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The Poiseuille and thermal transpiration flows of a dense gas between two parallel plates
are investigated on the basis of the Enskog kinetic equation under the diffuse reflection
boundary condition. In contrast to the case of an ideal gas, the density and the gradients
of pressure and the normal stress component in the flow direction are not uniform in the
direction normal to the plates for a dense gas. The non-uniform normal stress gradient
contributes also to the acceleration or deceleration of the thermal transpiration flow for
small Knudsen numbers. The profiles of mass and heat flows as well as the net mass
flows are obtained for various Knudsen numbers and ratios of the molecular diameter
to the distance of plates. In the analysis of the Poiseuille flow, most characteristics of a
force-driven flow with a small force are recovered. However, for the case of a dense gas,
differences between the force-driven and the present pressure-driven flows are observed
even within the linearized regime for small force and pressure gradient, especially at the
microscopic level. The behaviour of the velocity distribution functions, in particular, the
way in which they approach the ones for the Boltzmann equation as the molecular diameter
becomes smaller, is clarified.

Key words: kinetic theory, non-continuum effects

1. Introduction

Gases in small systems, such as porous media with small pores and micro and nanodevices,
cannot be described properly by conventional fluid dynamics. This is because the mean
free path of gas molecules can be comparable to the characteristic length of system so
that the underlying assumption that the gas is very close to the local equilibrium breaks
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down due to insufficient intermolecular collisions. The kinetic theory of gases is required
to describe their behaviour correctly.

Generally, the solution of the Boltzmann equation, the governing equation in the kinetic
theory, is a formidable task since, besides a time and a position, the molecular velocity also
plays a role of independent variable and the term representing the effect of intermolecular
collisions (the collision integral) is complicated. As for its numerical solution method,
both the stochastic direct simulation Monte Carlo (DSMC) method (see, e.g. Bird 1994)
and deterministic methods (see, e.g. Dimarco & Pareschi 2014, and the references therein)
have been developed continuously from earlier times. Owing to the continuous efforts
of many researchers, there is a huge accumulation of results for the flows of ideal gases
these days (see, e.g. Cercignani 1988; Sone 2007) which are described by the Boltzmann
equation. There are a large number of kinetic theory studies on classical problems in
fluid dynamics such as the Poiseuille flow, the Couette flow, etc. and those on phenomena
peculiar to non-equilibrium gases such as the thermal transpiration flow, which is induced
by a temperature gradient along a channel wall in the absence of an external force and a
pressure gradient.

Meanwhile, when gases become dense, they exhibit non-ideal gas effects. Kinetic
theory descriptions are available also for this case. The Enskog equation, which can
describe effects owing to the finite size of molecules such as the excluded volume, and
its extension, the Enskog—Vlasov equation, in which long-range interactions are dealt with
by a collective mean field, have been widely accepted. Because the finite size of molecules
is taken into account in the Enskog collision integral, it is more complicated than the
Boltzmann collision integral. For these equations, the DSMC method was successfully
constructed more than two decades ago (Montanero & Santos 1996; Frezzotti 1997). Then,
using this method Frezzotti and co-workers have conducted many studies on liquid—vapour
systems based on the Enskog—Vlasov equation (see, e.g. Frezzotti, Gibelli & Lorenzani
2005; Frezzotti, Barbante & Gibelli 2019).

Besides the liquid—vapour systems, the dense gas effects become relevant in small
systems, such as nanoporous media, which has been activating the recent kinetic theory
studies (see, e.g. Wu et al. 2016; Sheng er al. 2020; Shan et al. 2021). In these
studies, the competition of system characteristic length, mean free path and molecular
diameter is focused on, and its effect on the phenomena is investigated. This trend
may be due to related applications such as shale gas extraction, where the pressure is
high and the characteristic length is short, and to the fact that deterministic numerical
computations are becoming feasible thanks to the extension of the fast Fourier spectral
method (Filbet, Mouhot & Pareschi 2006) to the Enskog equation (Wu, Zhang &
Reese 2015). However, all of the aforementioned works concentrate on the force-driven
Poiseuille flow, and currently, no other type of flow seems to be investigated at the
same level.

Under these circumstances, a time-dependent heat transfer in a dense gas between two
parallel plates was investigated in Hattori, Tanaka & Takata (2022) and interesting features
such as the effect of the finite molecular size on the propagation of disturbance were
demonstrated. In the present work, we newly consider the thermal transpiration flow as
well as the pressure-driven Poiseuille flow of a dense gas between two parallel plates.
Analysis of these flows for the case of a rarefied gas is a fundamental problem in the
kinetic theory (see, e.g. Cercignani & Daneri 1963; Cercignani & Sernagiotto 1966; Niimi
1968; Sone & Yamamoto 1968; Loyalka 1971; Niimi 1971; Hasegawa & Sone 1988;
Ohwada, Sone & Aoki 1989; Loyalka & Hamoodi 1990; Kosuge et al. 2005; Takata &
Funagane 2011; Funagane & Takata 2012). We investigate the counterpart problem for
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a dense gas. We clarify how finite-size effects of molecules affect these flows, thereby
aiming to contribute to increased understanding of the dense gas flow characteristics.

The paper is organized as follows. In § 2, the problem is stated and formulated. The
problem is reduced to the spatially one-dimensional boundary-value problems of the
linearized Enskog equation for the Poiseuille and thermal transpiration flows, in which
the ratio of the mean free path and that of the molecular diameter to the distance between
the plates are included as non-dimensional parameters characterizing the smallness of
the system and denseness of the gas. Then, the numerical method is briefly explained
in §3. The method is an iteration based on the integral formulation of the Enskog
equation combined with the fast Fourier spectral method for the computation of the
collision integral. Section 4 presents the numerical results, where we show the behaviour
of the macroscopic quantities (gradients of pressure and stress and profiles of density
and mass/heat flow) as well as the velocity distribution functions (VDFs). Comparison
between the force-driven and the present pressure-driven Poiseuille flows is also carried
out. Section 5 concludes the paper.

2. Formulation
2.1. Problem and assumptions

Consider a dense gas between two parallel plates at rest located respectively at X| =
+D/2, where X; are the Cartesian coordinates. The two plates are kept at the temperature
T,(X2) = To(1 4+ crX2/D) (ct = (D/Ty)(dT,,/dX>) is a constant), and the gas is subject
to some pressure gradient in the X; direction. We will find a solution that has a pressure
gradient that is constant in the X, direction (but non-constant in the X; direction). There is
no external force acting on the gas. The average density of the gas over the cross-section
X> =0 is given by pg. We will investigate the steady behaviour of the gas under the
assumptions that (i) the behaviour of the gas can be described by the Enskog equation
for hard-sphere molecules with a common diameter o and mass m with the factor of pair
correlation being given according to the Carnahan—Starling equation of state (Carnahan &
Starling 1969); (ii) the gas molecules are diffusely reflected on the surface of the plates;
(iii) the magnitudes of the applied temperature gradient |cr| and the pressure gradient
(D/po)|dp/0X2| are so small that the equation and boundary condition can be linearized
around the state that is achieved when both gradients are absent (p is the pressure,
po = poRTp and R is the specific gas constant).

