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Abstract

In a Knudsen pump, gas flow is induced by thermal gradients along a channel when the mean free path of the gas molecules
is comparable to the geometric feature size. By periodically varying both the channel dimension and the reflection properties
of gas molecules at the channel walls, a gas flow along the channel can be induced by application of a constant temperature
difference between the channel walls. Inspired by the Crookes-Radiometer, one such arrangement consists of placing an array
of plates with different reflection properties on their opposite sides along a channel. We investigate the transport of binary
gas mixtures along such channels by direct simulation Monte Carlo (DSMC), focusing on the discrimination in transport of
individual species due to gradients in temperature, composition and pressure. An exemplary separation column is investi-
gated where a counterflow involving a combination of thermally induced, pressure driven and diffusion flows is established,

resulting in an enrichment of the individual species at opposite ends of the column.

Keywords Rarefied gas dynamics - Knudsen pump - Gas separation - Direct Simulation Monte Carlo (DSMC)

1 Introduction

The Crookes radiometer (Crookes 1876) has fascinated
physicists since its inception in 1874 and has played a piv-
otal role in advancing the understanding of gas dynamics
(Reynolds 1879; Maxwell 1879). Recently, we investigated
a Knudsen pump inspired by the Crookes radiometer (Baier
et al. 2017), where a uniform array of plates are stacked
along a channel between two parallel plates, as sketched in
Fig. 1a. When the reflection properties for gas molecules on
opposite sides of the plates (also referred to as vanes) are
different—in our model system one is ideally specularly and
the other is purely diffusely reflective at temperature 7,—a
periodic temperature profile is induced along the channel
when its sidewalls are kept at a different temperature 7,. At
intermediate Knudsen numbers, when the mean free path £
of gas molecules is of the order of or smaller than the exten-
sion of a vane, the temperature variation around the tip of
the vane induces a flow reminiscent of thermal edge flow
(Sone and Yoshimoto 1997), predominantly driving the gas
towards the side with higher temperature (Baier et al. 2017).
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Thus, while in a Crookes radiometer the vanes are allowed
to rotate on a spindle, the array of plates considered in the
model system drive a flow along the channel.

As a Knudsen pump does not possess any moving parts, it
lends itself for operation in low-maintenance situations such
as for feeding gases to sensor surfaces. When the mixtures of
gases are transported, it is of interest whether the pump may,
adversely or favorably, influence the overall detection char-
acteristic of such a combined device. Similarly, the separa-
tion of gas species by mass or size plays an important role
for many analytical applications and in chemical engineer-
ing. In this paper, we thus investigate the transport of gas
mixtures in the described Knudsen pump due to gradients
in temperature, pressure and composition with special focus
on species separation.

Isothermal diffusion in multicomponent gas mixtures was
studied from the 1830s onwards by Thomas Graham in a
series of seminal studies (Graham 1833, 1846, 1863; Mason
and Evans 1969; Mason and Wright 1971) resulting in what
are now known as Graham’s laws of diffusion and effusion.
According to these, it is possible to achieve gas separation
by mass when passing gas mixtures through pores or small
holes. While thermal diffusion in liquids was observed
around the same time (Ludwig 1856; Soret 1879), thermal
diffusion in gaseous mixtures was investigated theoretically
much later by Enskog (1911) and Chapman (1918), with
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Fig.1 a Sketch of the geometry: vanes with a specularly and a dif-
fusely reflecting sides are stacked along a channel formed by parallel
plates. b Thermally induced flow is simulated in one unit segment of
the channel, utilizing the reflection symmetry at the channel center—
plane and employing periodic boundary conditions at the left and

experimental validation shortly after (Chapman and Doot-
son 1917). It found practical application in the separation
column described by Clusius and Dickel (1938); Grodzka
and Facemire (1977), where thermal diffusion is coupled to
a countercurrent flow in the gap between opposing hot and
cold walls driven by natural convection. This scheme leads
to an accumulation of the heavy and light components of
the gas at the bottom and top of the column, respectively. A
similar coupling between convection and diffusion is also
expected in the proposed Knudsen pump, since it relies on
a thermal gradient across the channel. However, while the
Clusius-Dickel column relies on natural convection for driv-
ing an axial flow along the column, the system considered
here is driven by thermally induced flow.

