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A polyatomic gas with slow relaxation of the internal modes in contact with a solid
boundary is considered. In a previous paper [K. Aoki et al., Phys. Rev. E 102, 023104
(2020)], the two-temperature Navier-Stokes system, i.e., a set of compressible Navier-
Stokes equations with the translational and internal temperatures, was derived from the
ellipsoidal-statistical (ES) model of the Boltzmann equation for a polyatomic gas under
the assumption that the Knudsen number is small and the ratio of the collisional mean free
time to the relaxation time of the internal modes is as small as the Knudsen number. In the
present study, the appropriate boundary conditions for the two-temperature Navier-Stokes
system are derived by the analysis of the Knudsen layer on the basis of the ES model
for a polyatomic gas and the Maxwell-type diffuse-specular reflection condition on the
boundary. The resulting boundary conditions, which are of the type of slip boundary
conditions, are summarized, together with the two-temperature Navier-Stokes equations,
in a form that is applicable to practical applications immediately.

DOI: 10.1103/PhysRevFluids.6.083401

I. INTRODUCTION

Rarefied polyatomic gas flows play increasingly important roles in nonequilibrium gas dynamics
and its applications. For these flows, one needs kinetic theory based on the Boltzmann equation,
which can be written in an abstract form using the transition probabilities of microscopic states of
molecules during molecular collisions [1-9]. However, the transition probabilities, which depend
on the detailed structure of molecules and thus on individual gases, are not known for many
polyatomic gases. Therefore, it is hard to directly apply the Boltzmann equation for practical flow
problems.

To avoid this difficulty, two different approaches are often taken, in addition to the direct
simulation Monte Carlo (DSMC) method [10], which will not be discussed in this paper. One
approach is to use kinetic model equations, such as the models of the Bhatnagar-Gross-Krook
(BGK) type, that have dramatically simplified collision integrals and satisfy some basic properties
of the original Boltzmann equation [11-25]. The other is to use macroscopic or fluid equations that
are simpler than the kinetic models but are expected to be accurate when the state of the gas is close
to a local equilibrium. In the present study, we consider the latter approach.

There have been many attempts to construct macroscopic equations on the basis of kinetic theory
or purely macroscopic considerations [6,8,21,26-34]. One of the standard approaches is to derive
equations of Euler and Navier-Stokes types using the Chapman-Enskog procedure [35] from the
Boltzmann equation [6,8,28,33,34]. In the case of a polyatomic gas, the standard Chapman-Enskog
expansion leads to the ordinary Navier-Stokes equations with a single temperature and with bulk
viscosity. However, for a gas in which the characteristic (or relaxation) times of different internal
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modes of a molecule differ significantly, the ordinary Navier-Stokes equations with a single temper-
ature are not sufficient to describe flow properties [28,31,33].

In order to reduce the difficulty, some authors have derived the Euler- or Navier-Stokes-type
equations with multi temperatures associated with the translational motion and with the internal
modes of a molecule on the basis of the Boltzmann equation, taking into account the differences in
the relaxation times of different internal modes [1,28,33,34]. However, although accurate theoreti-
cally, these approaches require a large amount of information on the molecular structure, containing
numerical and empirical formulas and some assumptions, for individual gases. Therefore, for
practical applications, it was desirable to construct handy and overall fluid-dynamic models that
do not depend on the detailed molecular structure but contain only overall information.

To answer this problem, four of the present authors proposed a handy set of macroscopic
equations of Navier-Stokes type with two temperatures, which they called the two-temperature
Navier-Stokes equations (or system) [36]. Unlike the previous studies [1,28,33], the starting point
was not the original Boltzmann equation but the polyatomic version of the ellipsoidal-statistical (ES)
model, which is one of the widely used kinetic models proposed in [16] and rederived in a systematic
way in [37]. The ES model contains a parameter that is of the order of the ratio of the mean free time
of the gas molecules to the relaxation time of the internal modes. Under the assumption that this
parameter is as small as the Knudsen number, the Chapman-Enskog expansion [35] was carried out
to derive the two-temperature Navier-Stokes equations. Since the number of parameters contained
in the ES model is much less than the original Boltzmann equation, the transport properties of
the resulting two-temperature Navier-Stokes system in terms of the parameters are much simpler
and perfectly explicit. Therefore, it has a wide applicability to practical flow problems. In fact, the
system was successfully applied to the problem of the structure of a stationary shock wave in CO,
gas [36,38].

However, since most of practical flow problems contain solid boundaries, we need appropriate
boundary conditions in order to enlarge the applicability of the two-temperature Navier-Stokes
equations. The appropriate boundary conditions for the standard Navier-Stokes equations with a
single temperature have been obtained for a polyatomic gas in [39] on the basis of the ES model,
following the procedure in [40] for a monatomic gas. In the present study, we will derive the
appropriate boundary conditions for the two-temperature Navier-Stokes equations [36], starting
from the ES model, together with the condition of diffuse-specular reflection on the boundaries (the
so-called Maxwell-type condition), and following the method in [39]. The essence of the procedure
lies in the analysis of the Knudsen layer adjacent to the boundary. The adoption of the ES model,
which is consistent with the two-temperature Navier-Stokes equations, facilitates the analysis of the
Knudsen layer and enables to obtain the explicit form of the boundary conditions, which are of the
form of slip conditions, as we will see in Sec. VII. It should be emphasized that it is a great advantage
of the two-temperature Navier-Stokes equations to have clear boundary conditions, compared with
other types of moment equations.

Here the following remark is in order. Let us consider the case of a monatomic gas. The
(compressible) Navier-Stokes equations correspond to the first-order Chapman-Enskog solution,
which formally satisfies the Boltzmann equation up to the order of the Knudsen number (Kn).
Therefore, the boundary conditions for the Navier-Stokes equations should be constructed in such
a manner that the kinetic boundary condition for the Boltzmann equation is satisfied up to the order
of Kn, and the resulting conditions are of the form of slip conditions, as pointed out in [40]. In this
sense, the usual no-slip conditions, which correspond to satisfying the kinetic boundary condition
only at the zeroth order in Kn, are not consistent, and use is to be made of the slip boundary
conditions for the Navier-Stokes equations. The same remark applies to the case of a polyatomic
gas, including the boundary conditions for the two-temperature Navier-Stokes equations.

The paper is organized as follows. After this introduction, the slip boundary conditions for
the two-temperature Navier-Stokes equations, which are the main results of the paper, are sum-
marized in Sec. II, where the original kinetic problem and the assumptions are stated, and the
two-temperature Navier-Stokes equations are also summarized. The ES model and its initial and

083401-2



BOUNDARY CONDITIONS FOR TWO-TEMPERATURE ...

boundary conditions are mentioned in Sec. III, and their dimensionless forms are presented in
Sec. IV. In Sec. V the parameter setting for a polyatomic gas with slow relaxation of the internal
modes is explained, and the first-order Chapman-Enskog solution, which corresponds to the two-
temperature Navier-Stokes system, is summarized. The Knudsen-layer is introduced in Sec. VI,
and its analysis is carried out to derive the slip boundary conditions in Secs. VI and VII. The
two-temperature Navier-Stokes equations and the derived slip boundary conditions are summarized
in dimensional form in Sec. VIII. Section IX is devoted to brief remarks. In addition, the main text
is supplemented by four Appendixes.

II. SUMMARY OF MAIN RESULTS

Our aim is to construct the boundary conditions for the two-temperature Navier-Stokes equations
derived in [36]. For this purpose, we need to start with the description of the problem in the
framework of kinetic theory. One will see how the analysis of the kinetic problem provides the
desired boundary conditions in the following sections. However, since the analysis takes several
pages, we will summarize the main results, together with some necessary information, in this
section.

A. Problem and assumptions

The basic kinetic problem is described as follows. Let us consider a polyatomic (or diatomic)
ideal gas in contact with solid boundaries of arbitrary but smooth shape. The gas may extend to
infinity, and no external force acts on the gas molecules. We investigate the unsteady behavior of
the gas under the following assumptions:

(1) The behavior of the gas is described by the ES model of the Boltzmann equation for a
polyatomic gas [16,37].

(i) The boundaries do not deform and undergo a rigid-body motion, and the gas-surface
interaction is described by the Maxwell-type diffuse-specular reflection.

(iii) The Knudsen number, which is the ratio of the mean free path (or the mean free time)
of the gas molecules at the reference equilibrium state at rest to the characteristic length (or the
characteristic time) of the system, is sufficiently small.

(iv) The gas is such that the internal modes relax much slower than the translational mode. To be
more precise, the ratio of the mean free time of the gas molecules to the characteristic (or relaxation)
time of the internal modes is as small as the Knudsen number.

(v) At the initial time, the boundaries are at rest and have a uniform temperature, and the gas is
in the equilibrium state at rest with the same temperature. After the initial time, the boundaries may
start moving smoothly, and their temperature may change smoothly in time and position. (For the
problems including infinities, the corresponding initial state and slow variations should be assumed
at infinities.)

We put assumption (v) to avoid the occurrence of the initial layer and that of the interaction
between the initial layer and the Knudsen layer during the initial stage for the sake of theoretical
rigor (cf. [40]). Assumption (v) may be relaxed if we admit the inaccuracy during the initial stage
with the duration of the order of the mean free time.

B. Notation and parameters

Let us denote by § the number of the internal degrees of freedom of the gas molecule, where §
is a constant such that § > 2. Then the specific heat at constant volume ¢y, that at constant pressure
¢p, and the ratio of the specific heats y = ¢, /cy are all constant and are expressed as

5+3 5+5 5+5
v = R, = ——R, = —F. 1
¢ 2 ?= Y =543 M
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Here R is the gas constant per unit mass and is related to the Boltzmann constant kg and the mass
of a molecule m by R = kg /m.

Let ¢ be the time variable and X (or X;) be the position vector in the physical space. Let p denote
the density, v (or v;) the flow velocity, T; the temperature associated with the translational energy,
Tine the temperature associated with the energy of the internal modes, and T the temperature. The
kinetic definitions of these macroscopic quantities are given in Egs. (18d), (18e), and (18g)—(18i) in
Sec. IIT A, respectively.

The ES model, which will be detailed in Sec. IIl A and Appendix A, contains two adjustable
parameters v € [—1/2, 1) and 6 € [0, 1], as well as a function A.(T) of the temperature 7 such
that A.(T)p indicates the collision frequency of the gas molecules. These quantities are related
to the viscosity u(T), the bulk viscosity (7T ), and the thermal conductivity A(7T') as shown by
Eqgs. (A7a)—(A7c) in Appendix A 2. As the result, the Prandtl number Pr = c,u/A is expressed in
terms of v and 6 by Eq. (AS8).

C. Two-temperature Navier-Stokes equations

In this subsection, we summarize the two-temperature Navier-Stokes equations, derived in [36],
in the dimensionless form. Their dimensional form is shown in Sec. VIII.

Let us denote by L the reference length, #, the reference time, oy the reference density, and Tj the
reference temperature. In the present study, we choose #y as

to = L/(2RTy)"/?, 2)

which corresponds to the so-called fluid-dynamic scaling. Now we introduce the dimensionless
quantities [, x;, p, 0;, Ty, Tine, T, Ac(T')], which correspond to the original dimensional quantities
[t, Xi, p, Vi, Tirs Tine, T, Ac(T)], by the following relations:

i=t/ty, xi=Xi/L, p=p/po, 0 =vi/2RTy)"?,
(T, Tty T) = (T, T, T)/To,  A(T) = Ac(T)/A(Ty). A3)

According to assumption (iii) in Sec. Il A, the Knudsen number Kn, defined by Kn = /L, is
small, where [ is the mean free path of the gas molecules at the reference equilibrium state at rest
with density oo and temperature Ty [cf. Eq. (AS) in Appendix A 1]. In the present paper, we use the
small parameter €:

VT V7 lo
€e=—Kn=—— 1, 4
> 51 < 4)
in place of Kn. As will be explained in Sec. V A, the ratio of the mean free time of the gas molecules
to the characteristic (or relaxation) time of the internal modes is represented by the parameter 6
included in the ES model. Therefore, assumption (iv) in Sec. II A indicates the following setting:

0 =ae L1, (5)

where « is a positive constant (parameter) of the order of unity. It follows from Eq. (A9) that small
values of 6 indicate large values of the ratio 1,/ of the bulk viscosity to the viscosity. Therefore,
we can also say that we are considering gases with large bulk viscosities.

The two-temperature Navier-Stokes equations, which have been derived from the ES model by
the Chapman-Enskog expansion under the condition (5), have the following form [36]:

ap a(pv;
_€+M —
ot 8)6]'

Apd)  apYd,) 1a(pTy) 1 L. (0D AD; 29D
(p )+ (p ])+_ (pTy) 1 [FM(T’ Tu)< LN kgij>} (6b)

0, (6a)

€ — _

of ox; 2 o 2 ox ax; | ox  30x
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O a(2tn+02) |+ 2| ooy (20 +02) | = 2adatrp?d — 7o)
= S At v; - Vil =1 v; — ZQA, -
o | P\27 T ) | T PP 2T ) T 2 P ”

5 0 N 0Ty 0 N oa o fO0D;  0D; 20D
= ZGB—[FA(T, Ty) 3 t‘:| + GB—[FM(Tv Ttr)vz(— +—L - ——k&'_,)], (6¢)

X X; X; 0x; 0x; 3 9xy
dpT)  3(pD;T; A 1 9 . T
PTw) | IPOTw) _ 2 (F)p2(F = Fo) = 2 €| TP, Ty 2 | (6d)
ot ij 2 ij 8xj
where
A ﬁr 2 ﬁr
LT, Ty) = (T, Ty) = @)

(1 = AT ATy

and T = 3T, + 87})/(3 + 8). These are the equations for p, ¥, T, and T;, and contain the
parameters €, v, and «. Here and in what follows, we basically use the summation convention,
ie,aibi =30 aib;,a> =Y, d?, etc. Itis shown in Appendix B that the ordinary Navier-Stokes
equations with a single temperature can be recovered from Eq. (6).

D. Slip boundary conditions: Main results

The slip boundary conditions for the two-temperature Navier-Stokes equations, which are ob-
tained by the analysis of the Knudsen layer detailed in Secs. VI and VII, are the main results in this
paper. Their dimensionless form is summarized below. See Sec. VIII for their dimensional form.

Let X, (or Xy,;) be the position of a point on the boundary, vy, (or vy;) and Ty, be, respectively, the
velocity and temperature of the boundary at the point X . Let us denote by n (or n;) the unit normal
vector to the boundary, pointing into the gas, at X, and by ¢ (or #;) an arbitrary unit tangential
vector to the boundary at the same point. Following the notion of fields, we understand that the
arguments of vy, Ty, n, and ¢ are (¢, X,). Then we introduce the dimensionless quantities (xy;, Dw;,
f‘w) corresponding to (Xy;, Vwi, Tw) by

Xwi = Xwi/L, Dwi= Uwi/(ZRTO)l/zs fw = Ty /To. 3

The kinetic boundary condition for the ES model is the Maxwell-type condition, which is a
linear combination of the diffuse reflection, with coefficient a,. (0 < a. < 1), and the specular
reflection, with coefficient 1 — a. [see assumption (ii) in Sec. IT A]. The coefficient a. is the so-called
accommodation coefficient, giving the specular reflection when a, = 0 and the diffuse reflection
when a. = 1. In the present paper, we exclude the case of specular reflection assuming that a, is
strictly positive. The explicit form of the kinetic boundary condition is given by Eq. (25) in Sec. III B
in the dimensional form and by Eq. (41) in Sec. IV B in the dimensionless form.