Some comments on the appropriateness of the linearization assumption (iii) may be
in order. At a glance, the assumption might look restrictive to describe the flows well.
However, (a) the pressure and temperature gradients can in fact be small in small systems
like micro/nano channels and porous media with small pores; (b) the assumption is actually
employed also in the literature (see, e.g. any references cited in the third sentence of the
fifth paragraph in § 1); (c) it is reported (see, e.g. Ohwada et al. 1989; Sharipov 2003;
Ewart et al. 2007) that the results for rarefied gases obtained based on the linearized
Boltzmann or model kinetic equations agree well with experimental results for a wide
range of the Knudsen number. Based on these facts, the assumption is also employed here
for the Enskog equation. Phenomena due to nonlinear effects, expected to be significant
when the applied pressure or temperature gradient is not small, e.g. non-uniformity of
temperature profile in pressure-driven flow (Zheng, Garcia & Alder 2002), are outside of
the scope of the present work.
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2.2. Basic equation and boundary condition
Let us denote by X = Dx the position, by (2RTp)!/?¢ the molecular velocity, by
00(2RT)~3/%f the VDF of gas molecules, by ¢ = Dé the molecular diameter, by ppp the

density of the gas and by T,, = T T, the temperature of the plates. Then, from assumptions
(1) and (ii), the behaviour of the gas is described by the following boundary-value problem

for f:

of of 1., 1-6 1—-6
518— Qa_xz =7 o) (- S <t < ) (2.1a)
o(f) = 2\/5 [Y< <x+%8k>;no>f(x+&k, Ef(x, &)
—¥ (/3 (x — 5"") ; no)ﬂx — 6k, £ )f(x, c>]
x(V-k)HWV - k)dkde,,, (2.1b)
. Y(pn0) 12— (po/m)mo?
Y : — s Y = ——, =, 21
(03 10) Y(ro) ) =3 d—pp 0 G (2.1¢)
p= / fde, (2.1d)
=t+W-kk, ¢ .=t,—WV-bk V=t,—-¢, 2.1e)
Y] —1
k= ?Kn, Kn = 50, = [ﬁnoZ(po/m)Y(no)] , Q.1f)

> Pw S ) ( 1-&)
b.c: —_— =0, = , 2.1
¢ f= (ﬂTw(Xz))3/2 CXp ( T (x2) 020, x1=7F ) (2.1g)

pw—q:z/ ) /g af dg, (2.1h)
w 2 1

Tw(x2) = 1 + crxa, (2.17)

1 ( (1-6)/2 . )
with n / / fdedx
l—0 \J_a-4,2

Here, k is the unit vector in the direction joining the centres of the colliding molecules, H
is the Heaviside function, 19 and png are the volume fractions of molecules corresponding
to the average and local densities which indicate denseness of the gas and ¢ = ||,
respectively. The quantity £( is the mean free path of gas molecules at the equilibrium
state at rest with density pp and temperature 7. We shall use k in place of the Knudsen
number Kn to indicate the degree of gas rarefaction (or smallness of the system). The
operator Q is the Enskog collision integral, and it includes the parts which are quadratic

= 1. (2.1j)

x=0

in f‘ like the Boltzmann collision integral. However, colliding molecules occupy different
positions due to the finite molecular size, and the collision frequency is increased by the

function ¥ that represents an approximate pair correlation function. Hence Q is a fivefold
integral that is non-local in the position x as well as ¢ and it is more complicated than the

Boltzmann collision integral which is local in x. The integration in Q is carried out over
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Figure 1. Plot of the volume fraction of molecules ng as a function of k for 6 = 0.001, 0.01, 0.05, 0.1
and 0.15.

the whole space of ¢, and over the whole direction of k. In the integral, quantities, here

the VDF f (x £ 6k, ) and the density p(x £ (1/2)6 k), are read as zero if their arguments
are outside of the domain {z = (z1, 22, z3)||z1] < (1 — &)/2}. This rule is also applied to
various integrals appearing later. The functional form (2.1¢) of Y (or Y) corresponds to
the Carnahan—Starling equation of state. The centre of a molecule is able to move in the
domain with a width D — o, which is narrower than the gap width D by the molecular
diameter o. This fact is reflected in the collision integral (2.15) and the condition (2.1j) as
well as the equation (2.1a) and the boundary condition (2.1g).

Note that the non-dimensional numbers k, 6 and ng in (2.1) are not independent but are
related as (Sheng et al. 2020)

JT 1
k= —0—o—.

2 63/200Y (10)
In the present paper, k and &, the degree of gas rarefaction and the molecular size, are
considered as the parameters of the problem. We regard the volume fraction of molecules
no as a function of k and & determined by (2.2). Its plot is shown in figure 1, which implies
that the gas becomes more dense with the decrease of k and the increase of & and that it
becomes less dense with the increase of k and the decrease of .

(2.2)

2.3. Macroscopic quantities

For later convenience, here, we introduce the macroscopic variables besides the density
given by (2.1d). The flow velocity, temperature, pressure, stress tensor and heat-flow vector
are given by (2RTo)'/20;, ToT, p = pop, popij and po(2RTy)'/2§;, respectively, where 9,
T, p, pij and g; are defined as the following moments of the VDF f:

R 1 -
N f ¢if dg, (2.3a)
0
.2 o
T=— [ & —v)fdg, (2.3b)
3p
. o L+n+nt—n? .
p=pT X ———————, n=pno, (2.3¢)
1—-mn3
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A ~(k A
by =py + 5y, (2.3d)

A =2 [ o - i ae. (23¢)

0 1 s/ 1, . . . A P
W =57 [ (p (x+ (5“ —a) k) ;no)ﬂx—ak, G+ G -k 0)

x (V- k)*H(V - k) da dk d¢ d¢,, (2.3f)
bi=a"+q", (2.3g)
" = / (¢ — 0 (g — D0 dg, (2.3h)

NONIER. O e
i = = [ w07 - - 07
~ 1 N N
<7 (/3 (x+ (5& - a) k) : no)f(x Gk )+ (6 — @k, ©)
x (V- k)H(V - k) da dk d¢ d . (2.3i)

Equation (2.3¢) is the Carnahan—Starling equation of state. The stress tensor p; and the

heat-flow vector ¢; are given by a sum of two parts, respectively. The first part, [)Ejk) and

E]Ek), is called the kinetic part and has a familiar form. The second part, [75].”) and E]EU), is

called the potential part (Cercignani & Lampis 1988), and it represents the contribution of
instantaneous transfers of momentum and energy in binary collisions.

2.4. Linearization

Recalling that we consider the situation where the applied temperature and pressure
gradients are small (see assumption (iii) in § 2.1), within the linearized regime, we can

seek the solution f of problem (2.1) as a sum of reference state and perturbation, as follows:

f=M@x1, &)+ @1, x,8) + 0@ (@] < M), (2.4q)
M= pyeDE@),  E@) =12, (2.4b)

2
+cp [REQ)dp(x1) + ¥p(x1,8)]. (2.4¢)

3
d =cr {X2E(§) [@T(xl) + <§2 — —) ﬁM(Xl):| + ¥r(x1, C)}

Here, some notes may be in order:

(1) The function M is the reference state of the gas that is achieved when both the
temperature and pressure gradients are absent, i.e. when there is no driving factor
in the system. While for an ideal gas (the case of the Boltzmann equation) this
state is a uniform equilibrium state at rest, for a dense gas it is an equilibrium state
at rest with a density distribution pys(x;) varying in the direction normal to the
plates (Frezzotti (1997); see also figure 2(a) shown later). The non-uniformity of
the reference density is attributed to the fact that some of intermolecular collisions

962 A20-6


https://doi.org/10.1017/jfm.2023.270

https://doi.org/10.1017/jfm.2023.270 Published online by Cambridge University Press

Poiseuille and thermal transpiration flows of a dense gas

which detach the molecules from the plates are forbidden near the boundary due to
their finite size and accordingly they are pushed to the plates.

(i1) The function @ is a perturbation around the reference state M. In its expression,
the subscripts T and P are attached to discriminate the quantities related to the
thermal transpiration and Poiseuille flows, respectively. The O(®?) term in (2.4a)
is the negligible error in the linearized regime. As will be seen later in § 4, when
the molecular size & is finite, the pressure gradient d,,p and the stress gradient
dx,p22 are not identical, and moreover they are non-uniform in xj. Here, the latter
is regarded as the driving force for the Poiseuille flow since it is the stress rather
than the pressure that has the role of the mechanical surface force. Thus, we
require that its average in the x; direction be normalized and zero, in accordance
with the nature of the Poiseuille and thermal transpiration flows, respectively. To
be more precise, with py» being evaluated with f = M + @, we require that (1 —

AN 1-6)/2 ~ AN — 1-6)/2 ~
&) S dubnler—odxi = cp and (1= 6) U770 B poalepmo dx) = 0

for respective flows, where the constant cp represents the magnitude of the averaged
stress gradient in the Poiseuille flow (|cp| < 1 by assumption (iii)). Since dy,p2 =
dx,p = const. for the Boltzmann equation, cp also corresponds to the magnitude of
the pressure gradient (D/pg)|dp/dX>| in this case. The parts cpx2 E(¢)dp(x1) and

crxE(O)[dr(x) + (£% — %)ﬁM(xl)] are the perturbed Maxwellians representing
the pressure (or stress) and temperature gradients, respectively. Recall that the
magnitude of the latter is represented by the coefficient c7[= (D/Ty)(dT,,/dX2)].
The functions ¥7 and ¥p, which are considered to be odd in ¢, represent the
respective flows.

