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Abstract

The thermal-slip (thermal-creep) and the diffusion-slip problems for a binary mixture of gases are in-
vestigated on the basis of the linearized Boltzmann equation for hard-sphere molecules with the diffuse
reflection boundary condition. The problems are analyzed numerically by the finite-difference method
incorporated with the numerical kernel method, which was first proposed by Sone et al. [Phys. Fluids A
1, 363 (1989)] for a single-compornent gas. As a result, the behavior of the mixture is clarified accurately
not only at the level of the macroscopic variables but also at the level of the velocity distribution func-
tion. In addition, accurate formulas of the thermal-slip and the diffusion-slip coefficients for arbitrary
values of the concentration of a component gas are constructed by the use of the Chebyshev polynomial
approximation.

1 Introduction

When a gas is slightly rarefied or the Knudsen number is small, the overall behavior of the gas around
solid bodies can be described by a system of fluid-dynamic-type equations with terms of gas rarefaction
effect and slip (or jump) condition for the flow velocity (or the temperature). Here, the Knudsen number
Kn is the ratio of the mean free path of the gas molecules to the reference length. The solution of the
system is required to be corrected in a thin layer adjacent to the solid-body surface. The layer is of the
thickness of a few mean free paths of the gas molecules and is called the Knudsen layer. The physical
variables are subject to appreciable change there in the direction normal to the surface. These features
were clarified by a systematic asymptotic analysis of the Boltzmann equation for small Knudsen numbers
(Sone’s asymptotic theory; see, for instance, Refs. [1-4]). The slip of flow (or the jump of temperature)
and the Knudsen layer are considered as typical effects of gas rarefaction because they vanish when the
continuum limit Kn — 0 is taken. This is a common understanding irrespective of whether the gas is
pure or not.

In the meantime, Takata and Aoki [5] recently studied the steady behavior of a binary mixture of a
vapor and a noncondensable gas around condensed phases of the vapor on the basis of kinetic theory.
They carried out an asymptotic analysis of the Boltzmann equation for small Knudsen numbers and
derived the fluid-dynamic type system which describes the behavior of the mixture in the situation where
the Mach number of the flow is as small as the Knudsen number while the temperature variation of the
condensed phase may be large. Contrary to the common understanding, the derived system shows that -
the slip condition for the flow velocity is necessary even in describing the behavior of the mixture in the
continuum limit. This is an example of the recently discovered effect of gas rarefaction which remains
at vanishing Knudsen number [6]; this phenomenon was termed the ghost effect (see Refs. [4,7,8] for
details). The present paper is intended to provide accurate data of the slip boundary condition which
causes the ghost effect in the mixture in a wide class of physical situations studied in Ref. [5].

The slip condition in the fluid-dynamic-type system derived in Ref. [5] can be obtained by the analysis
of the thermal-slip (thermal-creep) [9] and the diffusion-slip [10] flows of a mixture over a plane wall. The
former is the flow of the mixture induced along the wall by a uniform gradient of the wall temperature
along its surface, and the latter is that induced along the wall by a uniform gradient of the concentration
of a component gas along the surface. Many works have been devoted to the study of these flows (see,
for instance, Refs. {10-26]). Most of the theoretical works were, however, limited to the analyses based
on model equations or rough approximations such as the variational and the moment methods. Accurate
analyses based on the original linearized Boltzmann equation were carried out only for the thermal-slip
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flow of a single-component gas [16] and for the diffusion-slip flow of a binary mixture for several values of
the concentration [22]. In order to complete the fluid-dynamic type system mentioned above, one needs
the slip condition for arbitrary values of the concentration because the concentration generally varies
along the boundary.

In the present paper, we investigate the thermal-slip and the diffusion-slip problems of a binary mixture
of hard-sphere gases. We carry out an accurate numerical analysis based on the linearized Boltzmann
equation and the diffuse reflection boundary condition for arbitrary values of the concentration of a
component gas. The numerical method is a finite-difference method incorporated with the numerical
kernel method, which was first proposed by Sone et al. [27] for a single-component gas and has been
applied to various fundamental problems of rarefied gas dynamics [28-38]. The method was extended
recently in Ref. [22] to a binary mixture of hard-sphere gases, prior to the present work. The paper is
organized as follows. First the problems are formulated in Sec. 2. Then preliminary analysis is performed
in Sec. 3, where the similarity solution and the expression of the collision integrals in terms of the integral
kernel are introduced. The numerical method is developed on the basis of this expression in Sec. 4. The
results are given and the discussions are made in Sec. 5.

2 Formulation of the Problem

2.1 Problem

We consider a semi-infinite expanse of a binary mixture of gases, gas A and gas B, over a plane wall.
The wall is located at X; = 0, and the mixture occupies the region X; > 0, where X; is the rectangular
coordinate system. We will investigate the steady behavior of the mixture in the following situations:
Problem I: The wall is kept at temperature Ty + C1.X, with C being a constant. Far from the wall, the
state of the mixture is independent of X, the pressure of the mixture and the concentration of gas A
(the number fraction of the molecules of gas A) are uniform, and the temperature of the mixture is the
same as that of the wall T + 51X2, i.e., it-has a uniform gradient in the X,-direction.

Problem II: The wall is kept at a uniform temperature Ty. Far from the wall, the state of the mixture is
independent of X;, the pressure of the mixture is uniform, its temperature is also uniform and is the same
as that of the wall Tp, and the concentration X of gas A has a uniform gradient in the X,-direction (thus
the concentration X? of gas B has a uniform gradient of the same magnitude in the opposite direction,
because XB =1 — X4 by definition).

Problem I is called the thermal-slip problem, and problem II the diffusion-slip problem.

In what follows, the pressure of the mixture at infinity (X; — oc) is denoted by py. The concentration
of gas A (or gas B) at infinity is denoted by X¢* (or X£) in problem I, and by X +C# X5 (or XB+CE X,)
in problem II. Note that the relations X£ = 1— X¢ and CB = —C# hold by definition. The superscripts
a, 3, and vy are symbolically used to represent the gas species, i.e., @, 8,7 = A4, B.

In the analysis, we make the following assumptions: (i) the molecules of gas « are hard spheres of
mass m® and diameter d* and they collide elastically each other; (ii) the behavior of the mixture is
described by the Boltzmann equation and the diffuse reflection condition for the reflected molecules on
the wall; and (iii) the magnitude of the gradient of temperature in problem I and that of concentration
in problem II are so small that the equations and boundary conditions can be linearized around the
reference equilibrium state at rest with temperature Ty and pressure pg of the mixture and concentration
X§ of gas .

