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Abstract. The gas separation effect of the thermal edge compressor, which is a newly devised pump without moving parts
driven by the thermal edge flow, is investigated numerically by the DSMC method based on the Boltzmann equation for a
binary mixture of gases. Not only the separation of the species of the gas but also a molecular exchanging flows are observed
in the thermal edge compressor. The numerical simulation is carried out for three intermolecular potentials, the hard-sphere,
Maxwell molecules, and Lennard-Jones 12-6 models. It is also found that Maxwell molecule fails to describe the behavior of
the gas mixture in the thermal edge compressor.
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1. INTRODUCTION

One of the exciting topics in the rarefied gas dynamics related to the micro-channel is the development of the devices
without a moving part that work as a pump by making use of the gas flows induced by the temperature field. Different
scales, materials, and driving mechanisms have been proposed for the device. [1-3] The primary interest in the
researches for these devices has been their performance as a pump such as the compression ratio and pumping speed, s
that the performance for pure gases has been investigated. However, the gas to be evacuated is usually a mixture of two
or more kinds of gases, and individual component gases may flow differently inside the device, because these devices
make use of the gas rarefaction effect (the thermally induced flows). This consideration suggests the possibility of the
device as a gas separator. Recently the authors investigated this possibility in the case of the Knudsen compressor|[1, 2],
which is the pump driven by the thermal transpiration flow induced by the temperature gradient along the channel
walls, in [4]. In the reference the analysis is carried out by the use of the fluid-dynamic model that is systematically
derived from the Boltzmann equation and is available for the entire range of the Knudsen numbers. It was clarified that
a fairly large separation effect is obtained by the Knudsen compressor and that the Maxwell molecule fails to capture
the gas separation effect.

In the present paper, we investigate the gas separation effect of the thermal edge compressor[3] on the basis of
the Boltzmann equation by the direct simulation Monte-Carlo (DSMC) method[5]. The driving mechanism of the
thermal edge compressor is different from that of the Knudsen compressor: it makes use of the flows induced by the
temperature difference between the solid bodies put in the channel. It does not require the temperature gradient on the
channel walls, which is essential for the Knudsen compressor. As in [4], we carry out the numerical analysis for three
intermolecular potentials, that is, the hard-sphere, Maxwell molecules, and Lennard-Jones 12-6 models.

2. PROBLEM

The thermal edge compressor consists of a number of driving units connected in series. Figure 1 shows an model of the
driving unit of the device used in the experiment [3]. We shall consider this geometry of the pump unit. The channel is
equipped with a pair of two arrays of the plates, one is heated (tempefgajued the other is unheated (temperature
Tc). The unit induces a one-way flow of the gas in ¥edirection ;,X: Cartesian space coordinates) if the mean
free path of the gas is comparable to the distddgbetween the neighboring plates of the array.

We analyze the following two problems when the system is filled with a binary mixture of gases, say, A and B.
Problem I: One-way flow Consider a steady flow induced in an infinite series of units shown in Fig. 1. That is, we
analyze the gas flows assuming that the flow is periodk; idirection with the period of the width of a uril,,.
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FIGURE 1. A unit of the thermal edge compressor.

Problem II: Closed systemConsider a pump system consisting of ten units, with both ends being choked by the
unheated walls (temperatufg). Initially the system is filled with uniform mixture of gases at rest. We investigate the
time evolution of the behavior of the gas in the system.

The basic equation is the Boltzmann equation for a binary mixture:
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Here, the Greek charactewsandf denote the gas species A ortBs the time is the molecular velocityn® andF?
are the mass and the velocity distribution functiormemolecule;b ande are the impact parameters of the molecular

collision betweerm- and3-molecules[5]ais a unit vector determined M, b, €, m’f“, and the intermolecular potential
UAB(r) (r: the distance between the molecules). The following models of intermolecular potential are used:
(i) hard-sphere model (HS for short):
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(i) Maxwell molecules (Maxwell for short):
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(iii) Lennard Jones 12-6 model (LJ for short) [6]:
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wherekg is the Boltzmann constanfd??[m], T39[K] ) for LJ are the constants depend on species of the gas, e.g.,
(2.576x 10719,10.2) (He), (2.789x 10 1°,35.7) (Ne), and(3.482x 10-10,1224) (Ar). [7]
The boundary condition on the solid walls is the diffuse reflection:
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whereTy, andn are, respectively, the temperature and the unit normal vector to the boundary, pointed to the gas.
The macroscopic quantities are defined by the moments of the velocity distribution fuRétiamfollows:
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wheren, v, T, and p are the molecular number density, flow velocity, temperature and pressure of the mixture,
respectively. Those quantities with superscadpepresent those far-gas, and¢? is the molar fraction otr-gas.