(iii)) The expression (2.4) might look like an arbitrary assumption at a glance, however, it
turns out to be an appropriate form of the solution. It is an extension of the similarity
solution for a rarefied gas (see also, e.g. (2.8) in Takata & Funagane (2011) or (1)
in Ohwada et al. 1989) to the case of the dense gas, where the non-uniformity
of densities in x; is taken into account here due to the finite molecular size both
for the reference part py and the perturbed parts @7 p (the case of Boltzmann
equation corresponds to the case pp(x1) =1, @or(x;) = —1 and @wp(x;) = 1). To
confirm the consistency of (2.4), actually we can proceed in the following way,
which is detailed in Appendix A. First, substitute f M= pomE into the equation
(2.1a) and the condition for average density (2 1j). Then, we reach the system which
determines the reference density py (and M accordlngly) with no inconsistency.
Second, introduce the perturbation @ and substitute f M+ @ (see also (2.4a))
into the equation (2.1a), the boundary condition (2.1g) and the condition for average
density (2.1j), and neglect the second- and higher-order terms of perturbation @
according to assumption (iii). Then, we are left with the linearized system for the
perturbation @, without any inconsistency. Third, substitute the expression (2.4c)
into the system for @ and closely examine the resulting expressions, in particular
those of the collision integral. Then, we find that the form (2.4¢) introduces no
inconsistency, and the systems for the perturbed densities @7 p and the VDFs ¥ p
are accordingly obtained.

2.4.1. Problems of py, &r p and Yt p
In (2.4), pu, &t p and Wr p are the functions to be determined. Following the above steps
explained in the item (iii) or Appendix A, we find that the densities Op7, @7 and @p satisfy
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the following integro-differential equations, while the VDFs ¥ and ¥p are the solutions
of the following boundary-value problems of the linearized Enskog equation:

dp 1—-6 1—-6
de;f“) SAAED) (— 2“ <x < 2“), (2.5a)
| pa-o2
with A / o) dxy = 1, (2.5b)
=6 J -4
dc?)ﬂ(xl) Kilos. pulcin) 1—-0 1—0 (2.60)
= g, X - <x1 < , .6a
dr, 1{wg, pplx 5 1 3
with  Ko[or, oyl = Llpm] — 1, (2.6D)
Kolop, pul =1, (2.6¢)
Wy 1 g 1—-6 1-6 0
— = - — <X < , Ja
Dae, — xrWp) t s 2 ! 2
1-6
be. Wy=0 <gl 20,0 =F— ) . (2.7b)

Here, $ =T, P in (2.6a) and (2.7). The operators Jy, J>» and J3 appearing in (2.5a),
(2.6b) and the definition (2.11a) of the source term I7 shown later are integrals of py
given by (B1) in Appendix B. The operators Kj, K> and K3 appearing in (2.6) and the
definition (2.11) of I are integrals that are linear with respect to @g given by (B3) in
Appendix B. The integrals J; and K represent the contribution coming from the collision
integral Q to the densities py and @g. Equations (2.6¢) and (2.6b) are the reduced form
of the aforementioned conditions on the stress gradient dy,p2> explained in the item (ii)
of §2.4 (see also the last paragraph in Appendix A.3). By these conditions (2.6¢) and
(2.6b), wp and @y, which satisfy the same linear equation (2.6a) and are thus equal up
to a multiplicative constant, are distinguished from each other. The quantity L appearing
in (2.7a) is the following Enskog collision operator linearized around the reference local

equilibrium state M(xi, ¢):
L) (x, &) = C(Y)(x, &) —v(x1, Y (x, £), (2.8a)

1 - 1
CY)(x. 8) = Wor {Y<,5M (X1 +§6k1>;770)
x #1004+ 6k, 0w e &) + (x4 Gk £, 8

~ 1 ~
-Y (ﬁM (xl — 55/61) ; 7)0) Y(x—ok, & )M(x1, &)
+ ¥ (ﬁM (x1 + %kl) ; no) () (x + %k) M(xi + &k, £ )M (x1, &)

— ¥ <,5M (X1 — %kl) ; 770) (¥) (X— %k) M(x; — 6ki, & )M (xy, O:“

x (V-k)HWV - k)dkde,,, (2.8b)
962 A20-8
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1 ~ 1
v(xg, ¢) = 2m/Y<ﬁM <X1 —§5k1>;770>

x M(x; — 6ki, £ )(V - H(V - k) dkdg.,, (2.8¢)
where
- I no(5—2rno)
Y (r; = , 2.9
L0 = Yy 20— ) 290
() (x) Z/tﬂ(x, $)dg. (2.9D)

In the decomposition (2.8a) of L, C is the integral operator with some smoothing property
in the molecular velocity ¢ and v is the collision frequency for the reference equilibrium

state M (x], ¢). The function Y given in (2.9a) is just a perturbed part of Y such that

Y(om + ¢ (W) s n0) = Y(burs m0) + ¢ () Y1(oars mo) + O(c?) (le] < 1).  (2.10)

The source term Ig in (2.7a) is given in terms of the densities oy and &7 p as

3
I7(x1,8) = —0HE) |:,5M(x1) (é“z - 5) + (;)T(xl)i|

_ SEQ) {eoK3lor, pmlx1) + J3lAm](x1, §) ). (2.11a)
k2427
Ip(x1,8) = —0E(¢)wp(x1) — kzjﬁizE(K)KB,[c?)P, Pml(xr). (2.11b)

Thanks to the symmetry of the present problem with respect to the middle of the gap
x; = 0, we can seek the VDF ¥y with the following property:

A

1—0

Yg(x1, 1, §2, §3) = Wp(—x1, =81, 82, 83) (0 <x < ;B=T, P) . (212)

Thus, hereafter, we impose the following condition:

Y50, ¢1, &2, &3) = Wg(0, =41, 82, £3) (2.13)

on ¥g, which is obtained by substituting x; = 0 into (2.12), and we consider the problem
of Wgon —(1 —6)/2 <x1 <O.

2.4.2. Expressions of macroscopic quantities
Substituting the solution (2.4) into (2.1d), (2.3a)—(2.3¢), (2.3e), (2.3f), (2.3h) and (2.3i),
within negligible error O(c%, c%) in the linearized regime, we have the following

expressions for the macroscopic quantities p, vy, 7', p, [)Ejk), ﬁﬁjv), Z]Ek) and E]E"):

p = pu(x1) + crx2dr(x) + cpxadp(x1) + O(cp., c7), (2.14a)
by = crul¥rl(x1) + cpul¥pl(x1) + O(cp, c7), (2.14b)

01 = O(ch, c3), 03 = O(ch, c7), (2.14¢)

T =14 crxa+ 0(ch, c3), (2.14d)
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P = AuCe)S1(Bu(x1)no) + crxaGr(x1) + cpxaGp(x1) + O(cp. ¢7). (2.14¢)
PSS = A1) + ernaGly 1 (1) + cpaGoy p(x1) + O(ch, 3, (2.14f)
P = erPE1r] ) + epP R [Wpl(xr) + O(c3, 3, (2.14g)

P =% + 0 B, B =% + 0w ),
Pl =0} ), Y = 0(ch. ch), (2.14h)
By = Pglf,M(xl) + CTXZGH,T(XI) + CszG(llf?P(xl) + 0(c3, c3), (2.14)
Agé) = P;?M(xl) + CTxZvaz)T(xl) + CszGgé)P(xl) + 0(ch, c3), (2.14))
Py = CTPU &) + CPP12 »(x1) + O(ch, c3), (2.14k)
P =p + 0k, 2, By =0k 3, Py =0k, ¢, (2.141)
& = crQP[rI() + cpQP[Wpl(x1) + O(ch, 3, (2.14m)
& = Q¥ (x) + epQY (x1) + 0}, 3, (2.14n)