2.2 Basic equation and boundary condition

We first summarize the main notation used in the paper. The ng is the reference molecular number
density of the mixture and is defined by ng = pg/kTp, where k is Boltzmann’s constant. The £, is the
mean free path of the molecules in the equilibrium state at rest with the molecular number density no
and temperature Ty when gas B is absent (i.e., £, = 1/[v2m(d4)?ng)). The z; is the nondimensional
coordinate system defined by z; = Xif5'(v/7/2)~'. The (2kTy/mA)Y2¢; [or (2kTo/mA)M/2(] is the
molecular velocity, no(2kTo/m*)~3/2(X§ + ¢*)E® is the velocity distribution function of the molecules
of gas a, where E*(() = (h®/m)3/? exp(~m*|¢|?) with m* = m*/m4, and d* = d*/dA. The molecular
number density, density, pressure, temperature, flow velocity, stress tensor, and heat-flow vector of gas «
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are denoted, respectively, by no(X§+N9), nomA (e Xg +w®), po(X§+P2), To(1+7%), (2kTp/m*)/2ug,
po(X§6i;+ P, and po(2kTo /m#)Y/2Q%, where 8;; is Kronecker’s delta. Those of the mixture are denoted
by no(1+ N), nom*(X5_4 5 MmPXE + w), po(1 + P), To(l + 1), (2kTo/m™)/2u;, po(6i; + Pij), and
Po(2kTo /mA)M/2Q;. '

The linearized Boltzmann equation in the present case (0/0t = 8/dz3 = 0) is written as [39-41]

o+ QI = T KPP (X3, X ), o
2 p=A,B

where LA* is the linearized collision integral defined by

(4,9) = Z\-}——g JU€) - £€)+9(¢) - gNE* G e - Vid(e)d%e, @)
with
! ﬂﬂa ?
e Ve, =g Bl e, (39)
V= C* ¢, d%. = dCad(eda, (3b)

e +df, . 2R
9 ) s M - s +mﬂ' (3C)

KPe =

Here e is a unit vector, {. the variable of integration corresponding to ¢, and df}(e) the solid angle
element in the direction of e. The integration in Eq. (2) is carried out over the whole space of ¢, and
over the all directions of e.

The diffuse reflection condition on the wall (z; = 0) is written as

8 = X3 (G — 2oz — 2wl [ GoUERdC, G>0, - (4a)

¢1<0

for problem I (thermal slip), and
6= —2mn [ qerEed, 6 >0, (4b)
¢1<0 .

for problem II (diffusion slip). Here ¢; is the dimensionless gradient of the wall temperature defined by

\/_
ETO

Incidentally, for later use, we also define the dimensionless concentration gradient ¢;; of gas A away from
the wall by

Cir = gloéﬁ

The macroscopic variables N<, w®, u2, etc. of gas a are written in terms of ¢* as
N¢ = /¢0Ead3C,
=M /¢aEad3C(= maNa),
1
o _ Ao 3
% /cl¢ B d,
e e 2 andS 5
Pe= g / <?¢“E°'d3<(= N+ Xgr2),
P2 = 2m° / Gi¢6*E*d¥,
= ;e / CiC_?anEadsC _ §Xau
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Here and henceforth, unless otherwise stated, the integration with respect to ¢ is performed over its whole
space. The macroscopic variables of the mixture are expressed in terms of those of component gases as

N= Y N, w= 3 o w=(Y @X5uf)/( Y wPx)),

6=A,B B=A,B B=A,B B=A,B (6)
_ 8.8 p— 5 p. = 5 0. = B _ S xBlu — o
=y X, P= Y P’ Pj= 3 P Q=) (@7 — 5 X0 (ws = w)].
B=A,B B=A.B 0=A,B B=A,B

If we denote by (X§ + x*) the concentration of gas a, x* is expressed as
x*=N*-X§N. (7

Note that x* = —x® because of the relations N = N4 + N8 and X£ + X8 = 1.

3 Preliminary Analysis

3.1 Asymptotic solution away from the wall

Let us consider the function
Sy = XELAC ~ D) + 201Gy - GA(Q), (52)
for problem I and
by = (baa — 0aB)Ta + 2O XEb1 (e — XG([DA*(¢) — DB=()), (8b)

for problem II, where ¢ = || = /¢?, 644 = dpp = 1 and S48 = g4 = 0. Here b; and b;; are

undetermined constants, and the functions A%, D2, and D)= are the solutions of the following
integral equations [40-42]:

z Kﬁaxgiﬁa(CiAﬁ’ciAa) - “Ci(ﬁlacz _ g),

ﬁ"——‘A,B
o (9a)
subsidiary condition: Y mfX} / C*APEPd¢ =0,
B=A,B 0
and
avyvae T a meXg
Z K" X5 XgLﬁa(CiDh)ﬁ: GD(‘Y) )=—( (50'7 - _____ﬁ__f)_ﬂ)’
=A,B ‘ Z mﬁXo
B=A,B (9b)
o0
subsidiary condition: Y mfX§ / CADPEBG; = 0.
B=A,B o

The function ¢3,, satisfies the Boltzmann equation (1). The corresponding macroscopic variables
take the following form: for ¢2,, in Eq. (8a), :

asy
N® = —ngz, w* = —rh"‘Xg‘zz, T% = I, x*=P*= Pi‘; =(,
uf = (by — Dra)biz, QF = A Xg6,
N=-z;, w=-(m*X§+mPXxE)zy, 7=2,, P=P;=0, (10a)

< 5 N .
u; = brdia, Qi=—-[N+ E(X(JJ“DTA + X&Drp))sia,
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and for ¢%,, in Eq. (8b),

asy
N =P%= XQ = (JOtA - 6013)372: wY = ma((saA - JaB)‘r?,a T = 0,

uf = (b1~ Baa + Bap)bin, PG = (an = bup)oabyy, QF = —Xg(EG™ — 1)5,,

A mP)zy, N=P=7=P;=0, u;=Dbrdn, (10b)

. - 5 A A
Qi =-[(Dra—DrB) + 5 Z X[l)g(AﬂA = A858))i
B=A.B

w=(m" —-m

Here A*', Ayp, Dra, f‘g’)ﬁ , and X' are functions of X£, m5, and d® and are related to the transport
coefficients (see the Appendix A).

It is seen from the form of P, 7, and x* in Eq. (10a) that ¢3,, of (8a) multiplied by c; is the solution
describing the state at infinity of problem I. Similarly, it is seen from the form of P, r, and x* in Eq. (10b)
that ¢§,, of (8b) multiplied by ¢y is the solution describing the state at infinity of problem II.

The asymptotic solution cr¢g,, or crr¢g;, is seen to represent the state of the mixture described by
the fluid-dynamic equation. Therefore we call cr¢3,, or ¢;1¢3,, the fluid-dynamic solution.

