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• Novel gas separation with tempera-
ture and pressure differences across
the membrane.

• Molecular exchange flow by the
thermal transpiration in the porous
membrane.

• Low cost membrane is available for
gas separation.

• 15% gain of mole percentage by a
membrane of 3×3 cm sizewith 45 K
temperature difference.
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a b s t r a c t

An enhancement ofmembrane gas separation, whichmakes use of the temperature difference in addition
to the pressure difference across the porous membrane, is proposed. The thermal transpiration flow
through the membrane induced by the temperature difference enables control of two physical quantities
of the permeate flow, since the temperature difference is controllable separately from the pressure
difference. It is possible to establish the molecular exchange state of the permeate flow, where a
component gas of binary mixture flows in the opposite direction from the flows of the other component.
A model gas separation device, which makes use of the counter flow arrangement to accumulate the
molecular exchange of the micro-channels in the membrane, is devised using a single mixed cellulose
ester membrane of 110 µm thickness and 3 × 3 cm size. The device induces 15% variation of mole
percentage of a helium–argonmixture by a temperature difference of 45 Kwhen the speed of the counter
flow is around 50 cm/s. The performance of the device is well represented by numerical simulations that
use the results of molecular gas dynamics for mixture flow in micro-channels.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Gas separation by membranes is an attractive method, because
of its simple device structure, easy operation, and high energy effi-
ciency. A great number of research efforts have been carried out for
the fabrication of separation units and membranes with appropri-

∗ Corresponding author. Tel.: +81 75 383 3772; fax: +81 75 383 3774.
E-mail addresses: sugimoto@kuaero.kyoto-u.ac.jp, sugimoto605@yahoo.co.jp

(H. Sugimoto).

http://dx.doi.org/10.1016/j.euromechflu.2014.07.004
0997-7546/© 2014 Elsevier Masson SAS. All rights reserved.
ate macroscopic and microscopic structures, including the design
of molecules of the membrane [1–4]. These various implementa-
tions of membrane separation have a common, simple principle.
The feed is supplied to one side of the membrane at higher pres-
sure relative to the other side, and the gas molecules permeate ac-
cording to the pressure difference. The separation occurs with the
dependency of the permeation speed on molecular species. The
dependency comes from the fact that the mechanism of molecu-
lar transport in the membrane is quite different from that in bulk
gas: various diffusion effects such as Knudsen diffusion, molecu-
lar sieving, and solution diffusion play important roles. In these
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Nomenclature

α = A, B mixture component
F (R) channel at front (rear) side of membranes
H(C) heated (unheated) plate
subscript 1, 2 1: inlet and 2: outlet at H and C
ε effective porosity of the membrane
θ∆T effective temperature difference
κ Boltzmann constant
χ mole percentage of A-gas
χI χ of the feed mixture
∆χ increment of χ by separation device
ℓC mean free path of A-gas at pC, TC
ℓR mean free path of A-gas at pR, TR
ℓBGK mean free path in the BGK model
ℓS mean free path in the S-model
cR sound speed of A-gas at TR
D width of channel F and R
d pore size of the membrane
dMCE effective pore size of the membrane
dα
m diameter of α-molecule

ErrQ = 100 (QI − QL) /Q
Kn Knudsen number in micro-channel
L = 2dm length of channel F and R
L− (L+) length of inlet (outlet) of F and R
M1,M2 mass flow controller
m number of simulated micro-channels
mBGK mass of a molecule in the BGK model
mS mass of a molecule in the S-model
mα mass of α-molecule
Np (NT ) nondimensional flow rate of pressure (temperature)

induced flow
nα number density of α-gas
pC pressure at C2
pD pressure drop between F and R
pF pressure at the inlet of channel F
pR pressure at the outlet of R
pi pressure at gauge Pi (i = 1, 2, 3)
pα partial pressure of α-gas
∆p = p2 − p3
∆pI pressure difference between H1 − C2
∆pL pressure difference between H2 − C1
Q = (QI + QL) /2
QI volume flux of the feed mixture
QL volume flux at U-bend part
Q α net volume flux of α-gas through the membrane
Q ∗

= Q A
+ Q B

S area of the membrane
TF(TR) temperature at the front (rear) channel
TH(TC) temperature of heated (unheated) plate
∆T = TH − TC
t thickness of the membrane
V openings of valve V1 at U-bend part
v flow velocity of mixture
vF flow velocity of feed mixture

implementations, we can control only one driving parameter for
the molecular transport—the pressure difference across the mem-
brane. It means that we can control only one physical quantity of
permeate flow, which may be the total molecular flux of the mix-
ture through the membrane. As a result, we cannot control the ra-
tio of molecular fluxes of component gases; the performance of
gas separation is mostly determined by the physical and chemical
properties of the membrane.
The above use of membranes, however, utilizes only a part of
the ability of membranes. That is, the pressure difference is just
one of the driving forces of molecular transport in the membrane.
According to the results of molecular gas dynamics, which deals
with the behavior of the gas with a finite mean free path of gas
molecules, the temperature field may induce various steady gas
flows other than natural convection [5]. These flows vanish in the
continuum (i.e., small mean free path) limit, but they remain ap-
preciable in the rarefied gas, where the size of mean free path of
gasmolecules is comparable to the scale of the system. The rarefied
condition applies to the gas in micro-channels of porous mem-
brane if the pore diameter is comparable to the mean free path.
For these porous membranes, we have two driving forces for gas
flow in the membrane, which can be controlled by two different
physical parameters—pressure and temperature differences across
the membrane. In this case, we can control two physical quantities
of permeate flow. In the case of binary mixtures, we can control
molecular flux of each component independently [6]. Thus we can
change the selectivity of a givenmembrane. It is even possible that
one component flows in the opposite direction of the flow of the
other component. This is one of the keys of the thermal enhance-
ment of membrane gas separation presented in this paper.

Although there are various kinds of temperature induced flows,
only a few of them can be used owing to the limitations in fabrica-
tion. The local flow speed of thermal edge flow [7,8] is proportional
to the square root of the mean free path, but the requirement for
the shape of micro-channel is not simple. As for the flows whose
speed is proportional to the mean free path, two types of flow are
investigated: the nonlinear thermal stress flow [9] and the thermal
transpiration (or thermal creep) flow [10,11]. The former requires
a larger variation of temperature, which is difficult to achieve in
the membrane. The latter is well known linear effect and is ex-
tensively studied by many researchers, including the case for gas
mixtures [10–21]. (Please refer reviews [22–24] for extensive ref-
erences.) The studies lead the development of the pump with no
moving parts—Knudsen pump [25]. In 2011, Gupta and Gianchan-
dani [26] succeeded to induce the thermal transpiration flow un-
der atmospheric pressure by using a mixed cellulose ester (MCE)
membrane. Their dime-sized pump induces appreciable gaseous
flux around 1 sccm and a pressure difference around 1 kPa with
a temperature difference of 30 K. The pump is also stable to work
continuously over 6 months. It is one crucial step for membrane
technology to utilize the thermal transpiration flow. In the present
paper, we make use of the design of the pump by Gupta and Gian-
chandani to devise our gas separation device.

The purpose of our device is to demonstrate the enhancement of
membrane separation by a temperature field. The native gas sepa-
ration effect of small portion of MCE membrane with temperature
difference around 30K is, of course, expected so small for engineer-
ing purposes. Some improvements are required to amplify the ef-
fect: e.g., the use of long tube [27] or a series connection of Knudsen
pump [28]. In the present paper,we apply one of the existingmeth-
ods of membrane gas separation. That is, we use the counter flow
setup similar to the hollow fibermembrane gas separation unit [1].
This is the second key of the present work, which enables the de-
tection of the thermal enhancement of membrane separation. First
we will carry out numerical simulations on the gas flow in the test
device to confirm the effect of the combination of the thermal en-
hancement and the counter flow setup. Second we will carry out
experiments with binary mixtures of noble gases to demonstrate
the new method of membrane gas separation.