~(k ~(k ~ ~
iV =0} . =00} B &V =0h ). 3 =0k c}). 2140)

Here,
2.15q)
Gt = pm(x1)S1(pm(x1)n0) + o7 (x1)[S1(Opr(x1)10) + S2(Par(x1)10)1, (2.15b)
Gp = op(x)[S1(Pp(x1)n0) + S2(om (x1)n0)], (2.15¢)
l+r+r2—7p 2r(2+2r—r2)
Si1(r) = W, Sa(r) = w, (2.15d)
Gy = u(r) + o), G35 p = dp(x), (2.15¢)
PR =2 [ acwy . 2.150)
P pta) = PYY, (x1) + P 191, (2.15g)
0P [wg] = / & ((;2 - g) wgde, (2.15h)
) _ ) o (v) .
O =07 [¥rlx1) — {M[WT](M) + ﬁ} Py (1), (2.150)
0y = QW IWp](x1) — ulWpl(x)PYy yy (x1). (2.15))

The expressions of the stress contributions P%}?M, P(zg) M Pg) wor and P(lg) op and the

gradients G%ll))T, G%lf) P> Gggj and Ggg p» Which are all defined as the integrals of the
densities py, @7 and @p, and those of Pi?[lll,g] and Q(”)[lI/ﬁ] are given in Appendix C.
Note that c7Gr, cr(GYy 1+ G5y 7) and e (QP[Wr] + OF) (or cpGp, cp(Goy p + Gy p)
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and cp(QW [Wp] + Qg’))) are the gradient of pressure dy,p, that of the (2, 2) component
of stress dy,p2 and the heat flow go for the thermal transpiration (or Poiseuille) flow,
respectively, within the linearized regime (see (2.14¢), (2.3d), (2.14f), (2.14)), (2.3g).
(2.14m) and (2.14n)).

It is better to mention again the expression (2.14) is obtained within the linearized
regime. At a glance, it might look strange that the temperature T is uniform for the
Poiseuille flow and that the diagonal kinetic-part stress components are equal to each
other (see (2.14d) with cr = 0 and (2.14h)). However, they are justified in the linearized
regime, and deviations from them are attributed to nonlinear effects of O(C%,, C%), which
are neglected here due to the smallness (see also the last sentence in § 2.1). The coefficients
cp.r need to be sufficiently small compared with 1, and, in addition, compared with the
degree of gas rarefaction k when we consider the flow with small k. (Some of the quantities
of interest in the present paper are of O(k) rather than O(1).) Although there is no definite
threshold, e.g. when cp.7 < 0.001 or cpr < 0.0001, the nonlinear effects would likely not
be significant for the cases presented in § 4, where k is in the range [0.05, 10].

Also, as in other works based on the linearization assumption, flows between two
infinitely wide parallel plates are considered in the present work. Thus, when flow in a
finite-length channel with moderate pressure and temperature differences is considered, its
length (and the lateral width when a rectangular channel is considered as in experiments)
needs to be sufficiently long compared with both its gap width D and the mean free path
so that the results for infinitely wide plates give a good description of the flow (Sharipov
1999). Note that, for the case of a rarefied gas, there is an experiment of pressure-driven
flow (Ewart et al. 2007) taking this condition carefully into consideration (the channel
length and lateral width are respectively approximately 1000 and 52 times the gap width).
There, it is reported that the experimental results agree well with numerical results for
infinitely wide plates (Loyalka 1975) based on a model kinetic equation for a wide range
of the Knudsen number approximately up to 10.

2.4.3. Net mass flow and conservation law
Denoting by po(2RTy)'/>DM the net mass flow through the gap per unit time and unit
length in X3, M is given as

M = crMr + cpMp + O(ch, c3), (2.16)
where
(1-6)/2 R
Mg = / Pm($)u[¥g](s) ds. (2.17)
—(1-6)/2

Multiplying (2.1a) by ¢ and integrating the result over the whole space of ¢, we have the
following conservation equation for the momentum in the x, direction within negligible
error in the linearized regime:

0p12  9p» 2 2
24 22— 0(c5, 7). 2.18
0x1 + Xy (- ) (2.18)
Substituting the expression of pi2 and pas (see (2.3d), (2.141), (2.14g), (2.14)) and (2.14k))
into (2.18) and integrating the result over [—(1 — &) /2, x1] with respect to x|, we obtain
crSt(x1) + cpSp(x1) = O(cp, c7), (2.19)
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where

v 1-6
Sp0n) = P 1Ws1 ) + Py 5(xr1) — P[0 ( . “)

. G® @)
+ / (G4 + G y(9) ] as. (2.20)
~(-6)2

In obtaining (2.20), we have used the fact that the potential part of the stress P12 g vanishes

on the boundary x; = —(1 — &) /2. The relation (2.19) will be used for the accuracy test
of our computation.

3. Numerical method

The densities py, @wr and wp, which are defined by (2.5) and (2.6), can be obtained
numerically by the method in Frezzotti (1997). Thus, the problem is reduced to (2.7) with
(2.13) for the VDFs ¥ and ¥p.

Let us explain the numerical solution method for the problems of Y7 and ¥p. We
solve them by using iteration based on the integral formulation (Takata & Funagane 2011;
Hattori & Takata 2015) of the Enskog equation combined with the fast Fourier spectral
method (Filbet et al. 2006) for the computation of the collision integral. Taking into
account (2.8a) and (2.13) and formally integrating the equation (2.7a) with respect to xi,
we have

X1

1 1 X
Y (x1, ) :/ [k§1 C(¥p) (s, C)+C_Iﬂ(s C)} exp (-Ef v(p, C)dp) ds

—(1-6)/2

1—0o
(— > <x1 <0, §1>0>, 3.1a)
1 [
Yp(x1,¢) = ¥p(0,8~ )GXP( k;,/ V(PJNP)

T 1 1 [
+/O [k{ C(¥p) (s, €)+C—Iﬁ(s ;)} exp <_k_§1/5 v(p, C)dp> ds

1—0
(— 5 <x1 <0, ¢ <O), (3.1b)

where {™ = (=1, {2, ¢3) and B = T, P. Since C is an integral operator, C(¥g) is mild in
¢ even if its argument function ¥y is not. Thus, the factor of steep variation of ¥4 in §
(or ¢1) is explicit in this formulation, which will be advantageous in accurately capturing
the structure of the solution. The solution ¥y is constructed by iteration based on (3.1)
from its initial guess. The data of C(¥g) are computed by the fast Fourier spectral method
from the given data of Wg. The fast Fourier spectral method for the nonlinear Enskog
collision integral is explained in Wu et al. (2015). Following the reference, we can prepare
the method for the linearized Enskog collision operator C in the present work. The spatial
integration with respect to p and that with respect to s in (3.1) are performed analytically
after v and (C(¥g), Ig) are interpolated respectively with piecewise linear and quadratic
functions from their data on the lattice points for position x;.
Information of lattice systems and accuracy is briefly given in Appendix D.
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Figure 2. Profiles of quantities related to the density and the gradients of the pressure and the (2, 2)

component of stress; (a) fyr. (b) & and Gp, (¢) Gr. (d) Gy 7 + G357 (¢) Gp and (f) G35 p + Gy .

4. Numerical results and discussions

Figure 2 shows the quantities related to the density and the gradients of the pressure and the

(2, 2) component of stress in the x-direction, namely oy, @7 and @p, G, Gg;)j + GSQT,

Gp and ngz) pt Gé%) p» for the molecular-size parameter 6 = 0.01 and 0.1 and the degree
of gas rarefaction k = 0.1, 1 and 10 (see also the last sentence of the first paragraph in
§2.4.2). The profiles for small 6 and large k (e.g. for ¢ = 0.01 and k£ = 10) are almost
uniform and close to their counterparts for the Boltzmann equation. On the other hand,
for large 6 and small k (e.g. for 6 = 0.1 and k = 0.1), or when the gas is dense, they

vary significantly near the boundary and are non-uniform in the x; direction. As for the
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origin of the non-uniformity of densities py and o7 p (figure 2a,b), see also the item
(1) in § 2.4. The gradient of the pressure actually differs from that of the (2, 2) component
of stress (compare figures 2c and 2d, and figures 2e and 2f), even if their averages over
x1 are taken. This is in marked contrast to the case of an ideal gas (or the Boltzmann
equation), in which the gradients of the pressure and the normal stress components are
uniform and identical for each of the two flows considered here. The stress gradient for the
thermal transpiration flow is negative near the boundary and positive in the central part
of the gap (figure 2d). That for the Poiseuille flow is smaller in the central part of the gap
than near the boundary (figure 2f).