From the theory of non-equilibrium thermodynamics
(de Groot and Mazur 1984; Fitts 1962) it is well known
that for a system close to equilibrium the mass fluxes of
mixture components together with the heat flux are intri-
cately coupled to variations in pressure, composition and
temperature. In the framework of the linearized Boltzmann
equation, this was extensively studied and extended to
gases at arbitrary rarefaction, thus situations in which the
system is not even close to local equilibrium (Bishaev and
Rykov 1984; Sharipov 1994a; Takata 2009; Sharipov 1994b;
Sharipov and Kalempa 2002). For multicomponent gas flow
along channels of various cross sections the cross—coupling
of fluxes was investigated in Naris et al. (2004); Sharipov
and Kalempa (2006); Kosuge and Takata (2008) and has
found applications in the study of gas separation in Knudsen
pumps. In that context, different channel cross sections and
temperature profiles along their walls were studied (Takata
et al. 2007; Takata and Umetsu 2011; Zhang et al. 2019).
Furthermore, gas separation by thermal transpiration cou-
pled to pressure driven flow across membranes was stud-
ied by Sugimoto and Hibino (2012); Nakaye and Sugimoto
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right boundaries. ¢ Flows with pressure- and concentration gradients
along the channel are simulated in a domain consisting of N = 10
unit segments with appropriate pressure, concentration or reflection
boundary conditions at the left and right boundaries

(2014); Nakaye et al. (2015); Nakaye and Sugimoto (2016);
Matsumoto et al. (2016); Kosyanchuk et al. (2017); Tamura
et al. (2019). Gas separation in Knudsen pumps based on
thermal edge flow (Sugimoto and Sone 2005) was investi-
gated in Sugimoto et al. (2007); Sugimoto (2008). Separa-
tion by transpiration through an array of pairs of closely
spaced wire meshes at different temperature (Sugimoto et al.
2008) was studied in Yakunchikov and Kosyanchuk (2019a,
b). All these systems bear some resemblance to the Knudsen
pump of the present paper, but differ significantly in their
geometric configuration and the method by which the ther-
mal gradient driving the flow is created.

The organization of this paper is as follows: in Sect. 2
we describe the numerical model used and the method for
evaluating the species and heat fluxes together with the
corresponding transport coefficients. These are evaluated
numerically in Sect. 3, first for purely thermally induced
flow and subsequently including fluxes due to pressure and
concentration gradients. In Sect. 4, a counterflow separa-
tion column utilizing a combination of the complementing
transport mechanisms is proposed and investigated, followed
by conclusions and an outlook.

2 Methods

Geometry The Knudsen pump under consideration consists
of a periodic array of vanes of width 2H placed at separation
L in a channel formed by parallel plates at separation 2W as
sketched in Fig. 1a. We effectively assume a 2D situation
with translational invariance normal to the xy—plane and will
consider W = L = 2H throughout. The walls of the channel
are assumed to be diffusively reflecting at temperature 7,.
The vanes have one diffusively reflecting side at temperature
T, while their other side is assumed to be ideally specularly
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reflective. Thermally induced flow is activated by setting the
wall temperatures to T, = 2T,and T} = T, with T, = 300 K
as reference temperature. During isothermal flow conditions
due to a pressure or concentration gradient along the chan-
nel, T, = T| = T, applies on all diffusely reflecting walls.