2. Structure of gas separator

2.1. Concept

The schematic of our gas separator [29,30] is shown in Fig. 1. The
device consists of a porous membrane with micro-channels and
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Fig. 1. Schematic of the gas separator.

two channels (F and R) along the both sides of it. The channel F is
connected to the channel R at the end to form a U-bend. Feed gas,
a binary gas mixture of smaller molecules A (mass of a molecule
mA) and relatively larger molecules B (massmB), is introduced into
the device through the inlet. Themixturemainly flows through the
channel F, the U-bend, and the channel R toward the outlet, while
some part of the mixture flows through the micro-channels in the
membrane. The latter flow is in the rarefied gas regime, and its na-
ture differs from that of the flows in channels F and R. Its molecu-
lar transport generally depends on species or molecular mass, and
the temperature field induces a distinctive flow of rarefied gas [5],
which can be controlled by the difference between the tempera-
ture at channel F (TF) and that at R (TR). As is described in the next
paragraph, it is possible that the smallermolecules A flow in the di-
rection of R to F,while the largermolecules B flow fromF toR. These
species dependent flows lead to a variation of the composition of
the gas in channels F and R around each individual micro-channel.
Let us consider the variation of mole percentage χ in channels F
and R, which is defined by

χ =
100nA

nA + nB
,

where nα(α = A, B) are, respectively, the number densities of
α-molecules. An increase of χ in channel F leads to the decrease
of χ in R and vice versa, if the difference of χ between channels
F and R is small. These variations of mole percentage χ are con-
vected downstream of channels F and R. When all micro-channels
give similar impacts on χ , a gradient of χ along themembranewill
be induced by the accumulation. The counter flow setup in chan-
nels F and R is devised for this purpose. In this arrangement, the
signs of the variations of χ along the membrane are the same in
channels F and R. This helps the difference of χ between F and R
keep small over the entire surface of the membrane so that diffu-
sion in the micro-channels does not hinder the flows in the micro-
channels. The gradient of χ along the membrane means that a gas
component is concentrated at the part of U-bend. The product of
the device is a small amount of gas taken from the U-bend part.

Nowwe discuss the rarefied gas flow through individual micro-
channels. Since the flow speed in the micro-channel is small,
linear theory of the Boltzmann equation applies and the flow is
shown to be induced by the gradients of pressure, temperature,
and mole fraction [15]. The pressure driven flow corresponds to
the Poiseuille flow, where the gas flows in the direction opposite
to the pressure gradient. The thermal transpiration is the flow in
the direction of the temperature gradient. The last one is the effect
of diffusion. Here we estimate the gas flow in the micro-channel
induced only by the pressure and temperature gradients, since,
as is described in the previous paragraph, the difference of mole
percentage χ between F and R is small in normal operations of
the present device. First we consider the case where the value of
the temperature ratio TF/TR is close to that of the pressure ratio
pF/pR (pF: pressure at the inlet, pR: pressure at the outlet. Note that
pF/pR > 1). The thermal transpiration occurs in the direction of
R → F, and the pressure driven flow is in the direction of F → R.
The main parts of these flows cancel out each other due to the
condition TF/TR ≈ pF/pR, and the species dependence of the flows
become important. For temperature driven flow, A-gas flows faster
than B-gas, and the speed ratio is given approximately by the speed
ratio of the molecules


mB/mA. This reflects the fact that thermal

transpiration is characteristic to rarefied gas and is the effect of
the free motion of molecules [31]. The situation is not the same
for pressure driven flow. The speed ratio is


mB/mA only in the

Knudsen (or large mean free path) limit. It approaches unity in the
continuum limit where the freemotion ofmolecules is intercepted
by intense intermolecular interactions. The speed ratio generally
takes an intermediate value between unity and


mB/mA. The

difference between the speed ratios of pressure and temperature
driven flows is important—it enables the arbitrary speed ratio
between A-gas and B-gas in the linear combination of temperature
and pressure driven flows. In the present setup TF/TR ≈ pF/pR > 1,
A-gas tend to flow in the direction of R → F, more than B-gas. It is
possible that A-molecules move in the direction R → F while the
same number of B-molecules move in the direction F → R under
an appropriate value of the gradients of pressure and temperature
along the micro-channel [6]. Hereafter this state is referred to
as ‘‘molecular exchange’’ in the present paper. If the pressure
gradient is larger (smaller) than the appropriate value, the flows
are accelerated in the direction of F → R (R → F). Nevertheless
A-gas has larger velocity in the R → F direction. Finally, we
consider other cases, TF/TR ≤ 1 or the thermal transpiration is very
weak. In these cases, both of A-gas and B-gas flow in the direction
F → R, and the speed is larger for A-gas. The thermal transpiration
enhances the effect of pressure-driven flow.

The behavior of the each component gas in the present device
is exaggerated in Fig. 2. The panel (a) shows the case of TF/TR > 1.
The B-molecules are exhausted from the device by the flow F → R,
while some part of A-molecules circulate around the U-bend part
by the flow R → F through the membrane. Therefore, A-gas is
concentrated in the product gas. The panel (b) shows the case of
TF/TR ≤ 1. A-molecules are exhausted from the device earlier than
B-molecules, and the product gas is B-rich. The case for TF/TR = 1 is
the same as themembrane gas separator by Knudsen diffusion. The
thermal transpiration flow in the F → R direction for TF/TR < 1
will intensify this effect.

The expression of the increment ∆χ of the mole percentage of
the product gas is obtained with the mass conservation as

∆χ =
(100 − χI)Q A

− χIQ B

QI + Q A + Q B
,

where QI and χI are, respectively, the volume flux and mole per-
centage of the feed, and Q α are the net volume flux of α-gas
through the membrane in the R → F direction. The sizes of Q α de-
pend on the flow speeds in themicro-channel and partial pressures
in F and R. In the case of TF/TR > 1, the condition Q A > 0 > Q B is
available that ensures∆χ > 0. In order to simplify the experimen-
tal procedure, wewill try to establish the puremolecular exchange
condition

Q A
+ Q B

= 0, (1)

in the present work.

2.2. Device structure

The exploded view and the photograph of fabricated device are
shown in Fig. 3. The cross section and closeup figures are also
shown in Fig. 4. Two aluminum plates H and C sandwich several
sheets including the thermal transpiration membrane, which are
described later. A small heater unit [10×10×1mm,Micro Ceramic
Heater MS-3 (Sakaguchi E.H VOC Corp.) with rated heating power
40W] is attached between plate H and the top cover U (aluminum,
50 × 50 × 3 mm). Heat-dissipating silicone grease is applied
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Fig. 2. Behavior of the component gas in the gas separator. A: gas with smaller mass of a molecule. B: that for larger mass of a molecule. (a) TF/TR > 1; (b) TF/TR ≤ 1.
a

b

Fig. 3. (a) Exploded view of the device. (b) The photograph of the device. The cross section at plane A of the device is shown in Fig. 4(b).
a

b

c

Fig. 4. Cross sections of the device. (a) Close up of multilayered mesh structure. (b) Gas inlet and outlet system. (c) Top view of the stage for the sheets.
between the heater and plate H, and the heater is held against
the plate H. The heat supplied by the heater is removed from
plate C, which will be fixed to the thermostat table as shown in
Fig. 3(b). The temperatures of plate H (TH) and C (TC) are measured
by thermocouples shown in Fig. 3(b). Then we install the sheets
including the membrane between plates H and C. The membrane
is a mixed cellulose ester (MCE) membrane (Advantec MFS Inc.
A010A047A). The pore size, thickness, and porosity of the MCE
membrane are 0.1 µm, 110 µm, and 65%, respectively. The size
of the MCE membrane is 33 × 33 mm. This MCE membrane is
a standard filter membrane, and about 103 times thicker than
those used in usual membrane gas separation. Two flow channels
F and R along the MCE membrane are required according to the
concept given in Section 2.1. This is done by themultilayeredmesh
structure as in [32,33]. That is, the MCE membrane is sandwiched
between two sintered SUS fiber sheets (30 × 30 mm, thickness
34 µm, and the porosity is around 80%. Tomoegawa Paper Co. Ltd.,
Tomifleck SS8-50M) [see Fig. 5(a)], which is composed of short
fiber of SUS316 with diameter 8 µm. Then it is sandwiched by two
coppermeshes of size 30×30mm [thread diameter 100µm,#100,
see Fig. 5(b)]. The copper meshes provide the gas flow channel
along the both sides of theMCEmembrane, and SUS sheets protect
the MCE membrane [Fig. 4(a)]. These metal meshes also provide
the heat flux from plates H and C to MCE surfaces. The edges of the
MCE membrane are sealed by two square silicone rubber square
rings (outer size 35 × 35 × 2 mm, inner size 30 × 30 × 2 mm) as
shown in the right end of Fig. 4(a).