The densities ppr(x1) and wp(x1) shown in figure 2 seem to vary significantly only near
the boundary within the distance O(6) and approach their values pys(0) and @p(0) at the
middle of the gap. By using the rescaled distance from the boundary (x| + (1 — 6)/2)/6
and semilog plot, figure 3(a—d) demonstrates this observation. The approach to the values
om(0) and &p(0) in the uniform region is actually sufficiently fast in the scale of O(5).
Moreover, the magnitude of the deviation between the density on the boundary and that at
the middle of the gap is of the order of the volume fraction of molecules ng (figure 3e, f).
From these results, when ¢ and k are decreased simultaneously so that g is finite, a thin
layer with the thickness of O(6) adjacent to the boundary, where the densities deviate up
to O(np) from their values in the uniform region outside the layer, is expected to appear.

In figure 4, the profiles of the mass flow ppu[Wr] for the thermal transpiration flow
are shown for various values of the degree of gas rarefaction k and the molecular-size
parameter 6. When k is not small, the flow is smaller for larger 6 (see panel a). Its main
reason is simply that the increase of the temperature along the plate in units of the effective
width D — o where the centre of a molecule can move, which becomes shorter for larger o,
is small, so that the flow is less driven. This effect is more significant than the enhancement
of the flow due to the increase of the effective Knudsen number defined with the length
D — o, which should be taken into account too. Related observation will be done for the
net mass flow shown later. When £ is relatively small, in turn, as & increases, the flow
is enhanced over the whole gap including near the boundary. Indeed, for kK = 0.1, the
mass flow is larger for larger & (see panel b). This is expected to be associated with the
increase of the thermal conductivity of the gas accompanied by the increase of &, which
is explained by the Chapman—-Enskog theory for a dense gas (Chapman & Cowling 1991)
for small Knudsen numbers, because the thermal slip coefficient, which approximately
represents the magnitude of the induced flow, is likely larger for the gas with larger thermal
conductivity, judging from the relation between them for monoatomic rarefied gases. The
negative gradient of stress near the boundary also contributes to the increase of the mass
flow there (see figure 2d). With further decrease of k, we observe considerable decrease of
the mass flow in the central part of the gap (see figure 4¢,d). Figure 2(d) implies that this
is due to the deceleration by the positive gradient of stress there. Incidentally, when k is
small and & is large, although the profile of the flow velocity u[¥r] differs quantitatively
from the mass flow ppu[¥r] due to the non-uniformity of Py, the qualitative features
mentioned above are in common with u[W¥7].

The profiles of the mass flow gy u[Wp] for the Poiseuille flow are shown in figure 5 for
various values of the degree of gas rarefaction k and the molecular-size parameter 6. The
profile is flatter and the flow is smaller for larger 6, which is consistent with the fact that
the magnitude of the Poiseuille flow is roughly inversely proportional to the viscosity for
small k and its increase is accompanied by the increase of &.

Figure 6 shows the profiles of the heat flow for the thermal transpiration flow. When k is
small, the heat flow is enhanced for larger &, which is consistent with the aforementioned
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Figure 3. Deviation of densities oy and @p from their values at the middle of the gap; (a) |pp(x1) — op(0)]
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Figure 4. Profiles of the mass flow of the thermal transpiration flow; ppu[¥r] vs x1. (a) k = 10, 1 and 0.3,
(b) k=0.1, (c) k =0.07 and (d) k = 0.05.

increase of the thermal conductivity. It changes steeply near the boundary for large ¢ as in
the mass flow. The profile of the heat flow for the Poiseuille flow is shown in figure 7. This
heat flow is known to be owing to the effect of gas rarefaction in the case of an ideal gas
since it occurs under the isothermal condition and it has no direct relation to the thermal
conductivity and viscosity. Our result shows that heat flow of this kind is also enhanced
with the increase of 6.

Let us consider the force-driven flow, a flow driven by a uniform external force in the
direction parallel to the plates. This flow has been studied in the framework of kinetic
theory with an interest in non-Navier—Stokes effects such as the heat flow along the force
direction, the temperature bimodality and the anisotropy of normal stress components
(see, e.g. Tij & Santos 1994; Malek Mansour, Baras & Garcia 1997). Note that these
are nonlinear effects, i.e. they manifest themselves at second order in the magnitude of
the normalized force. The behaviour of the mass flow of the Poiseuille flow observed in
figure 5 is similar to that of the force-driven flow within the linearized regime for small
force (Wu et al. 2016; Sheng et al. 2020), where the aforementioned effects are suppressed
sufficiently. Thus, we have also carried out the computations of the latter case, which is
described by the solution of the problem (2.7) of W¥p with the source term /p being replaced
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Figure 5. Profiles of the mass flow of the Poiseuille flow; pyu[Wp] vs x1. (a) k = 10 and 1, (b) k = 0.3,
(©)k=0.1,(d) k= 0.07 and () k = 0.05.
by
— pmE = Ip. (4.1)

Since Ip and Ip are identical for the Boltzmann equation (both are given by —{FE),
so are the VDFs (Wp and its counterpart) and the flow velocities, heat flows and shear
stresses obtained as their moments. On the other hand, for the case of a dense gas, there
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Figure 6. Profiles of the heat flow of the thermal transpiration flow; Q® [W7] + Q? ) vs x1; (@) k=10, 1 and
0.3, (b) k = 0.1, (¢) k = 0.07 and (d) k = 0.05.

are differences for the profiles of mass and heat flows between two cases although the
differences are very slight (see figure 8(a,b), in particular, the curves for & = 0.15). Recall
that the expressions of Ip and Ir (see (2.115) and (4.1)) differ for the case of a dense gas.
Actually, there is a difference between their marginal functions

/ /0 (Ip(x1, &), Ip(x1, £)) dea A3 = (I (x1, €1), I (x1, £1)) 4.2)

near the boundary for large &, as shown in figure 8(c,d). For & = 0.1 and x; = —0.45, their

difference normalized by the maximum, max,, |I;, — I;|/ maxe, |I;§|, is larger than 0.051
(5.1 %). This demonstrates that, for the case of the Enskog equation, there are differences
between the force-driven and the pressure-driven flows even within the linearized regime,
especially at the microscopic level.

In figure 9, we show the net mass flows for the thermal transpiration and Poiseuille flows.
In panels (a,b), Mt and Mp given by (2.17) are shown, respectively, while in panels (c,d),
their ratios to the net mass flows for the case of the Boltzmann equation, say M7 g and
Mp g, are shown. The quantity Mt exhibits the behaviour corresponding to that for the
mass flow profile observed in figure 4. Namely, as k becomes smaller, the enhancement of
the flow with the increase of & compensates for the decrease of the effective gap width, and
consequently the values of the net mass flows are close to each other for different & values
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(e.g. for k = 0.1 and 0.07). With further decrease of k, the mass flow rate is smaller for
larger 6 again because the flow decreases in the central part of the gap. For the Poiseuille
flow, when & is small, the Knudsen minimum is clearly observed (see panel b), which is
attributed to the fact that the braking effect due to the plate becomes smaller both as k — 0
and k — oo (more thorough explanation is found in the literature). On the other hand, as is
also pointed out in Wu et al. (2016) and Sheng et al. (2020) for the force-driven flows, the
plot becomes flatter for larger & and the Knudsen minimum becomes more invisible. This
is because the flow is not enhanced in the central part of the gap as k becomes smaller;
see the plot curves for 6 = 0.1 or 0.15 in figure 5(c—e), which are almost unchanged. In
figure 9(e, f), we show the following quantities:

k ./\/l,s

he= ——, Mg.=—L_
*T1-6 b= 1-6)2

B=T.,P), (4.3)
introduced by the conversion which corresponds to the replacement of the reference length
D by D — 0. As k, becomes larger, the plots for different 6 values exhibit the common
trend, which implies that the behaviour of the gas for large Knudsen numbers can be
characterized well in terms of the length D — o. This is consistent with the explanation of
the mass flow for the thermal transpiration flow given in the third paragraph of this section.
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Figure 8. Comparison between the pressure-driven and force-driven Poiseuille flows for the mass flow, heat
flow and marginal source term for k = 0.1; (a) ppu[Wp], (b) QX [Wp] + Q;v), (©) I; and I; for 6 = 0.1 and
(d) I; and I;C for 6 = 0.001. In (a,b), the symbols indicate the pressure-driven case, while the solid lines

the force-driven case. In (c,d), the solid lines indicate the pressure-driven case, while the dashed lines the
force-driven case.