3.2 Knudsen-layer problems

Let us now seek the solution of problems I and II in the form

P = C[ Zsy + ¢?(($1, Ci)]’ (11)

where ¢ = ¢; for problem I and ¢ = ¢j; for problem II. Substituting Eq. (11) into Eqgs. (1) and (4a) or
(4b) and taking into account that ¢3,, satisfies the condition at infinity, we obtain the following equation
and boundary condition for ¢%: '
0o% =
ok = S kP (x5, XE o), (12)
61}1 B=A.B

8% = — 2 XEb1Co + XSG AX(C) — 2mr=) L2 / CoLEd,
$1<0

¢1 >0, z =0 (problem I), (13a)

B% = ~ 2 XbrrCs + X§ (DA (¢) — DB ()] = 2rin)!/? /(  GORERd,
¢1 >0, =0 (problem IIl), (13b)
% — 0, as 1 — oo. (14)

We call the half-space problem (12), (13a), and (14) the Knudsen-layer problem for the thermal slip
and the problem (12), (13b), and (14) that for the diffusion slip. For each problem, there is a unique
solution ¢% if and only if the constant b; or b;; takes a special value, and ¢% decays exponentially as
z; — oo. This is a consequence of the existence and uniqueness theorem for the Knudsen-layer problem
for a binary mixture of hard-sphere gases, which was proved recently in Ref. [43]. The theorem is the
extension of that for a single-component gas first conjectured by Grad [44] and proved later for various
molecular models [45-49]. In this way the constants by and by in the fluid-dynamic solutions, CIdgsy
and crrdg,,, are determined by the analysis of the Knudsen-layer problem. It is seen from the expression
of u; in Egs. (10a) and (10b) that by or by is the flow velocity of the mixture away from the wall when
C]‘—‘IOI‘C[[:]..
Since A = d4 =1 and Xg + X& = 1, both problems are characterized by the three parameters,

m®B (or mB/m4), dB (or dB /d4), X3
Multiplying Eq. (12) by m*(; E* for o = A, B, adding the resulting equations, and taking into account
the condition (14), one obtains the relation :
> i [ GadiErac=o. (15)
B=A,B
This is the momentum conservation law in the z;-direction.
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3.3 Similarity solution and macroscopic variables
Let us assume that ¢% is of the form
¢?( = (Cz/CP)@a(wI:Clagp)) (16)

where (, = /(3 +({. This ¢% is compatible with Egs. (12)-(14), which can be seen by using the
spherical symmetry [4] of the collision operator L?*. Therefore, using the notations

¥(21,61,G) = 2%(21,G1, ) B, (17a)
5298, 9%) = ((,/ o) EF (%@ﬂ, g—“’«») B, (17b)
P e
we can transform the boundary-value problem (12)-(14) for ¢% into that for ¥°:
ov® <
= Ba fBa B xPB
Ggor = D KL (X50P, X500, (18)
B=A,B
U* = X5, (-2m%r + A*)E®, (>0, =z, =0 (problem]I), (19a)
T = X§(,(—2m%byr + DWW — DBpa ¢ 50, ;=0 (problem II), (19b)
U* 50, as z; — oo. (20)

Note that E~, A*, and D¥)* are now the functions of ¢; and ¢, because ¢ = |¢| = (¢ +¢2)!/2. Following

the transformation by Grad [50] for a single-component gas, one can derive the expression of £#* in terms
of integral kernels. That is,

LP(f,9) = LE°(f) + L5%(9) = L5 () — v ()9, (21)
with
28%(f) = B* /0 dt, /_ A& KA (61,80, 10 ) FE1,E) (T =1,2,3), (22)
Ve
(0= (T emtmee) s ot ) [ ey, (23

The explicit form of integral kernels K5 (J = 1,2, 3) is given in the Appendix B.
Substituting Eq. (11) with the similarity solution (16) [and (17a)] into Egs. (5)—(7), we have the
following expression for the macroscopic variables: for problem I,

N = —c; Xgz3, w*=—cim®X§zy, 7% =crry, X*=P*=0,
u¥ = cr(by — Dra + U)0ia, P3 = c18%(8undja + 6:2651), QF = cr(—A* XS + H*)b,
N = —cjxs, w= —Cj(ﬁ’lAX64 +ThBX6B)$2, T=c1T3, P =0, ‘ (24a)
ui = cr(by + U)diz, Pij = c1(S* + SB) (61182 + 6:2651),
< 5 . .
Q:=cy (—/\’ - -2-(X64DTA + XOBDTB) + H) 5,'2,

and for problem II,
N® = P* = x* =ci1(0aa — 0aB)T3, w* =cppm®(8as — 6aB)T2, T* =0,
uf = crr(brr — Aaa+ Bap + Uiz,  PS = crr[(San — 6aB)T2dij + S*(8i162 + 0120;1))],
Qf = c:z[—Xa’(f"E;‘)" ~ 5% + HJ6a,
N=P=71=0, w=cu(m®-mP)zy, uwi=crby+U)ds, (24b)
Pi; = cr1(S? + §B)(8:16;2 + 6:28;1),

. . 5 . .
Qi =crr ("(DTA - Drp) - 2 Z X5(Apa— Agp) + H) di2,
B=A,B
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where

U = 3 [/ " wrdtde, (252)

Ue) =( ) mPXFUP)/( Y. wPX]), (25b)
B=A.B B8=A,B

§%(21) = 27 /0 [ ac¢edadg, (25¢)

@) =n [ @ (med+ @) - ) vrdadg, (254)

H@)= ), (Hﬂ + ;Xé’ (UP - U)). (25¢)
B=A,B

The functions U%, U, S, H*, and H, which we call the Knudsen-layer functions, decay exponentially as
71 = oc. In Egs. (24a) and (24b), they appear only in the zo-component of flow velocities u$ and u,, in
that of heat-flow vectors Q% and @3, and in the ziz>-component of stress tensors P (or P§) and P
(or Py1). On the other hand, from the relation (15) we find '

S4 + 8B =0, (26)

so that the Knudsen-layer function does not appear in the stress tensor P;; of the mixture. The property
(26) is used as a measure of accuracy of the numerical solution later. In summary, except ug, ug, Q2, Qs,
and PP (or Pj}), the macroscopic variables are expressed only by the fluid-dynamic solution: Eq. (10a)
multiplied by cr or Eq. (10b) by ¢;7.

As is mentioned in Sec. 3.2, byer and by are the flow velocity of the mixture away from the wall.
On the other hand, the expression of u; in Egs. (24a) and (24b) shows that, if the Knudsen-layer function
is neglected, the flow velocity of the mixture on the wall (z; = 0) is also given by

Uy = brey = by (d—i%), for problem I,

4 (27)

d

ug = brrerr = byr (—X—-) , for problem II.
dﬂlz

This means that the flow velocity of the fluid-dynamic solution is subject to the slip on the wall caused

by the temperature or concentration gradient. From this point of view, the constant b; is called the

coefficient of thermal slip and byy the coefficient of diffusion slip.