The inlet and outlet for the gas flow are prepared as two
trenches (25 × 1 mm, depth 4 mm) on the stage part of plates H
and C [see Fig. 4(c)]. The gas is supplied and exhausted through
the 1.7 mm diameter holes extended to the trenches in the plates
H and C. For later convenience, inlets are identified by subscript 1
and outlets by 2 (e.g., H1 is the inlet at plate H).
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Fig. 5. Photographs of the metal meshes used in the device. (a) Sintered SUS fiber
sheet and (b) copper mesh.

3. Performance simulation

This is the first experimental work on the gas separation with
the thermal transpiration through a membrane, and there is no
known result for this kind of device. Especially, the molecular ex-
change flow of the rarefied gas has never been confirmed exper-
imentally. In this case, theoretical works become important to
confirm the fabricated device works as expected. Therefore, in this
section, we carry out numerical analysis on the behavior of the
mixture in the device. The purpose of the analysis is to determine
the setup of the experiment, e.g., the connection of H∗ and C∗ ports
of the device, and to estimate the qualitative features ofmolar frac-
tion, etc., expected in the experiment of the present device.

The model of the gas separator device used in the numerical
simulation is shown in Fig. 6. Themodel is 2D in X1-X2 space,where
the X1-direction is taken along the membrane, which is replaced
with an array of m micro-channels in the model (cf. Fig. 1). The
width and length of each micro-channel are d and t , respectively.
The spacing between the channels is d. Thewall temperature in the
micro-channel varies linearly from TR (at channel R) to TF (at chan-
nel F). The location of the array is 0 < X1 < L = 2dm. The channels
R and F are slightly longer than L; their ends are at X1 = −L− and
L + L+. The width of both R and F is D. The feed gas is supplied to
channel F at X1 = −L−. The mole percentage of smaller A-gas and
temperature of feed mixture is, respectively, χI and TF. The gas is
removed from channel F at the other end (X1 = L + L+). In the
simple case with no production of gas, all of the gas is refluxed
into channel R at X1 = L + L+, after regulating the temperature
to TR with some pressure drop pD. The fluxes of α-gas at the in-
let of R are determined by those at the outlet of F. The gas leaves
the device at X1 = −L− from channel R. The pressure, temper-
ature, and number density of the mixture at the outlet are pR, TR
and nR(=pR/κTR, κ : Boltzmann constant), respectively.

In a calculation based on the kinetic theory, the size ℓR of mean
free path of gas molecules at a reference state is required to deter-
mine the impact of molecular collisions on gas motion. The mean
free path of gas mixture is complicated since the sizes of free paths
differ depending on the species of colliding molecules (e.g., A–A,
A–B, and B–B pairs for binary mixture of A and Bmolecules). How-
ever, their ratios under some specific gas state are expressed by
the parameters in intermolecular potentials, e.g., the diameter of
molecule dα

m (α = A, B). In the present paper, we define ℓR as
the mean free path of pure A-gas at the stationary equilibrium
state with number density nR and temperature TR. For hard-sphere
molecules,

ℓR =

√
2π


dAm

2
nR

−1
. (2)

Since we are interested in the phenomena in micro-channels, we
specify the size of ℓR by the Knudsen number in themicro-channel:

Kn =
ℓR

d
. (3)

Please note that Kn is not the degree of rarefaction for larger chan-
nels F and R. The local Knudsen number there is Kn (d/D), which is
much smaller than Kn since d ≪ D. Incidentally, the relation be-
tween the mean free path and fluid properties such as viscosity is
one of the basic problems in the kinetic theory and now we have
enough informations for pure andmixture gases [22,31,34,35]. For
pure A-gas of hard-sphere molecules,

νA
≈ 0.563


2κTR
mA

ℓR, (4)

where νA is the kinematic viscosity at pressure pR and temperature
TR [22,31]. Since the experimental values of viscosity, etc., are avail-
able for pure gases, we can make comparison with our analytical
and experimental results through (2)–(4).

From the gas dynamic point of view, the gas flow in the above
model consists of flows in two different regimes. The gas in the
micro-channels is in the rarefied regime since the diameter of
the micro-channel is the order of the mean free path of the gas
molecules. The analysis with the Boltzmann equation is essential,
since the driving mechanism of the present device makes use of
the phenomena characteristic to rarefied gas. Conversely the flows
in channels R and F are in the continuum regime due to the large
width of the channel. Although the Boltzmann equation is able to
describe the gas in nearly continuum regime, the large width of
channels R and F does not allow us to carry out precise numerical
analysis by the Boltzmann equation for whole device.

One of the solutions for analyzing the gas flow in this device is
the ‘‘pipenet method’’ proposed in our previous paper [29]. This is
amethod similar to one used to analyze themembrane gas separa-
tion performance [36] except for themicro-channel. In the pipenet
method, we pay attention only to the longitudinal variations of the
partial pressures pα(α = A, B) of component gases in channels R
and F. The temperature of the gas is assumed to be uniformly TR
in channel R and TF in channel F. The distribution of pα is deter-
mined frommass conservation with the aid of the pre-constructed
database [37] of rarefied flow through a channel. The details of
the method are given in the Appendix. In [29], the performance
of a small device with 50 micro channels is analyzed by two ap-
proaches: the direct simulation Monte Carlo (DSMC) method [38]
of the Boltzmann equation and the proposed pipenet method. It is
shown that the pipenet method reproduces the DSMC results with
smaller CPU time (the ratio of CPU time > 105). In view of this re-
sult, we apply the pipenet method to estimate the performance of
the present device.
Fig. 6. Numerical model of the device.
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Fig. 7. Result of numerical simulations for gas separators with TF/TR > 1 and TF/TR ≤ 1. mB/mA
= 2, Kn = 0.5, t/d = 102 , D/d = 2 × 103 , and vF/cR = 2 × 10−3 . The

results for TF/TR = 0.9, 1, 1.1. Two extreme cases for pD/pR are shown for the cases TF/TR ≤ 1. The distribution of (a) mole percentage χ of A-gas and (b) the flow velocity
v of mixture in the X1 direction.
3.1. Gas separators for TF/TR > 1 and TF/TR ≤ 1

First we assess the possibility of two types of device given in
Section 2.1, TF/TR > 1 and TF/TR ≤ 1, based on the results shown
in [29]. The analysis is carried out for binarymixture of hard sphere
molecules A and Bwith the samemolecular diameter. Themass ra-
tiomB/mA

= 2,χI = 50%, Kn = 0.5, t/d = 102, andD/d = 2×103.
The simulation is carried out for TF/TR = 0.9, 1, 1.1, and the value
of m is determined depending on the situation. The pressure ratio
pF/pR is determined so that the flow speed vF at inlet (X1 = −L− in
channel F) satisfies vF/cR = 2 × 10−3, where cR =


2κTR/mA

1/2
is the reference thermal velocity of A-molecules. Another parame-
ter is the value of pressure drop pD/pR, which determines the flux
through the membrane Q α . In the case of TF/TR = 1.1, it is pos-
sible to use (1) to determine the value of pD/pR. For other cases,
TF/TR = 1 and 0.9, the solutions are parameterized by pD/pR.