Under the Maxwell-type condition, the ES model gives the following slip boundary conditions
for Eq. (6):

(0 — Dwidn; = 0, (9a)
TV 1 /00 0, 1 197,
(0 — Dwilti = €cl)—— 7<—v + _J>nitj +ect 1, (9b)
Ac W)p 8Xj 8x,» AL(TW),O a)C,'
P T, 10 Ta'* 107,
T — Ty, = eci’ . T—Uninj + 6c’T’ — T—Hn,-, (9¢)
AC(TW) 1Y el J AC(TW) 1% 8xl

. . T2 10T
Tow — Ty = €0 =~ ——
AL‘(TW) 1% axi

n;, (9d)

where the quantities p, ¥;, T, and T, as well as their derivatives are all evaluated at the boundary

x = x. The coefficients ¢/, ¢}, c!!, c!!, and &I, which are called the slip coefficients, depend on
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TABLE L. Values of ¢!, and ch g [43].

dc ChBGK CTBGK

0.1 17.10313 0.2641783
0.2 8.224902 0.2781510
0.3 5.255112 0.2919238
0.4 3.762619 0.3055019
0.5 2.861190 0.3188906
0.6 2.255410 0.3320949
0.7 1.818667 0.3451195
0.8 1.487654 0.3579692
0.9 1.227198 0.3706483
1.0 1.016191 0.3831612

the parameters v (except ci. and &) and a,. Leaving the details of the analysis determining the slip
coefficients to Sec. VII, we show only their resulting numerical values here.
It is noted that the coefficients ¢!, cl., and &}/ satisfy the following relations:

1
I _ I [ I I _
G =71, %Bok T =CrBok: €T = CuGK: (10)

where ¢! ;. and ¢k are, respectively, the shear-slip and thermal-slip (creep) coefficients for the
BGK model [41,42] for a monatomic gas (see Sec. VII C for the details). Therefore, the coefficients
!, ¢k, and & are obtained immediately from the known values in the literature. The numerical
values of ciBGK and CITBGK’ taken from [43], are tabulated in Table I for various values of a,.

In contrast, a new numerical analysis is required to obtain the numerical values of ¢!’ and ¥/
(see Sec. VIIC and Appendix D). We show the resulting numerical values in Tables II and III for
various values of the parameter v and the accommodation coefficient a.. The range —1/2 < v <
1/2 corresponds to the range 2/(3 —0) < Pr < 2/(1 + ) of the Prandtl number, and v = 0 (i.e.,
Pr = 1) corresponds to the BGK model. It is noted that the values of ¢!/ and ¢}/ for a, = 1 and
v = —0.5 and 0 had been obtained in [44,45] and that the values in Tables II and III agree with the
corresponding values (i.e., cgo) and cﬁo), respectively) in [44,45] up to four to five decimal places.
With the numerical data in Tables II and III, one can easily obtain the values of ¢!/ and ¢/ at arbitrary
v and a. by appropriate interpolation.

If we plot ! versus a, for fixed values of v, we find that ¢/ is almost linear with respect to a,
(the plot is omitted). Similarly, if we plot ¢!/ versus 1/(1 — v), we can observe that ¢!’ is almost
proportional to 1/(1 — v) (the plot is omitted). These facts suggest an approximate numerical fit of
the following simple form:

i . kiac + k>
CU ~ —

7 , k; =0.1046, k, =0.3358. an
—v
This formula can reproduce the values in Table II within the error of 1% for —0.3 < v < 0.1; 1.6%
for v = —0.5, —0.4, and 0.3; and 3% for v = 0.5. On the other hand, it is seen from Table III that
! is almost independent of v. Therefore, neglecting the dependence of ¢/ on v, one can propose
the following simple numerical fit for c}/:

k - Uc
cl~ B — 230, (12)

¢

This formula can reproduce the values in Table III within the error of 1% for a. = 0.3, 0.4, 0.5, 0.9,
and 1; 1.5% for a. = 0.6, 0.7, and 0.8; 1.7% for a, = 0.2; and 2.7% for a, = 0.1.
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TABLEII. Values of ¢!’.

a. v=-05 v=-04 v=-03 v=-02 v=-0.1
0.1 0.229056 0.245551 0.264600 0.286847 0.313171
0.2 0.235862 0.252963 0.272726 0.295826 0.323182
0.3 0.242643 0.260334 0.280791 0.304717 0.333070
0.4 0.249400 0.267666 0.288797 0.313522 0.342836
0.5 0.256135 0.274961 0.296747 0.322244 0.352485
0.6 0.262849 0.282221 0.304641 0.330886 0.362018
0.7 0.269545 0.289446 0.312481 0.339448 0.371439
0.8 0.276224 0.296640 0.320270 0.347934 0.380750
0.9 0.282887 0.303802 0.328010 0.356345 0.389955
1.0 0.289536 0.310936 0.335700 0.364684 0.399056
a. v=20 v=20.1 v=0J3 v=20.5
0.1 0.344801 0.383520 0.494486 0.695347
0.2 0.356088 0.396415 0.512244 0.722726
0.3 0.367200 0.409062 0.529488 0.748894
0.4 0.378141 0.421470 0.546243 0.773934
0.5 0.388917 0.433645 0.562528 0.797920
0.6 0.399532 0.445596 0.578365 0.820919
0.7 0.409989 0.457328 0.593771 0.842994
0.8 0.420294 0.468848 0.608765 0.864202
0.9 0.430449 0.480163 0.623364 0.884595
1.0 0.440460 0.491277 0.637583 0.904222

TABLE III. Values of ¢
a. v=-0.5 v=-04 v=-0.3 v=-02 v=-0.1
0.1 21.4458 21.4465 21.4472 21.4480 21.4490
0.2 10.3436 10.3442 10.3449 10.3456 10.3465
0.3 6.62711 6.62763 6.62822 6.62888 6.62964
0.4 4.75734 4.75780 4.75832 4.75891 4.75957
0.5 3.62652 3.62692 3.62738 3.62789 3.62846
0.6 2.86536 2.86571 2.86611 2.86655 2.86705
0.7 2.31560 2.31591 2.31625 2.31663 2.31705
0.8 1.89811 1.89837 1.89866 1.89898 1.89933
0.9 1.56890 1.56912 1.56936 1.56963 1.56993
1.0 1.30160 1.30178 1.30198 1.30220 1.30244
a. v=_0 v=0.1 v=0.3 v=20.5
0.1 21.4501 21.4515 21.4550 21.4607
0.2 10.3475 10.3486 10.3517 10.3566
0.3 6.63052 6.63154 6.63423 6.63841
0.4 4.76033 476122 4.76354 476711
0.5 3.62913 3.62989 3.63188 3.63489
0.6 2.86762 2.86827 2.86996 2.87248
0.7 2.31753 2.31809 2.31951 2.32161
0.8 1.89974 1.90021 1.90139 1.90311
0.9 1.57026 1.57065 1.57162 1.57301
1.0 1.30272 1.30303 1.30381 1.30492

083401-7



SHINGO KOSUGE et al.

TABLE IV. Thermophysical properties of some gases with large bulk viscosities.

10°4 [Pa s] s y Pr /1L 10%°6 v
H, 8.955% 0.67 1.406* 0.70722 28° 13.2 —0.420
CO, 14.91* 0.83 1.2932 0.767* 3849 0.127 —0.304
SF¢ 15.24* 0.90 1.097* 0.806* 320° 2.21 —0.241
CH, 11.432 0.83 1.305* 0.7630* 240° 1.98 —0.311
C,H, 10.30* 0.97 1.245* 0.7718* 130° 4.20 —0.297
C;3Hg 8.219% 0.97 1.136* 0.6853* 240° 3.23 —0.461

2Value at 300 K, 101 kPa in [46].
"Value at 300 K in [47].

The boundary conditions (9) should be supplemented by the initial condition. If we admit the
inaccuracy in the initial stage 0 < f < O(mean free time) in practical applications, we may ignore
assumption (v) in Sec. IT A and assume the following initial conditions:

p=p"w), v=0"(), Thi=T7"w), Tu=THk), ati=0, (13)
where p"(x), f)i“(x), ﬁ;" (x), and f;;‘: (x) are appropriately chosen functions (see Sec. VII D for the
discussion about this point).

E. Remarks on applications

We now have the complete system consisting of the two-temperature Navier-Stokes equations
(6), the slip boundary conditions (9), and the initial conditions (13). However, in order to apply the
system to practical problems, we have to identify the parameters €, v, and 6 (or «) [cf. Eq. (5)]
and the function A.(7") from the properties of the gas under consideration. The accommodation
coefficient a., which depends also on the property of the boundary, is excluded in this discussion.
A conventional way to identify the parameters and A.(7") is to use the data of transport coefficients
of the gas, since the data of shear and bulk viscosities and the thermal conductivity (or the Prandtl
number) are often available. Here we should note that these transport coefficients make sense under
the ordinary Navier-Stokes constitutive laws (A6). Therefore, we use the expressions (A7a)—(A9) of
the transport coefficients in terms of v, 8, and A.(T'). To be more specific, we first determine v and 6
from the data of /¢ and Pr, which are often available, using Eqgs. (A8) and (A9). The parameter 6
thus obtained should be small, otherwise the two-temperature Navier-Stokes equations are not valid.
Then, knowing the temperature dependence of the viscosity p from the data, we determine A.(7T")
from Eq. (A7a). Once A.(T) is determined, its dimensionless counterpart A (T) is determined by
Eq. (3), and then € by Egs. (4) and (AS).

F. Examples of real gases

Now we provide some examples of real gases. We consider the gases with large bulk viscosities
listed in Table IV. The data for the viscosity pu, the ratio of the specific heats y, and the Prandtl
number Pr, which are at T = 300 K and p = 101 kPa, are taken from [46], whereas those for the
ratio up/ 1, which are at T = 300 K, are taken from [47]. Note that for the ES model, i does not
depend on p. From these data, one obtains the values of 6 and v in Table IV by using Egs. (AS8)
and (A9).

With v in Table IV, we can obtain the values of the slip coefficients for each gas. The values of
!, ¢k, and & are obtained immediately from Eq. (10) and Table I. The values of ¢!/ and c¥ are
obtained from Tables II and III or Egs. (11) and (12). The results for a, = 0.2, 0.5, and 1 are shown
in Table V, where “Interpolation” indicates the values obtained by a simple linear interpolation,
with respect to 1/(1 — v), using the two neighboring values in Tables II and III, and “Numerical”
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TABLE V. Values of ¢! and ¢!/ for some gases.

cl M
a. Eq. (11)  Interpolation Numerical Eq. (12)  Interpolation Numerical
H, 0.2 0.251211 0.249350 0.249348 10.5100 10.3441 10.3441
0.5 0.273310 0.270984 0.270979 3.60400 3.62684 3.62684
1.0 0.310141 0.306415 0.306410 1.30200 1.30174 1.30174
CO, 0.2 0.273558 0.271877 0.271877 10.5100 10.3449 10.3448
0.5 0.297623 0.295811 0.295810 3.60400 3.62736 3.62736
1.0 0.337730 0.334637 0.334635 1.30200 1.30197 1.30197
SFe 0.2 0.287446 0.285905 0.285899 10.5100 10.3453 10.3453
0.5 0.312732 0.311293 0.311283 3.60400 3.62767 3.62767
1.0 0.354875 0.352236 0.352224 1.30200 1.30211 1.30210
CH,4 0.2 0.272098 0.270404 0.270403 10.5100 10.3448 10.3448
0.5 0.296034 0.294188 0.294184 3.60400 3.62733 3.62732
1.0 0.335927 0.332791 0.332787 1.30200 1.30196 1.30195
CoHy 0.2 0.275035 0.273367 0.273367 10.5100 10.3449 10.3449
0.5 0.299229 0.297455 0.297453 3.60400 3.62739 3.62739
1.0 0.339553 0.336504 0.336503 1.30200 1.30199 1.30198
Cs;Hg 0.2 0.244162 0.242253 0.242250 10.5100 10.3438 10.3438
0.5 0.265640 0.263171 0.263164 3.60400 3.62667 3.62667
1.0 0.301437 0.297534 0.297527 1.30200 1.30167 1.30167

indicates the numerical result based on the method outlined in Appendix D. It is seen that the
interpolation based on Tables IT and III is sufficient to obtain accurate values.
In order to determine A.(T), we assume the following power law with respect to T for the
viscosity u:
w(T) = n(300 K) x (T /300 K)* (14)
and determine the exponent s using the method of least squares on the basis of the data provided in
[46]. The obtained value of s for each gas is also shown in Table IV. Equation (14) with these values

of s reproduces the data of  given in [48] quite well in the temperature range 250-1300 K for CO,
and 250-600 K for SFg, CHy4, and C,Hy. Equations (A7a) and (AS8) then give

A(T) = A.(300 K) x (T /300 K)'™*,  A.(300 K) = (RPr) x [300 K/u(300 K)], (15)

and thus A.(T") = T'~. With this A.(T), the reference mean free path I, is obtained by Eq. (A5).
Then the parameters € and « are determined by Eqgs. (4) and (5), respectively.

III. ES MODEL AND ITS INITIAL AND BOUNDARY CONDITIONS

In this and the following sections (Secs. III-VII), we will describe the steps that have led to our
results summarized in Sec. II. First, the basic kinetic problem, which is described in Sec. IT A, is
formulated in this section.

A. ES model

We first describe the ES model for a polyatomic gas that was proposed in [16] and rederived in a
systematic way in [37]. Its basic properties are shown in Appendix A.

We have introduced the number of the internal degrees of freedom §, the time variable #, and the
space position vector X in Sec. II B. In addition, let & (or &;) be the molecular velocity and £ be the
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energy per unit mass associated with the internal modes (i.e., the combined energy for the § modes),
which is continuous ranging from 0 to co. We denote the number of the gas molecules, at time ¢,
contained in an infinitesimal volume dX d&d€& around a point (X, &, &) in the seven-dimensional
(extended) phase space consisting of X, &, and £ by

n%f(;, X, & £)dX d&dE. (16)

Therefore, f(t, X, & &) is the mass density in the seven-dimensional phase space. We call
f(@, X, & &) the velocity-energy distribution function of the gas molecules. It is governed by the
ES model of the Boltzmann equation for a polyatomic gas [16,37], which can be written in the
following form:

af _af

§+Sia—xi = Q(f), (17
where
O(f) =A(T)p(G - f), (18a)
_ pgé/Zfl 1 . &
0= @) PRy AT G/2) P <_§(T G = v)E) = vp) = RTml)’ (150)
(M)i; = A = — v)RTS;; + vpij/pl + ORT Sy, (18c)
o= //Oofdé'di;', (18d)
0
1 o0
v = — // &fdEdE, (18e)
1Y 0
pij = // & —vi)& —v)fdEdE, (18f)
0
_ LT
= //0 & — o> d€ d, (18¢)
2 o0
T — M (18i)
346
Trel =0T + (1 - Q)Tim- (18])

Here p, v;, Ty, Tin, and T are the macroscopic quantities already appeared in Sec. II B, p;; is the
stress tensor, d€ = d&; d&, d&;, and the domain of integration with respect to £ is its whole space
R3. The symbol §;; indicates the Kronecker delta, v € [—1/2, 1) and 6 € [0, 1] are the adjustable
parameters mentioned in Sec. II B, and A.(T"), also appeared in Sec. II B, is a function of 7' such
that A.(T')p is the collision frequency of the gas molecules. In addition, I'(z) is the gamma function
defined by

I'(z) = /oo sle™ ds, (19)
0

T is the 3x3 matrix with its (i, j) component defined by Eq. (18c), and detT and T-! are,
respectively, its determinant and inverse.
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The other important macroscopic quantities, the pressure p and the heat-flow vector ¢;, are
defined by

p=RpT (20
and
qi = q)i T 4invi» (21a)
1 o0
o = 5 f / (& — v)lE — v f dE d, (21b)
0
Qiintyi = /f & —v)EfdEdé, (21c)
0

where Eq. (20) is the equation of state.

It should be noted that in [16], the variable I, which is related to our £ as & = I*/%, is used as
an independent variable instead of £. See [49] or Appendix A in [50] for the relation between the
notation in [16] and that of the present paper (see also [24]). In addition, the case with & = 0, which
is excluded in [16], is included here, and it plays an important role in the present analysis. In the
ES model (17), the energy associated with the internal modes is expressed by a single continuous
variable £. Some models also use a continuous energy variable (e.g., [13,17,24]), whereas the
others use a discrete energy variable (e.g., [11,12,14,15]). However, the corresponding macroscopic
equations are analogous in both cases (see, e.g., [20]). Some mathematical studies of the ES model
for a polyatomic gas are found in [51,52].