4 Numerical Analysis

4.1 Plan of computation

As is mentioned in the first paragraph in Sec. 3.2, the reduced boundary-value problem (18)—(20) has
a solution if and only if the undetermined constant b takes a special value, where b = b; for problem I
and b = b;; for problem II. A straightforward way to solve the problem is to repeat computation with
different b until a solution satisfying the condition (20) is obtained. However, since such a method is
generally inefficient, we adopt the method devised in Ref. [16].

Consider the function

% (21,G1,Gp) = U*(21, G, Gp) + 2> XG 6 ¢, B, (28)

where 4 is an undetermined constant. Since the second term on the right is a solution of Eq. (18), ¥
also satisfies Eq. (18):

e

Cl aml

= Y KPLP(XEWP, X5E). (29)
B=A,B
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The boundary condition for ¥ on the wall is obtained from Egs. (19a) and (19b) with (28) as

U = X5, (~2m%br. + A*)E®, (>0, z; =0, for problem I, (30a)
T = X§C(~2m°brre + DA — DEYEe ¢, 50, 2, =0, for problem II, (30b)

where
bre =br =46, brr. =brr -4 (31)

Since ¥ decays exponentially (see the first paragraph in Sec. 3.2), it is negligible at a distance large
enough, say at £; = d. Consequently ¥* at z; = d can be written as

¥2(d, G1,¢,) = 20X 8, E. (32)

The corresponding flow velocity U(z1) of the mixture, which is defined by Eq. (25b) [with (25a)] with
U replaced by 2, takes the value &:

U(d) = o. (33)
Because of Eq. (32), ¥* satisfies the reflection condition at z; = d:

v (d’ Cl) Cp) = ‘i,a (da _‘Ch Cp) (34)

We solve the boundary-value problem (29), (30a) [or (30b)], and (34) for a given bz, (or byy,), instead
of solving the original problem (18)-(20) directly. Once ¥“ is obtained, ¢ is determined by Eq. (33).
Then, ¥* and by (or byy) are obtained from Eqs. (28) and (31).

4.2 Finite-difference scheme

Because of the factor E* [see Egs. (16) and (28)], ¥* is expected to decay rapidly as [¢1]| or ¢, tends
to oco. Thus in the actual computation we restrict the regions of {; and ¢, to finite ones. That is, for

a proper choice of Z¥(> 0) and Zg(> 0), we carry out the numerical computation for ¥ in the region
0<z<d,-Zf < <Z¢,and 0< ¢, < Z;. The regions of z;, (1, and ¢, are divided into N,, 4Ny,
and 2N, intervals in the following way:

0= z§°) < xgl) - < x(N’ =d,

_Z1 - C;](——2N1) < Cl 2N1+1) < . < C](-I(O)(z 0) < Cf(l) < Ca(le) Zq
— a0 1 2N,) _ o

O_Cp()<cg()<...<<;‘( )_Zp'

Here, Z and Z7 are taken to be Zf* = Z; [V"* and Zy = Z,/Vme with Z; and Z, being constants
common to ¥4 and ¥B. For the later convenience, chiefly for the computation of collision integrals,
the lattice points of {; are chosen to be symmetric with respect to {; = 0, i.e. Ca(j ) = (“(_j). We
denote the value of a physical quantity at a lattice point by attaching the subscnpt label corresponding to
the point, e.g., \Il(z i = Fo(z(9, 20 ¢2®) For steady and spatially one-dimensional problems, it is
known that the velocity distribution function is, in general, discontinuous at {; = 0 on the wall (z; = 0)
(see, for instance, Ref. [51]). Thus ¥* has two limiting values ¥*(0, +0, ¢,) on the wall. Taking it into
account, we prepare two sets of values \I!(0 +o,k) for the lattice point (0,0, ¢, (k)) in the computation.

We obtain the discrete solution ‘Il( x) as the limit of the sequence {‘I’Z(:)k)} (n =0,1,2,...) con-

structed by the iteration using the followmg finite-difference scheme for Eq. (29):




129

where V;;;, corresponds to 8/0z;, and U y and CE’:(J"L) are defined as

58 =KAXEvAED, (20 + KB xEVB (7D, (o), (362)
CAC) <(KAAXA(ELA + £44 — £44) + KBAXE EBAYEAM)
+ KBAXS(LPA - EsBA)(\i’B(n))(i,j,k): (36b)
CEl =[KPBXE(LPP + £8P — £5P) + KAB XS L4PY(F2™) )
+ KABX(?(EfB - ﬁ;B)(ﬁ’A(n))(’i,]‘,k)' (36¢)

For V;j&, the following formulas are used: for 1 < j < 2Ny,

Vz’jk‘i’a(n) = (‘I’(l k) ‘I"(IO’J k))/hl G=1),
wolhizy, h) T2, — wr(himy, h)FET) | o+ walhema, BYFE) 0 (2<i < Ny),

(i~-1,4,k) (i—2,3,k)

(37a)

and for -2N; <j <0,

Vi B

5 a(n) 3 sa(n) 1 za(n)
_ ) Q¥ ~ 3 ¥k ~ g YN /RN, (@=Na = 1),
—'wz(h.-{-z, 1+1)‘I"():(.r2 3.k) +wn (h1+2, *+1)W2$z,j,k) - wO(hi+2a hi+l)q’z(,:)k) (0 S i < Nz - 2)7

(37b)

where

) (=) _a+2b _a+b _ b
h; =z z; ", wola,b) = ——b(a+ B’ wy(a,b) = — wa(a,b) = a,___(a T (38)

The terms C(i . k) are computed by the numerical kernel method first proposed in Ref. [27] for a

single-component gas. The details of the method is given in Sec. 4.3. The functions A* and D(®*, which
are the solutions of Egs. (9a) and (9b), appear in the boundary conditions (30a) and (30b). In the present
work, we use their accurate numerical data obtained in Ref. [42] for arbitrary values of Xg! for a binary
mixture of hard-sphere gases.

The solution procedure is as follows. Start with appropriate initial data \Il°'(°)

k) and b,. Suppose that
@Z(;)k) is known. Then \Ilz( : 2—)1) is computed by the following process.

(i) Compute C“(J"k) using ‘Il(‘(J L) and \Iig(;:l)
(ii) Using the boundary condition (30a) [or (30b)], compute \Ila("‘H) (1<j<2N;) fromi=1to N,
successively by Eq. (35) with (37a).