Fig. 7 shows the distribution of mole percentage χ of smaller
molecules A [panel (a)] and average flow velocity v of the mixture
[panel (b)] in channel F along the X1 axis. The values of χ and |v|

in channel R are very close to those in F. The number of micro-
channels m = 8 × 104 for TF/TR = 1, 1.1 and m = 2 × 102

for TF/TR = 0.9. The solutions depend on pD/pR for TF/TR ≤ 1,
and thus two extreme cases are shown in the figure. As is expected
in Section 2.1, for the case of TF/TR = 1.1, the mole percentage χ
increaseswith X1 while the flow velocity v is almost constant. Con-
versely, the value ofχ decreaseswithX1 for TF/TR ≤ 1. The amount
of decrease gets larger as pressure drop pD/pR increases, since the
size of the molecular flow through the membrane increases. How-
ever, large molecular flow through the membrane leads to small
downstream flow speed in channel F. There is an upper limit for the
value of pD/pR, where the flow velocity v vanishes at X1 = L + L+.
This state is shown by label ‘‘max’’ in Fig. 7. In both cases, pD = 0
or max, it is impossible to extend the membrane to obtain larger
variation of χ . We are not free from the drop of flow velocity v for
intermediate values of pD/pR. In view of these results, TF/TR < 1
is impossible in the present device since we have small amount of
gas at U-bend part (X1 = L+L+). The performance of the case with
TF/TR = 1, which corresponds the membrane gas separator with
Knudsen diffusion, is limited: both of the variation of mole per-
centage and the gas flowatU-bendpartmay remain small. This low
performance explainswhy othermechanisms, such as solution dif-
fusion [1–3], are applied in the main stream of the membrane gas
separation. The case with TF/TR > 1 is promising since we have
appreciable variation of mole percentage, and the flow does not
vanish at U-bend part. In this case, we may extend the membrane
to obtain larger variation of χ . Indeed other numerical simulations
with larger number of micro-channels m = 5 × 105 show larger
variation of χ : χI + ∆χ = 96% for χI = 10%, χI + ∆χ = 99.98%
for χI = 95%, and χI + ∆χ = 12.5% for χI = 0.1%. We do not find
any restriction for mole fraction for this device. This is the effect of
molecular exchange condition (1).

In view of these results, we will carry out the experiments for
TF/TR > 1. That is, the heated part H (unheated part C) of the fabri-
cated device shown in Section 2.2 corresponds to channel F (chan-
nel R) in Section 2.1.

Before proceeding further, we have to discuss the molecu-
lar model for gas mixtures. The present model – hard-sphere
molecules with the same diameter – is so simple that can cause
quantitative disagreement between the theoretical and experi-
mental results. Instead, the basic concept in Section 2.1 of the gas
separation,which is based on the difference ofmass ofmolecules of
any gas mixture, is well embodied by this simple model. The effect
of realistic model can be confirmed by separate numerical simu-
lation for specific gas mixture. It is easy to carry out the test since
database [37] provides the data for various intermolecular poten-
tials, just in the same formulation proposed in [19,20]. In the case
with Lennard-Jones (LJ) model of Ne–Ar mixture (mB/mA

≈ 2.0)
at TF = 330 K, TR = 300 K, m = 5 × 104, t/d = 100, D/d = 500,
χI = 50%, Kn = 0.5 and vF/cR ≈ 2.1 × 10−3, the value of ∆χ is
around 25%, while the corresponding hard-sphere (HS) result with
mB/mA

= 2 and dAm = dBm is∆χ ≈ 27%. Except the value of∆χ , we
find various quantitative differences between LJ andHS results. For
example, the value of pressure drop pD/pR is pD/pR = 0.012 for LJ
and 0.005 for HS, the net volume flux Q A through the micro chan-
nels for HS is almost twice of that for LJ. However, it is clear that
the HS model gives qualitatively the same result with the realis-
tic LJ model. In this paper, we choose a simpler hard-sphere model
for present 2D simulation, which aims to estimate the qualitative
feature of the fabricated device for various gas mixtures.

3.2. Performance simulation

Now we carry out the numerical simulation for the fabricated
device described in Section 2.2. The mass ratio is mB/mA

= 10,
which corresponds to the helium–argonmixture used in the exper-
iments in the next section. According to the product specification
of theMCEmembrane and themean free path of heliummolecules
under atmospheric pressure, we select χI = 50%, Kn = 2, t/d =

103, D/d = 2 × 103, and m = 1.5 × 105. The molecular model is
the hard sphere molecules with the same diameter of molecules.

First we analyze the effect of the flow speed over the mem-
brane, since the present device depends on the convection in chan-
nels F and R. If there were no convection effects, the outflows of
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Fig. 8. Result of numerical simulation for the fabricated device. Effects of the flow speed vF/cR and the temperature ratio TF/TR . mB/mA
= 10, Kn = 2, t/d = 103 ,

D/d = 2 × 103 , and L/d = 3 × 105 . (a) The gain of mole percentage ∆χ , and (b) the pressure ratio pF/pR − 1 and the pressure drop pD/pR versus vF/cR . The results for
TF/TR = 1.05, 1.1, 1.15.
Fig. 9. The numerical results of the gain of mole percentage. The effect of the
Knudsen number Kn and mass ratio mB/mA . TF/TR = 1.1, vF/cR = 5 × 10−4 ,
t/d = 103 , D/d = 2 × 103 , and L/d = 3 × 105 .

the micro-channels in F and R may diffuse upstream and down-
stream without distinction. Fig. 8(a) shows the gain of mole per-
centage ∆χ for various values of vF/cR. The results are shown for
TF/TR = 1.05, 1.1, 1.15. It is clear that ∆χ become smaller for
smaller values of vF/cR. Smaller vF/cR leads to larger diffusion in
channels F and R, and this causes larger difference of χ between
channels R and F at the same X1. Then themolecular exchange flow
through the micro-channels is choked by the diffusion in micro-
channels. For larger values of vF/cR, the effect of molecular ex-
change flow is diluted by larger fluxes in channels F and R, which
result in smaller gain of mole percentage. As a result, the value of
∆χ takes a maximum value at an intermediate value of vF/cR. Its
value is vF/cR ≈ 0.05, which corresponds to vF ≈ 60 cm/s for he-
lium–argonmixture. It is noted that molecular exchange flow does
not vanish for larger values of vF/cR; the numerical data shows
that the values of Q A(= −Q B) increase and approach some upper
bounds as vF/cR increases. There is, however, an upper limit for
vF/cR, since larger flow speed induces larger pressure drop along
channels F and R. The values of pressure ratios pF/pR and pD/pR are
shown in Fig. 8(b) versus vF/cR. For larger values of vF/cR, the val-
ues of pF/pR increase to establish the prescribed flow speed. This
leads to smaller values of pD/pR, since we are restricted to molecu-
lar exchange state (1). That is, pD = 0 gives the upper limit of vF/cR.
While the solution does not exist for larger values of vF/cR depend-
ing on TF/TR, the value of ∆χ shows almost linear dependence on
TF/TR − 1 around vF/cR ≈ 10−3. This relation will be confirmed in
the experiment in Section 4.3.

We also carried out the performance simulation for various val-
ues of Knudsen number Kn and mass ratio mB/mA. The values of
∆χ versus Kn are plotted for mB/mA

= 2, 4, and 10. The temper-
ature ratio TF/TR = 1.1 and flow speed is vF/cR = 5 × 10−4. The
values of other parameters are the same as those used in Fig. 8. The
values of ∆χ takes its maximum value at Kn ≈ 0.5 for any value
of mB/mA. The maximum at intermediate Kn corresponds to the
feature of the molecular exchange flow (cf. Section 2.1) through
the micro-channels. In the continuum limit Kn → 0, the thermal
transpiration thus the molecular exchange vanishes. In Knudsen
limit Kn → ∞, the speed ratio of A-gas to B-gas is


mB/mA for

Poiseuille and thermal transpiration flows. In this case the speed
ratio is


mB/mA for any linear combination of these flows; the

molecular exchange is impossible. As the result, the size of molec-
ular exchange flow takes a maximum value at an intermediate
Knudsen number [6]. It is noted that ∆χ for mB/mA

= 4 and 10
are almost the same. As is discussed above, the speed of molecu-
lar exchange flow is determined by the difference of the species-
dependency of Poiseuille and thermal transpiration flows at
intermediate Knudsen numbers. Therefore it is natural that the de-
pendence of the speed of molecular exchange flow on mB/mA is
complicated.