For purely thermally induced flow the velocity, tempera-
ture and concentration fields are spatially periodic with the
unit cell size. Therefore, together with the reflection sym-
metry at the channel center—plane it thus suffices to consider
a unit segment of the channel around a single vane with peri-
odic boundary conditions on its left and right boundaries,
as shown in Fig. 1b. For flows with net pressure and con-
centration gradients along the channel, the simulations are
performed in a domain consisting of N = 10 unit segments
with appropriate pressure, concentration or reflection bound-
ary conditions at the left and right boundaries, see Fig. 1c.

DSMC simulations Simulations were performed using
the direct simulation Monte Carlo (DSMC) method (Bird
1994) as implemented in the open-source fluid dynamics
code OpenFoam (Weller et al. 1998; Scanlon et al. 2010),
specifically release v1.0 of dsmcFOAM+ (White et al.
2018). Briefly, the DSMC method is a particle based method
for solving the Boltzmann equation (Wagner 1992), with
each DSMC particle representing a large number of physical
atoms or molecules. The particle ensemble evolves by iterat-
ing the collisionless propagation along individual ballistic
trajectories for a brief duration followed by an (instantane-
ous) collision step, where pairs of nearby particles (located
in the same cell of a grid) are stochastically chosen to col-
lide, with their pre- and post-collision momenta related
according to a phenomenological model.

We focus on mixtures of Helium and Xenon modeled
as variable hard spheres (VHS) with parameters given in
Table 1. The geometry is discretized by a uniform grid with
a side-length of a ., = W/100 of one computational cell.
The number of gas particles represented by a single DSMC
particle was adjusted such that on average at least 40 DSMC
particles are present in each cell for each species separately.
The timestep At for the simulation was chosen such that
CAt < agyy /4, where ¢ = 4/2kg T /m is the characteristic veloc-
ity based on the mass m of the lightest particle at the highest
temperature T in the channel, and kg = 1.380649 - 10723 J/K
is Boltzmann’s constant. In cases where a pressure and con-
centration boundary condition is applied, the implicit method

Table 1 Species mass, VHS diameter and viscosity index (u ~ T%)
used in the simulation with reference temperature 7,.; = 273 K (from
Bird (1994), Tables Al, A2). For He—Xe collisions the arithmetic
mean diameter and viscosity index of the collision partners was used

m/ kg d/m 0}
He 6.65x 10727 2.33x 10710 0.66
Xe 218.x 107% 5.74 x 10710 0.85

proposed by Liou and Fang (2000) and improved by Wang
and Li (2004) was used, taking into account the flux of mol-
ecules at thermal velocities during low speed gas flows on
such boundaries.

Non-dimensionalisation The choice of a characteristic
temperature 7,, = 300 K specifies a characteristic velocity
¢y = 1/2kgT,/my, and relates a pressure scale p, = nykg T
to a characteristic particle number density n via the ideal
gas law. The mean free path £y, = 1/( 2ﬂdéen0) in a pure
Helium atmosphere defines a dimensionless Knudsen number
Kn = ¢}, /W, characterizing the rarefaction of the flow. We
take this relation between the characteristic particle number
density, n;, and the Knudsen number, Kn, to also hold in case
of gas mixtures, as it offers a unique relation between the two.
This ensures that a given Knudsen number specifies the same
characteristic pressure irrespective of gas composition.

All gas properties are encoded in the particle distribution
functions f;(r, ¢) for each species in the mixture, which is gov-
erned by the Boltzmann equation (Landau and Lifschitz 1983).
In particular, the number densities 7;(r) = f f(r, c)dc of each
speciesi € {He, Xe}and of the mixture, n = Y, n;, specify the
molar fractions x; = n;/n. Since )., x; = 1, it suffices to specify
Xy in the binary mixture.