(ili) Compute ‘T’E’lf}:tlﬁ) (-1 > j > —2N;) using the boundary condition (34). Since the lattice points

of ¢; is symmetric with respect to {; =0, ‘if'(";,’:tl,z) is given by \ilzs,:";l,z) = 'il?;s,':tl},k)

(iv) Compute \il‘(’:(;",:)l) (-1 > j > —2Ny) from i = N, — 1 to 0 successively by Eq. (35) with (37b),
using the data ‘11"]5"*;1’2) obtained in (iii).

(v) Compute \il?‘o(:_'zl,z) and \Il‘(’t(gzl) (:=1,...,N;) by Eq. (35) with ij) = 0. Compute ‘il?’o(:_m) by
the boundary condition (30a) [or (30b)]

We repeat steps (i)—(v) for n = 0,1,2,... until \I?(l( )k) converges. Then ¥F .., and b are obtained by
Eqgs. (28) and (31) with Eq. (33). The Knudsen-layer functions are obtained from the (discrete) solution
by the integrations [Egs. (25a)—(25d)] using Simpson’s formula.

In the actual computation, we repeat the above process with new b as b, in order to reduce the errors
coming from the second term on the right-hand side of Eq. (28).
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4.3 Numerical kernel method

In order to obtain CE:,(;L), we have to carry out the complicated five-fold integrations numerically, which
requires heavy computation. In Ref. [27], an accurate and efficient method for the computation of colhslon
integrals was proposed for a single-component gas. We apply this method to the computation of C(

We first introduce the following piecewise quadratic functions B"‘i(cl, (o) of ¢; and {,, localized around

the lattice point ({;* (1) C:(m))
BPE (G, Gp) = Y (C)Xo, 22 (1) V.26 (€o)x10,221(Cp) (39)

where Y,**(y) with y = {1,(, and z = (;,{, are defined by

(Z/ _ za(2m+2))(y _ Za(2m+1))
(za(2m) - za(2m+2))(za(2m) - Za(2m+1)) 3

— Sx(2m-2) _ ,a(2m-—1)
Y2 (y) = (y - 2* Wy —=z ) a(2m-2) a(2m) (40a)
2 ) (za(zm) _ za(zm_z))(za(2m) _ za(2m—1)) 3 fOr F4 < Y <z E)

for 2002m) < y < z2(2m+2)

0, otherwise,

(y - za(2m+2))(y _ za(Zm))
Yora(y) = (z0(@m+1) _Za(@m+2))(zo(Zm+1) _ za(2m))’

for za(2m) <y< ztx(2m+2),
y (40b)

0, otherwise.

In Eq. (39), X{q,5(y) denotes the characteristic function of the interval [a, 8], i.e. y Xiap)(y) =1fora <y <bd
and x(q,5)(¥) = 0 otherwise. Then we expand ¥*(™ at g, = zg) in terms of B""h (¢1,¢p) as follows:

2N, 2N;

‘I'a(n) (1'51)’ Cl ’ Cp Z Z( ?,(znm)B‘H- (Cl: Cp) + ‘I‘(,,_z m)Bgz-m(Cl, Cp)) . (41)
m=0 [=0

for ¢ = I = 0 should

(©, +0 ) and g (0 0 y because ¥ js discontinuous at ¢; = 0 on the wall. Substitution

of Eq. (41) into Egs. (36b) and (36¢) gwes the following expression for C(':(J"L)

In the above expression and in Eqs (42a) and (42b) below, the \flz(,"zn) a.nd \Ila(")

—I,m)

be regarded as g

2N, 2N; ’

A(n) AA+ A(n) BA B( AA— A(n) BA- B(n

Cliim = 2 Z( ioim i tomy + Cinim i z"f)n) +CiTim ¥ hmy + O m‘I’(,,(J m)), (42a)
m=0 =0

2N, 2N,
B n z A(n B(n - A - B(n
(‘1(1924) Z Z ( A’fl_t-mq’(i,(l,zn) + CBkBI-'-m‘II o ) + CAB ‘I’(z(:)l m) + CBB ‘I’(g(_z,m)) (42b)

(i,l,m k,—Il,m Jyky,—l,m
m=0 =0
where
Clinim =IKAAXG (LR + L44 — L34) + KPAXBEBAN(BAE) i ny, (43a)
CHlitm =KPAX3(LPA - L34)(BPE) i 1), (43b)
Cficitm =KABXE (LB — L48)(BAL) ;i 1, (43c)
Cliiom =IKPBXP(LPB + [P - £55) 4 KABX$LIBYBEE) i x- (43d)

We call {2, and CP2E, the numerical kernels of Ca("L) Note that C74%,. (a,8 = A,B) is the

integral of a given function and can be computed beforehand. The Cf ::,‘:m has the property

chet (44)

lm_ —i,klm?

c"“-
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because of the symmetry property of E?“ (J = 1,2,3) and the lattice of {; symmetric with respect to
¢ = 0. Further, K”* and X¢' are not contained in the integrals £{4(B/}), LE4(B/}), etc. Thus we

prepare the database of ﬁf"(Bf;)(j,k), Ega(B,"’:; (,k)» and fg“(Bf,‘;)(j,k) for different values of m? for
Jj=—-2N1,...,2N;, 1 =0,...,2N;, and k,m = 0,...,2N,. The integration is performed accurately
numerically by the Gauss-Legendre formula [52]. Then the numerical kernel Cf’ ‘,ﬁm is constructed
from the database before the process of iteration by Eqs. (43a)—(43d). In the process of iteration, the
computation of the collision integrals is a simple multiplication of matrices, i.e., Egs. (42a) and (42b),

and thus is performed efficiently.

4.4 Chebyshev polynomials

One of the purposes of the present work is to provide the data for the slip boundary condition for the
fluid-dynamic type system derived in Ref. [5] (See Sec. 1). The slip condition is a linear combination
of the thermal-slip and the diffusion-slip conditions given in Eq. (27). As is seen from Sec. 3.2, the
slip coefficients b; and byr in Eq. (27) depend on the concentration Xg'. But in the physical situations
investigated in Ref. [5] the concentration generally varies along the boundary. Accordingly it is required
to prepare formulas from which the values of by and b;; are readily obtained for arbitrary values of Xg‘.
We use the Chebyshev polynomial approximation [53] with respect to X4' to meet this requirement. This
approximation is useful not only for the slip coefficients but also for other physical quantities such as the
Knudsen-layer functions. Therefore we describe it in general form.

Let us denote by T;, (n = 0,1,2,...) the Chebyshev polynomial defined for 0 < § < 7 by the relation

Tn(cos8) = cosné. (45)

Any function F of X§' can be approximated by the polynomials of degree up to N in the Chebyshev
basis as

N
F(X$) =) anTa(2X$ - 1), (46)
n=0
where
1 N-1
an = 3= D_IFeTa(i) + Fea Ty, (47)
" k=0
withepo =exy =2and ¢ =---=€eny_1 =1, and
1+
Fy = F(—5%), (48)

with yx being the Chebyshev abscissa:
Y = cos(k%) (k=0,1,...,N). (49)

The approximation (46) takes the exact value of F at X = (1 + yx)/2.