To complete the physical condition of the Problems | and Il, the amounts of each molecule in the domain under
consideration are required. Here we introdo€ethe average molecular number densityrefias in a period (Problem

1) or in the system (Problem I1). The overall molar fractipf of A-gas is then defined by

XA =nA/(nA 4nB). (10)

3. METHOD OF ANALYSIS

We analyze the system of equations (1)—(7) numerically by the DSMC method from an appropriate initial condition.
The numerical method is essentially the same as that explained in [1], where HS molecule is considered. The main
difference between the numerical method for HS and that for other models is that the integrand in Eg. (2) vanishes

except0 < b < (d3% + dﬁ]ﬁ)/z in HS and it does not generally vanish excbpt « in other models. Therefore we
introduce a cut-off ob to save the computational time. The criterion of the cut-off is determined by referring the effect
of the collision, that is, the value abs6 =V -a/|V|. We introduce variable@w,g) instead of(|V |, b):
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For Maxwell moleculesf depends only og and is nondecreasing. On the other hand, for LJ mdatidepends oy
andw; it converges td asg — 0 and7r/2 asg — o, and it diverges on a cung= g(w) [g(w) = 1.3~ 1.4, w < 0.2]
which corresponds to the trajectory to the orbit formed by the attractive force. For these models, thg eugpff 2
is applied here. In this caseosd| of the collisions neglected is smaller than 0.065 for Maxwell @@@5for LJ. The
functional form of@(g,w) for LJ is obtained only numerically.

The size ofyp is related to the definition of the mean free path. In this paper the reference mean fré@‘*pehjn
which the Knudsen number Kn is defined as KA /Dy, is that for pure A-gas at equilibrium stafg\ (€) at rest
with temperaturd; and molecular number density:
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The mean free pattf* defined by Eq. (12) does not vanish in the limt— . In this paper, the molecular number
densityng is taken equal to the number density of the mixtofer nB.

Here we add a note on the parameters related to the intermolecular potentials. In the case of pure A-gas, there is
only one parametet* (HS) orU{™ (Maxwell), while there are two parameted&® andTA\* for LJ. As the result,
the nondimensional form of the Boltzmann equation for LJ model contains two parameters, Rj\ant, while
that for HS or Maxwell contains Kn only. For a binary mixture, there are more parameters related to B-molecules. That
is, dBB /dy? for HS; USB /UG andUEB /UL for Maxwell; T.BB /T, anddBB /dA” for LJ. In this paper, we assume
dBB /dA = 1for HS,U{B /U = UBB /Us = 1 for Maxwell. For LJ, the values GFA* /Te, TBB /T;, anddBB /d/M
are calculated from the corresponding value&d3f® , Td%) for each species under the conditin= 300K].

4. RESULTS

4.1. One-way flow

We first show the results for Problem I. The computation is carried oufT{gi; = 3 and several pairs of

(Kn, xA) tabulated in Table 1. The mass rati /m* is 10 for HS and Maxwell. For LJ, the caéa,B) = (He, Ar)
(mB/m? = 9.98) are considered. The values of “average” velocity defined by the ratio of total momentum to the total
mass ofa-gas

V= [rvidxdx/ [ndxdx, (13)



TABLE 1. Average flow velocity§ (Problem I). The case witl, /T = 3. m?/m* = 10 anddB2 /d* = 1 for HS; A: He,
B: Ar, and T, = 30(K] (mB/m? = 9.98) for LJ; mB /m* = 10andUA” = UBB = UAB for Maxwell.