With the velocity u; = n7! [ ¢fi(r, ¢)de of each compo-
nent, the corresponding species flux along the channel

ji = /(niui : ex)dAx’ (1)

is obtained by integrating over a full cross sectional area A,
placed normal to the axis of the channel, with e, being the
unit vector pointing along this axis. Specifically, in the unit
segment of Fig. 1b this cross section was placed half-way
between the left boundary and the plate, while it was placed
at the center of the multi-element domain of Fig. 1c. Non-
dimensionalised species fluxes are defined by

Ji = Ji/ (Angco). ()

Additionally, since we deal with a binary system, we define
the alternative fluxes

Ip = (e 0fte F *xe0/xe) 3
and
Jo = Xe0Uhe — Ixe)s 4

characterizing an overall species flux and diffusive flux,
respectively (Sharipov 1994b; Naris et al. 2004; Kosuge and
Takata 2008). The characteristic molar fractions xy, o = X,
and xy, o = 1 — x; used here are specified as initial condi-
tions, as detailed below. In the following, we will mostly
focus on the case of equimolar concentration, x, = 0.5. In
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this case, Jp and J - directly correspond to half the sum and
difference of the two molar fluxes of the individual species.

The local heat flux q = Zif(%micz)fi(r,c)dc is inte-
grated over the (upper) channel wall with surface area A,
and unit normal n pointing into the channel to obtain the
heat flux across the channel wall,

Jr= Z /A (q - n)dA,. (5)

The corresponding non-dimensional heat flux is defined as
Jr = Jr/(Apoco)- 6)

In situations without translational symmetry in channel
direction, such as pressure or concentration driven transport,
a net heat flux in channel direction may influence the trans-
port along the channel. However, since no thermal gradient
is actively applied in channel direction, this heat flux is much
smaller than the heat flux directly between the channel walls
and the vanes and will be disregarded in the analysis of the
results, only focusing on the transverse heat flux.
Transport coefficients Classical non-equilibrium ther-
modynamics (de Groot and Mazur 1984; Fitts 1962)
establishes a linear relation J, = L, ;X between fluxes J,
and driving forces X; with a symmetric matrix of trans-
port coefficients L,; for systems close to equilibrium.
With the temperature difference across the channel,

Xp =AT/Ty, =T, - T)/T,, @)

and the pressure and concentration differences averaged over
one unit element of length L,

Xp=— L@/Pw (®

Xc == Lo xpe/Xpe 00 )

as driving forces, the corresponding fluxes are J;, Jp and J -
introduced in Egs. (3), (4) and (6) above (Sharipov 1994b;
Naris et al. 2004; Kosuge and Takata 2008). The corre-
sponding transport coefficients Laﬂ with a,f € {P,C,T}
are reported below. Note that we are not always close to
equilibrium, in particular for thermally induced flow
X; = AT /T, = 1. The transport coefficients should thus be
considered as suitably normalized fluxes here. However,
even up to this large temperature difference we verified
that the thermally induced flux scales very nearly linearly
with AT /T,,. Nevertheless, departures from linearity may be
expected during flow induced by a combination of thermo-
dynamic forces due to the large temperature and composition
variations across the channel.
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3 Transport coefficients: numerical
evaluation

3.1 Thermally induced flow

We start by considering purely thermally induced flow
with T, — T} = T, = T,. This is modeled in the unit cell
of Fig. 1b with periodic boundary conditions on the left
and right sides. Initial conditions in the channel are given
by the density n, = ny(Kn), gas composition xy, = x, and
temperature 7. The difference in temperature in the gas
on both sides of the tip of the vanes induces a flow across
the vanes from the colder to the warmer side, as was exten-
sively studied for a pure gas in Baier et al. (2017). Since
the temperature close to the right-hand side of each vane
is lower than the temperature close to its left-hand side, a
flow from right to left is induced. Exemplary streamlines
of the individual components for x, = 0.5 are shown in
Figs. 2a and 3a for Kn = 5.7 and 0.57, respectively. It is
evident that both components follow similar flow patterns,
although the heavier component has a disposition to follow
straighter paths compared to the lighter component. Note
that the heavier (and larger) component has a tendency to
accumulate at the colder regions in the channel compared
to the lighter (and smaller) component (Bird et al. 2007).
Corresponding profiles of xy, and n/n, at Kn = 5.7 and
0.57 are shown in panel (b) and (c) of Figs. 2 and 3. Both
of these different behaviors are expected to result in a dif-
ference in transport of the individual components of the
mixture.