Finally, we mention how the ES model for a monatomic gas is recovered from Eq. (17)
(see Sec. 7 in [52]). Let us introduce the marginal distribution function F (¢, X, &):

F@, X, §)=fwf(t, X, & &)dE. (22)
0

If we integrate both sides of Eq. (17) with respect to £ from 0 to oo, let @ = 0, and interpret T, as
the temperature 7', then, we obtain the equation for F', which is exactly the same as the ES model
for a monatomic gas [16]. The linearized version of this property will be used in the Knudsen-layer
analysis later.

B. Initial and boundary conditions

The local equilibrium for Eq. (17) is shown in Eq. (A1). Correspondingly, the global equilibrium
distribution f, with the uniform density py (reference density) and the uniform temperature T
(reference temperature) is given by

P& &7 ¢
fo= o exp(—o————). (23)
(2 RTH)*2(RTH)3/2T'(8/2) 2RTy RTy

According to assumption (v) in Sec. I A, the initial condition for f is given at time ¢t = 0 by

f(O, Xs Ev g) = fO' (24)

We will relax this condition later for practical applications.
From the form of the local equilibrium distribution (A1), the Maxwell-type boundary condition
is written as follows:

P E3/21

f(t’ XWa &’ 5) = (1 - aC)Rf(ta XWa §7 5) +ac (27TRTW)3/2(RTW)8/2F(8/2)
|§_ vw|2 £
X exp (—W — IQ_'I';V)’ for (s — vw) n > 0, (253)

2 172 00
Pw = —(%) [ [ (& —vy)-nft, Xy, § £)dEdE, (25b)
w (6—vy)-n<0JO
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where R indicates the reflection operator defined by

Rg(&i) = g6 — 2(§; — vwjInjni), (26)

with an arbitrary function g(&) of &. It should be recalled that the quantities X, vy, Ty, and n, as
well as the accommodation coefficient a. (0 < a, < 1), have already appeared in Sec. IID.

Note that this boundary condition satisfies the condition that there is no instantaneous mass flow
across the boundary:

/ OO(E— o) nf(t, Xy, & £)dEAE=0. (27)
0

To be consistent with assumption (v), vy, = 0 and Ty, = Tj should hold at ¢t = 0, and X, (thus, vy,),
Ty, and n are assumed to change smoothly with ¢. In practical applications, however, this condition
may be relaxed occasionally.

IV. DIMENSIONLESS SYSTEM

We should recall that the dimensionless quantities [7, x;, 0, D, Toes Tt T, Ac(T), Xwiy Dwis Tw, as
well as the reference quantities L, ty, oo, and Ty with 7y being chosen as Eq. (2), have been introduced
in Secs. I[IC and II D [cf. Egs. (3) and (8)]. In addition, we let py = RpoTj be the reference pressure.

Now we introduce the additional dimensionless quantities [{;, 5 f g Tre], Dijs D> Gwyis Giinvyis Gils
which correspond to the original dimensional quantities [&;, £, f, G, Trel, Pij> P> q(w)i> 4iinvyis gil, by
the following relations:

G =E&/QRT)'?, E=E/RTy, (f. §)=(f, §)/2p02RTy) ™/,
Tret = Tia/To.  Pij = pij/Pos P = p/Po,
(Ganis Ganois 40) = @anis Ganvis 1)/ Po(RRTH)Y2. (28)

We occasionally use the boldfaced letters x, ¢, 9, ¢, xy, and dy, in place of x;, &;, Vi, §i, Xwi, and Dy,
respectively.

A. Dimensionless form of ES model

With Egs. (3) and (28), the ES model (17) is transformed into the following dimensionless form:

of | of _
3F + i P Q(f ), (29)
where

O(f) = A(T» @G = P, (302)

A p 58/2—1 _ _ _
= 73/2(det T2 12T (5/2) g e < (& = 800 =) rel) (30b)
My = =LA — )Ty + vpi; /P + 0T 8y, (30¢)
p= / faéae, (30d)

0
= [ afaas, (300)
pJJo

pij = 2/ G - v,)f d€ dg, (30f)
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N 2 o0 A A
Th = —~ // (G — D) f d€ d, (30g)
30 JJo
N 2 RSN
f= o [[ £Facac. (30n)
5p JJo
Aoty o
346
7A-;el = erf + (1 - Q)Tinb (30.])

Here € is a small parameter of the order of the Knudsen number defined by Eq. (4), d¢ =
d¢y dg, dgs, and the domain of integration with respect to ¢ is the whole space (R3) of <.

The dimensionless pressure p and heat-flow vector §;, corresponding to Egs. (20) and (21), are
given by

p=pT 31)
and
4i = Garyi + Gannis (32a)
dwy = / / (& — 0)|g — DPFdé d. (32b)
0
deny = / / (¢ — 00 dé d. (320)
0

The dimensionless form of the first two basic properties of the ES model shown in Appendix A 1
is described as follows: A
Equilibrium: Q(f) = 0 is equivalent to the fact that f is the dimensionless local equilibrium

given by
R pE2! -2 &
T F\32Fe2 KP\TTF  ~F) (33)
(wT)32T2T(8/2) T T
where p, 9, and 7" are arbitrary functions of 7 and x. .
Conservations: For an arbitrary function g(¢, x, £, &), the relation
/ f 0@ dEds =0 (34)
0
holds, where ¢, (r =0, ..., 4) are the dimensionless collision invariants:
po=1 ¢i=¢ (=1223)., gu=[t]+&. (35)

Here we should note that when the parameter 6 vanishes, these equilibrium and conservation
properties take slightly different forms. Their dimensional versions are shown in Appendix A 3 in
[53], and the dimensionless versions are stated as follows (see Sec. III B in [36]):

Equilibrium: Q( f )|lg=o = Ois equivalent to the fact that f is the (dimensionless) local equilibrium

of the form
R i)ééﬂ—l |§—f)|2 (c:'
feq: < 3/270/2 €X — = - = | (36)
(mTy)3/ 1.7 T(6/2) 1y Tint
where p, D, ., and T, are arbitrary dimensionless fun(itions of f and x.
Conservations: For an arbitrary function g(¢, x, ¢, &), the relation
o0
|| d0@lesaiar =0 (37)
0
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holds, where q‘;,. (r=0,...,5) are the (dimensionless) collision invariants:
do=1, di=¢ (i=123), =[P, ¢ =E¢. (38)

These properties for 6 = 0 play important roles in the present study.

B. Dimensionless form of initial and boundary conditions

The dimensionless form of the initial condition (24) can be written in the following form:
f0.x. 2. &) = f. (39)
where
fo=P@/DIE@E e, ¢ =18l =D'" E@Q) =7"Texp(=¢).  (40)

With the dimensionless quantities defined by Eq. (8), the boundary condition (25) is nondimension-
alized as follows:

Dy &8/

F(F, xw, &, &) = (1 —a)RE(E, xy, &, &) + ap————
J@, xy, 8, &) =0 —ad)Rf({T, xy, § &) a(nTw)3/2T\3/2F(5/2)

— b2 &
xexp(—%—f—) for (¢—1vy)-n>0, (41a)

7 \'? * A A

ﬁw - _2<T) / f (C - i)W) ¢ nf(fv Xw, C’ 5) dg de (41b)
Ty (t—dy)n<0J0

where R is the dimensionless reflection operator, corresponding to Eq. (26), acting on any function

gof ¢ as

RE(&) = §(&5i — 2(¢j — Dwjnjni). (42)
Corresponding to Eq. (27), the following condition holds on the boundary:

/foo(;—aw).nf(f, Xw, &, E)dEdL = 0. (43)
0

We note that 9, =0 and 7, = 1 at f = 0, and x,, (thus Dw), T\, and n are assumed to change
smoothly in  though this restriction may be relaxed occasionally in practical applications.

V. TWO-TEMPERATURE NAVIER-STOKES EQUATIONS
A. Preliminary remarks

In [36], the two-temperature Navier-Stokes equations have been derived from the ES model in
the case where the parameter 6, as well as the Knudsen number Kn, is small, that is, under the
setting (5). The background of this assumption is explained in Sec. IIE in [36]. However, a brief
description of its essence is given below.

As can be seen from Eq. (A9) in Appendix A 2, small 8 indicates large values of the ratio w;/u,
where p is the (shear) viscosity and u;, the bulk viscosity [cf. Eqs. (A6) and (A7) in Appendix A 2].
On the other hand, as is seen from Eq. (A10) in Appendix A 2, small 8 corresponds to slow
relaxation of the internal modes. These two statements are consistent because it is a common
understanding that large bulk viscosity is related to the slow relaxation of the internal modes [47,54].
Therefore, the condition (5) targets the behavior in the near continuum regime of a gas with slow
relaxation of the internal modes or with large bulk viscosity. The two-temperature Navier-Stokes
equations are the consequence of the Chapman-Enskog expansion under the condition (5).

As mentioned in Sec. I F, some gases have large bulk viscosities, more precisely, large values of
the ratio w,/u of the bulk viscosity to the viscosity (see Table IV in Sec. I F). The reader is referred
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to [47] and p. 30 in [55] concerning gases with large bulk viscosities. It is noted that the impact of
large bulk viscosity for H, gas flows is investigated in [56]. Here it should also be mentioned that
some authors are doubtful about the large values of u;/u for CO, gas [33,57]. However, as in [36],
we here follow the view that p;/u is large for CO, gas.

The standard Chapman-Enskog expansion for small ¢ applied to the ES model leads to the
ordinary Navier-Stokes equations with the single temperature and with the bulk viscosity [16]
(cf. Appendix A 2). In this case, it is implicitly assumed that the parameter 6 is of the order of unity.
When 6 is small, therefore, one expects that the ordinary Navier-Stokes equations are not valid and
a new system of equations is required. For this reason, we considered the parameter setting (5) and,
as the result, derived the two-temperature Navier-Stokes equations, which have been summarized in
Sec. IIC.

B. Chapman-Enskog solution and two-temperature Navier-Stokes equations

In this subsection, we summarize the result of the Chapman-Enskog expansion carried out in [36]
to derive the two-temperature Navier-Stokes equations (6). Let us put aside the initial and boundary
conditions (39) and (41).

If the Chapman-Enskog procedure is applied to the ES model (29) under the assumption (5), the
solution f is expressed in the expansion of the following form:

F= fO L fhe L fO2 L (44)

Here the leading-order term f© is given by the local equilibrium distribution (36) for 6 = 0,

. 5 £8/2-1 _ a2 &
JC _— exp (_Ié’ i —A—>, (45)
(w1021, T'(8/2) Te T
and the first-order term f(!) is given as
O 1 70 L 1@ =000 —05)  1(& — f)k)z(;“ 0 " D,
A (THp 1—v T, 3 Ty YI\ox;  ox
L& —f)j)[@k -7 g]aﬁr L& —@»( & g)aT} 46)
ﬁr flr 2 axj fint fint 2 8xj

The expansion is designed in such a way that the macroscopic quantities p, 9, Ty, and Ty in
Egs. (30d), (30e), (30g), and (30h) are not expanded and are generated by the leading-order term
().

A

f

p= / f f@déae, (472)
0
b = i / / af@aéde, (47b)
P JJo
N 2 o ~ A0 48
Ty = — (& — 0)* O aé dg, (47¢)
3p JJo
T = iA f/ éf(o) dé de. (47d)
§p JJo

This is equivalent to imposing the following condition for the higher-order terms £, f@®, .. .-
o0
f/ b f™dEde =0, (r=0,....,5:m=1,2,...), (48)
0
where ¢, (r =0, ..., 5) are defined by Eq. (38).
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In accordance with Eq. (44), other macroscopic quantities p;;, §i, Gqwyi> Genoyi> and Tio are
expanded as

h=h + 7Y+ (h=pij, Gir Gavi> Ganoi> and Trer). (49)

Here the coefficients for p;;, §i, §(uw)i> and §ny; are obtained by substituting Eqs. (44) and (49) into
Egs. (30f) and (32) as

o0
ﬁ?—zf & — 0 —0pf™dEde, (m=0,1,...) (50)
0
and
g&"m =g+l m=0,1,...), (51a)
Qe = f/ (& — 0lg — B2 f™ aé ag, (51b)
0
‘?gﬁ)j = / (& — 0)Ef™ dé de, (51c)
0

and those for T} are obtained from Egs. (30j) and (5) as

7O

rel T

=T, TV =a@ —Tw), TU™ =0, m=0,1,...), (52)

rel

where T is determined by Eq. (30i) and thus is not expanded in €.
If weuse f = f© 4+ fDe 4+ O(e?) with Egs. (45) and (46) in Egs. (49), (50), and (51), we obtain
the following expressions of p;;j, §r)i» Gint)i> and gi:

R . r(F. o) 81), Bﬁj 28vk 40, (532)
l - _— , € € a
Pij ,0 i " N 8)6./' Bxi 3 Bxk J
5 & a’i;r 2
7l ri — __F T? Tr ) 53b
dr) i W(T, T ox, ) (53b)
R Y
Ginti = —=Tu(T, Ty)——€ + O(€7), (53c¢)
4 axi
di = G + Ginvyis (533d)

where FM(T, T,) and T, (T, T;,) are defined by Eq. (7).

The two-temperature Navier-Stokes equations, which correspond to the first-order solution f =
FO 4 fDe and whose constitutive laws are given by Eq. (53) with O(e2) terms being neglected,
are the equations for p, v;, f},, and Tim and take the form of Eq. (6). One can derive the equation for
the conservation of the total energy from Eqs. (6¢) and (6d):

346, 9 346, 5
—|p =27 — | o0 T 4 Ty + 0
(57w [ [on(507 1 7)

1 9 nt 1) 3+53T+aﬁr Lol F o T 90 00, 200
= —-€— —_— €.— )U; — i)l
2 0x L T2 axg  ox; ox; T\ oy oy 3o

(54)

Equation (54) may be used in place of Eq. (6¢c) or (6d). The two-temperature Navier-Stokes
equations can be reduced to the ordinary Navier-Stokes equations with a single temperature by
considering the case when « is large. The procedure is explained in Appendix B.
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C. No-slip conditions and their inconsistency

Now, let us consider the initial and boundary conditions (39) and (41). If we assume
p=1, 9=0, Ty=Tu=1 ai=0, (55)

then the Chapman-Enskog solution, Eq. (44) with Egs. (45) and (46), satisfies Eq. (39) up to O(¢)
because 99;/0x; =0, E)Ttr/ ox; = 0, and af}m/ dx; = 0 hold. Therefore, under assumption (v) in
Sec. IT A, Eq. (55) is the correct initial condition for Eq. (6).

Next, we consider the boundary condition (41). Since the leading-order term f© of the
Chapman-Enskog solution is a local equilibrium distribution with two temperatures [Eq. (45)], it
can be made to satisfy Eq. (41) by assuming that

b= by, Tlr = Aint = TWv at x = xy. (56)

In this way, we are able to satisfy the boundary condition (41) at the zeroth order of € with the choice
(56). Equation (56) provides the so-called no-slip boundary conditions for the two-temperature
Navier-Stokes equations (6).

However, to be consistent with the fact that the first-order Chapman-Enskog solution f = f© 4
FMe, which corresponds to the two-temperature Navier-Stokes equations, satisfies the ES model
(29) formally up to O(e), we need to satisfy the boundary condition (41) also up to O(e). If we try
to do so with f = f©@ 4+ ¢, we must impose the following conditions in addition to Eq. (56):

O 0% o e o T g 57)
dx j axi ox j 0x j

However, these conditions are too many for Eq. (6), so that this scheme does not work at the order of
€. This difficulty can be resolved by introducing the Knudsen layer, as is well known (cf. [58,59]).
As we will see in the next section, the correction of O(¢) to Eq. (56) is obtained by the analysis of
the Knudsen layer.

The above argument indicates that the no-slip boundary conditions (56) are not consistent with
the two-temperature Navier-Stokes equations. In classical gas dynamics, the no-slip boundary
conditions are usually used for the standard compressible Navier-Stokes equations (with the single
temperature). As pointed out in [40], the no-slip conditions are inconsistent also in this case.