— A VB — v VB

A 1 1 A 1 1
el Y Getmi? ety | ™ Y Gt e ety 2
HS  (0.5,0.2) 0.012 0.013 LI (0.1,05) 0.007 0.007
HS (0.5,0.5) 0.016 0.016 LJ (0.5,0.5) 0.017 0.016
HS  (0.5,0.8) 0.025 0.025 LI (2,0.5) 0.016 0.014
HS (0.5,0.95) 0.031 0.028 Maxwell  (0.1,0.5) 0.012 0.011
HS  (0.150.5) 0.012 0.012 Maxwell  (0.5,0.5) 0.023 0.016
HS  (15,05) 0.014 0.014 Maxwell  (2,0.5) 0.020 0.008

at steady state are shown in Table 1, wheis the area of a unit of the pump. Although the mass ratio is about 10,

the difference of the average flow velocities between species is small except several cases for Maxwell molecules.
The gas separation effect of the pump is considered to be small under this condition, but this is a special case without
average pressure gradient alodgaxis. The result also indicates that the collisions between A- and B-molecules
are not negligible at the Knudsen numbers where the pump induces large flow velocity without the average pressure
gradient.

4.2. Closed system

Next we show the results for Problem I, the time evolution of the mixture in the closed pump system consisting of
ten units. For later convenience we number the unid,2,...,10from smaller to largeK;.

First we present the result for the case Wit T. = 3, x» = 0.5, and Kn= 0.5. The other parameters are the same
as those in Sec. 4.1. The time evolution of the spatial distribution of pregsafehe mixture and molar fraction
x” is shown in Fig. 2 in the case of HS model. The time evolutio@[Eq. (13) with S being replaced by the
total area of the system], the unit-average of the molecular number défisiépd that of the molar fractioy/
[hi = JghdXdXo/ [§ d%dXe (h= n, x*; S: the area of-th unit)] for HS, LJ, and Maxwell are compared in Fig. 3.

We will discuss the behavior of the gas in the case of HS based on Figs. 2 and 3{al 1800 [ty =
Dh(2ksTe/m*) /2], a gas flow is induced ir; direction [seev§ of Fig. 3(a)]. This flow is due to the one-way
flow induced by the device. The flow is blocked by the walls at both ends of the system, and it induces a pressure
gradient inX; direction [Fig. 2(a} /to = 250~ 300— 950~ 1004. Then the flow decreases by the pressure gradient.

The behavior oin of Fig. 3(a) indicates that the effect of pressure gradient is larger for A-gas; tlv@t(iis:creases

t/to= 6200 ~ 6250
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FIGURE 2. Time evolution of the pressure and the molar fraction in the system (Problem II). (a) Pregsance(b) molar
fraction x” are shown by the shade of darkness. The caseTyjtlc = 3, Kn = 0.5, xA = 0.5, and HS model wittm® /m" = 10

anddBB /dM = 1.t /tg = 250~ 300,950~ 100Q 2950~ 300Q and6200~ 625Q Only the part foiX, > 0 is shown here because
of the symmetry with respect 2, = 0.
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FIGURE 3. Time evolution of the average flow veloc@, the molecular number densitiyand the molar fractioﬁ (i=14,7,

and 10) averaged over each area of uitr HS, LJ, and Maxwell model§;,/Tc = 3, Kn = 0.5, and)TA =0.5. (a) HS, (b) LJ, and
(c) Maxwell (see the caption of Table 1).

faster than/?. The average flow velocity of A-gas vanishes &b ~ 800 while that of B-gas is still positive. The

difference of the flow velocity induces a concentration gradient in the system [Fig./2{b) 950~ 1000andx* of

Fig. 3(a)]. Attimel000< t/to < 300Q where the pressure and molecular number density (thus also the temperature)

of the mixture are roughly time-independent [see Fig. 2(a) @maf Fig. 3(a)], A-gas flows in—X; direction, and

B-gas flows inX; direction. The development of the concentration gradient during the corresponding time is due to
this molecular exchanging process. The molecular exchanging process ceases after sufficient concentration gradient
has been established [Fig. 2{jo = 950~ 1000— 6200~ 625Q v§ andm; of Fig. 3(a)]. The difference of molar

fraction xf — xft, between the both ends of the system at the steady state is 0.26.