N}

Figures 10-12 show the VDF Y7 for the degree of gas rarefaction k = 0.1, 1 and 10
at three spatial points x; = —(1 — 6)/2, —0.25 and 0 as functions of the normal velocity
component ¢ with (&2, ¢3) being fixed at (1.106, 0). In the figures, the close-ups of the
VDFs at the boundary near ¢; = 0 are also shown in panel (b) of each figure. First, the
following overall behaviour similar to the case of the Boltzmann equation is observed:

(a) There is a jump discontinuity at £; = 0 on the boundary x; = —(1 — 6)/2.

(b) When k is small, the discontinuity is small and the VDFs behave moderately in the
gas.

(c) When £ is large, the VDFs are localized around ¢; = 0 including in the gas.

However, for the finite molecular size 6 # 0, the VDFs deviate considerably from those for
the Boltzmann equation for {; < 0 near the origin on the boundary even when & is small
(see panel (b) of each figure). As ¢ is decreased, while the values of the macroscopic
quantities approach those for the Boltzmann equation uniformly in x| (see, e.g. figures 4
and 5), the VDFs exhibit non-uniform approach in (x1, ¢1). In the following, we consider
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Figure 9. Quantities related to the net mass flows for the thermal transpiration and Poiseuille flows; (a) M,

(b) Mp, (¢) M1/ Mrp, (d) Mp/Mpp, () Mr and (f) Mp .

the cause of this behaviour of the VDFs with the aid of the expression (3.15). Since the
first term on the right-hand side of (3.10) is exponentially small for |¢1] < 1, we only
have to examine the second term. As in the case of the Boltzmann equation, the integral
C(¥r), the collision frequency v and the source term /7 are smooth in velocity ¢ (or 1)
also for finite &, which can be confirmed actually from the numerical results. Thus it is
the exponential function that induces the steep variation of Y7 in {1 < 0 near the origin.
Taking into account the expression of the argument of the exponential function, we see
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Figure 10. The VDF ¥y at ({2, £3) = (1.106, 0) for k = 0.1; (a) x; = —(1 — &) /2, (b) close-up of (a),
(¢)x; = —0.25 and (d) x; = 0.

that only the integrand in the range |s + (1 — 6)/2| < k|¢1| actually contributes to the
integral with respect to s. In the meantime, C(¥r) and v vary significantly in x; in the
region within O(6) from the boundary, as figure 13 implies. Thus, for [{1| S 6/k, Wg is
determined from C(¥g) and v substantially affected by the boundary and accordingly its
value may deviate largely from that for the case of the Boltzmann equation. To confirm the
estimate, we show the deviation of the VDF ¥ from that for the case of the Boltzmann
equation ¥ g, say A¥r = ¥Yr — Yr g, normalized by its value at {1 = —0 in figure 14.
When they are plotted as functions of k¢; /&, they overlap well with each other for large k
and small 6. This supports the above estimate. Note that ¥p also has the features described
in this paragraph although their figures are omitted.

The comparison of the results shown in this section with other approaches like molecular
dynamics (MD) simulation is not carried out here since, unfortunately, it is difficult to
find the simulation result of a corresponding system such as molecules under the dense
gas condition confined in a channel joined to two reservoirs maintained at different
temperature and pressure. However, instead, let us mention some known correspondences
between results obtained by the Enskog equation and MD, which support the description
of phenomena in dense gases based on the kinetic theory:

(1) It is known that the profile of the reference density obtained from the Enskog
equation, pOp(x;) in the present paper, agrees well with that obtained by MD
simulation (see, e.g. figure 6 in Frezzotti 1997).
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Figure 11. The VDF ¥y at (¢2, ¢3) = (1.106, 0) for k = 1; (a) x; = —(1 — &)/2, (b) close-up of (a),
(¢)x; = —0.25 and (d) x; = 0.

(ii) For the force-driven flow, it is demonstrated in Sheng et al. (2020) that the velocity
profile obtained from the Enskog equation agrees well with that obtained by MD
simulation (see figures 5 and 6 in the reference).

(iii) As for the thermal response, heat flow as well as the profiles of stress, density
and temperature between two parallel plates kept at different constant temperatures
obtained from the Enskog equation agree well with those obtained by MD simulation
(see Frezzotti 1999).

5. Concluding remarks

We have investigated the thermal transpiration and Poiseuille flows of a dense gas between
two parallel plates based on the Enskog equation under the diffuse reflection boundary
condition. The problem was linearized around the local equilibrium state that is achieved
in the absence of driving sources. Then, the reduced spatially one-dimensional problems
were solved numerically by a method based on the integral formulation combined with
the fast Fourier spectral method for the computation of the Enskog collision integral. Our
findings in the present work are summarized as follows:

(i) In contrast to the case of an ideal gas, the density and the gradients of pressure
and normal stress component in the flow direction are not uniform in the direction
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(iii)

(iv)

(¢) x; = —0.25 and (d) x; = 0.

normal to the plates for a dense gas. The non-uniformity or significant variation has
been observed near the boundary within a distance of the order of the molecular
diameter for various quantities for a dense gas. The non-uniform normal stress
gradient contributes to the acceleration or deceleration of the thermal transpiration
flow for small Knudsen numbers.

The behaviour of mass and heat flows as well as net mass flows has been clarified
for various Knudsen numbers and ratios of the molecular diameter to the distance
between the plates.

In the analysis of the Poiseuille flow, most characteristics of the force-driven flow
with a small force are recovered. However, for the case of a dense gas, differences
between the force-driven and the present pressure-driven flows are observed even
within the linearized regime for small force and pressure gradient, especially at the
microscopic level.

The behaviour of VDFs, in particular, the way they approach those for the Boltzmann
equation as the molecular diameter becomes smaller, has been clarified.
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Appendix A. Outline of linearization procedure

In this appendix, we summarize the outline of the linearization procedure for the Enskog
equation.

A.l. Reference equilibrium state

First, substitute f = M = py (x1)E(¢) into (2.1a). Then, the left-hand side of (2.1a) is
recast as

dpm(x1)

[Left-hand side of (2.1a)] = {1 E(¢) P
1

(Al)
On the other hand, the right-hand side of (2.1a) is transformed as

[Right-hand side of (2.1a)]
1 A 1
= ksz |:Y (ﬁM (xl + 557(1) ; 770) pm(xi + 6k)E&,) pu(x1)E")
N 1 A ~
-Y </3M <xl - §3k1> ; no) Pu(x1 — 6k1)E(C*),5M(X1)E(§)] V-k)HWV - k)dkdg,

1 N 1
= —m / Y (ﬁM <x1 - 55/61) ; 770) Pu(x1 — 6ky) Py (x1)
x (V-BH(-V k) +HWV - E¢)EQ) dkdg,

1 N 1. . A
= m f Y </0M (xl — Eakl) ; T)o) om(x1 — oky)pm(x1)
X (S1ky + Loko + $3k3)E(¢) dk
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27 1
= kzmpM(Xl)QE(C)/ ( (xl - 552) ; 770) Pu(x) — 6z)zdz
= OE@)[pml(x1), (A2)

where J; is given in Appendix B. Note that (a) at the second equality, E({,)E(¢) =
E(¢4)E(¢) is used and change of a variable k — —k is applied for the first term in the
integrand; (b) at the third equality, H(— V-k)+HWV -k) = 1is used and the integration
over ¢, is carried out; (c) at the fourth equality, with the x; direction as the polar direction,
the integration with respect to the azimuthal angle of k is carried out (then the contribution
from the parts multiplied by {2k, and {3k3 vanish) and that with respect to the polar angle
of k is expressed as the integral with respect to the variable z.

