accuracy.

2. Experimental setup

The geometry of the experiment consists of a
vacuum bell jar and the main body of the
radiometer. The main body consists of a rotor with
dark and light sides and a fixed section. The fixed
section consists of a needle and a holder. As
Figure 2 shows, the needle is fixed on the holder
and its task is to keep the rotor set.

Figure 2. Fixed parts of the radiometer and the rotors

3. Results

The measured parameters include the velocity and
temperature of each of the blades. The effect of
temperature on dark and light surfaces is different.
As Figure 3 shows, the temperature of the dark
surface increases linearly due to absorbing more
heat. From t=0 to 60 s, this increase has a higher
slope than the increase of the lighter surface. The
heat transfer mechanism of the hot surface
happens in two ways. The first mechanism is
absorbing heat by the radiation caused by the
radiation source. The second mechanism is
conducting the absorbed heat to the central section
of the blade and towards the light surface.
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After the dark surface's rapid absorption of
heat by radiation, the blade's temperature
increases. After 60 s, the effects of heat repulsion
due to thermal conduction cause the temperature
of the hot surface to become lower. After a slight
decrease in temperature on the dark surface, its
temperature becomes almost constant. The most
crucial section in Figure 3 is the temperature
difference between the cold and hot surfaces. This
temperature difference is the stimulant for the
creation of the radiometric force.

a Hot Plate
. Cold Plate
P °

Temperature difference
£ o,

£ ‘\M% wasca, N

100,
Time(s)

1
150

Figure 3. The experimental temperature
measurement of the cold and the hot surface and their
differences

Studying the temperature on time graphs, one
can conclude that there is an essential relation
between the force created on the radiometer
blades and the temperature difference on both
sides of the blades. The connection between these
two parameters is linear, which means that with
an increase in the temperature difference between
the two sides of the blade, the force increases in a
linear form. The slope of this line is proportional
with parameters such as the Knudsen number, but
this proportionality is not permanent. Over time,
the temperature difference becomes fixed on both
sides of the blade; the force decreases, although
the relative temperature difference is fixed. This
decreasing process is due to the decrease of
molecules colliding with the hot surface and a
reduction in momentum difference between the
two hot and cold surfaces.

Radiometric flow features consisting of force
to temperature difference and angular velocity in
four pressures have been studied. Table 1 shows
these data.

Table 1. The comparison of the ratio of force to
temperature difference and angular velocity at different
Knudsen numbers

Knudsen

number 0.05 0.1 1 10
Te':])rcefattzre 3.13x10% | 1.16x10% | 8x107 | 3.15x107

°mp N/K N/K N/K N/K
differences

Angular 0.23 8.49

velocity radls 7.95 rad/s rad/s 1.87 rad/s

It is observed that force has a direct and linear
relationship with temperature difference. But
other essential parameters influence the
radiometric flow, one of which is the Knudsen
number. As shown in Table 1, maximum
radiometric force occurs at Kn=0.1. The flow at
Kn=0.1 is at the border between the transition and
the slip flow regimes. In this regime, both
mechanisms of radiometric force work. This is
why the generated force is at its maximum.

In Figure 4, a general comparison of different
theories, Selden's experimental data, and the data
obtained from this experiment is reported. From
the pressure of 0.05 pa to the pressure of 0.65 pa,
higher accuracy is observed in the present
experiments than Selden's experimental results.
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Figure 4. The comparison of the measured force with the
experimental and analytical data

4. Conclusion

In this research, key parameters influencing the
radiometric force were identified. For the first
time, a direct method was used to measure the
temperature of the radiometric blades. It was
observed that the maximum radiometric force
occurs at Kn=0.1. The highest angular velocity
was observed at Kn=1. By increasing the
temperature difference between the two sides of
the blade, the force increases in a linear form. The
slope of this line is proportional with parameters
such as the Knudsen number, but this
proportionality is not permanent. As time passes
and the temperature difference becomes constant
on both sides of the blade and with the
temperature difference remaining relatively the
same, the force decreases. The reason for the
decreasing process is the decrease in the number
of molecules colliding with the hot surface and a
reduction in the momentum difference created
between the hot and cold surfaces.
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