4. Experimental results

4.1. Performance test setup

The measurement apparatus is shown in Fig. 10. The gas mix-
ture is fed to inletH1 of the test device. The outletH2 is connected to
inlet C1 via a needle valve V1. The outlet C2 is open to atmospheric
environment. The volume flux of the feeding is denoted by QI, and
that of the loop part H2 → C1 by QL. The size of QI is controlled by
twomass flow controllersM1 [Horiba STEC SEC-400 (FS 100 sccm)]
and M2 [Horiba STEC SEC-400 (FS 50 sccm or 1000 sccm, depend-
ing on the size of QI)]. The volume flux at the loop part H2 → C1,
QL, is controlled by V1, which may be Swagelok SS-SS1 or SS-2MG
depending on the size of QL. For several cases with large value of
QL, we remove the valve V1 and control the flux by the length of
the tubing. All part of these connections are done by the stainless
tubewith inner diameter 1mm. Three differential pressure sensors
[Honeywell ASDXRRX010NGAA5 (FS 2.5 kPa) or Freescale Semi-
conductor MPX2053 (FS 50 kPa)] P1, P2, and P3 are connected, re-
spectively, aroundH1, H2, and C1 to obtain the differential pressure
from the environment. The pressure measured by sensor Pi will be
denoted by pi (i = 1, 2, 3). The symbol G in the figure is a two-port
gas sampling system, which can take small amount of sample gas
intermittently from desired port without mixing the gases at two
ports. One port is connected to H1, and the other port is connected
to C1. The sampled gas is lead to QMS (quadrupole mass spectrom-
eter, Pfeiffer QMS200) with ametal dosing value (Pfeiffer UDV040)
to analyze the component of the sampled gas. The device is put on
a thermostat table T to keep the temperature TC of plate C of the
test device at 300 K.

It is noted that the available range of QL depends on the tem-
perature difference ∆T = TH − TC. In the isothermal case ∆T = 0,
QL is smaller than QI, since some part of the feed gas flows from H1
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Fig. 10. Diagram of measurement system.

Fig. 11. Knudsen pump performance.∆p vs QI for various∆T . The data for 50 % v/v
mixture of helium and argon, TC = 300 K and atmospheric pressure at the outlet.
The symbols represent the result of experiments. ∆T = 0: black square, 20 K: blue
triangle, 30 K: green circle, and 45 K: red diamond. The linear regressions are also
shown in the figure.

to C1 through themembrane and does not reach H2. In other cases,
∆T > 0, the thermal transpiration flow in the direction C → H
expands the available range of QL. The value of QL is expressed by
QI and Q α introduced in Section 2.1 as follows:

QL = QI + Q A
+ Q B.

Since we are interested in themolecular exchange state (1), we se-
lect

QL = QI (5)

in the experiment. To this end we have to measure the size of QL,
which is obtained from the values of p2 and p3. This is done as fol-
lows. (i) Remove the test device and replaceH1 → H2 and C1 → C2
parts by straight pipes. (ii)Measure the pressure drop∆p = p2−p3
by valve V1 for various valve openings V and volume fluxQI to con-
struct a calibration function

∆p = hC (V , QI) .

Then we have

∆p = hC (V , QL) , (6)

in the main experiments with the test device. On the other hand,
the pressure difference∆p ofmain experimentwith the test device
is determined by V , QI, and ∆T :

∆p = ∆p (V , QI, ∆T ) . (7)

Thenwe can determine the appropriate valve openingsV from (5)–
(7) for prescribed values of QI and ∆T .
4.2. Knudsen pump performance

First of all, we have to confirm that the thermal transpiration
flow through themembrane is successfully induced by the present
device. To this end we shut the valve V1 for the entire supplied
gas to go through the membrane. Then, we carry out the follow-
ing experiment: (i) supply some electricity to the heater of the test
device, and keep a constant temperature difference ∆T ; (ii) sup-
ply gas mixture through M1 and M2 at volume flow rate QI; (iii)
measure the pressure difference ∆p for various flow rates QI. The
results for negative values of QI are obtained by connecting gas
supply from M1 and M2 to C2 of the device with H1 being open to
the atmosphere.

The experiment is carried out for 50% v/vmixture of helium and
argon, ∆T = 0, 20, 30, and 45 K. The values of electricity supplied
to the heater are, respectively, 1.6 W(∆T = 0 K), 10.0 W(20 K),
14.1 W(30 K), and 20.0 W(45 K). The electricity does not vanish at
∆T = 0 K since the environmental temperature is 286 K on aver-
age, which is lower than TC = 300 K. The value of ∆p is plotted
versus QI in Fig. 11. At ∆T = 0, the pressure difference ∆p is al-
most proportional to the volume flux QI through the device. Their
relation is represented by

QI(sccm) ≈ 81∆p (kPa) (∆T = 0). (8)

This is natural since the membrane has own pressure drop. As ∆T
increases, the relation is shifted; the gas flows from C part to H
part (QI < 0) for ∆p = 0 and the pressure at H part is higher than
that at C part (∆p > 0) when the gas flow vanishes (QI = 0). This
is the effect of the thermal transpiration, and the device works as
a Knudsen pump in the same way as our previous work [26]. Inci-
dentally the effect of larger viscosity for higher temperature is seen
in the figure: dQI/d∆p ≈ 70 for ∆T = 45 K. The value of ∆p at
QI = 0 is the maximum pressure difference obtained by the ther-
mal transpiration. These values are ∆p = 0.80 kPa(∆T = 20K),
1.20 kPa (30 K), and 1.78 kPa (45 K). These results are close to those
in our previous device [26]. The size of volume flux QI at ∆p = 0 is
the maximum volume flux obtained by the thermal transpiration.
Their values are 61 sccm (∆T = 20 K), 86 sccm (30 K), and 119
sccm (45 K). The value of flux QI at ∆p = 0 is roughly proportional
to ∆T and is expressed by

QI (sccm) ≈ −2.8∆T (K) (∆p = 0). (9)

The value of volume flux at ∆T = 30 K is around 90 times larger
than those given in [26], since the size of the membrane in the
present device is around 10 times larger and the sound speed is
higher with small helium molecules. These results show that the
present device successfully induces the thermal transpiration flow.

4.3. Gas separator performance

Now we describe the main experiment of gas separation for
two types of gas mixtures: (I): helium–argon 50% v/v mixture and
(II): helium–neon 50% v/v mixture. The process of the experiment
is as follows. (i) Keep the prescribed temperature difference ∆T
with the heater; (ii) supply the gas mixture of volume flux QI to
the device; (iii) set the volume flux at loop part QL identical with
QI with the valve V1; (iv) analyze the components of the gas at
H1 and C1. The detailed process of (iv) is as follows: (iv.1) repeat
sampling from H1 25 times in every 3 min, and analyze the gas
components by QMS; (iv.2) repeat the same analysis for C1; (iv.3)
repeat (iv.1)–(iv.2) four times; (iv.4) finally carry out process (iv.1).
In each QMS analysis, we omit first 15 data, and the average of
remaining 10 data are adopted as the final result to avoid the effect
of the gas left in the tubing. Thus we obtain five mole percentages
χ [H(n)

1 ](n = 1, 2, . . . , 5) at H1, and four χ [C(n)
1 ] at C1, where χ
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Fig. 12. Gas separation performance I: ∆χ vs Q . (a) Experiment (I) helium–argon mixture, ∆T = 20, 30, and 45 K; (b) experiment (II) helium–neon mixture, ∆T = 30 K.
a b

Fig. 13. Gas separation performance II: the value of ErrQ = 100(QI −QL)/Q vs Q . (a) Experiment (I) helium–argon,∆T = 20, 30, and 45 K; (b) experiment (II) helium–neon,
∆T = 30 K.
a b

Fig. 14. Gas separation performance III: the value of Q A , Q B vs Q . (a) Experiment (I): A: helium, B: argon, ∆T = 20, 30, and 45 K; and (b) experiment (II): A: helium, B:
neon, ∆T = 30 K. The values of Q A are shown by filled markers, and those of Q B are shown by hollow markers.
a b

Fig. 15. Gas separation performance IV: the pressure differences between the membrane. ∆pI: filled markers, and ∆pL: hollow markers. (a) Experiment (I) helium–argon;
(b) experiment (II) helium–neon. The error bar shows the standard deviation estimated from the precision of the pressure sensors used in each experiment.
is the mole percentage of helium. The mole fraction of the feed
gas is not very accurate due to the limited accuracy of mass flow
controllers, but we can obtain the difference of mole percentages
obtained by the test device ∆χ (n)(n = 1, 2, . . . , 4), which
corresponds χL − χF in the numerical simulation in Section 3, by

∆χ (n)
= χ


C(n)
1


−

χ

H(n+1)

1


+ χ


H(n)

1


2

. (10)
It is noted that the restriction (5) is achieved only approxi-
mately. It takes several hours to carry out process (iv) above, and
we observe some deflection of pi due to the variations of environ-
mental temperature and pressure during this period. In the case
with large volume flux QI, large pressure variation along the flow
channels forces us to use pressure sensors with larger full scale,
which leads larger difference between the values of pi obtained
between the calibration and the main experiments. In the cases
where we control QL by the length of the tubing, we can only select
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best tubing from several sets to satisfy QL ≈ QI. Therefore, in the
following results, we use the average volume flux Q defined by

Q =
QI + QL

2
,

instead of QI.
The results of the experiments are shown in Figs. 12–15.