VI. KNUDSEN LAYER

A. Introduction of Knudsen layer

In Sec. V C, we have seen that the Chapman-Enskog solution, Eq. (44) with Egs. (45) and (46),
cannot be made to satisfy the kinetic boundary condition (41) at the first order of €. In order to obtain
the solution satisfying the boundary condition, one has to introduce the kinetic boundary layer, the
so-called Knudsen layer, with thickness of the order of € (of the order of the mean free path in the
dimensional physical space) adjacent to the boundary [58,59].

Let us denote the Chapman-Enskog solution, Eq. (44) with Eqgs. (45) and (46), by fCE, the
correction term inside the Knudsen layer by fK, and the total solution that satisfies the boundary
condition by ﬁm. Then we write

Jiow = fee + fk. (58)
Correspondingly, we denote the macroscopic quantities by
Iy = heg + b, (59)

where /i stands for any of the dimensionless macroscopic quantities, p, d;, pi;, T, etc., appeared in
Egs. (30d)-(30j), (31), and (32), and heg and hy indicate these macroscopic quantities associated
with the Chapman-Enskog solution and the Knudsen-layer correction, respectively. Note that the
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macroscopic quantities appeared in Sec. V belong to /icg although the subscript “CE” was not used
there.

We assume the following properties for the correction term fx:

(a) fK is appreciable only in the Knudsen layer and vanishes rapidly away from the boundary.

(b) fK has the length scale of variation of the order of € (i.e., of the order of the mean free path
Iy iI} the dimensional physical space) in the direction normal to the boundary, that is, n;0 fx/ox ;=
O(fx/€).

(c) fx has the length scale of variation of the order of 1 (i.e., of the order of the reference length
L in the dimensional physical space) in the direction along the boundary.

(d) fx has the timescale of variation of the order of 1 [i.e., of the order of fy = L/(2RTy)"/? in
the dimensional time], i.e., 3 fx /37 = O(fx).

These assumptions can be justified if such a solution is obtained consistently.

The fact that the Chapman-Enskog solution, Eq. (44) with Eqgs. (45) and (46), can be made
to satisfy the boundary condition (41) at the zeroth order in € by the choice (56) indicates that
the differences 9 — dy,, T}, — Ty, and Ty — T,y are small and of the order of € on the boundary.
Therefore, we put

b — f)w = Ve, 7& —iw = Ttrea Tint - Tw = 1Lint€, at x = xy, (60)

where v, Y=}r, and fim are the quantities of O(1). This fact also indicates that fK starts at the order of
€, so that we let

fx = fle + Rs€?, (61)

where R‘,ce2 is the remainder, and Ry is of O(1) and has the properties (a)—(d). Correspondingly, we
put

~

hx = Ve + Rye?, (62)

where Rj€? is the remainder corresponding to R fe

We insert Egs. (58) and (59) with 1 Egs. (61) and (62) into Egs. (30d)—(30j), (31), and (32) (with
f ftot and h = htot) and note that fCE and hCE satisfy the same relations as Egs. (30d)—(30j), (31),
and (32) (with f fCE and /i = hcg). In this process, we have to note the following. From Eqgs. (30j)
and (5), we have

(Trel)tot = Oleftot +(1 - ae)(fint)tol
= ae[T + T e + ORe™)] + (1 — a€)[ T + T g€ + ORye™)]

= Tine + a€(T — Tin)) + T2 € + O(Rye?), (63)

where T and T,,,, are the Chapman-Enskog quantities. On the other hand, (TreDiot = Trel + Teu(f +
O(Ry€?) by definition, and Ty = T + T\’e = T + (T — Tin) € from Eq. (52). Therefore, T,
is identified as

70 = 70 (64)

Then, picking up the terms of O(e¢) for fzf(l) and putting the O(e?) terms in R,e2, we obtain the
following expressions of flg):

0% :// i dé de, (65a)
0
1o o
t; = 5 / (@ — 00/ aé dg, (65b)
0
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ﬁ%{lz‘)j = 2/ (& — 0 — dpf dédg, (65¢)
0

A (1) 2 *© cv 3alan s

Tk = 7 @ = 00" = 51w | S dE d8, (65d)

A s 0 A
2% -5 f / (&= 30) A at s (659

M) o ()
sy _ 3Tl + 0T

T: , 65
K 345 (655)
Tk = T (65g)
P =T + AT, (65h)
6?((:1;))1(5 = / ¢ — )[(Ck — 0)? — _Ttr]f Daéde,
s 8 \m e '
quiln)oKi / i =0 (5 5 Tin ) < déde, (651)

q\;(ll) qAEtlr))Kz + qAElln)t)Kt
Note again that p, v;, 7}r, and Tim here are the macroscopic quantities associated with the Chapman-
Enskog solution though the subscript CE is not attached. It should also be mentioned that use has
been made of the fact that p;; = ﬁﬁra,- ; + O(e) [Eq. (53a)] in the derivation of Eq. (65).
If we substitute Eq. (58) with Eq. (61) into Eq. (29) and take into account the fact that fCE is also
the solution of Eq. (29), we obtain the following equation for f]gl) (see Appendix C for the outline
of the derivation):

1 1
3() 8f() o A1)

o et =AdDp(Gy D) + ORye), (66)
where
o f<o>{A(1) p =0 sy [@i—@z‘) 3}7&)
Y tr K Ty 2] Ty
N o A1) 5
N v[@i—vixz;—v» D=0 }pKU N <£_ a)z,ﬂ!& @
’ftr 3 ﬁr o1 ﬁm 2 f;m '

and note that the function A.(7") is unexpanded because T is not expanded. Equation (66) is the
starting point of the analysis of the Knudsen layer in the following.

B. Knudsen-layer equation

The analysis of this subsection follows that in Sec. V A 3 in [39], so that we omit the details and
only show the main points referring to [39] occasionally. However, in order to explain the essence of
the coordinate system to describe the Knudsen layer, we need to start with repeating the explanation
in [39].

We first express a point xy, on the boundary as a function of coordinates x; and x; fixed on the
surface of the boundary and of time 7 [see Fig. 1(a)]:

Xw =Xy, X1, X2)- (68)

When x; and y» are fixed, the function x(f, x1, x2) of 7 gives the trajectory of a fixed point on
the boundary, and when  is fixed, the function x(f, x1, x2) of x1 and x, gives the parameter
representation of the boundary surface at time . The velocity of the boundary 9, and the unit
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FIG. 1. Coordinate systems. (a) Coordinate system on the boundary, (b) coordinate system for the Knudsen
layer.

normal vector to the boundary n, which are also the functions of 7, x;, and x,, are expressed as

A ox
b X1 x2) = ——~ (692)

of ’

xy axw> Ixy  Oxy
W e W W e 2V
Ixi 2 /10x1  9x2
where x indicates the vector product, and + sign or — sign is chosen in such a way that n points
into the gas region.

In order to analyze the Knudsen layer, we introduce a new coordinate system that is local near
the boundary and appropriate to describe the rapid change of the physical quantities in the direction
normal to the boundary. We introduce the new variables 7, n, and ¢, by the following relations
[see Fig. 1(b)]:

n(, xi, x2) = i( (69b)

=17, (70a)
x=enn(, xi, x2) +xw@ x1, x2)s (70b)
=8¢, + 04 X1, x2). (70c)

Here 7 is a stretched normal coordinate, and &, is the molecular velocity relative to the velocity of
the boundary. In accordance with the properties (a)—(d) in Sec. VI A, we assume that f is a function
of (7, , x1, X2, &y, &) and vanishes rapidly as n — oo:

ik = k@ n, xi x20 &y &), (71a)
fk = 0, as n— oco. (71b)

Therefore, Eq. (71) also holds for £’ and Ry in Eq. (61).

We now consider Eq. (66) inside the Knudsen layer, i.e., n = O(1) or (x — xy) - n = O(€¢). The
x-dependence of f© is through p, ¥, T, and Ty, whose length scale is of O(1). Therefore, inside
the Knudsen layer, they can be Taylor expanded around x = x, as

p=ps+0(n), b=ig+0(n), Ti=Tp+0@En), Tw=Tws+O0En, (72

where the subscript B indicates the value on the boundary x = x,, or n = 0. Because g = , +
O(e), (Tyr) = Ty + O(e), and (Tin) = Ty + O(€) [Eq. (60)], we can write

p=pp+0@n), b=1iy,+0€n+1)),
Tu=Ty+0Em+1), Tu=Ty+0En+1), T=T,+0€n+1). (73

Here the last equation is the consequence of Eq. (301).
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If Eq. (73) is substituted into Eq. (65), the O(en) and O(e(n + 1)) terms in Eq. (73) produce the
terms of the order of €(n 4 1) times a moment of le) , which vanish rapidly as n — oo. Therefore,

we put these terms (times €) into R,e? in Eq. (62) to simplify the expressions of hg). To be more
specific, we can transform Eq. (65) in the following way:

[Eq. (65)] = [Eq.(65) with p = pp, » = by, and Ty = T = T = T,]. (74)

The right-hand side of Eq. (74) is the same as Eq. (63) in [39] except that Eq. (63g) there has been
replaced by the equation Trgl)( = 71an

With the help of Eq. (73), f FO) in Eq. (45) inside the Knudsen layer is expanded as

FO = £+ 0 + D), (75)
where
. A 88/2—1 8\ 6
o pBgAs/z ex (_M - Ai) (76)
(@ T)321)71(8/2) Ty T

Here we follow the procedure that was used in [39] in the derivation of Eqgs. (66)— (68) there.
That is, we use Egs. (73) and (75) in Egs. (66) and (67) and put the terms of O(en) and O(e(n + 1)),
which are produced by the terms of O(e7) and O(e(n + 1)) in Egs. (73) and (75) and vanish rapidly
as n — 00, into the remainder €R; in Eq. (66). In addition, we take into account the fact that the
left-hand side of Eq. (66), in terms of the new variables (7, 1, x1, x2, {,,), reduces to (see Sec. 5.2.2
in [40])

A1)

dfx
Cwiti——— + O(Rye). a7
an
Then we obtain the following equations corresponding to Egs. (68), (66b), and (66¢) in [39]:
0’ _ 2 a0 A0
{winiw = A.(T,)p8 (9 )+ O(eRy), (78a)
(1) ~ A2 (1)
5 » i — Dwi) L i — Dwi 311,
l(ql)sz PAL_I_Z(C AUW)U;%)‘F (& AUW) _ 2| fuK
0 Ty Ty 21 T,
~ ~ o A(1) 5 (1)
+V|:(§i - Uwi)A(é‘j - ij) . l(;k _Aka)z(S i| Dkij + <A£ . §> TiPtK . (78b)
Tw 3 Tw IOBT Tw 2 Tw

Here we should mention that Eq. (78) is the same as Egs. (68), (66b), and (66¢) in [39] with 6 = 0
(note that Trgl)( Tn(lil)( for 8 = 0). Therefore, we can utilize the transformation from Egs. (68),
(66b), and (66¢) in [39] to their final form, Eq. (79) there. That is, the final equation transformed
from Eq. (78) is nothing but Eq. (79) in [39] with & = 0. The equation is summarized below.

We first introduce new variables Cy, and & by

_Cw _C_f)w ‘_EA
CW—W—Wv SW—]A,_Wa (79)

and denote the normal component and magnitude of Cy, by Cy, and Cy, respectively:

172

Can =Cyjnj =Cy-n, Cy=(Cy;)"" =ICyl. (80)

Then £, can be expressed as

A PB 58/2—1 &,
w=—5——E(Cy)E/ e, 81
i 77r6/2) (Cw) (81)
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where E(Cy) = 7 %/?exp(—C2) as defined in Eq. (40). It should be noted that pg and 7, are
functions of (Z, xi, x2), so that fw is a function of (7, x1, x2, Cw, Ew).
We further introduce the following new normal coordinate y in place of n:

, AdT)
Y= N (82)
Ty

and change the independent variables from (7, 1, x1, X2, Cw» &) to (7, v, xi, x2, Cw, Ew) by
letting

}21)(5’7 [ﬁBA\C(Tw)]_]fvj/zya X1, X2 T“}/ZCW, ngw)

= [V 315 220 Cos EDSE 3, X1, X2, Cus E). (83)
Then Eq. (78) is transformed into the following equation for ¢:
P N

Cwna_y = Lo(¢) + O(eRy/ fw)- (84)

Here the linear integral operator £y, which is equal to the linearized collision operator £ of the ES
model [Eq. (32) in [39]] with 6 = 0, is defined as

£0[¢(cw, gw)](cw’ gw)
, 3 1, s
=w+2Cyu; + | C;, — 5 )T +v | CwiCwj — gcwsij P+ (& — 5 ) Tint — ®, (85)
where

w={(o), ui={(Cuit), PFj=2(CwiCw;o), (862)

o ——

and (- )) is defined, with an arbitrary function g(C,,, &) of C, and &,, as
@y 2 =rer [[ s, EpCaE e g dc., 87
0

On the left-hand side of Eq. (85), the arguments C,, and &, of ¢ and those of Ly(¢) are shown
explicitly, the other arguments 7, y, x1, and x, being omitted. If we neglect the terms of O(eRy/ fy)

in Eq. (84), we obtain the equation for ¢, i.e., that for Alg).

Here it is noted that the macroscopic quantities Ay, @g,.), ﬁ%)j, T;}g, and TH%)(, which are given
by Egs. (65a)—(65¢) with p = pg, D = by, and Ty, = Ty = T, [cf. Eq. (74)] and are the functions of
(t, n, x1, x2), are related to w, u;, P; > Twr» and Tjp in Eqs. (86a) and (86b), which are the functions
of (£, v, x1, x2), by the following relations:

~(1) ~(1) A1) ~ (1) 2 (1)

Pk _ w Vi w Dkij — P, TtrK —1 Tim o 88)
~ — W ~12 — Y ~ &~ —1ij» = — s — = Tint- (
PB Tw ,OBTW Tw Tw

In addition, c?étlr))Ki and ‘}Eiln)t)Ki’ which are given by Eq. (65i) with » = b, and T}, = Tjy = Ty [cf.

Eq. (74)] and are the functions of (7, n, x1, x2), are expressed as

A(1) ~(1)
Q(tr)Ki << ( - 5) >> q(mt)KZ << <- 6) >>

=5 =\ Cwil Gy, — 3 ; =5 = Cwil Ew — 5 ; (39)
peTy" )Pl pt” 2)?

where the right-hand sides are the functions of (7, y, x1, x2).
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The operator Loy(-) is the linearized collision operator of the ES collision operator O(-) in
Eq. (30a) [or Q(-) in Eq. (18a) ] when 6 = 0 and is equal to L( - ) defined by Eq. (32) in [39] with
6 = 0. The solution of Ly(¢) = 0 (equilibrium solution) is given by the six-parameter family of the
form

¢ = co+ c1Cy1 + 202 + ¢3Cy3 + c4C2 + c5&y, (90
where ¢y, ¢, ... are parameters. This corresponds to Eq. (36). The operator £, also satisfies the
relation

(@rLo@) =0, D

which corresponds to Eq. (37); here ¢, (r=0,...,5) are given by Eq. (38) with ¢; — C,,; and
& &,

Multiplying Eq. (84) by (1, Cyi, ICw|?, &), taking ((-)) of the respective equations,
and using the property (91), we obtain 3(Cun¢))/9y = 8 (CunCuith))/9y= 3 (Cun|Cw|*p))/dy =
3 {(Counlw))/0y= O(Rj€). Since ¢ — 0 as y — o0, it follows that

(Cond) = (ConCui®) = (ConlCu*P) = (Conlud)) = ORye). 92)

C. Knudsen-layer boundary condition

Now we consider the boundary condition. We impose the boundary condition (41) to the total
solutlon fior [Eq. (58)]. Using Eq. (58) with fcg = f©@ + fMe + O(e?) [Eq. (44)] and with fx =
fK De 4+ O(Rfez) [Eqg. (61)] in Eq. (41), we obtain the following relation at n = 0 (or x = xy,):

efi’ = (1= a)eRAD = O — eV + (1 = a)R(SO + e/ ™)

—I—ac'?—wfw + O(€’Ry), for (L—dy)-n>0, (93a)
PB

1/2 o
Pw = —2<%> / / (€ —0y) - n(fO 4+ efV e f0)dE dg + O(e?), (93b)
A (§—dy)-n<0 JO

where Ry, is a function of O(1) vanishing rapidly as |¢| (or |Cy|) — oo and as & (or &) — 0. For
instance, fw [Eq. (76)] belongs to the class of Ry,.