Since the function F of X4 is arbitrary, any physical quantity for an arbitrary value of X§! can
be obtained by the formula (46) from its data computed at N + 1 discrete values of Xg‘, ie., X(,‘a =
Q+yx)/2 (k=0,1,...,N).

5 Results and Discussions

In the present paper, we carry out the computation for m? /m# = 2,4,5, and 10 and for various values
of X§', restricting ourselves to the case d®/d4 = 1. The computation for other values of d®/d“ can be
performed by using the same code and database of £5* (B,ﬁ,;)(j,k), Vi (B,‘:‘;)(J-,k), etc. In what follows,
we assume that m®/mA > 1, because the results for m?/m# < 1 can be obtained from those for
m®B /m#A > 1 by a simple transformation.
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Figure 1: Coefficient of thermal slip b; and related quantities. (a) Slip coefficient b, (b) momentum M;
away from the wall, and (c) kinetic energy K per unit volume away from the wall. Both closed and open
circles indicate the present result. The solid line indicates the present result using the formula (51). The
data used to construct the formula are marked with closed circle. The dashed line indicates the result
for mB/m4 =1.

In the present computation, the velocity space is commonly limited to —4.5 < viho¢® < 4.5 and
0 < Ve o < 4.5 (ie, Z; = Z, = 4.5; see the first paragraph of Sec. 4.2), and there are 101 x 55
(problem I) or 101 x 49 (problem II) grid points in the domain of ({f, ¢7)- The x;-space is limited to
0 < z; < 24.08 (ie., d = 24.08) for problem I and for problem II in the case of m®/m4 = 2 and to
0 < z; < 32.20 (i.e., d = 32.20) for problem II in the case of m® /m# = 4, 5, and, 10 (see Sec. 4.1). There
are 301 grid points for the former and 341 points for the latter.

5.1 Slip coefficient

The coefficient of thermal slip by vs the concentration X' of gas A is shown in Fig. 1(a). Since by is
positive, the flow induced along the wall is in the direction from the colder part to the hotter at a large
distance from the wall. The by is larger for smaller molecular mass ratio m® /m4 and becomes largest at
mB /m# = 1. For mB/mA =1, it is independent of X§' because there is no difference (except “color” or
“label”) between molecules of different kind. For m® /m4 = 2, by increases monotonically with increasing
X&', the concentration of the gas with smaller molecular mass. In contrast, for m? /mA = 4,5, and 10, by
first decreases slightly, takes the minimum at around Xg = 0.15 ~ 0.25, and then increases monotonically
as X¢ increases from zero to 1. At X§' = 1, by is independent of m® /m# because of the absence of gas
B. Incidentally, the values at X§* = 0, where gas A is absent, are equal to the value at X§' = 1 multiplied
by (m®/mA)~1/2, This relation is easily seen by changing the reference molecular mass from m# to m¥&.

The slip coefficient b; corresponds to the flow velocity of the mixture away from the wall when ¢; = 1.

The momentum (0, My, 0) and the kinetic energy K per unit volume of the mixture away from the wall
is related to by as follows:

M;/clnomA(ZkTg/mA)1/2 = ﬁob}',

50
K1/cipo = inf, 0
where po(= MmAX$ + MBXP) = (1 - mP)X$ + mPB. These quantities vs X2 are shown in Figs. 1(b)
and 1(c). The momentum is larger for larger m®/mA. It decreases monotonically as X2 increases. The
values at X = 0 are the same as the value at X = 1 multiplied by (m? /m#4)}/2, The kinetic energy is
larger for smaller difference of mass. It takes the same value at X§! = 0 and 1 and attains the minimum
at an intermediate value of X§* (X§t = 0.5 ~ 0.7).

The coefficient of diffusion slip b;; vs X{! is shown in Fig. 2(a). Since by; is positive, the flow induced
along the wall in the far field is in the direction of increasing X + C‘ﬂ-Xg, i.e., from the part with
lower concentration of the gas with smaller molecular mass to the part with higher concentration of the
same gas. The b increases monotonically as X§' increases. It is larger for larger mass ratio m? /mA
when X' > 0.5. For smaller values of X§', however, its dependence on mB /m# is not monotonic, and
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Figure 2: Coefficient of diffusion slip b;; and related quantities. (a) Slip coefficient b;;, (b) momentum

M away from the wall, and (c) kinetic energy K per unit volume away from the wall. See the caption
of Fig. 1.

it becomes largest at around m®/m4 = 4 or 5. For m® /m# = 1, where there is no difference between
molecules of different kind, br; vanishes and thus the diffusion-slip flow is not induced. This fact can
be shown analytically by making use of a property of D(®)* given in the Appendix B of Ref. [54] and
the existence and uniqueness theorem for the Knudsen-layer problem for a single-component gas (see
the Appendix C). In the meantime, b;; is non-zero at X§' = 0 and 1. It appears strange at a glance
because the "mixture” in these cases is, in reality, a single-component gas, where there is no diffusion-
slip flow. However, at X = 0 and 1, the concentration gradient C#; (or cry) should vanish because
- 0< X§ + CA X, <1 by definition. Therefore, the diffusion-slip flow, which is the product of by; and
crr, vanishes, and no contradiction arises.

The induced momentum (0, M;7,0) and the kinetic energy K;; per unit volume of the mixture away
from the wall are shown in Figs. 2(b) and 2(c). They are related to the slip coefficient by through
Eq. (50) with the subscript I being replaced by the subscript 1. Both M;; and Kp; are larger for larger
mB/m4 and for larger X§.

As is seen from Figs. 1 and 2, the dependence of poby (J = I,II) [cf. the first equation in Eq. (50)
and the corresponding relation for Mj;] on X is simpler than that of b;. Therefore we make the
approximation formula of by for arbitrary values of X by applying Eq. (46) to goby, not directly to by

itself. The data used to make the formula are shown with closed circle in Figs. 1 and 2. The resulting
formula is

N
by =Y b T,(2X4 ~ 1)/po  (J = I,II), (51)

n=0

with fo = (1 — mP)X¢ + m? and the data of b{™ and b{" listed in Tables I and II. The solid lines in
Figs. 1 and 2 are drawn by using this formula. Some of the values of b; and by obtained by Eq. (51) are
shown in Table III. The number of the polynomials N in Eq. (51) is taken large enough, so that the data
in the table are estimated to be the same as those obtained by direct computation.