Figure 12 shows the values of ∆χ [average of four ∆χ (n) in (10)]
versus Q . Figure 12(a) shows the result of experiment (I), where
the range of volume flux Q is limited but the experiments are
carried out for several temperature differences ∆T = 20, 30,
and 45 K. The result for experiment (II) is shown in Fig. 12(b),
where ∆T is fixed to 30 K and the experiments are carried out
for a wider range of Q . In both cases, the value of ∆χ is positive;
that is, the smaller gas – helium – is concentrated at the loop
part H2 → C1 as is anticipated by the numerical simulation in
Section 3. In experiment (I), the value of ∆χ for a fixed value of
Q increases linearly as ∆T increases. The value of ∆χ for given
∆T also increases as Q increases. The value of ∆χ reaches 15%
for the case of ∆T = 45 K and Q = 40 sccm. In experiment (II),
the value of ∆χ takes its maximum value around Q = 100 sccm.
Since the volumetric porosity of the copper mesh [see Fig. 5(b)]
is around 60%, the flow velocity along the membrane is around
0.5 m/s at Q = 100 sccm. These qualitative features of ∆χ match
the results of numerical simulation in Section 3. The values of ∆χ
is much larger than the variance in four measured values of ∆χ (n);
the value of max∆χ (n)

− min∆χ (n) for each experiment is 0.09%
on average. The errors in Q result from the accuracy of the mass
flow controllers M1 and M2, and their total uncertainty is smaller
than 3.3 sccm for Q ≤ 100 sccm and 29 sccm for Q > 100 sccm.

Figure 13 shows the difference of QI and QL in percentage:

ErrQ = 100
QI − QL

Q
.

The experiments for Q ≤ 40 sccm are carried out by a smaller
valve V1 (SS-SS1), those with 40 sccm< Q ≤ 100 sccm are carried
out by a larger valve (SS-2MG). The experiments are carried out
without valve V1 for larger values of Q . As is shown in the figure,
the maximum size of the error is around 7%. In order to confirm
that the molecular exchange Q A > 0 and Q B < 0 occurs in the
device, we calculated Q A and Q B by

Q A
= χ [C1]QL − χ [H1]QI,

Q B
= (1 − χ [C1])QL − (1 − χ [H1])QI.

The results are plotted in Fig. 14. It is clear that helium flows in the
direction of C → H through the membrane, while argon or neon
flows in the direction of H → C. The size Q A

− Q B increases as
Q increases, while the speed of the increase seems to decrease in
Q > 100 sccm in Fig. 14(b).

Figure 15 shows the result of the pressure in these experiments.
As is described in the previous paragraph, the pressure drop
along the system is fairly large for larger values of Q , and the
measurement depends on the location of the pressure sensors.
Therefore, we estimated the values of pressure difference at two
trenches shown in Fig. 4(b) from the values of pi obtained by the
sensors, QI and QL, assuming Hagen–Poiseuille flow in the tubing.
The result is shown in Fig. 15, where the pressure difference at the
trench around H1 − C2 ports is denoted by ∆pI and that around
H2−C1 ports by∆pL. The value of∆pI is close to∆pL for experiment
(I). The value of the pressure difference (around 1 kPa for ∆T = 30
K) is roughly the same as the value pF − pR expected by numerical
simulation for mB/mA

= 10 and TF/TR = 1.05 [see Fig. 8(b)]. On
the other hand, ∆pI is fairly larger than ∆pL in experiment (II) at
larger flow rate Q . In this case, the molecular exchange condition
(1) is satisfied only on the average over the membrane; each
micro-channel does not generally satisfy the molecular exchange
condition.
5. Discussion

We have analyzed the performance of the device in the preced-
ing two sections, numerically in Section 3 and experimentally in
Section 4. These two results are clearly in a good agreement with
each other. The fabricated device, however, naturally has various
uncertainties. In this section, some of these uncertainties will be
discussed with quantitative comparisons of the results.

As for the thermal transpiration performance, the actual tem-
perature difference applied to the MCE membrane is smaller than
the temperature difference between the metal plates H and C. The
present MCE membrane is a filter product, and we do not know
the actual size of pores for the gaseous flow. In the present device,
the surface of the membrane is covered by metal meshes, which
may change the effective porosity of the membrane. These fac-
tors can be estimated from the pressure–flux relation obtained in
Section 4.2. Let θ∆T be the temperature difference applied to the
membrane and dMCE and ε be, respectively, the effective pore diam-
eter and porosity of the membrane. From the linear theory of the
Boltzmann equation [cf. Eq. (A.2)], the volume flux Q ∗

= Q A
+ Q B

through the device is given by

Q ∗
= Sε

dMCE

t


2κTC
mA


θ∆T
TC

NT +
∆p
pC

Np


, (11)

where S and t are, respectively, the area and thickness of the
MCE membrane, pC is the reference pressure (pressure at C2),
and N∗(∗ = T , p) are nondimensional functions of the Knudsen
number ℓC/dMCE (ℓC: reference mean free path of A-molecules at
number density pC/κTC of molecules). The values of N∗ also de-
pend on gas components, molecular model, and the shape of the
cross section of micro-channel. For binary mixture of hard sphere
molecules, enough amount of data is available only for the 2D chan-
nel [37]. In the case of pure gas, detailed data for various cross sec-
tional shapes including 3D channel are available for BGK and S-
model [17,31],whichwill be used in the following discussion. From
the present experimental conditions, TC = 300 K, pC = 101 kPa,
and S = 9.0 cm2. For binary mixture of hard sphere molecules, we
use

2κTC
mA

= 1120 m/s, ℓC = 1.70 × 10−7 m,

mB/mA
= 10, χ = 50%

(12)

to express the 50% v/v helium–argon mixture used in the experi-
ment. For BGK and S-model of pure gas, we have to choose appro-
priate values of (mA, ℓC), say, (mBGK, ℓBGK), for present gasmixture.
Since the behavior of the gas at intermediate Knudsen numbers is
important in the present device, we make use of Knudsen mini-
mum (that is, the value of

Np
 takes its minimum value at some

intermediate Knudsen number). That is, we apply
2κTC
mBGK

= 623 m/s, ℓBGK
= 3.71 × 10−7 m, (13)

for the BGK model and
2κTC
mS

= 619 m/s, ℓS
= 2.90 × 10−7 m, (14)

for the S-model so that these models give the same volume flux
Q ∗ and diameter dMCE with the binary mixture of hard sphere gas
(mB/mA

= 10 and χ = 50%) at Knudsen minimum for the 2D
channel.

Since we have the data for NT and Np, the results of experiment
(8) and (9) give the relation among θ , dMCE, and ε. That is, the ratio
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of two volume fluxes under ∆p = 0 and ∆T = 0 is given by, from
(11),

θ
NT

Np
=

Q (∆p = 0)
Q (∆T = 0)

∆p/pC
∆T/TC

.