Noting that f© and £ in Eq. (93) are evaluated at the boundary and following the procedure
in Appendix B in [40] for a monatomic gas, we obtain the following expressions of f©@, f and
Ow contained in Eq. (93):

. 0 3\ T Tint
fO =7, {1 + e[ch, b (cé = 5>T—W (5 _ 5) Tw} + 0(62)} ©42)
. 1 3D, 30;
) _ . . 2 _t -
F= ATy )prW{ - v<CW‘CW-’ SCW ”)[(8)@)3 " (8xi)lj

5 1 T, _ S 1 3T
CWi Cz ) Cwi 5w Y > (0] s 94b
" ( " 2>T\x}/2(3xi>g+ ( Z)f“}ﬂ( ax; >B+ (6)} (94b)

OB Ef_w
Sl afge (0 s
3AA(T)1—]),?)B 8xj B axi B nin;j 2 3] nin;
BRI r(a/z)/c o/ CondE(CES e déwdcw}+0(ez). (94c)
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Here use has been made of Eq. (83) and the new variables C,, and &, introduced in Eq. (79), together
with the symbols Cy, and Cy,, defined by Eq. (80). For the new velocity variable Cy,, the reflection
operator (42) is replaced by the following R:

RE(Cui) = &(Coi — 2Cy ;) (95)

where g(Cy,;) is a function of Cy;. It should be noted that R wa = fw holds.

Then, following the procedure that derived Eq. (93) in [39] from Eqs. (80)—(83) there for the
standard (one-temperature) Navier-Stokes equations, we transform Eqgs. (93) and (94) further. In
particular, one can show that

v.n=0(), (96)

in the same way as the derivation of Eq. (90) in [39]. In consequence, Eq. (93) is reduced to the
following form in terms of ¢ [cf. Eq. (83)]:

~ T, . S\ T 7
¢=(1—ac)R¢—aC(C§—2)T—H—ac<5w—E)Tm 2a.Cyi(8ij — nnj)Al/2

1 % _ -
—2JTa,——— Con®E(C)E* e 8 dE,, dCy,
v I'©/2) /cwn<0/0 PECES

1 5\ (T, . 8\ (3T,
F Qa0 Gl (- 5 ) ot (= 2 ) (2R
A (Ty)ppTw / 2 ax; B 2 ax; B
1 2 1 av;
e (Cwn — —C2 — —) (_v) nin;
Ac(Tw)i)B l—v 3 axj B

1 aD, 99;
+ (2 = )1 T CunCuii (3 n,-n-)|:<—) +<_,) ]
Ac(Ty)ps 1 = o 1\ ox; /g 3x; )

5+8\ T,
Cyi(8i; —n,»n,»)(c2 + & — i)— +0(e), (y=0, Cyn > 0).

2 0x;
7

‘+ac——F—5
AT)psTy?

In the derivation of Eq. (97), use has been made of the formulas (91a) and (91c) in [39], which
are also valid in the present paper, as well as the expressions Cy; = Cyntt; + Cy;(8;; — n;nj) and
ﬁcwi = —Cwnn; + Cyj(8;j — nin;). In addition, because of the relations Ty = Tow + O(e) and Ty =
T + O(¢e) on the boundary [cf. Eq. (60)] and of the fact that (§;; — n;n;)(3S/0x;)p consists of
tangential derivatives of S on the boundary, we can write

A~ A

(5 () — s v 4 oo (982)
ii — nin; = (0jj —nn;)—— €), a
J J axj B J J ax]
(5 NELI LY (98b)
ii — nin; = ii — hin;)—— €).
/ / 8xj B / / Bx‘,-

Note that (6;; — n;n;)d T, /0x; is defined only on the boundary. Equation (98) has been used in the
derivation of the term containing (8;; — n;n j)BTW /0x; in Eq. (97).

D. Summary

If we omit the terms of O(¢) in Egs. (84) and (97) and take into account Eq. (71b), then we obtain
the problem for ¢. In order to avoid cumbersome notations, we change the names of the variables
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from (Cy,, &) to (L, é) and denote ¢ as a function of (7, y, xi1, x2, &, é):
Cy — ¢ (thus Cyn — Cnand Cy — £), &y — &, (99a)
¢(f9 Yo X1, X2, CW’ 5_W) - ¢(f7 Y. X1, X2, C, é) (99b)

Here (¢, & ) should not be confused with (¢, & ) used until Sec. VIC. Then the equation and the
boundary condition for ¢ become as follows:

et ¢ _ Lo(@) (v>0), (1002)

(1 —a)Rep — ac(g2 — );}r a, (é’ — ﬁ) 7;:“

w 2 w

<
Il

I_)A
zacgz(&] ninj)ﬁ]/z

_ * 5§/2—1 —€ ;06
2w aam/z) y /0 LOE@E e a di

1 5\ (8T, AV Z ™
2-al)———= 2-Z i E=—cs =) n
i )A( )pBT”zg[(; 2><3xi>3" +< 2)(8)@- )J}
1 2 (., 1., 1\[od
a0 = 3 = 5 )5 ) e
A(Ty)pe 1 —v 3 3/\0x; /g

2 a) (s nn)[(@> +(3&)}
CA(Typp 1 — v T g ) Vo

s 5+8)\0T,
dc W;(&j n,”/)(f + & — —2 )E, (y=0, & > 0), (100b)
B J

d) - Oa (y - OO)’ (]OOC)

where Lo(¢) is defined by Egs. (85)—(87) with the change of notations (99) being applied. Here and
in what follows, the reflection operator R indicates Rg(¢;) = &(¢; — 2¢;n;n;) because of Egs. (95)
and (99).

The problem (100) is a steady boundary-value problem of the linearized ES model for a
polyatomic gas with & = 0 in the half space y > 0. It looks similar to the corresponding problem in
[39] for the ES model with 6 = O(1) [Eq. (95) in [39]]. However, there is a significant difference.
In the latter case, the boundary condition contains two quantities T and 9, instead of the three
quantities Tlr, Tmt, and v in Eq. (100b) and the problem has the unique solution only when T and 7
are related to the derivatives (37 /9x;) ;) and (99;/0x;)p appropriately. These relations provided the
so-called slip boundary conditions for the standard compressible Navier-Stokes equations with the
single temperature and with the bulk viscosity [39]. This structure is analogous to the corresponding
half-space problem of the linearized Boltzmann equation for a monatomic gas, which has been
studied mathematically [60-64] and whose mathematical structure, such as the existence and
uniqueness of the solution, has been well understood. Numerical analysis of some relevant problems
can also be found in the literature (e.g., [65,66]).

As mentioned above, the present problem, Eq. (100), contains the three quantities 7i;, Tiy, and
? in the boundary condition. This difference from the corresponding problem in [39] is due to
the following fact: The equilibrium solution L£y(¢) = 0 is the six-parameter family given by ¢ =
co+ciil F el + 33+l + C5f [cf. Eq. (90)], whereas the equilibrium solution L(¢) = 0,
where L£(-) is the linearized collision operator of the ES model defined by Eq. (32) in [39] [recall
that £o(-) = L(-)|g—o], is the five-parameter family ¢ = co + ¢1¢1 + 282 + c383 + c4(2% + &).
In analogy with the case of [39], we can expect that the problem (100) has the unique solution
only when Ty, Ty, and ¥ are related to the derivatives (37,/9x;)p, (3Tin/3x;), (39;/3x;)p, and
(8ij — min;)o T\ /0x » appropriately. These relations provide the desired boundary conditions for the
two-temperature Navier-Stokes equations, as we will see in the following section.
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We have not mentioned the initial condition for the Knudsen-layer equation so far. Since the
time-derivative term is not contained in Eq. (100a), we cannot impose the initial condition to this
equation. However, we can show that the problem (100) is consistent with the initial condition (55)
for the two-temperature Navier-Stokes equations and assumption (v) in Sec. I A. For the detailed
discussion on this point, the reader is referred to Sec. 5.2.4 in [40].

VII. SLIP BOUNDARY CONDITIONS
In this section, we analyze the Knudsen-layer problem (100) to establish the slip boundary
conditions for the two-temperature Navier-Stokes equations (6) basically following the descriptions
in [39].
A. Decomposition of Knudsen-layer problem
We first introduce the following reduced velocity distribution functions:

(I)(l Y, X1, X2, ;) 58/271 ~ AL _S oA
[w ¥ X1 X ;J F<6/2>/ [(2/6)5‘3/2%’“’ Yo g & )T dE (10D

Let us integrAate each of Egs. (100a), (100b), and (100c), multiplied by [F(8/2)]’1f:"3/2’le"§,
with respect to £ from 0 to co and make use of Eq. (101). Then we obtain the closed set of equation
and boundary conditions for ® of the following form:

D
éna—y = Lgs(®), (> 0), (102a)

= (1-a)R® —a.(L* - );”

w

+(2—Clc)—A = : 1 §n<§2_§><8ﬁr) n;
Ac(T)peT’? 2)\ 0xi /g
1 2 ([, 1, 1\/[0D
O e GREURE) (a—)

+ 2 - a); 2 n; (8; nn)[(a—f”) +<8—f)1)}
¢ A(T ),OBI_ ;né-tl ij ity an 5 B.X] 5

Zacg‘l((sl] nin])/\l/z 2\/—aL/ §n¢E(§)d§

& <0

, 5\l B
ac WQ(&, ninj)<§ - E)B_xj’ (y=0, &% > 0), (102b)
® -0, (y— o0) (102¢)
Here
_ Oo 65/2—1 —& ;6
Les(P) = rG/2) /0 Lo(p)E e dé
, 3 1,
=w+25u;+ | — 5 Ty +V {lé‘] é‘ 81] ij -, (103)
where
2 , 3
o=(®), wu=(P), = 3 I 3 D), P =2(¢¢g;), (104)

and (- ) is defined, for an arbitrary function g(¢) of ¢, by
20 = [ woE@de. (105)
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It should be emphasized here that Lgs(-) is nothing but the linearized collision operator of the
ES model for a monatomic gas. It follows from Eq. (91) [with the replacement (99)] that, for an
arbitrary function g(¢;),

(Lrs(9)) = (GiLrs(g)) = (¢*Lrs(g)) = 0. (106)

In [40], the slip boundary conditions for the compressible Navier-Stokes equations were derived for
amonatomic gas on the basis of the Boltzmann equation including the BGK model. Although the ES
model was not considered there, it is not difficult to see that the problem (102) is the Knudsen-layer
problem for the ES model for a monatomic gas if T is regarded as the temperature T [cf. Egs. (100)
and (101) in [40]; note that for a monatomic gas, the ES model reduces to the BGK model when
v = 0]. Therefore, the problem (102) can be handled in the same way as in [40].

Next, we integrate each of Egs. (100a)-(100c), multiplied by (2/8)[T'(§/ 2)]‘15‘ 8/2¢=¢  with
respect to £ from 0 to oo and make use of Eq. (101). Then, from the resulting equations, we subtract
Egs. (102a)—(102c), respectively. As the result, we obtain the problem for the difference ¥ — &:

Y
T; 1 oT;
T =(—-a)RY —a2+(2—a T A]/zfn( “‘) ni
TW C(TW)IaBTW axi
ot
ac WL(&] ni”j)ga y=0, & > 0), (107b)
B J
T — 0, (y— 00), (107¢)

where T is defined by the difference
Y@, v, x15 x2, &) = V({E, ¥, x1, x2: &) — @, ¥, x15 x25 §)- (108)

Let us consider the problem (102). As discussed in Sec. 5.3.1 in [40], if the terms containing the
boundary values of the derivatives (87} /0x;)p and (39;/0x;)p and the tangential derivative of the
boundary temperature (8;; — n;n;)(0 Ty /0x;) in Eq. (102b) are all set to be zero, then the problem
(102) has a trivial solution ® = 0, 7, = 0, and v; = 0, which should be unique in analogy with
the case of the linearized Boltzmann equation for a monatomic gas [61]. Therefore, these terms are
regarded as the inhomogeneous terms, and T;; and ¥; are a part of the solution. That is, ® as well
as Ty, and ¥; is determined depending on the inhomogeneous terms. Because of its linearity, the
problem (102) can be decomposed in accordance with the form of the inhomogeneous terms.

Here we note that ¢;(8;; — n;n;) in the last two lines of Eq. (102b) indicates the tangential
component of ¢, i.e., the projection of ¢ onto the plane tangent to the boundary. From the form
of the inhomogeneous terms in Eq. (102b), we assume the solution @ in the following form:

d(F c)—;[(a—f”) +<af’ ) ];n(s —ninj) ®L(y, ta, ©)
’ yv X11 XZv _AC(TW)[A)B axj s BXZ ity lj ety v yv n»

1 ot

+ ?
A (T)peTa? 8x;

gl(étj ninj) CI)IT(y, gna ;)

1 aD; 1
+ =) nn;®, 0, &, )
- ax; /)

+ ;,/2(£> @Y. o 0. (109)
AC(TW)ﬁBTW axi B
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Then we also set the unknown parameters v; and T, in the form consistent with the form of the
macroscopic quantities in the inhomogeneous terms. To be more specific, the tangential vector
(8;; — ninj)v; should be related to the (macroscopic) tangential vectors in the inhomogeneous
terms, i.e., (8;; — nin;)[(00;/0x;)p + (30;/9x;)g]ln; and (&;; — n,nj)(afw/ax,), whereas the scalar
f}r should be related to the (macroscopic) scalars in the inhomogeneous terms, i.e., (09;/0x;)gn;n;
and (9 f}r/ dx;)pn;. To summarize, we let

v (5.A_n.nA)_C1; ot + 99; n(8i; —min;)
7,172 ij ij) = VA (Tw)ps L\ 0x; 5 ax )y 1R0ij iy

L 1 0T, o ) (110a)
T~ < ~12 o ij —nnj), a
TA(T)peTid? o 7 7

T, 1 3D, 1 o,
;ngTf{—)nw+#TT—fmﬁé>m (110b)
Ty Ac(Tw)/OB 8xj B AC(TW)ﬁBTW axi B

where ¢!, b, ¢!l and ¢! are undetermined constants that depend on the properties of the gas as well

as on the accommodation coefficient a. and are determined together with the solutions ®!, ®%., ®!7,

and ®.
Similarly, the problem (107) can be decomposed by letting
Y 9] ! afwf(S ) Y7, &ns €)
> Yo X1 X2, = = =17 ~_ %l —nn; Y, Cn»
Ac(Bpeta dx; = T
1 8f}nt> II
+ ~ =~ ~ niT ( ) Cnv é‘) (111)
Ac<Tw>z>BTW”2< ox ) T
and
Tin 1 0T
— = A1/2< t) n;, (112)
TW Ac(Tw)pBTw axi B

where &/ is an undetermined constant depending on the properties of the gas as well as on the
accommodation coefficient a. and is determined together with the solution T}’ . Since Ty is a
scalar, it cannot be related to the tangential vector (§;; — n;n j)(8fw /0x;). Therefore, Tine must have
the form of Eq. (112). In other words, the problem for Y. does not contain any undetermined
constant.

If we substitute Egs. (109) and (110) into Eq. (102) and substitute Eqs. (111) and (112) into
Eq. (107), we obtain six decomposed problems for ®!, &%, &/, &, YL and TI. Once they
have been determined together with the constants ¢!, ¢}, c!l, ¢/, and &, Egs. (110) and (112)
provide the desired slip boundary conditions for the two temperature Navier-Stokes equations. The
assumption that ®/, &%, &7 ® Y and TI are all functions of y, £,, and ¢ will turn out to be
consistent.