The thermal-slip and the diffusion-slip problems have been studied by various approximation methods
(the variational method, the moment method, etc.) or by direct computation of the model Boltzmann
equation. In contrast, in the present paper, the problems are analyzed faithfully and accurately on the
basis of the Boltzmann equation. As a result, the validity of the existing results can be assessed by the
present result. A comparison is made in Fig. 3 for this purpose. It is seen that among the existing results
the formula proposed by Ivchenko et al. [25] (ILT2, for short) is closest to the present result. It is the
improved version of their previous formula [20] (ILT1, for short) based on a special kind of half-space
moment method. ILT1 is the same as Loyalka’s formula [14] based on the variational method. The results
by Yalamov et al. [19] (half-space moment method) and by Sharipov and Kalempa [26] (finite-difference
analysis based on the McCormack model [55]) are close to ILT1 rather than to the present result.
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Table I: Coefficient bg") (n=0,...,N) in Eq. (51) for the thermal-slip coefficient b;.

mB/mA

n 2 (N=5) Z (N=%) 5 (N=8) 10 (N=16)
0 7.63642(—1)"  9.17923(—1) 9.84826(—1) 1.27740

1 ~1.32632(—-1) —3.17398(~1) —3.92397(—1) —6.90326(-1)
2 1.66396(—2)  5.12603(—2)  6.06550(—2)  6.84937(-2)
3 —1.25175(—3) —5.74465(—3) —7.00442(-3) —8.19729(-3)
4 1.02588(—4)  5.45554(—4)  5.60533(—4) —3.54147(—4)
5 —8.94758(—6) —1.01207(—4) —1.47912(—4) —3.84175(—4)
6 - 8.14885(—6)  4.05181(—6) —8.99259(—5)
7 - —1.85388(—6) —3.97989(—6) —3.47191(—5)
8 - 1.63769(-7) —1.31647(—7) —1.14587(~5)
9 - - - —4.32605(—6)
10 - - - —1.59296(—6)
11 - - - —5.67010(—7)
12 - - - —1.86957(—7)
13 - - - —8.23480(—8)
14 - - - —4.14764(—8)
15 - - - —1.55678(—8)
16 - - - 8.94466(—10)

* Read as 7.63642 x 10~ 1.

5.2 Knudsen-layer functions and velocity distribution functions

The Knudsen-layer functions of component gases U# and U? for the thermal slip (problem I) are shown
in Fig. 4. Each function decays monotonically and rapidly to zero as the distance from the wall increases.
On one hand, the functions depend monotonically on the mass ratio m? /m4. The function U4 depends
largely for small X§!, the concentration of the gas with smaller molecular mass, while U is little influenced
by the value of Xg'. On the other hand, U4 depend on X§ especially when m?2/m4 is large. This is
also true for U2, but less dependent on X§'.

The Knudsen-layer functions U4 and U® for the diffusion slip (problem II) are shown in Fig. 5. They
decay rapidly as z; — oo, but the way of decay is non-monotonic for UB. It is clearly seen that the
magnitude of U# decreases with increasing X¢' while that of UB increases.

Incidentally, some of the results for X§' = 0.25, 0.75, and 0.9 in the figures in this section are obtained
by applying the formula (46) to the functions U4 and U® for problem I and to X{U4 and XBU? for
problem II. The FORTRAN code generating the Knudsen-layer functions, not only U4 and UZ but also
H#, HB etc., for an arbitrary value of X§! is available from the authors.

Figures 6 and 7 show the reduced velocity distribution functions ¥4 and ¥# and their contour plots for
the thermal-slip problem (problem I) in the case of m®/m4 = 5 and X#! = 0.5. There is a discontinuity
at ¢; = 0 on the wall (z; = 0) [see Figs. 6(a) and 7(a)]. The discontinuity disappears inside the gas.
This is because the characteristic line of the Boltzmann equation (18) along (; = 0 does not enter the
gas region, so that the discontinuity does not propagate into the gas. [51] Its trace remains, however, as
a steep gradient around (; = O near the wall [see Figs. 6(b) and 7(b)]. As the distance from the wall
increases, ¥ is deformed chiefly around ¢; = 0 with keeping the difference of shape between the positive
and the negative regions of ; and decays to zero [see the transition from Fig. 6(a) to 6(f) and from
Fig. 7(a) to 7(f)]. These are true also for other cases.

A comparison with the other cases shows that the function W2 /((12#)3/2X ) is almost independent
of m® and X4 if it is considered as a function of VimB(; and VB(,. On the other hand, the function
¥4 /X4 rather depends on m? and X' mainly in ¢; < O region. The difference between ¢; > 0 and
1 < 0 regions is larger for larger 2 and for smaller Xg.

We omit the information about the velocity distribution functions for the diffusion-slip problem be-
cause an example of the reduced velocity distribution function has already been shown in Ref. [22]. The
qualitative features are the same as those described in the fourth paragraph.



Table II: Coefficient bf,'}) (n=20,...,N) in Eq. (51) for the diffusion-slip coefficient by;.

mB/mA

n 2 (N=8) 4 (N=12) 5 (N=12) 10 (N=16)
0 2.49793(—1)° 6.73235(—1) 8.66287(—1) 1.71982

1 5.31606(—2) 2.55179(—1) 3.68719(—1) 9.66600(—1)
2 4.27174(-3) 4.68653(—2) 8.07502(—2) 3.14293(—1)
3 5.14404(—4) 1.01504(—2) 2.00150(—2) 1.09560(—1)
4 4.72189(—5) 2.12351(—3) 4.94761(—3) 3.94440(—2)
5 5.62893(—6) 4.69641(—4) 1.26793(—3) 1.45152(—2)
6 5.54615(—7) 1.03165(—4) 3.27088(—4) 5.42339(—3)
7 6.63470(—8) 2.31888(—5) 8.56221(—5) 2.04847(-3)
8 6.74049(—9) 5.21745(—6) 2.25515(—5) 7.80244(—4)
9 - 1.18834(—6) 5.98659(—6) 2.99082(—4)
10 - 2.70543(—7) 1.60365(—6) 1.15247(—4)
11 - 6.44901(—8) 4.58402(—7) 4.46001(—5)
12 - 1.42769(—8) 1.14978(—7) - 1.73405(—5)
13 - - - 6.77619(—6)
14 - - - 2.70263(—6)
15 - - - 1.19130(—6)
16 - - - 4.12502(=7)

Table III: The values of the slip coefficients by and by; by the formula (51).