This equation with the results (8) and (9) determines the value of
the Knudsen number or the value of dMCE as a function of θ . The
value of ε is then obtained from (8) and (11). The result is shown
in Fig. 16. The panel (a) shows the effective pore diameter dMCE
versus the effective porosity ε of the MCE membrane, and panel
(b) shows the temperature difference ratio θ versus ε. The black
lines are obtained by using NT and Np for the 2D channel with
binarymixture of hard spheremolecules ofmB/mA

= 10 andmole
percentage 50%. The red lines and green symbols [which are almost
on the black line in panel (a)] are those with 2D channel results
with, respectively, BGK and S-model for pure gas. The blue symbols
are also the result of the BGK model but 3D channel shape (square
cross section). The similar result for the S-model is also shown in
the figure by orange symbols. As the result of conversion (13) and
(14), BGK and S-model give almost the same results of (ε, dMCE)
relation with the binary mixture of hard sphere molecules for the
2D case. On the other hand, the difference between 2D and 3D
channels is appreciable. Assuming that the conversions (13) and
(14) are still valid for the 3D model, we use (ε, dMCE, θ) relation
for 3D models to discuss the results of experiments. Since the
porosity of MCEmembrane, stainless fiber sheet, and copper mesh
are, respectively, 0.65, 0.8, and 0.6, the effective porosity ε will be
in the range of 0.3 . ε . 0.65. Therefore, the effective pore size
dMCE is in the range

0.1µm . dMCE . 0.2µm, (15)

from the result for 3D case in Fig. 16(a). This is consistent with the
product specifications of our MCE membrane (pore size 0.1 µm).
The above result shows a slightly larger pore size, which can be
caused by the cracks created in the fabrication process. The value
of θ , obtained by 3D data, shows some model dependency but is
around

θ ≈ 0.3.

That is, only 30% of the temperature difference ∆T is conducted to
theMCEmembrane. This is close to the corresponding value in [26],
where around 20% of the temperature difference between hot and
cold parts is conducted to theMCEmembrane. It is possible that the
heat conduction is blocked by the presence of the flow channels F
and R of height 0.2 mm along the MCE membrane.

Now we discuss the results for the gas separation experiment
described in Section 4.3. The gain ∆χ of helium in experiment
(I), Fig. 12(a), corresponds to the result of numerical simulation
∆χ in Fig. 8(a). The comparison is done by matching the
temperature difference and the pore size of the membrane. Since
the temperature difference regarding to the MCE membrane may
be θ∆T , the corresponding value of the temperature ratio in the
numerical simulation is TF/TR = 1+ θ∆T/TC. That is, TF/TR − 1 ≈

0.02(∆T = 20 K), 0.03(∆T = 30 K), and 0.05(∆T = 45 K). The
values of ∆χ for these TF/TR can be estimated from the results in
Fig. 8 since ∆χ is almost linear to TF/TR − 1 for smaller values
of vF/cR; e.g., ∆χ ≈ 3% for TF/TR = 1.03 and ∆χ ≈ 5% for
TF/TR = 1.05. The matching of pore size (15) is complicated, since
it is related to the device sizing parameters, D/d, L/d, and t/d as
well as the Knudsen number. The parameters used in Fig. 8 match
the fabricated device if dMCE = 0.1 µm; in this case the numerical
data corresponds to the device with D = 0.2 mm, L = 30 mm, t =

100µm, and Kn = 2. In the case of dMCE = 0.2µm, the values ofD,
L, and t are doubled and Kn = 1. The larger D and t may decrease
the gain∆χ of the numerical results, and the larger Lmay increase
it. Assuming linear dependency of ∆χ on 1/D, 1/t and L, the
performance of the fabricateddevicemaybe twice of thenumerical
data in Fig. 8 except the effect of the Knudsen number. The effect
of the Knudsen number can be estimated from Fig. 9; the gain for
Kn = 1 may be around 1.5 times larger than that for Kn = 2.

According to the above discussion on temperature difference
and pore size, themaximumgain∆χ in experiment (I) at∆T = 45
K is estimated to be in the range of 5% (dMCE = 0.1µm) and 15%
(dMCE = 0.2µm) from the results of numerical simulation. Figure 9
also shows that the gain∆χ is almost the same formB/mA

= 4 and
10. Therefore, the gain ∆χ in experiment (II), where ∆T = 30 K,
is estimated to be in the range from 3% to 9%. In the experiment
(I), as seen from Section 4.3, the value of∆χ alreadymarks 15% for
∆T = 45 K, and larger value of ∆χ is expected for larger flux Q ,
while themaximumgain for experiment (II) is 7%. It is clear that the
∆χ obtained in the experiment is too large only for helium–argon
mixture. There will be many reasons for this disagreement. The 2D
shape of micro-channel used in the numerical simulation and the
difference of effective porosity of the membrane do not explain
the disagreement, since they are common to experiments (I) and
(II). One of the reason would be the selection of diameter of the
molecules dAm = dBm applied in the present numerical simulation.
The diameter of molecules, calculated from the viscous coefficient,
dArm /dHem ≈ 1.7 and dNem /dHem ≈ 1.2 [31]. This means that the ar-
gon or neon molecules experience more collisions than expected
in the simulation. That is, the effective Knudsen number for the
experiment is much smaller than Kn = 1 or 2, and this results in
larger∆χ obtained in the experiment, especially for helium–argon
experiment (I).

6. Conclusion

In Section 2, we proposed a device that induces the molec-
ular exchange flow through the membrane with the aid of the
thermal transpiration. The device accumulates the molecular ex-
change effect as the gradient of the mole fraction along the mem-
brane. The performance is estimated theoretically in Section 3,
where the combination of mass conservation and rarefied gas flow
database [37] leads to plausible results. Theperformance of the fab-
ricated device is tested in Section 4. The results of experiments are
in qualitatively good agreement with the theoretical result. That is,
the gas component of smaller mass of molecules is concentrated
at the loop part between heated and unheated sides of the mem-
brane, the gain of mole percentage ∆χ is almost proportional to
the temperature difference, and the value of ∆χ takes its maxi-
mum value at some flow speed along themembrane. Furthermore,
the quantitative features are also reproduced by the theoretical re-
sults. The characteristic values of the device, such as themaximum
variation ofmole percentage∆χ , the appropriate flow speed along
the membrane for large values of ∆χ , and the pressure difference
between the front and rear sides of the membrane ∆pI or ∆pL, re-
main the same order with these values estimated by the theory in
Section 3.

The present device is somewhat similar to the membrane gas
separator. Indeed the motion of molecules in the membrane is the
key of the device, and somemembrane gas separator makes use of
the counter flow arrangement as in the present device. However,
the molecular transport through the membrane is quite different.
In the membrane gas separator, both the molecules of product and
residual gas flow in the same direction, and thus the selectivity is
quite important. It is also difficult to obtain high purity output. In
the present device, molecular exchange – the molecules of prod-
uct and residual gas flow in the opposite direction – is established.
This device is free from the limitation of the selectivity [4], and we
do not find the limit on the purity in the numerical simulation. Due
to the molecular exchange setup, low cost membranes with larger
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a b

Fig. 16. Estimated value of (a) temperature difference ratio θ and (b) effective pore diameter dMCE versus effective porosity ε. The results with NT , Np for the 2D channel
and the square channel (indicated by 3D in the figure). The black lines are the results with the binary mixture of hard sphere molecules (mass ratio 10 and mole percentage
50%). The red lines and blue symbols are that with BGK model for pure gas. The green and orange symbols are that with S-model for pure gas. The dashed lines indicate the
data by spline approximation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
pore size (0.1µm) and thickness (110µm) compared with those
used in the membrane gas separation is available.

In view of the flow direction in the membrane, the present
method can be considered as a revision of the thermal diffusion
column method [39]. In the thermal diffusion column, the small
molecules and larger molecules flow in the opposite radial di-
rection due to the temperature and pressure gradient, which is
essentially the same as the molecular exchange flow in this paper.
The difficulty in the thermal diffusion column is that the effect of
molecular exchange is accumulated by the natural convection in-
duced in the longitudinal direction of the column, since the natural
convection is characteristic to the gas in the continuum limit while
the molecular exchange flow is characteristic to rarefied or molec-
ular gas [6]. In the present device, we also make use of the proper-
ties of continuum flow, but they are separated from the molecular
exchange flow in the membrane. Therefore, we can choose the lo-
cal Knudsen number in channel F and R separately from that in the
micro-channel.