Before presenting the decomposed problems, we need a small preparation. Let us introduce two
unit vectors § and ¢ tangent to the boundary and orthogonal to each other, i.e.,n-s=n -t =s -t =
0, and denote the two orthogonal tangential components of ¢ by {; = ¢+ s and ¢ = ¢ - £. Then we
have the expressions, such as & = &on; + &s8i + Gitiy C2=¢2 + 62+ ¢2, and min;j + si5; + it = 8.
With these relations, it is easy to verify the following relation for any function g = g(&,, ¢):

Les[i(8i — minj)g(Cn, O = &i(8ij — minj)Liglg(Gns O, (113)
where
L¥s[8(n O1=((¢7 = ¢7)8) + 2vi(ta(¢” — 47)g) — & (114)

Now we list the resulting six decomposed problems for ®/, &, &I, & Y] and Y.
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(i) Problems for (®L; c) (k = v, T):

aq)i S 1
& 5 = ﬁES(QDK), > 0), (115a)
o = (1-a)R®. —2a.cl +H., (y=0, & > 0), (115b)
<I>£ -0, (y— 00), (115¢)
where
2 5
Hy = Q2 —a) 7=, H;:ac<¢2—§>. (116)

If we take (- ) of Eq. (115a) multiplied by % — §n2 and note that (¢% — ;'nz) =1, we have d (¢, (¢? —
¢2)®L)/dy = 0. Then it follows from Eq. (115c¢) that

(a(c? = ¢7)@p) = 0. (117)
(ii) Problems for (®; ¢!y (k = v, T):
8‘1)”
n— = Les(®Y), (>0, (118a)
dy
o = (1-a)R®! — 27 a, / GOUE@)dE — a (¢ — )l + HY,
&n<0
=0, &> 0), (118b)
o7 -0, (y— o00), (118c)
where
2 1 1 5
1 _ 2 L, 1 1 _ oy _ 22
H =a. 1—v<§“ 3§ 3), Hp =(2 ac)§n<§ 2)- (119)

Taking (-) of Eq. (118a) multiplied by (1, &, ¢?) and taking account of Eq. (106), we have
d{(e, @) /dy = d (¢! /dy = d(£,¢* @) /dy = 0. Then, from Eq. (118c), we obtain

(@) = (67 @) = (@) = 0. (120)
(iii) Problem for T;:
oY1
L—"r = =Y, (>0, (121a)
dy
YL = (1 —a)RYE +a., (y=0, & > 0), (121b)
Y. -0, (y— o00). (121c)
(iv) Problem for (YF; &/):
aﬁrll
o L =(x/)-71, >0, (122a)
y
T = (1 —a)RYY —adll + 2 —a)t, (=0, & >0), (122b)
Y0, (y— ). (122c)

Taking (-) of Eq. (122a) and taking Eq. (122c) into account, we have
(&) = 0. (123)
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B. Further reduction of decomposed problems

The independent variables in the decomposed problems listed in Sec. VI A are y, ¢,, and ¢. In the
present section, we will further reduce the independent variables to y and ¢, using the conventional
procedure first introduced for the BGK model [67]. For this purpose we introduce the following

reduced velocity distribution functions (¢!, i), (Y!, Yk, !, yi), and (vk, VI
1 g2
oo =— [ [ el et s, (1242
T JooJ-0c0
1 o0 o0 2 2
o) = — / / (&7 +¢7) DL G OIS dbd, (124b)
1

oo o
Woca == [ [ 1o o0rt Fande, «=v T andN =101, (1240
—0Q v —00
Here we have expressed ¢ using the components &, ¢, and &, i.e., £ = R + £8 + &, so that
¢?—¢2 =2+ ¢ holds.
Equations (117), (120), and (123) are, respectively, expressed in terms of the reduced velocity
distribution functions as follows:

o0
/ GaWle ™ di, =0, (1252)
11
00 (/)K )
/ tn | Cagl! et dg, =0, (125b)
=L
/ e @ de, =0, (k =v, T). (125¢)
—00
Then, by the use of Eq. (125a), ,CSS(CDI) (k = v, T) [cf. Eq. (114)] is expressed as
Lig (@) f Yle & dg, — @l (k=v, T), (126)
and with the help of Eq. (125b), Lgs(®!!) (k = v, T) [cf. Eq. (103)] is expressed as follows:
EES((DLI) =w+ (Cz - %)ftr + U(CiCj 3§ 31])1’ -, (k=vT), (127)
with
: /w fetide (128a)
w=— ple ndg,, a
\/_ K
o = f / Moy + % / ylles d, (128b)
Pij = ﬁ / 1//,{16_;‘2 de, (8,‘]‘ — ninj). (128¢)
—0Q

Here we have omitted the subscript « and superscript /1 for the macroscopic quantities w, P;;, and
T to avoid cumbersome notation. In addition, (T}I ) in Eq. (122a) is reduced to

1o )
(r7) = 7= [ N vi'e™ % dg,. (129)

With these preparations, we consider the problems for (®!; ¢l ) and (®/; ¢!')(k = v, T) as well as
those for Y1 and (Y¥; &) listed in Sec. VIT A.
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(i) Problems for (®L; ¢l) (k = v, T):

Let us multiply each of Eqs. (115a) [with Eq. (126)], (115b), and (115¢) by (1/7t)(§s2 +
¢2) e~ ¢ and integrate the resulting equations with respect to ¢s and ¢ from —oo to oo for both
variables. In addition, we let

(W) = L ). (9 o) = (7 ). (130

Then we obtain the following half-space problems for ( ,ﬁ, "ﬁ)(/c =, T):

31/7,5 _ 1 Oo 71 —¢? 71
ot = o [ dedan gl o0, (131)
! = (1 —a)RY! — 24, + G, (y=0, ¢, > 0), (131b)
Ul -0, (— o0, (131¢)
where

GL=22—a)&, Gp=ac(s]—3), (132)

and R0, &) = P10, —&).
(ii) Problems for (®/; ') (k = v, T):
We multiply each of Eqs. (118a) [with Eq. (127)], (118b), and (118c) by (1/7)(1, §52 +

e &= and integrate the resulting equations with respect to &g and ;“t from —o0 to oo for both
varlables Then we obtain the following half-space problems for ((p ! e =v, T):

J | ¢ ! é‘ T2 1 Cn -2 P
S dy I:‘/f”:| = w|:1] + Ty |:§_n %:| §UP11|:§3 _ i:| - |:1ﬂ”i|’ y > 0), (133a)

5] - a3 o ot

—accl! [g“{z ] +G’, (y=0, ¢,>0), (133b)
Py
[W"} -0, (y— 00), (133¢)
where
11_f 1@t I _ {nz_%
G, = 34T an s G =2 —ac) 21| (134)

and w, 7y, and P; (= P;;§;;) contained in Eq. (133a) are defined by Eqgs. (128a)—(128c¢).

(iii) Problem for Y7:
Integrating each of Eqs. (121a)—(121c), multiplied by (1/x )e’fs2 ’Ciz, with respect to ¢ and &
from —o0 to oo for both variables, we obtain the following problem for v?.:

vl
;“na—T = -vp, (y>0), (1352)
y
vl = (1 - ac)ﬁu§ +a., (=0, & >0), (135b)
v§ -0, (y— 00). (135¢)
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(iv) Problem for (Y#; &)
Integrating each of Egs. (122a)—(122c), multiplied by (1/7 )e= 8 with respect to ¢ and &

from —o0 to oo for both variables, we obtain the following problem for (v}, &/):
3“# 1 /Oo 1 -2 1
—_— = — “nde, — vy, 0), 136a
tn dy N ure fn —Up (y>0) ( )
ol = (1 - a)Rul! —adl + 2~ a)t, (=0, & > 0), (136b)
vé’ — 0, (y— o00). (136¢)

C. Some remarks on reduced problems

As the result of the analysis in the preceding sections, the Knudsen-layer problem to determine
the slip boundary conditions has been reduced to the half-space problems for (i) (1/7,£ ; E,’()(K =
v, T), i.e., BEgs. (131) and (132); (i) (¢!, ¥!!; c!\(x = v, T), i.e., Egs. (133) and (134); (iii) v,
i.e., Eq. (135); and (iv) (V¥; &), i.e., Eq. (136). At this point, we give some remarks on these
problems.

We first note that the problem of (/!; &), i.e., Egs. (131) and (132) with k = v, is exactly the
same as the problem of the Knudsen layer for the shear slip based on the linearized BGK model for
a monatomic gas [41,42] and the Maxwell-type boundary condition. It is one of the fundamental
classical problems in kinetic theory studied by various authors [43,68—71] [there are some earlier
results [72,73] for a. = 1 (diffuse reflection)]. In fact, E{} is the slip coefficient of the problem, which
is equal to « in [69] and ¢p in [43]. Therefore, we can easily find the value of E{) in the literature and
can, in principle, recover the solution v/ from the data in the literature. Consequently, we can obtain
the reduced distribution function ¥/ of ®/ and the value of ¢! of the original problem, Egs. (115)
and (116), immediately from Eq. (130) as

1 __ 1 1 I _ 1 1 137
wv - :wuBGK’ G = mCuBGK’ ( )
where and in what follows the subscript BGK indicates the corresponding quantities for the BGK
model for a monatomic gas. This reduction from the ES model to the BGK model has been used in
[44] in connection with the analysis of the Knudsen layer in the framework of the generalized slip
flow theory based on the linearized ES model for a monatomic gas.

We next note that the problem of (y/1; ¢-), i.e., Eqs. (131) and (132) with « = T, is exactly the
same as the problem of the Knudsen layer for the thermal creep based on the linearized BGK model
for a monatomic gas and the Maxwell-type boundary condition. It is also a fundamental classical
problem that has been investigated in several papers [43,70,74,75] (there is an earlier work [76] for
a. = 1), and &, corresponds to the slip coefficient of the problem, which is equal to d/2 in [75]
and ¢r in [43]. Therefore, the numerical value of E’T is available, and the reduced distribution 1H
associated with CD’T can, in principle, be obtained from the literature. From Eq. (130), this fact can
be summarized as

W% = ‘MBGK’ CIT = CITBGK- (138)

This equivalence between the ES model and the BGK model for a monatomic gas is also pointed
out in [44].

Now let us consider the problem for (¢!, ¥!’; c!T), i.e., Egs. (133) and (134) with k = v. This
problem is exactly the same as that of the Knudsen layer for the temperature jump, caused by the
normal gradient of the normal component of the flow velocity, based on the linearized ES model for
a monatomic gas and the Maxwell-type boundary condition [cf. the sentences following Eq. (106)].
It has been studied in [44], and the numerical results for a. = 1 (diffuse reflection) and v = —0.5
and 0 (BGK model) are found there (see also [45]), e.g., c{)’ (here) = Cgo) (in [44,45]). However,
since no result is available for the general case, a new numerical analysis of the problem is required.
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The problem for (¢4, ¥i’; ¢!, i.e., Egs. (133) and (134) with ¥ = T is the same as that of the
Knudsen layer for the standard temperature jump based on the linearized ES model for a monatomic
gas and the Maxwell-type boundary condition [cf. the sentences following Eq. (106)]. It has been
studied in [44], and the numerical results for a. = 1 and v = —0.5 and 0 (BGK model) are found
there (see also [45]), e.g., c’T’ (here) = clo) (in [44,45]). However, since no result is available for the
general case, we need new numerical computation for this problem.

Finally, we consider the problem for vl and that for (v¥; &), i.e., Egs. (135) and (136),
respectively. The problem (135) can be solved immediately:

0, n < 0),
ol = { i ts ) (139
ace%, (g > 0).
By comparing Eq. (136) and Eq. (131) with k = v, one immediately finds that
v = 3%, = 3Visek: &7 = & = Cupck (140)

In this way, the problem for (UT ; cT ’) has been solved.
In summary, what we only need is to solve the temperature jump problems, i.e., Eq. (133) with
k = v, T, for specified v.

D. Summary and additional remarks

We note that v and the accommodation coefficient a, are the only parameters that enter the
solution of the problem for (wl, ci) [Eq. (137)] and the solutions of the problems (133) for
(@, yl; ey (k = v, T). In addition, the solution of the problem for (%, i) [Eq. (138)] and
that of the problem for (v¥, &) [Eq. (140)] are independent of v. It follows from Eq. (A8) that
Pr=1/0—-v+6v)~1/(1-— v) when 6 « 1. Therefore, v is basically determined by the Prandtl
number.

According to Eqgs. (137), (138), and (140), the coefficients cv, cT, and c are obtained imme-
diately from the slip coefficients for the BGK model for a monatomic gas. The result is shown in
Eq. (10) with Table 1.

By contrast, we need a new numerical analysis of the problem (133) (with x = v, T) to obtain
the numerical values of ¢!/ and c¥. Since the analysis, which is based on a finite-difference method,
is straightforward, we show only its outline in Appendix D. As mentloned in Sec II D, the resulting
numerical values are shown in Tables II and III. The dependence of ¢!/ and ¢! on the parameters v
and a, is discussed in Sec. II D.

With these numerical values of ¢!, ¢k, ¢!/, ¢!, and &/, the slip boundary conditions for the two-
temperature Navier-Stokes equations (6) follow immediately from Egs. (60), (96), (110), and (112).
The result is summarized in Eq. (9) in Sec. II D. As noted in [40], Eq. (9) forms two-dimensional
fields on the boundary at each time and is independent of the trajectory of the points on the boundary.

The initial conditions for Eq. (6) are given by Eq. (55) under assumption (v) in Sec. I[ A.
However, if we are interested only in the behavior of the gas in the fluid-dynamic timescale that
is much longer than the mean free time and admit the inaccuracy in the initial stage 0 < f <
O(mean free time), we may ignore assumption (v) in Sec. IT A and assume the more general initial
conditions of the form of Eq. (13), where pn (), i (x), Tt;“ (x), and 7;111? (x) are appropriately chosen
functions and are related to the initial condition for the ES model specified in the problem under
consideration, say,

f0,x, ¢ 8= ¢ ), (141)

which may be more general than Eq. (39). The reader is referred to Sec. 5.2.4 in [40] for more
detailed discussion about the initial conditions.
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E. Macroscopic quantities inside Knudsen layer

We consider the Knudsen-layer parts of the macroscopic quantities fz(l) in Eq. (62) or more
specifically Eq. (69), on the ba51s of the expressmns (88) [with Eq. (86)] and (89). Equation (92)
indicates that vgl)n,, pKl s q(mKln,, and q(mt)Kln, are all of O(Rye). Other components of the

macroscopic quantities h%) can be obtained by using Egs. (101), (108), (109), and (111) in Egs. (88)
[with Eq. (86)] and (89) and by noting that the change of the names of the variables (99) has
been made in Egs. (101), (108), (109), and (111). In this process, use is also made of the relations
derived in Sec. VII C. We summarize the results of the Knudsen-layer corrections of the macroscopic
quantities, i.e., fzK = fzg)e + O(Ry€?) [Eq. (62)], neglecting the terms of O(R€?):

UKl

f)Kitz -

px =

TtrK

Tian

>

K=

DKijn;j

Dxijtj =

dnKini

Juokiti =
JinvKiNi
Janokilti =

dki

=0,
2100 0, 1 197,
LT E (T)ﬁ<8_xj+ axl>"t’+6YT(y”<T)p ox;
Q) 2+ R ()
(T ) dx; ATHTL? ox
1 99 712 1 a1,
= v(y)A(T) nzn,+e®r(y)Ac( )Ea_xlni,
T 10T
T()’) (T),o ox is
3Tk + 8Tk
3+8
=0,
D; Ta* oty
IT,(y) = (T )a_nj ki +€HT(y)A 7 )a—njt,-,
=0,
HL ()~ W (aﬁ' ] >m,+eHT<y>AT My,
A (Ty)\0dx;  dx; A(Ty) 8
=0,
eHr (y)+ (T)aaTW

= ki + Gnokis

where, withk =vand T,

1 1 *© >
Koy =56 - g)ol) = o= [ vleFaa,

Q (y) (CDII f/ ” 7€n d;ny

=32t}

@wﬂw=%[

11>e {“ d;.