* Read as 2.49793 x 1071,
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b; brr
X&'\ mB/m? 2 4 5 10 2 4 5 10
0 0.4571 0.3232 0.2891 0.2044 0.1002 0.1141 0.1125 0.0987
0.1 0.4599 0.3199 0.2854 0.2028 0.1098 0.1309 0.1300 0.1155
0.3 0.4731 0.3241 0.2879 0.2054 0.1330 0.1769 0.1794 0.1659
0.5 0.4981 0.3469 0.3082 0.2198 0.1637 0.2514 0.2634 0.2619
0.7 0.5388 0.4007 0.3605 0.2600 0.2059 0.3864 0.4277 0.4871
0.9 0.6023 0.5231 0.4929 0.3937 0.2666 0.6805 0.8365 1.311
1 0.6465 0.6465 0.6465 0.6465 0.3078 0.9882 1.3424 3.173
r . R
10°k
brr [

10"

TTTYTT

Figure 3: Comparison with the previous results. (a) by vs X&', (b) brr vs mB/m4 for X§ =
0,0.1,0.3,0.5,0.7,0.9, and 1. In (a), the solid line indicates the present result, the dashed line the formula
in Ref. [20] (ILT1), the dot-dashed line that in Ref. [25] (ILT2), and the open circle the result in Ref. [16].
In (b), the closed circle indicates the present result; the dashed line the formula in Ref. [20] (ILT1); the
solid line that in Ref. [25] (ILT2); the open circle the result in Ref. [26] for X§' = 0.1,0.3,0.5,0.7, and
0.9; and the open diamond that in Ref. [19] for X£ = 0.5 and 0.99.
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Figure 4: Knudsen-layer functions U4 and U® for the thermal slip (problem I). (a) X& = 0.25, (b)
X2 =05, () XA =0.75, and (d) Xz = 0.9.
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Figure 5: Knudsen-layer functions U# and U® for the diffusion slip (problem II). (a) X4 = 0.25, (b)
X§ =0.5, (c) X =0.75, and (d) X =0.9.
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Figure 6: Reduced velocity distribution function ¥4 /X4 of gas A and its contour plots for the thermal
slip (problem I) in the case of mZ/m4 =5 and X§ = 0.5. (a) z; = 0, (b) z; = 0.052, (c) z; = 0.201,
(d) z; = 0.405, (e) z; = 0.975, and (f) z; = 2.004. In the contour plots the curves are drawn with the
interval 0.02. The outermost curve indicates the contour ¥4/X4 = 0.02.
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(e) £;=0.975 (f) z,=2.004

Figure 7: Reduced velocity distribution function ¥B/((nB)3/2XB) of gas B and its contour plots for
the thermal slip (problem I) in the case of m®/m# =5 and X§! = 0.5. (a) z; = 0, (b) z; = 0.052, (c)
x; = 0.201, (d) z; = 0.405, (e) 1 = 0.975, and (f) z; = 2.004. See the caption of Fig. 6.
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A Transport Coefficients and Functions A% and D!
The coefficients A*', A,g, Dro, I’ A , and N (a, B = A, B) are defined by the moments of A* or DWe

as follows:
A= R ([ - §14%), Aap = §I3(D®), Dra=§I3(4%), 52)
PP = 31z (Ime¢? — 3ID@), X = XgAY + XFAP,
where
I%(F) = 8"  ("FEedc. (53)
0
Since M4 = d4 = 1 and X& = 1 — X, they are functions of X£, M5, and d? [see the definitions of A*
in Egs. (9a) and (9b)]. There are some relations among A,g, Dra, and f‘g’)ﬁ :

(54)

and D®)e j .
Aop = Apa, Dro = XANDA 4+ XBIB
TﬁAX64AaA + ﬁ'LBX(‘)BAaB =0 7 AXéqﬁTA + T;LBX(?DTB =0.
The last two relations are the subsidiary conditions for A* and D [see Egs. (9a) and (9b)]. The A

and Dr. are directly related to the generalized diffusion coefficient {40] A,s and the thermal diffusion
coefficient [40] Dr, as follows:
op = (V7 /2)Bap(2kTo/m*)"/?by, Dro = (V/2)Dra(2kTo/m*)"/ 4. (55)

The reader is referred to the Appendix A in Refs. [54] and [5] for further details

B Expression of Integral Kernels

Here we give the explicit expression of K% (J = 1,2,3) in Eq. (22)
2 (P
K?a — { \/7(5‘3&) Epjﬁa(é.l)&p,Cl:Cp) it m® # mﬂv (56)
KBe if M =mP,
K5® =(5memf) 2 (1P2)2€,e™ kP 70 (€1, 6,, 61, ), (57)
K8 =Y, (6 — P + (6 + G0k ~ DEGK) + 2(1 - HF (B, (58
with
777 = [ doccos el ~ CIIE 61,6000, 6100), (59)
/ d S Iﬁa (Ela&p? 73 Cla CP)7 ' : (60)
(61)

l£ ¢l
/2
/ ds cosh(b%®/1 — 2 sin s),

dt cosh(—a”t)
0
- 2 2
I¢1* — |§| il | )

B me

5% = e~
(62)

I5* = exp (——
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and
aﬁa = (Aﬂa)2( |€12 + |C’2 _ € ) C) (63)
H= 7 \oma ™ B~ ppa )
b = —pPie x ¢, (64)
: 2mPm>
i = e T WA (65)
k= 4oy (66)

(6= G2+ (& + ()2

The functions F' and F in Eq. (58) are, respectively, the complete elliptic integrals of the first and the
second kinds [52] defined by

/2 /2
F(k) = / (1-ksin?8)~1/2d9, E(k) = / (1 — ksin® §)!/2d6. (67)
0 0

In the above expressions, the absolute values of vectors and the inner product of £ and ¢ are expressed
in terms of (1, ¢,, &1, &, and ¢ as follows:

1€~ ¢l = (€7 + ¢ - 26O, 1€ x ¢I = [1€71K1° - (€ - )47,

68
EF=&+6, KPP =G+, &-C=8G+EG cospe. )

C Proof of No Diffusion Slip for the Mixture of Identical Molecules

When the molecules of different species are mechanically identical, i.e., mB/mA = dB/d4 = 1, [P~ is
reduced to the collision operator for a single-component gas, say L, and the relation

3" Xg[DWe(() - DB=(()) =0,
a=A,B

holds [54]. As a result, by adding Eqs. (12), (13b), and (14) for o = A and those for a = B respectively,
one obtains the following boundary-value problem for ¥ = ¥4 4+ ¥5B:

or .
Cl&; = L(¥), (69)
¥ =-20by, >0, z;=0, (70a)
¥ 0, as z;— oo, (70b)

where L(f) = LP*(f, f) with #f = 1h® = 1. This is the Knudsen-layer problem for a single-component
gas, and thus there is the theorem for the existence and uniqueness of the solution (see Sec. 3.2). Since
the set ¥ = 0 and b;; = 0 is seen to satisfy Eqgs. (69)—(70b), ¥ = 0 is the unique solution, and the
diffusion-slip flow is not induced (by; = 0).
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