The transport coefficients Ly and L-r are shown in
Fig. 4a for xy,n = 0.5. Note that since X; = 1, the spe-
cies fluxes J, and transport coefficients L,y are identical
here. The transport coefficient Lpy, corresponding to the
total species flux, follows the same dependence on Kn
as was observed for a single-component gas (Baier et al.
2017), with a maximum at some intermediate Knudsen
number with a drop towards high and low Knudsen num-
bers. Essentially the same behavior is also observed for
the transport coefficient Loy, corresponding to the differ-
ence in the fluxes of the individual components, with its
maximum appearing at the same Kn. This clearly indicates
the possibility of separation (or discrimination in trans-
port of mixture components) by thermally induced flow in
the considered Knudsen pump, with the light component
migrating faster than the heavier one.

To assess the dependence of the transport on compo-
sition, the ratio of the thermally induced species fluxes
Jhe/Jxe @s function of the molar fraction xy = xy, is of
interest. For simple convective transport at low Kn, one
expects that J; ~ x; . Therefore, we show in Fig. 4b the
ratio between the individual fluxes normalized by their
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(a) Streamlines for He (black)
and Xe (gray)

(b) Contours of xge
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Fig.2 Streamlines, composition and number density during thermally induced flow of He and Xe at Kn = 5.7, x, = 0.5 and AT /T, = 1. The

flow direction is from right to left
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Fig.3 Streamlines, composition and number density during thermally induced flow of He and Xe at Kn = 0.57, x, = 0.5 and AT /T, = 1. The

flow direction is from right to left

corresponding molar fraction, (Jye/Xpeo)/Uxe/Xxe0)-
The latter quantity is approximately the ratio of the aver-
age species velocities. For relatively small Kn = 0.57 the
expectation is indeed fulfilled very well, with the ratio
(VHe/XHe.0)/ (Uxe/*xe o) attaining a constant value. For larger
Kn there is a noticeable dependence of the ratio of nor-
malized fluxes on the composition, with a deviation of
approximately 20% of the value at x;, = 0.5 from the extre-
mal values obtained for Kn = 5.7. Since this dependence
is relatively weak in the region of interest, in what follows
we will focus on the case x, = 0.5, representing an equal
molar mixture of He and Xe.

3.2 Fluxes due to pressure and concentration
gradients

While the results of the previous section indicate that ther-
mally induced flow can lead to species separation in the
Knudsen pump considered, the temperature gradient across
the channel will in general not be the only thermodynamic
force inducing transport. In particular, since the separation
goes hand in hand with a net mass transport, both a pressure
gradient as well as a concentration gradient will in general
develop along the axis of the pump when operated between
two reservoirs or as a column with closed ends.
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Fig.4 Thermally induced transport. a Transport coefficients —Lpy and —Lqy for x, = 0.5. b Normalized flux ratio (Jy,/Xye )/ (Ixe/¥xe0) VS-

composition x, = Xy, o at various Knudsen numbers

We, therefore, individually consider pressure and con-
centration driven flow by specifying pressures 1.3p, and p,
or molar fractions 1.1x, and 0.9x, on the left and right sides
of the channel, respectively. The equations are solved in a
domain consisting of N=10 unit cells, see Fig. 1c. These
values overwrite the default conditions n, = ny(Kn), xy= 0.5
and T;, = 300 K, which serve as initial conditions through-
out the domain and as inlet and outlet boundary conditions
unless otherwise specified. The temperatures 7 and 7, of
the diffusely reflecting wall segments are kept at 7. Spe-
cies fluxes are monitored at the channel center until a steady
state is reached (in which case they also become equal to

0.07
0.06 e -
|

T
[}
|

LPC

M

10

(a)

Fig.5 a Transport coefficients Lpp, Loc and Lqp & Lpc for concen-
tration and pressure driven transport at x, = 0.5. b Transport coef-
ficient Ly for heat exchanged during thermally induced transport at
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the fluxes through the first element on the left hand side of
the domain).