Equating (A1) and (A2), we have the equation (2.5a) for the density pps(x1). Since
Mis a Maxwellian, it satisfies the diffuse reflection boundary condition (2.1g) with the
plate temperature Ty (x2) being replaced by the reference temperature 1. Substituting f =
M= oum(x1)E(¢) into the condition (2.1j) for average density, immediately we have (2.5b).

When the density pp(x1) satisfies (2.5), the local equilibrium state M = py(x)E©)
satisfies the Enskog equation (2.1q) in the domain —(1 —6)/2 < x; < (1 —5)/2.

A.2. Perturbation

Now, let us introduce the perturbation, @, and express f as f‘ =M+ ®. Then, subtracting
Enskog equation (2.1a) for f = M from that for f = M + &, we have

0P 1 . Aa 1
fio— + o = [ + @) — Q)] = —L(®) + O(?), (A3)
x| oxo k k
where L is the collision operator linearized around the reference local equilibrium
state  M(x1,¢). The expression (2.8) of L is obtained in a straightforward
way by using the transformation Y (p)ff = [Y (pm) + (®) Y1 (pn) + O(@H1(M +
)t + @) = ¥ (pu) W11 + [V (5) W1® + D81 + (@) 71 (pw) Wit} + O@?) (see
also (2.10)).

Subtracting the boundary condition (2.1g) or the condition (2.1j) for average density for
f = M from those for f = M + @, respectively, we have

. -6 » 3 2
be. D= |pw+poul|lF 3 ¢ —5)cra E(¢) 4 O(cr®, @°),

1—o
({120, X =F— ) (Ada)

. 1 R 1-¢6
2 2 aso

(1-6)/2
with / @ d¢ dxg
—(1-6)/2
Derivation of (A4) is straightforward and parallel to the case of the Boltzmann equation.
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A.3. Form of perturbation

We need to find the appropriate form of the perturbation @ such that @ represents
the gradients of temperature and pressure (or stress) and satisfies its equation (A3) and
conditions (A4) within the linearized regime.

For the Boltzmann equation, it is known that such a solution @ can be sought in the
form

3 - _
@ =cr [sz(g“) (—1 + ((2 - 5)) + Yr(x, C)] +¢p [0E@) + Pp(x1, )], (AS5)

where ¢p is a small constant and ¥y and ¥p are odd in ¢». The bar is attached
to discriminate the quantities from those for the Enskog equation. Calculating the
temperature T and the stress pyy with f = M + @ for the Boltzmann equation, we
have T = 1 + crxp and pyy = 1 4 ¢pxp (= p) within the linearized regime (the negligible
O(E%,, C%) error terms are dropped in these expressions). We see that cp corresponds to the
gradient of stress (or pressure) in the x» direction. The problem for @ is rewritten to those
for U7 and Wp.

Unfortunately, for the case of Enskog equation, the form (AS5) cannot satisfy the
equation (A3) and a modification is required. A clue for an appropriate modification
is that the reference state M is a Maxwellian with uniform temperature but
variable density profile in the x; direction for the case of Enskog equation. We
attempt to make the perturbation have the corresponding properties too. Accordingly,
we introduce perturbed density profile, say @7(x;) and @p(x;), as well while
keeping the temperature is constant in x;. This leads to the introduction of the

form (2.4c) of @, ie. & =cy {sz(g) [&)T(xl) (2 - %)ﬁM(xl)] —|—lI/T(x1,§)} +
cp [sz(g“)c?)p(xl) + ¥p(xq, I;)] Note that the case of Boltzmann equation corresponds
to the case oy (x1) = 1, &r(x1) = —1 and op(x;) = 1.

Calculating the temperature T and the stress D22 with f M+ @ for the Enskog
equation, we have T=1+ crxp and

P =P + Y (£p)
= [P (xr) + Py ()] + era[ Gy - (x1)

+ G22’T(X1)] + CPXZ[GQQ’P(XI) + GZZ’P(XI)L (A6)

within the linearized regime (the negligible O(C%, c%) error terms are dropped in these

expressions), where G22 r= = pp(x1) + @r(xq) and Gg;) p= @p(x1), and the expressions

of the stress contrlbutlon P(zz) y and the gradients G;Z rand Géz p are given in Appendix C.

The calculation of p p2 is parallel to the case of Boltzmann equation. As for that of p(v)
(2.3f), thanks to the explicit functional form of @ in ¢ except the parts of ¥r p, the
integration with respect to ¢ and ¢, can be carried out firstly with k£ and & being fixed
and that with respect to the azimuthal angle of k& can also be carried out subsequently. The
contribution from ¥r p vanishes due to their oddness in {>. Now, in accordance with the
nature of the Poiseuille and thermal transpiration flows, we require that

U e )
-5 f [G227P(~x1) + G22’p(xl)] dx; =1, (ATa)
- —(1-6)/2
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1 =02 0 )
— / [G5) (x1) + G5 (x1)] dxy = 0. (A7b)
=6 J_a-s)

See also the item (ii) in § 2.4. Under (A7), cp corresponds to the gradient of stress in the

Xo direction averaged in the x; direction (see (A6)). Substituting the expressions of G(zg’l;,)

and G35} into (A7a) and (A7b), they reduce to the subsidiary conditions (2.6¢) and (2.6b)
for wp and @r. Their derivations are straightforward.

A.4. Compatibility of perturbation

Finally, we have to check if the solution @ of the equation (A3) under the conditions (A4)
can be sought without any inconsistency in the form (2.4c) within negligible error in the
linearized regime.

Since @|y,—0 = cr¥r + cp¥p and Yr p is considered to be odd in &, the condition
(Adc) for average density is satisfied automatically. Substituting (2.4¢) into the boundary
condition (A4a) and (A4b) leads to the homogeneous boundary condition (2.7b) for ¥ p,
whose derivation is parallel to the case of Boltzmann equation. It remains to check the
compatibility with the equation (A3).

Substituting (2.4¢) into the equation (A3) for @, its left-hand side is recast as

dor(x1) > 3\ dom(xn)
dx +<§ ) dx ]

0D 0D
O—+o—=cr {xzé“lE(é“) [
0x1 d0xp

2

Wy R , 3\ .
+§1—a (x1,8) + HEQ) |wr(x)) + (E — —> om(x1)
X1 2

dwp(x1)
dx;

oy,
+cp {xzé“lE(C) +&4 axf) (x1,¢) + CzE(C)C?)P(xl)} . (A8)

We see that the terms in (A8) can be classified into three different kinds of terms according
to their functional form with respect to x; and ¢&: (I) crx 81 E ) (? -3 /2) dpps(x1)/dxy,

(1) 7, pxo1 E(E) dédy, o)y, (D) 7 {61097 Ger, €)/0x1 + QEQ) [dr@) + €2 = )

ﬁM(xl)]} and cp {{1811/p(x1, £)/ox; + §2E(§)c?)p(x1)}. The terms of third kind are odd

in ¢, and do not depend on x;.
For the right-hand side of (A3), first let us rewrite the form (2.4c) as @ = (cr¥r +

cp¥p) + crx2E(C? — %) om + x2E(crdr + cpdp). Then substituting it into the right-hand
side of (A3) and making use of the linearity of the collision operator L, we have

1 1 1 3
%L@) = EL(CT‘I/T +cp¥p) + EL (CszE ((2 - 5) ,5M>

1 R R
+ zL(XzE (cror + cpwp)), (A9a)
where
1 1 1
%L(CTWT + cp¥p) = CT;L(WT) + CPEL(WP)7 (A9b)
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) E g2—3 b
X CTX2 ) PM

— et EQ) (gz - 5) Nl — erZEE e, 00, (A%)
2 k2427

1 R R
zL(sz (cror + cpwp))

= crx201 E(Q) K1 [, pml(x1) — CT:j/(%QIQ[(DT, Pml(xr)
+ cpx281E(C)Ki[@p, pml(x1) — cp OEQ) 0 K3[op, pul(xr), (A9d)
k2421

and the integrals Ji, J3, K| and K3 are given in Appendix B. Derivation of (A9¢) and
(A9d) can be done straightforwardly in the similar way as (A2), where the same kind
of operations (see the items (a)—(c) after (A2)) can be used again. When the arguments
proportional to xp are substituted into the collision operator L(y) ((A9¢) and (A9d)), due
to the position displacements x + 6 k for 1 and x £ (6/2)k for () (see also (2.8)), factors
with xp £+ 6kp and xp & (6/2)ka occur in the integrand of L(v/). Then, the contribution
from parts proportional to x, gives the first term of the right-hand side of (A9¢) and the
first and third terms of the right-hand side of (A9d), and that from parts proportional to
+6ky and +(6/2)ky gives the second term of the right-hand side of (A9c¢) and the second
and fourth terms of the right-hand side of (A9d), respectively.