1_{n I—U

vpe ndi, =

/ Wl dgy = (1 = Y 0),
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3
.(y) = E[QK(y) + 0., (143e)
1 5
H () = 5((;2 - cf)(ﬁ - §)¢g>, (143f)
~ )
Hr(y) = —((;2 — YT (143g)

Here (-) is defined by Eq. (105). In Eq. (142), the quantltles 0, v,, T, and Ty belong to the
Chapman-Enskog solution, and p and the derivatives of ¥;, T, and T, are all evaluated on the
boundary. By the use of Egs. (137) and (138) and by a similar procedure to that in Appendix C in
[39], we obtain the following relations (the details are omitted here):

1
Y(y) = — quBGK(y), Yr(y) = Yregr (), (144a)
1
Hy(y) = 15 wok(¥), Hr(y) = Hreck(y), (144b)
~ 1
Hr(y) = macfwo()’)» (144c¢)

where Yok (V), YrBor(Y), Hysgr(¥), and Hrpgk(y) are the corresponding functions for the BGK
model for a monatomic gas, and J,,(y) is the so-called Abramowitz function [77] defined by

o y
J,(y) = / e ¥ dz, (v = 0). (145)
0

The basic functions Y,ggk (y), Yreck(y), Hisck (¥), and Hrggk (y) versus y are plotted in Fig. 2
in [39] for three different values of the accommodation coefficient a. [note that a. (here) = « (in
[39D)],1i.e.,a. = 1.0,0.5, and 0.2. These functions vanish rapidly as y — oo. Here it should be noted
that [Y,p6k (), Yreak (), Hupak (), Hreax ()] (here) = [¥,(v), ¥, V(). H{" (), H{"()] (in
[44,45]) and the latter functions for a. = 1 are tabulated in Table 6 in [45]. In addition, the function
Jo(y) is tabulated in Table V in [39]. Therefore, these data are omitted here. The functions Y, (y),
Yr(y), H,(y), Hr (), and Hr(y) are recovered from these data once the value of v is known for the
gas under consideration.

In Figs. 2-5 we show the profiles of the functions ©,(y), Qr(y), ®,(y), and O (y), respectively,
in the case of a. = 1.0, 0.5, and 0.2 for v = —0.5, —0.3, —0.1, and 0.1. In these figures, the
corresponding profiles for the BGK model for a monatomic gas (v = 0) are also shown. We should
recall that the functions 2, (y), Q7 (y), ©,(y), and O (y) are the same as the corresponding functions
for the ES model for a monatomic gas. To be more specific, [2,(¥), Qr(y), ©,(y), Or(y)] (here) =
[, &V, 0L (), ©P ()] (in [44,45]), and the latter functions for a. = 1 and v = —0.5
(Pr =2/3) and 0 (BGK model) are tabulated in Tables 4 and 6 in [45]. Corresponding to the fact
that ¢/ is almost constant with respect to v, the functions Q7 and ®7 are almost independent
of v.

VIII. TWO-TEMPERATURE NAVIER-STOKES EQUATIONS AND SLIP BOUNDARY
CONDITIONS IN DIMENSIONAL FORM

We first summarize the dimensional form of the two-temperature Navier-Stokes equations fol-
lowing Sec. III C in [36]. The stress tensor p;; and the heat-flow vector g;, which are the dimensional
version of Eq. (53) with the O(e?) terms being neglected, are given by

dv; vy 2 ka )
i),

pPij = pRT;rSU (T, Tir)( +—= -3

(146a)
X; dX; 3 8X
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and T = (3T + 6Tint)/(3 + 8) [Eq. (18i)]. Correspondingly, the dimensional two-temperature
Navier-Stokes equations, which are the dimensional version of Eq. (6), are given by the following

equations:
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(o )+ (p ])+ (pRTy)

ot 0X;

ox;

| NI SRS R

Or(y)

T T T T

0 2 4 o6 8
y

(a)

= 9 T, T
_a_Xj (T, lr)(

| NI BRI R R

BU,' i
X

J

o
)

.
b <
W

[N IR N AN A N |

o
=N

o
~
1

LI ISLLL A L L L L L R EREREY |

0 2 4 6
Y

(b)

8

81)]' 2

X, 3

X,

(148a)

5,-,-)}, (148b)

| NI SRS R A

avk

.
<
p

I RN NN |

'

e

w
1

Or
. . .
SO
SNV NS
[ N

=
o
I

| SLSLEL LU LA L L L L L BB LRI |

0 2 4 o6 8
)

(©)

FIG. 5. Profile of ©7(y). (a) a. = 1, (b) a. = 0.5, (c) a. = 0.2.

083401-37



SHINGO KOSUGE et al.

9 3 1 9 5 1, 3 5
0 [xtr(T Ttr)aﬂ 4 i[uﬂ T (a”’ 40 3%5»” (148¢)
aX X X \ox;,  ax, 39x. ‘)|

0(pTin) + a(pvj Tint)
ot 8Xj

0A.(T) 2(T Tint) = 219 (T, T)aT (148d)
c 1Y int 8 RBX Aint tr 3X

The A.(T) in Egs. (148c) and (148d) can be replaced by an expression in terms of iy, Ay, OF
Aine With the help of Eq. (147). However, the terms containing A.(7') indicate the relaxation of the
translational temperature and that of the internal temperature. Since [0A.(T)p]~" is the timescale of
the relaxation of the translational and internal temperatures [cf. Eq. (A10)], it would be more natural
to keep 0A.(T) in Egs. (148c) and (148d). The dimensional version of Eq. (54) is omitted here
[cf. Eq. (70) in [36]].

Next we transform the slip boundary conditions (9) into their dimensional form. To be more
specific, we use Egs. (3) and (8) and eliminate € with the help of Egs. (4), (AS5), and (147) (with T =
Ty and Ti;, = Ty,) in Eq. (9). Then we obtain the following dimensional form of the slip boundary
conditions:

(Vi — vyi)n; =0, (149a)
2 (T, Ty) [ 0v; ov 4 Mc(Tyy, Ty) 0Ty

R L}/z)(ﬁ aX’) it + oy SO DB gy
pTy J pTy 0X;

(T, Ty) 0v; 2 Me(T, Tw) 0T
T — Ty = — U’M Cn, {zlrl ‘(Wl/z ) —h, (149¢)
2\/5 ~I )\‘inl(TW1 Tw) 87-int
T —Ty = 5R3/2aT pT1/2 X, n;, (1494d)
where
a, = (1 —v)c) =clpex. @ =} = ek
al =1 -, o =, @ =& = clpek- (150)

Here Eq. (10) has been used. In Eq. (149), RT,, /A.(T,,) has been eliminated by the use of the relation
RT/A(Ty) = (1 = v)uu(Ty, Ty) = 2/5SR)Au(Ty, Ty)= 2/5R)Ain(Ty, Ty) [cf. Eq. (147)]. More
specifically, wuy is used in the terms containing the derivative of v;, Ay is used in the terms
containing the derivative of T, or Ti, and A, is used in the term containing the derivative of
Tine- This choice follows the analogous choice in the slip boundary conditions for the ordinary
Navier-Stokes equations (with a single temperature) for a polyatomic gas [see Eq. (139) in [39]]. In
the case of the ordinary Navier-Stokes equations in [39], the equations as well as the slip boundary
conditions are expressed in terms of the viscosity u, bulk viscosity wp, and thermal conductivity A
[cf. Egs. (138) and (139) in [39]], the data of which are available for many gases. Therefore, these
data can be input directly in the equations and the boundary conditions without identifying the
function A.(7) in practical applications. In contrast, the two-temperature Navier-Stokes equations
(148) contains A.(T). In addition, the transport coefficients pi, Ay, and Ay, contained in the
equations (148) and in the boundary conditions (149) are the quantities whose direct measurements
would be difficult. Therefore, we need to identify the function A.(7T") by the procedure described in
Sec. IIE. An example of the procedure is shown in the last paragraphs in Sec. ITF.
The initial condition for Eq. (148) is given by

P = Po, v=07 Ttr: inl:TO, at t:()v (151)
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which corresponds to Eq. (55) under assumption (v) in Sec. I A, or

p=p"X), v=0"X), Tr=T"X), Tw=TnX), att=0, (152)
which corresponds to Eq. (13) in more general case without assumption (v) and in the case when
we ignore the accuracy for short time (within the scale of the mean free time). Here p™, v™, 7",
and T} are the density, flow velocity, translational temperature, and internal temperature obtained

from the initial distribution f in corresponding to Eq. (141) (see Sec. 5.2.4 in [40]).

IX. CONCLUDING REMARKS

In [36], four of the present authors derived the two-temperature Navier-Stokes equations from
the ES model for a polyatomic gas under the assumption that the timescale of the relaxation of
the internal modes is much longer than the collisional mean free time. Then the equations have
successfully been applied to the problem of the structure of a stationary shock wave in CO, gas
(see also [38]). Incidentally, it is generally understood that gases with slow relaxation of the internal
modes have large bulk viscosities.

In the present study, we tried, as the next step, to derive the appropriate boundary conditions
for the two-temperature Navier-Stokes equations. Since most of practical flow problems contain
solid boundaries, the applicability of the equations will be dramatically enlarged with the boundary
conditions.

As is well known [58,59,78,79], the appropriate boundary conditions, which are in the form of
the slip boundary conditions, for the ordinary Navier-Stokes equations can be obtained only by the
analysis of the Knudsen layer, which is a thin layer with thickness of the order of the mean free
path of the gas molecules adjacent to the solid boundary. The reader is referred to [40] for the slip
boundary conditions for a monatomic gas and [39] for those for a polyatomic gas.

In the present study, following these references, we have carried out a precise analysis of the
Knudsen layer, in the case where the timescale of the relaxation of the internal modes is much
longer than the collisional mean free time, on the basis of the ES model for a polyatomic gas and
the Maxwell-type boundary condition. As the result, we have derived the slip boundary conditions
for the two-temperature Navier-Stokes equations, together with the explicit numerical values of the
coefficients included in the conditions (the so-called slip coefficients).

The boundary conditions for the flow velocity and the translational temperature are essentially
the same as the slip boundary conditions for the ES model for a monatomic gas, and the internal
temperature does not appear there. The boundary condition for the internal temperature only
contains the normal derivative of itself and is free from the translational temperature as well as
the flow velocity.

In this way we have established the handy system consisting of the two-temperature Navier-
Stokes equations and their slip boundary conditions and presented it in the form that is explicit
and immediately applicable to practical flow problems of a polyatomic gas with slow relaxation of
the internal modes (or large bulk viscosity) [see Egs. (6) and (9) or Egs. (148) and (149)]. Itis a
great advantage of the two-temperature Navier-Stokes equations to have clear boundary conditions,
compared with other macroscopic moment equations. The application of the new system to some
fundamental flow problems will be our forthcoming project. It would also be possible to extend the
present approach, as well as that of [36], to more sophisticated models than the present ES model,
such as the model proposed recently by [25], to derive multitemperature Navier-Stokes equations
and their slip boundary conditions.
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APPENDIX A: BASIC PROPERTIES OF ES MODEL
1. Basic properties

The ES model (17) has the basic properties listed in the following.
Equilibrium: The vanishing of the collision term Q(f) = 0 is equivalent to the fact that f is the
following local equilibrium distribution [16] (see also Appendix A in [53]):

_ p& ! e AD)
e = GrRTPART YT G2) eXp( ORT ﬁ)’ (

where p, v, and T are arbitrary functions of 7 and X.
Conservations: For an arbitrary function g(z, X, &, &), the following relation holds [16] (see
also Appendix A in [53]):

o
|| o as=o. (A2)
0
where ¢, (r =0, ..., 4) are the so-called collision invariants:
=1 ¢i=& (=1,223), ¢=3lE+¢E. (A3)
Entropy inequality: For an arbitrary function g(¢, X, &, &), the following inequality holds [16]:
o0
8
[ (i Jewaz g <o (A%)

and the equality sign holds if and only if g = fq in Eq. (Al).
Mean free path: The mean free path [y of the gas molecules in the equilibrium state at rest at
density pp and temperature Tp is given by

2 (2RTy)'
VT A(Ty)po’

for Eq. (17), since A.(Tp)po is the collision frequency at this equilibrium state.

0 (AS5)

2. Transport and relaxation properties

When the mean free path of the gas molecules / is small compared with the characteristic length
of the system, we can formally derive the ordinary (compressible) Navier-Stokes equations for a
polyatomic gas from the ES model (17) by the Chapman-Enskog method [16]. The Navier-Stokes
constitutive laws thus obtained are as follows (see Sec. VI of [39] for these forms and for the entire
Navier-Stokes equations):
dv;  dv; 20w

8Uk
8 — (T 28 4 S 2% N (T A6
Poij = )<axj+ax,- 39X, ’) wo(T) s 0 (Aba)

Dij

Yepral (A6b)
g ox;’

1
where w(T), up(T), and A(T) are, respectively, the viscosity, the bulk viscosity, and the thermal
conductivity and are expressed as follows:

W(T) = KT (A7a)
1—v+60vA(T)
2 ) RT
w0 = S 6+ 3 AT (ATD)
MT) = ﬂ R°T . (A7¢)
2 AT
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From Eqgs. (A7a), (A7c), and (1), the Prandtl number Pr = ¢,/ is obtained as
Pr=1/(1—-v+06v), (A8)
and from Eqs. (A7a), (A7b), (A8), and (1), the ratio u,/u is expressed as

w20 L (3L ")
1% 3664+3)Pr 6\3 Pr
Here it should be noted that the ratio u,/u© does not depend on 7' and is inversely proportional to
the parameter 6 contained in the ES model.

In [36], the relaxation of the internal modes is examined in the space homogeneous case where
f does not depend on X, i.e., f = f(¢, & &). As shown in Sec. IID in [36], the temperature T,

associated with the translational energy and the temperature 7;,, associated with the energy of the
internal modes evolve with time as

Ty =T + (Ty — T) e ?4Dr1, (A10a)
Tt = T + (T — T) e 24P (A10b)

where T is the temperature that is constant, and Ty and Ty, are, respectively, the initial value of
Ti; and that of Tj at + = 0, which satisfy the relation (3T« + §Tini)/(3 + 8) = T. That is, Ty, and
Tine approach the total temperature 7 with the timescale 1/[0A.(T)p]. Since A (T )p is the collision
frequency of the gas molecules, 1/[A.(T)p] is the mean free time. Therefore, the timescale of
relaxation of the internal modes is (mean free time)/6.

In summary, small values of the parameter 6 correspond to the case of large w;,/u and to the case
of slow relaxation of the internal modes.

APPENDIX B: REDUCTION OF TWO-TEMPERATURE NAVIER-STOKES EQUATIONS
TO ORDINARY NAVIER-STOKES EQUATIONS

In this Appendix, we try to recover the ordinary Navier-Stokes equations with a single tem-
perature from the two-temperature Navier-Stokes equations (6) following the procedure in [28].
The basic assumption to derive the latter equations is Eq. (5), i.e., « = 68 /e = O(1), whereas the
ordinary Navier-Stokes equations are based on the assumption that € is of the order of unity [39],
which corresponds to & = O(1/¢) > 1. In order to consider the situation close to the case of
a = O(1/€) > 1 in the two-temperature Navier-Stokes equations that are valid for @ = O(1), we
let

l<Kakl/e, ie,e kK0 K1 B
It is seen from the order of magnitude of each term in Egs. (6¢) and (6d) that
Ty =T =00/a), Tw—T=0(01/a). (B2)

Subtracting Eq. (6b) multiplied by 29; from Eq. (6¢), using Eq. (6a) occasionally, and dividing by
0, we obtain

T, . Ty 2. 9D

) T + dA (Tp(T T)+5618 (T f)af"
~ i~ — LSl OAc - Ltr ¢ 5. > Atr
ot / ox; 3" 0x; p ‘ 6 pox; * ' ox;
N 2 1F F. 7 )813; oD; n a0; 23®k8 (B3)
Ze— , = L 25
3 p " N ox; \ 0x; ax;  30x.
On the other hand, with the help of Eq. (6a), Eq. (6d) is transformed to the following form:
3T 3T PSP 1 19 o T
— + D =aA.(T)p(T —T; —e——| W (T, T . B4
of Uj axj (o4 ( )IO( mt) + 2 € [) 8Xj|: /\( tr) a)Cj ( )
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If we neglect the small terms of the order of € in Eqs. (B3) and (B4) and subtract the latter from the
former, then we have

. . .0 . A 2 . 0D; NS .