The corresponding transport coefficients Lpp, Loc, Lep
and Ly are shown in Fig. 5a. Just as for flow along a straight
channel of constant cross—section, Lpp has a minimum at
some intermediate Kn number. The transport coefficients
Lcc, Lep and Ly increase monotonically with Kn, also
familiar from straight channel flow (Naris et al. 2004). The
Onsager reciprocal relation Lop = Lpc, i.€., the symmetry of
the matrix of transport coefficients, is fulfilled very well. It
is evident that pressure-driven transport also contributes to
J ¢, permitting a separation of gas species.

L o [ ¢ i
0.15 o
[ ]
0.101 7
~
E | - o
_
[}
0.051 o
L ° ]
L4 LTT
0'00 1 I 1 I 1 AAAAHA 1 I
0.01 0.1 1 10 100
Kn

(b)

xo = 0.5. The dotted line corresponds to the value obtained numeri-
cally in the collisionless case
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The transport coefficient Ly from the simulations of
Sect. 3.1 is shown in Fig. 5b. Note that Ly increases linearly
with Kn in the continuum regime (where heat conduction
dominates over convective transport of heat) and saturates
towards the collisionless regime of large Kn. Not too far
from equilibrium, the transport coefficients Lyp and Ly are
expected to be equal to the corresponding coefficients Lpy
and Loy shown in Fig. 4a by Onsager’s reciprocal relations
L,; = Lg,. However, while the individual mass fluxes due
to pressure and concentration gradients are large, the corre-
sponding heat fluxes are very small, resulting in large errors
for the corresponding transport coefficients in our stochastic
simulations. Since these transport coefficients are not used
in the following, we do not presently expend the necessary
integration times needed in to obtain reliable values.

4 Separation column

As an example of a separation column we consider a series
of N = 10 unit elements as in the previous section, but
assume the system to be closed by specularly reflecting
endcaps on the left and right (which here merely serve as a
convenient way to close the domain). The primary driving
force is again a temperature difference between the channel
walls at temperature 7, = 27|, and the vanes at temperature
T, = T,. The simulations were again started with initial con-
ditions ny = ny(Kn), x,=0.5 and 7,,=300 K throughout the

e THAEEN

(a) xy, at Kn = 0.57

0.54 T
0.53
o BN,
Z0.51 T il
P 27N
0.50WW;'
0494
W ]
0.48 o L
0 2 4 6 8 10
x /W
(c)

Fig.6 Composition, x = xy in a, ¢, and pressure, p/p, in b, d, along
the channel with N = 10 elements and symmetry endcaps. The color
scale in the 2D plots in a and b showing exemplary composition and

domain and were run until the net particle flux measured at
the center of the domain becomes vanishingly small.

The simulated pressure and molar fraction of He along the
wall of the separation column are shown in Fig. 6. Note that
X = Xy, 1s larger on the right. While pure thermally induced
transport preferentially pumps He to the left, the pressure-
driven counter flow dominates, preferentially pumping He to
the right. Aside from slight perturbations within the first two
unit cells adjacent to the endcaps, both sets of curves show a
constant slope on average, with slight undulations due to the
discrete periodicity along the channel. The corresponding
driving forces X, and X averaged over the central six unit
cells are shown in Table 2.