Corresponding to the classification after (AS8), the terms on the right-hand side of
(A3), %L(@D) given in (A9), can also be classified into: (I) crx2¢1E(S)( 2 %)Jl [om1(x1),
AD  crposiE@QK [or.p, pulx1)  and (D) cr p(1/K)L(¥1p), —cr(GEQ)/
k27/210) 15[ pm) (x1, €) and —c7, p(6 E(¢)/k2+/270) &Ko7 p, pu](x1). The terms of the
third kind can be confirmed to be actually odd in ¢>.

Finally, we equate (A8) and (A9a) by taking into account the classification (I)—(III)
of the terms. For the first kind of terms, because the equation for pys, dpp(x1)/dx; =
J1[pm1(x1), holds, we find that they nicely cancel out. Equating the second kind of terms,
we obtain the equation (2.6) for &7 p. Equating the third kind of terms, the equation (2.7)
for Yr p with the source term (2.11) is obtained.

Appendix B. Definitions of J; and K;
The integrals J1, Jo and J3 in (2.5a), (2.6b) and (2.11a) are given by

R 1 R Lo R
JilAml(x1) = %\/gpM(xl) / 1 Y (bm (rm) 5 10) Py (ro)z dz, (Bla)
. ﬁ (1-6)/2 /8/1 5% fa
2lom] 2k — ) e Jo _1( )Y (P (re) 5 mo)
X Py (ra) par (rp) dz dax ds, (B1b)
1 N 1
Blomlx1, 8) = ﬁ/sz (ﬁM (xl + 56k1> ; 770)
X pp(x1 + 0ky) pp (x1)Z(E - k) dk, (Ble)
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where
Fo=X1 —02Z, TIm=2Xx]— §6Z’ (B2a)
N A oA 1, .
ra=s—az, rp,=s4+ (0 —a)z, rC=s—|—(§o—oz)z, (B2b)
1 1 2 !
Z( =51 - 2)e " + */TE <t3 - EI) (1 —erf(r)), erf(t) = NG fo e dr.
(B2c¢)

The integrals K1, K7 and K3 in (2.6) and (2.11) are given as follows:

1 LN
Kildg, pul(x1) = %\/g [ / 1 Y (ar (rim)  m0) [m(ro)édg (x1) + @p (ro) pur(x1)]1zdz

1
+/1Y1 (Hm (rm) 3 m0) Cbﬁ(rm)/;M(ro)ﬁM(xl)ZdZ:| : (B3a)

o N (1=6)/2 16 1 ,
Krlwg, pyl = ——— // (I—29)
P 42k(1 = 6) J—=6)2 Jo =i

< A (3w ) 10) [w o () + o ra) w1

91 (5ur (r0) 5 10) g () v ) (1) | 2 ds

1 (1-8)/2
+ A/ wp(s) ds, (B3b)
=6 J_(-6)2

1
K3[dg, pml(x1) =7 / 1(1 —7%) [Y (Hm (rm) s m0) @ (ro) Par(x1)

1A
291 (o G0 0) <rm>ﬁM<ro>ﬁM<x1>] dz. (B30)

Appendix C. Definitions of several moments

(v) (v) (v) ()
P22 M’ Gll,T’ GZZ,T’ P12 ROV

The functions P11 M Pig)[llfﬁ] and Q(”)[llfﬂ] in (2.14) and

(2.15) are given by

Py ;
[Pé']éj,ﬂ_ T / / [ZZ ] (hu (r¢) s o) Pu(ra)pu(rg) da dz,  (Cla)

[ggﬂ :4fk/ / [1—2]

X {f/(ﬁM (rc) s no) [Am(ra)édr(rp) + 1 (ra) pm (r8)]

+ Y1 (M (re) s o) r (re) pu(ra) pu(rp)
+ 7 (5 () m0) A (ra) 1) | dév iz, (Clb)
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Py = / / 21— 2%)
lZ,wT 4\/—](
< AT (5 () 10) [6 = @1 w) — o2 AU (rw)]
1 ~
+ (56 - &) Y1 (bm (re) s mo) &r (re) P (ra) pu(re)
1 N
+ (55 - &) Y (bm (re) s mo) ﬁM(rA)ﬁM(rB)} da dz, (Cle)

1 G . 1

(v) ~ ~ ~

PV W] = kikoY (o [ x1+ [ =6 —é ) k1 ) ;
12 V] 2«/27:1(/0 // 1 (p (xl (20 a) 1) no)

x [ 157 - k) pwr ot — k)W (1 + 6 = ki, ©)

FI157( - B pu(x + (6 — @)k Wp(x) — ki, ;)] d¢ dkda,  (Cld)

1 G . 1
01w = 4\/Hk/0 // ¥ (ﬁM <x1 - (58 B a) kl) ; no)

x [167 @ - Bow x1 = k)Wt + 6 = @k §)

+157(8 - K)pu(xt + (6 — @)k)Wp(xy — bk, ;)] d¢dkda,  (Cle)

where

n A 1 R

rAa=x1—az, rg=x1+ (0 —a)z, rc_x1+(5 —oz)z, (C2a)
+ o° 2
590 =2 | (@FpPe ™ dr, (C2b)
+t
+ o 2
157 (1) = :I:Tc_1/2/ (t Xt £ e " dr. (C2¢)
+r

The functions (Gﬁ? P> Ggé) p)and Pg) are respectively given by the definitions of (Gll g

Ggi)T) and P(U) ;- ith their respective last terms Y (Par(re); mo) A (ra) py(rg) and (20 —

a) Y(,oM (re); 770) ,5M (ra) om (rp) in the curly brackets being dropped and @7 being replaced
by c?)p.

Appendix D. Information of computations

In this appendix, the information of computations is briefly described. The results shown in
§ 4 are those obtained with the molecular-velocity lattice system consisting of 336 x 64 x
64 points in ¢1¢2¢3-space and the spatial lattice system consisting of 181 points. For 1,
the minimum lattice interval is 1.243 x 10~ around ¢1 = 0, while the maximum interval
is 0.0931 around ¢; = £4.5. For & and ¢3, the lattice interval is uniformly 0.369. For
X1, the minimum lattice interval is 5.242 x 10~ around x1 = —1/2, while the maximum
interval is 6.944 x 107> around x; = 0 in the case of & = 0. In the case of & # 0, this
arrangement is shrunk to the interval [—(1 — 6)/2, 0]. In the computation of the collision
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integral, 192 x 64 x 64 modes in the frequency domain for £;¢2¢3-space and 32 and 16
Gauss—-Legendre quadrature points for the polar and azimuthal angles of vector k£ (with
the x; direction as the polar direction) are used. The results shown in figures 2—14 are
those for which numerical convergence has been judged within the error invisible in
the figures through the comparison with the results obtained with other lattice systems
and parameters. The momentum conservation law (2.19) provides another measure of
accuracy. The values of [S7| and |Sp|, which should theoretically be zero within the
linearized regime, are bounded respectively by 6.0 x 1076 and 3.0 x 107 for all values
of k and & chosen. This also supports the accuracy of the present computation.
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