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SHORT SUMMARY

Knudsen pumps transport gas by imposing a temperature profile onto a rarefied gas confined within a
channel with structured walls. We investigate the influence of specularly reflecting wall segments on the
pumping performance of two types of Knudsen pumps, where a temperature gradient is applied
perpendicular to the channel direction. One configuration is inspired by a Crookes radiometer with blades,
having different reflection properties on both sides, inserted into a channel. A second configuration features a
channel with a flat hot wall opposing a cold wall with a saw-tooth structure possessing alternating diffusely
and specularly reflecting segments. Both configurations are analyzed numerically using the Direct
Simulation Monte Carlo method, and where available the results are compared to analytical solutions.

EXTENDED ABSTRACT

As early as the 1870s, Osbourne Reynolds observed that when creating a temperature gradient across sheets
of porous materials such as stucco or meerschaum, a gas flow is induced through the pores, a phenomenon
that he called thermal transpiration. We have numerically investigated two configurations, where instead of
the temperature gradient along the channel axis, a temperature difference is applied perpendicular to it [1,2].
By a suitable choice of the surface morphology and of the reflection properties of the gas molecules at the
walls, a periodically varying temperature profile is induced along the channel, which in turn leads to a net
gas flow directed along the channel. In particular, configurations were studied in which predominantly
specularly reflecting wall segments are crucial for the development of the temperature profile. This
arrangement is numerically analyzed using the Direct Simulation Monte Carlo Method (DSMC) and, where
available, compared with analytical results. The DSMC method lends itself for this task, as the optimal
working conditions occur in the transition regime between molecular and continuum-mechanical flow, where
the mean free path of the gas molecules and the structure length are of the same order of magnitude.
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Figure 1: (a) Knudsen pump inspired by Crookes radiometer: vanes with specular/diffuse walls placed in a channel
induce a flow when a transverse temperature difference is applied. (b) Knudsen pump containing a saw-tooth surface
patterned with sections of specular and diffuse reflection.

The two configurations studied are sketched in figure 1. The first configuration was inspired by the
Crookes radiometer which contains an impeller with one-sided blackened blades [1]. When heating the
blades, e.g. by irradiation with light, the impeller is set in motion. Accordingly, when the impeller is held
stationary, a gas flow is induced within the radiometer chamber. This can be used to pump gas by
periodically nesting such blades along a channel bounded by two parallel plates and applying a temperature
differential between the channel walls and blades, see Fig. 1(a). Since we are particularly interested in the
influence of a wall with a low accommaodation coefficient for the reflection of gas molecules, we assume that
one of the sides of the plates reflects ideally specularly.

In the second configuration [2], a flat hot wall faces a cold wall structured with a sawtooth pattern, Fig.
1(b), the surface of which again consists of alternately specularly and diffusely reflecting segments in order
to augment the temperature profile around the teeth. For both configurations, the influence of the pressure
(and thus the mean free path), as well as the geometric parameters on the mass flow, is investigated. As an
example, we show in Fig. 2 the average flow velocity at a plane midway between two blades of the pump
configuration of Fig. 1(a) with a blade height 2H, channel half-width W = 2H and blade separation L = 5H/8
at a temperature ratio of T, /T; = 2 between the sidewalls and the blades. The Knudsen number, Kn = £/W,
is defined as the ratio between the mean free path ¢ of the gas molecules and the channel half-width. The
maximum flow velocity is achieved for Kn ~ 0.1 for all configurations of H/W studied.

4.0
35 - e ®
3.0 -
2.5 3 ® 0
2.0 -
1.5 3
1.0 4
0.5 - ®
0.0 -
0.5 +—HHH— a1 HHHE

0.001 0.01 0.1 1 10

Kn

(Ulcy) x 108

Figure 2: Average axial velocity in a plane midway between two blades of pump configuration (a), scaled by the

characteristic molecular velocity, ¢; = +/2kT; /m. Blade width: 2H, channel half-width: 2H, blade separation: 5H/16,
temperature ratio T, /T, = 2.
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Of particular interest is the mechanism for the generation of the flow across the tip of the blades or teeth
in configuration (a) and (b), respectively. It is found that for low Kn numbers, this mechanism is essentially
the same as for thermal edge flow on a blade with a temperature dissimilar to its environment or for thermal
creep flow along a wall with a tangential temperature gradient. Thus, under these conditions it can be
interpreted as a boundary effect, needed to reconcile the continuous phase space distribution in the bulk with
its discontinuity at the wall, imposed by the boundary condition.

Our studies were performed with a focus on the ideal case containing a fully specularly refecting wall.
This may seem artificial at first, as most surfaces are known to have an accommodation coefficient close to
1. However, already Knudsen [3] explained his experimental results on radiometric forces on a heated plate
by assuming different accommodation coefficients on opposite sides. More recently, accommodation
coefficients between 0.1 and 0.4 have been reported for certain gas-surface combinations [4-7]. Extending
our simulations to finite accommodation coefficients shows that the obtained net mass flow rates scale
roughly proportionally the the fraction of specularly reflected molecules [1, 2]. Finally, we note that similar
pumps have also been reported for purely diffuse surfaces both for vanes in a channel [8] (with different
tempertures on opposite sides of the vanes) as for ratchet walls [9-12] (with different temperatures on
opposing isothermal walls). In the latter case, due to the different mechanism for generating the driving
temperature profiles and the corresponding flow profiles, the mass flow rates is significantly smaller for
purely diffuse surfaces than for the mixed diffuse/specular case [12, 13, 2].
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