In equilibrium the net species flows J; along the chan-
nel vanishes. Assuming linear transport and solving
Jp = LpgXy; =0and J- = LyX,; = 0at prescribed X yields

Table 2 Pressure and concentration gradients in the separation col-
umn, evaluated by direct numerical simulation and by assuming lin-
ear transport via Eq. (10)

Numerical, Fig. 6 Lin. transport, Eq. (10)

Kn Xp/Xr Xc/Xy Xp/Xr Xc/Xy

0.17 3.0x 1072 -2.7x 1073 1.8x 1072 +0.8 x 1073
0.57 4.7%x 1072 -53x1073 3.4x1072 -7.5x1073
1.72 3.5%x1072 -4.8x 1073 2.6x 1072 -10x 1073
5.72 1.2x 1072 -2.1x1073 0.9 x 1072 -4.8x1073

(b) p/p, at Kn = 0.57

™ Kn=0.17

1.9 -\ /Kn:O.57 |
1.8 i

{7

(e
[\]
N
(@)
(0]
—
)

(d)

pressure profiles in the geometry for Kn = 0.57 can be inferred from
¢ and d, where the corresponding profiles along the sidewalls of the
channel are shown
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Xp _ LpcLer = LprLec Xc _
Xy LppLce = LpcLep

— LCPLPT B LCTLPP
Xr LppLec = LpcLep

(10)
A comparison between pressure and concentration gradients
obtained numerically in the separation column and assum-
ing linear transport is given in Table 2. While the pressure
gradient is predicted about 40% too low by the linear theory,
the predicted concentration gradient is nearly twice as large
compared to the direct simulation for Kn > 0.5 and is even
predicted to change sign for lower Kn. This indicates that the
linear relationship between driving forces and fluxes is only
approximately fulfilled during transport under combined
thermodynamic forces, despite the nearly linear increase
of J; with the applied temperature difference AT /T, dur-
ing thermally induced transport alone. Generally, for such a
scenario with coupled fluxes and a temperature interval as
large as [T}, 2T;], one does not necessarily expect the lin-
ear theory to provide a good approximation. Nevertheless,
both schemes agree that an optimum of separation can be
obtained at Kn close to unity.

5 Conclusions and outlook

The transport properties of a Helium—Xenon gas mixture in
a Knudsen pump inspired by the Crookes radiometer were
investigated numerically with particular attention to gas
separation. The Knudsen pump consists of a channel with
vanes possessing one specularly and one diffusely reflect-
ing side. Temperature (7)), pressure (P) and concentration
(C) gradients were considered as driving forces. It is found
that the transport coefficients (or suitably normalized fluxes)
Lpr, Lot and Lpp possess extrema at Kn close to unity, while
all other transport coefficients increase monotonicaly with
Kn. In an exemplary separation column based on opposing
thermally induced and pressure-driven fluxes, gas separation
is achieved with an optimum performance for Kn close to
unity. In situations when the Knudsen pump is used for feed-
ing gas mixtures to sensor surfaces, the preferential trans-
port of different gas components may influence the detection
characteristics of the sensor system.

In our simulations the size of the separation column was
limited to a relatively small number of unit cells by the
computational cost of the DSMC method. Nevertheless, an
enrichment of Helium and Xenon of several percent was
found on the opposing ends of this short column. It is thus
expected that a substantially longer column will be able to
effectively separate two gas species. This can be further
improved by connecting several such columns in series.
Indeed, a considerably longer column will likely be neces-
sary when separating gas mixtures composed of species with
a smaller difference in mass than considered here.
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As indicated in the introduction, several Knudsen pumps
have been investigated that all have a substantial potential for
separating gas mixtures. At the moment data are too sparse
to favor one over the other. In particular, the separation may
strongly depend on details of the wall-molecule interaction.
This also applies to the model investigated by us, as purely
specularly reflective walls clearly are an idealization. Depar-
tures from the ideal case were investigated in Baier et al.
(2017) for the mass flux of a single-component gas. A more
realistic model would not only have to incorporate realistic
models for the accommodation coefficients at the walls, it
would also need to account for the differences in wall inter-
actions of different gas species. Our focus on the ideal case
should therefore be viewed as a prototypic scenario relying
on a thermal gradient across two sides of a vane for induc-
ing the flow of gas. A similar effect on species transport is
expected when the opposite sides of the vanes have different
temperatures due to preferential heating or cooling.
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