The present device, however, does not produce concentrated
gas. All of the concentrated gas, which flows out the front side of
themembrane, flows back to the rear side of themembrane except
the small amount of sample gas taken by the gas sampling system.
The problem is that the outlet of the residual gas is located close
to the inlet for the feed gas (cf. Fig. 1); they are separated only by a
singlemembranewhich canmaintain small difference ofmole per-
centage. If the separator produces volume flux δQI of the gas with
increment of mole percentage ∆χ from volume flux QI of feed gas,
the conservation of mass leads that the difference of mole percent-
age between the feed and residual is δ∆χ/ (1 − δ) without regard
to the values of Q A and Q B through the membrane. This restricts
the value of the production rate δ of the present device. This limita-
tion will be removed by more sophisticated constructions, e.g., the
cascade connection of units or some reflux process of residual to ar-
range better positions of the inlet and outlet, which can be found in
other methods of gas separation. The construction of such system
is left for the futurework. Another problem is the energy efficiency,
which is not estimated in the present work due to no product gas.
In general, we cannot expect too much for the energy efficiency.
The heated gas molecules may convey their energy in the random
direction, and only a part of the energy is used to induce the ther-
mal transpiration flow. The present device, however, works with
small temperature differences around 30 K. Some pressure differ-
ence is also required, but it is only a few kilo pascals. It is important
that the required pressure difference is the order of the pressure
difference that can be induced by the thermal transpiration flow.
Therefore, it is expected that this kind of device works under the
energy supply of low level external heat only,whichwould be quite
unique compared with other methods of gas separation.
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Appendix. Method of solution of numerical simulation

The pipenet method for the numerical model Fig. 6 is described
here. The channel # (# = F, R) is sliced into small sections of
width 2d in the X1 direction. The sections are indexed by i as Ω#(i);
i = −L−/2d for the section at X1 = −L− and i = (L + L+)/2d − 1
at X1 = L + L+. We calculate the time-variation of the number of
α-molecules in Ω#(i) with the mass conservation. For example, we
have

2dD
κTF

pα(k+1)
F(i) − pα(k)

F(i)

∆τ
= D


Fα(k)
F(i−1) − Fα(k)

F(i)


+ dqα(k)

(i)

(α = A, B), (A.1)

for the part of channel F over the membrane, where pα(k)
F(i) is the

partial pressure of α-gas (α = A, B) in ΩF(i) at time τ = k∆τ(k =

1, 2, . . .), Fα(k)
F(i) is the molecular flow rate of α-gas from ΩF(i) to

ΩF(i+1) per unit time and per unit area, and qα(k)
(i) is that through ith

micro-channel in the direction of R → F. The above formulation
can be extended to channel R, and the other parts of channels with
no micro-channel. The difference equations for channel F and R
in the range of −L−/2d + 1 ≤ i ≤ (L + L+) /2d − 2 can be
considered as a system of difference equations for pα(k)

#(i)


# = F, R;

α = A, B; −L−/2d ≤ i ≤ (L + L+) /2d − 1

, provided that the

flow rates qα(k)
(i) and Fα(k)

#(i) are expressed by pα(k)
#(i) .

Here we discuss on the expression of qα(k)
(i) . Since the flow

in the micro-channel is vanishingly small, the following formula
[18–20,37], which is obtained from the linearized Boltzmann
equation, can be used for the molecular flow rate qα per unit area
in a micro-channel:

qα
= n̄


2κ T̄
mA


Nα

T
T ′

T̄
+ Nα

p
p′

p̄
+ Nα

χ

χ ′

100


d, (A.2)

where T̄ , p̄, and n̄(=p̄/κ T̄ ) are the representative values of temper-
ature, pressure, and number density, respectively; the values em-
phasized with prime indicate the corresponding gradients along
the micro-channel. Nα

∗
(∗ = T , p, and χ) are non-dimensional
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coefficients that depend on the representative values of Knudsen
number Kn, mole percentage χ̄ , and the parameters in intermolec-
ular potential model including the mass ratio mB/mA. These co-
efficients are to be obtained from separate analysis for thermal
transpiration, Poiseuille, and diffusion flows through a long tube
[15]. Sharipov et al. clarified overall features of these values by
making use of model kinetic equation and Onsager–Casimir reci-
procity [18–20]. In [37], a database of these coefficients for vari-
ous intermolecular potentials has been constructed by around 104

cases of numerical calculations of the same kinetic equation and
the supplemental asymptotic analysis for small and large Knudsen
numbers. The online version of [37] provides a ready-made com-
puter program of the database; we can obtain the values of Nα

∗
as

if they were standard mathematical functions on Kn and χ̄ . With
the aid of this database, the values of qα(k)

(i) are obtained by letting

T ′
→

TF − TR
t

, p′
→

∆p(k)
(i)

t
, χ ′

→
∆χ

(k)
(i)

t
,

T̄ →
TF + TR

2
, p̄ →

p(k)
F(i) + p(k)

R(i)

2
, χ̄ →

χ
(k)
F(i) + χ

(k)
R(i)

2
,

in (A.2), where ∆
(k)
(i) h(h = χ, p) are the difference of mole

percentage or pressure between the front and rear sides of the
membrane

∆h(k)
(i) = h(k)

F(i) − h(k)
R(i), (h = χ, p) .

The mole percentage χ̄ is computed from the ratio of the partial
pressure:

χ
(k)
#(i) = 100

pA(k)
#(i)

p(k)
#(i)

, p(k)
#(i) = pA(k)

#(i) + pB(k)#(i) (# = F, R). (A.3)

The values of local Knudsen number of eachmicro-channel, Kn, are
calculated according to each intermolecular potential model with
the values of T̄ and p̄ at the ith micro-channel.

On the other hand, we have no precise data for Fα(k)
#(i) : they

are non-vanishing fluxes that may affect the mole fraction down-
stream (that is, they include the effect of convection terms of fluid
dynamic equations), and the channelwalls have innumerable holes
that may affect flow properties. Here, we assume that they still
consist of the part of plane Poiseuille flow proportional to pres-
sure gradient p′

= dp/dX1 and the part of diffusion proportional
to χ ′

= dχ/dX1, and apply Eq. (A.2) (with the replacement of d
to D) to evaluate Fα(k)

#(i) with the aid of finite difference approxima-
tion of the derivatives p′ and χ ′. The coefficient Nα

p for large values
of D/d may be replaced with the data by plane Poiseuille flow to
save CPU time. The viscosity of the mixture with mole percentage
χ̄ is calculated by the data in [34,35,37] with Eqs. (2) and (3). For
hard-sphere mixture with the same diameter of molecules, Eq. (4)
with the replacement of mA

→

χ̄mA

+ (100 − χ̄)mB

/100 can

be used for the viscosity of the mixture; the maximum error of the
viscosity is around 0.3


mB/mA

− 1

% formB/mA

= 2, 4, and 10.
The difference equation Eq. (A.1) is of diffusion type, since Fα(k)

#(i)

is expressed by the difference of pα(k)
#(i+1) and pα(k)

#(i) . Therefore we
need two boundary conditions for each channel and gas compo-
nent. These eight conditions are given by (i) total pressures p =

pA + pB at inlet of F (p = pF) and outlet of R (p = pR), (ii) the
value χF of mole percentage at inlet of channel F, (iii) two condi-
tions dχ/dX1 = 0 at the outlets of F and R, (iv) pressure drop pD
between the outlet of F and inlet of R, and (v) the mass conserva-
tions for A and B gas between the exit of channel F inlet of channel
R. The system of difference equations with above eight boundary
conditions determines the distributions of partial pressures
pα(k+1)
#(i)


# = F, R; α = A, B; −L−/2d ≤ i ≤ (L + L+) /2d − 1



at time τ = ∆τ(k + 1) from those at τ = ∆τk. The process is
repeated until we obtain the steady distribution of partial pres-
sures pα(k)

#(i) along channels F and R. Then the distributions of steady

mole percentageχ
(k)
#(i) in Fig. 7 are calculated by (A.3). In the numer-

ical calculation, we rewrite explicit form of the difference equation
(A.1) for pα into the implicit form for pA and p to obtain the steady
solution quickly with no restriction of the CFL condition. In order
to reduce the access to the database of Nα

∗
, the values of qα(k)

(i) of M
channels nearby are replaced by those of a representative channel.
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