The qualitative feature of the time evolution for LJ model [Fig. 3(b)] is the same as that for HS. The difference of
the molar fraction at the steady state is slightly smaller than that of HS; thyt is,xfo = 0.18for LJ.

For Maxwell molecules [Fig. 3(c)], the average flow velocity for A-gas is larger than that of B-gdk i 500
(cf. Table 1), but their order of the size reverses arayigl~ 500. Therefore, a concentration gradient once induced
aroundt /to ~ 500is cancelled later. Only a little concentration gradient is left at the steady state.

The numerical analysis is also carried out for various sets of Knydnih the case withl, /T; = 3. The obtained
steady state is shown in Fig. 4. In the figure, the filled circle indicates Knyaneind a series of ten hollow circles
nearby indicates the local Knudsen number Knd x” (i = 1,2,...,10), where Kn is defined by the unit-average
of the molecular number density and temperatur& of the mixture. The shift of Knrepresents the pumping effect
and that ofx” represents the separation effect. A fairly large separation effect is observed for HS [Fig. 4(a)] and LJ
[Fig. 4(b)] for the intermediate Knudsen numbers, whereas only a little separation effect is observed for Maxwell
molecules [Fig. 4(c)].

The gas separation effect is also observed for other cases with different mass ratios. In the ca3g/of 3,

Kn = 0.5, and xA = 0.5, the difference of molar fractiopylA — Xfo at the steady state is 0.16 foh,B) =(He, Ne)
(mB/m? =5.04) and 0.08 for (Ne, Ar)if® /m" = 1.98).
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FIGURE 4. The the local Knudsen number Kand the molar fractio@ ofi-thunit (=1,2,...,10) in the system at the steady
state.T,/Tc = 3. o: (KnhxiA) i=12,...,10),e: (Kn7x7). (a) HS, (b) LJ, and (c) Maxwell (see the caption of Table 1).

The parameters for DSMC computation in this section is as follows. The gas region is divided into uniform square
cells of the sizeDy/4,Dy/4). The total number of simulation particlesliss x 10°. The time stegt is 5 x 10~ 3to.
The computations with cell siz@®y,/8,Dp/8) and6.4 x 10° simulation particles are also carried out for several cases,

and it is confirmed that there is no significant change on the distributitmamfd% at steady state.

5. CONCLUDING REMARKS

We investigated the behavior of a binary mixture of gases in the thermal edge compressor by the DSMC method using
three kinds of intermolecular potentials, the hard-sphere, Maxwell molecules, and Lennard-Jones models. As in the
preceding analysis[4], the qualitative feature of the result for Maxwell molecule differs from those for hard-sphere and
Lennard-Jones models. Since Lennard-Jones model is the most reliable model among them, we conclude that Maxwell
molecule fails to describe the behavior of the gas mixture in the thermal edge compressor. This result, together with
that in [4], shows the incapability of Maxwell molecule in describing a physical phenomena at intermediate Knudsen
numbers. These results should be distinguished from the well-known incapability of the model for the thermal diffusion
in the continuum regime[6].

The results for the hard-sphere and Lennard-Jones models show that the present model of the thermal edge
compressor has a gas separation effect at intermediate Knudsen numbers. The individual flow velocities of the
component gases are almost the same in the one-way flow (Sec. 4.1), but they are different from each other in the
closed system after an average pressure gradient along the system is established (Sec. 4.2). A molecular exchanging
process, where the gas with smaller molecular mass flows from high pressure part to low pressure part and the other
gas flows in the opposite direction, is observed. Since the molecular exchanging flow is blocked by the walls at the
both ends of the system, a fairly large concentration gradient along the system is induced at the steady state.

One may find a similarity between the present results and the porous membrane gas separation which makes use
of the Knudsen diffusion. In both cases the gas with smaller molecular mass has larger flow velocity in the opposite
direction of the pressure gradient. The driving force of the porous membrane separation is the pressure gradient given
by some external device. On the other hand, the pressure gradient in the present system is induced by itself. If the
pressure gradient in the present system is given by some external device, we have a freedom to set the direction of
individual flows of the component gases of the mixture by controlling the power of the pump device.
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