(T — Tind) + 0 —— Tty — Tind) = =3 Tw 7 — @A(T)p(Te — Tino). (B5)

or a)Cj 3 8)Cj
Since Ty — Tine = O(1/a) because of Eq. (B2), the left-hand side of Eq. (BS5) is of O(1/«), while
its right-hand side is of O(1). Neglecting the left-hand side leads to the following expression of
’i{r - Aint:

S 21 T, a9, 21 T ap; 1
Iy —Tn=—3-75 27 ="3-7 7> 10| 3= (B6)
3a A (T)p 0x; 3a A (T)p ox; a?

where use has been made of Eq. (B2). One can see that the degree of nonequilibrium Ty — T s
directly expressed in terms of the divergence of the velocity field.
Using the definition (30i) of 7" and Eq. (B6), we have

A

P G2 1 T oy 1 B7)
- = — Lin — 1, a
! 3467 T 3348 aA(T)p dx; o>
3. 2 1 T 1
7-;nt T - (Tir - mt) + 0| = ). (B7b)
3434 3-{-50(A(T)p8xj a?

Let us substitute Eq. (B7a) into Eqgs. (6b) and (54) to eliminate 7, neglect the terms of O(1/a?),
and replace 1/« with € /6. Then we obtain the following equations:

o(pd; a(pd;0; 10p € 0 ov; d9v; 209D € 0 L 0D
(Ph) | 2P f)=———p+——[rl( )( L8 2%y >}+——[rb(r)—’},
0x; 20x; 20 ox;  0x; 3 9xy 2 0x; 0x;

(BSa)
AT (3+8. ., d 5465,

o[ =T 4+ 9 — | po,( —==T

()]« g (501

2
0 L 0T 0 [~ ~o. (00 0D 28vk 0 00
e— | D) — | +e—| D)o\ -— +— — 76 )| te Fb(T)U] )
i axJ 0xx

5
T4 oy dx; ox; ax; a3 ox
(B8b)
where p = ,?)T [Eq. (31)] and
iy = r r(T)—(1+5) r G — T (B9)
YOI VAd T 5) ATy Lo 033 +8)A(T)

Equations (6a), (B8a), and (B8b) coincide with the ordinary Navier-Stokes equations with a
single temperature derived from the ES model, i.e., Eq. (46) in [39], except that in Egs. (B8a) and
(B8b), I'1(T) appears in place of

~

R 1 T
r(7) = — B10
() 1 —v+6vA(T) (10

However, since € < 6 < 1, itholds that ', (T) = Fl (T + 0(6) ~ Fl (T). In this way, the ordinary
Navier-Stokes equations can be recovered from the two-temperature Navier-Stokes equations. The
quantity eI',(T") corresponds to the bulk viscosity. It should be noted that the bulk viscosity terms
in Egs. (B8a) and (B8b) originate from the relation (B6).
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APPENDIX C: OUTLINE OF DERIVATION OF EQS. (66) AND (67)

The derivation of Egs. (66) and (67) is basically the same as the corresponding analysis in
Appendix A in [39], where & = O(1) and € < 1 are assumed instead of Eq. (5). Therefore, we
give its outline referring occasionally to [39].

We note that the Chapman-Enskog solution fcg satisfies Eq. (29). If we substitute Eq. (58) into
Eq. (29) and subtract Eq. (29) with f = fCE, then we have

afh af 1 . . . oA
€ a‘i + €5i—5~ + 0(*Ry) = ~[O(fce + fx) — O(fcr)l, (C1)
t 0x; €

where Eq. (61) has been used on the left-hand side. A

In order to calculate the right-hand side of Eq. (C1), we first consider (T);; in Eq. (30c). Let us use
Eq. (59) with Eq. (62) in Eq. (30c) and recall that hcg indicates the Chapman-Enskog macroscopic
quantities appeared in Sec. VB [i.e., hin Eq. (49)] though the subscript CE is not attached there. This
operation has been done in Appendix A in [39] for 6 = O(1) and led to the following expression
[cf. Egs. (A2) and (A3) in [39]]:

(Tlizi,);; = Ay +€B)ij + O Ry), (C2)
where
- . Pij "
A = (T|f;=f1c13)ij =(- 9)|:(1 — V)T +v ij] +073;j, (C3a)
5 (1) Ly . PR 5 (1)
(B),-j =(1-9) (1_1))Ttrl<5ij+v5 pKij_piJT + 0178, (C3b)

and ﬁ himhes indicates T evaluated with 7 = szE. Note that p, p;;, Ty, and 7' in Eq. (C3) are the
Chapman-Enskog macroscopic quantities. Equation (C2) is a decomposition of 'T'| jizh,, 1Dt the
Chapman-Enskog part (A);;, Knudsen-layer part (B);; up to O(e), which contains the Chapman-
Enskog macroscopic quantities p and p;; in the coefficients, and the remainder of O(R,e?)
originating from the remainder Rje? in Eq. (62). Note that (A);; and (B);;, which are of O(1),
depend on € and contain higher-order terms in €. For instance, since p;; takes the form of expansion
in €, it contains in general higher-order terms in €. Equation (C2) with Eq. (C3) is one of the possible
expressions that are correct within the error of O(R,€?).

Since Eq. (C2) with Eq. (C3) does not contain the explicit form of the Chapman-Enskog solution,
it also holds in the present setting 0 = e < 1 [Eq. (5)]. Therefore, Eqs. (A4)- (A11) in Appendix A
in [39] are also the same in the present case.

To be more specific, Eq. (A11) in [39] gives the following expression of the difference appearing
in Eq. (C1):

O(fee + fx) — O(fce) = Ac(T) p (G — fV)e + ORpe™), (C4)

where GV is given by Eq. (A10b) in [39] as

5 (1) ) A(1)
5 5 1D 8T

W _gofPc 17 0lrIK | p1) C5
g g (b 3D0 Zﬁel+ ) (CS)

and G©, DO, DO and PD are defined by Eqgs. (A10a), (A6a), (A6b), and (A8b) in [39)],
respectively (the explicit expressions are omitted here).

The difference between [39] and the present case arises from now on. Using the relations
Trer = T + OC€), Tx = T\ [cf. Eq. (64)], and py; = pTy8i; + O(e) [cf. Eq. (53a)], we obtain
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the following expressions in place of Egs. (A12) and (A13) in [39]:

(A)ij = Tudi; + OCe), (C6a)

(A™D = T,7'8; + OCe), (C6b)

(B)ij = Tudkij + O(Rye), (C6e)
(AT'BA™Y),; = T, 'dyij + O(Rye), (C6d)

and
A(1) (1) A1)
Px TtrK p FKij
dgij = —v——8;j + (1 —v)—=36;; +v
/ p A
If these relations are used in Egs. (A6a), (A6b), and (A8b) in [39], they give the following
expressions of D@, DM and PM in place of Eq. (A14) in [39]:

(C7)

DO =173 + 0(e), (C8a)
D = Tdy;; + O(Rye), (C8b)
i — Vi ] [N E
M — %d Kij +2 §i — . D; (1) 77 7’;[(1%1)( + O(R),Se), (C8c)
tr tr

nt

where § indicates an appropriate function of ¢ and ¢ that decays fast enough when multiplied
by a rapidly decaying function of ¢ and . Using these expressions in Eq. (C5) and noting that
GO = fO 4 O(e fcg), we have the following expression of G in place of Eq. (A15) in [39]:

A(1) (1) A A
Px 1 8 T, ko @Ci=0)(; =) Ci—0), (1) é . A (1)
f 1Y 2 * 2 Tmt Ttl' e Tll’ K Tmt K ( ! )
_ ol Gt g @0 3] T
- p L Y 7
G- =) L@ -0 Vi (€ 8\Ti
—i—v[ AL 8i } + (A———) K L+ O(Rye). (C9)
Ty 3 T;r )07;1' Tint 2 Tmt

Equations (C1), (C4), and (C9) lead to Egs. (66) and (67).

APPENDIX D: OUTLINE OF NUMERICAL ANALYSIS

In this Appendix, we show the outline of numerical analysis of the half-space problem (133).

1. Strategy

We start with the problem (118), which is the original problem of Eq. (133). The boundary
condition (118b) contains an unknown constant ¢, as well as the integral [, _, & ®}'E (£ )d¢, which
is also an unknown constant. It is not preferable to handle the boundary condition containing
unknown quantities in the numerical analysis. Therefore, we will convert the problem to another
form that is more convenient for numerical analysis, following the strategy in [80].

Let us put

o = o/ +p +,32(€2 - %) (Dla)
1
bl =2m G®UE@C)de — =, (D1b)
£a<0

where B; and f, are undetermined constants. The b is also interpreted as an undetermined
constant because the integral is not known until the solution ®’ is determined. Then, since
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Lgs(1) = Lgs(¢?) = 0, the problem (118) is recast as

85" -
&n ByK = Lgs(®), (D2a)

~ ~~ 3
B = (1—a)RP" —a, [bj'; to (;2 - 5)] +HI, (y=0, 5 >0), (D2b)

~ 3
o — B+ B <§2 - 5), (y = 00), (D2c)
where
br=b— B, c=c"—p,. (D3)

Since ®! vanishes rapidly as y — oo (this can be confirmed by the numerical result), the following
relations hold approximately for a large positive number d:

&(d, &, £) = B + Ba(¢2 - 2). (D4a)
B(d) = (B, &, O) =B, Tuld) =3{(c* =)D/, &, ) =B (D4b)

Therefore, the following reflection condition holds at y = d:
!, ¢, ) =D, —ta, ©). (DS)

Now we consider the boundary-value problem of Eq. (D2a) in a finite domain0 < y < d (d > 1)
with the boundary conditions (D2b) and (DS5), which is expected to have a unique solution for
specified constants b} and ¢} [81]. Once the solution CDI ! is obtained numerically, the constants Bi
and B, are deternnned by Eq (D4b). Then the original solutlon /! and the slip coefficient ¢!/ are
obtained from Eq. (D1a) and the second of Eq. (D3), respectively. The b, which is determined by
the first of Eq. (D3), gives the value of the integral in Eq. (D1b), which is not relevant to the slip
boundary conditions. This is the procedure to obtain the solution ®!/ and the slip coefficient ¢! of
the problem (118).

2. Reduced equations

In the actual computation, we solve the version of the problem (D2a), (D2b), and (DS5) that
corresponds to the problem (133). This version can be derived by the procedure used in the
derivation of the problem (133) from that (118). Let us define (9!, ¥/') by Eqgs. (124a) and (124b)
with @/ = dJI I

P, ) = — / / S (y, ¢o, 0)e 57 did, (D62)

~ 1 o0 e ~ 2 2
W0 6= / f (€2 + 223 (. &0, )8 dgds,. (D6b)

Then the problem to be solved in place of Eq. (133) is obtained as follows:

|G| 1~ (%2 &= 3 (73
§n8y|:¢” —(x)|:]i|+‘ftr|:§2+lj|+ UPj(nn] 36i.]‘>|:{2_i - 127” , O<y<d)),
K n 2 n K
(D7a)
710, )] P10, —tn) 1 =3
[127”(0 &) = —ac)[&f-,,(o . J - acb’;[l} — acct Lz +i +GY, (¢,>0), (D7b)
s 5n K ’ n n 2
oid, &) ] old, —tw)
’ n 0 ’ D7
[wﬁ’@z, &) Lmd, —n)] =0 (b7e)
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where
~ 1 ~11 7; / ~11 il 2
- nd ns r=_ {nd ns
@ ﬁ/_ b T=372 L 3
~ 1 o0 ~ 2
Pj=— 2021 (8, —mnj)]e ™ de,, D8
J ﬁ/_oo[ §n§0K”n1+¢K( J nn])]e é‘n ( )

and G is defined by Eq. (134). In contrast to Eq. (125b), [ ckple =4 d¢, is a nonzero constant
in general, so that Eq. (D8) differs from Eq. (128).

In summary, we solve the boundary value problem in the domain 0 <y < d, i.e., Eq. (D7),
numerically for specified b and ¢*. Once @ and v/ are obtained, ,31 and B> are determined
by Eq. (D4b), that is, 8 = a)(d) and B> = Tu(d). Then the solution (¢!, Iy of the or1g1nal

problem (133) is obtained 1mmed1ately with the help of Egs. (D1a) and (D3) that is, <pK = <pK

Bi — B2 — 1/2), ¢l = ¢!l — By — Ba(¢? +1/2), and ¢! = ¢ + Bo.

The P;jmn; calculated by the third of Eq. (D8) with (p” = (p” should be zero theoretlcally
[cf. Eq. (125b)]. However, it does not vanish exactly with the numerical solution ¢!’ and takes
small values because of the numerical error. These values provide a measure of accuracy of the
numerical solution (see Appendix D 5).

3. Finite-difference scheme

We solve Eq. (D7) or its variants, which are essentially the same as the former, by a finite-
difference method [82,83]. We write the problem (D7) symbolically as

0
;na—f Lyt —f. (O<y<d),
y

fQ0, &) =1 —a)f0, =&) + G(&). (&> 0), (DY)
fd, &)= fd, &), (& <0),

where (v, ¢n), L(y, &), and G(y, &,) are two-component vectors, and L and G are known [L in
Eq. (D7a) is not known as the function of y; however, it is regarded as a known function in the
scheme shown below].

Let us denote the grid pointsiny by y) (i = 0, 1, ...,2N; y@ =0, y®¥) = d), restrict the range
of ¢, to a finite interval —Z < ¢, < Z, and denote the grid points in ¢, by {If/ ) ( Jj=-2M,-2M +
1,...,0,....2M; ;O =0, (& = Z, & = —¢). We denote the values of f, L, etc. at the
grid points at the nth step of iteration by

£ =100a7), L =L6"q"), Gi=6(a"),
h" =h(yD) (h=a, T, P)), (D10)

where the right-hand side of each equation indicates the value at the nth iteration. For i = 0, we
specially define fé"j:o £(0, £0) at the nth step of iteration.
The following finite-difference scheme is applied for Eq. (D9):

VT =) = o)
where V fi(j”) indicates the second-order upwind difference for d f/dy defined by

@¢) >0
(A7 = 135) [, (=1,
wo<d,», di)fS — wild, di)f) + waldin di) £ . (2 <0 < 2N),
b)) <0

VD = (D12a)
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s (—pm. y z(z'\'z),)/dﬂv’ (i=2N—1),
Y —wo(dit1, i+2)fij + wi(dit1, di+2)f;'(+niwj — wa(dit1, di+2)fi(42,j’ OSis2N-2),
(D12b)
where
d = y([) _y(ifl) wo(a, b) = %’ wi(a, b) = a;[;b’ wo(a, b) = ﬁ.

4. Process of computation

Suppose that the macroscopic quantities A (thus L) at the nth step and f(") (j=

1, 2, , 2M) at y = d for ¢, > 0 are known. Then the physical quantities at the (n + 1)th step
are obtained by the following procedure:

(i) From the condition at y = d, we set fz(l’i,il) fz%) L (G=-2M,-2M +1,..., D).

(i) For gy =0, welet £o") =LY% (i=1,2,...,2N) and f{" = L.

(iii) For ;(” < 0, we obtain fi(j"H) (j= —2M, —2M +1,...,—1) for i =2N —1,2N —
2, ..., 0 successively using the finite-difference scheme (D11).

(1v) From the boundary condition at y =0, we set f;", D) — (1 —a,) foo ("H) +G; (j=

1,2,....2M) and ") = (1 = a) £ + Go.

(V) For §(’) > 0, we obtain fl.(“l) G=12,....2M) fori =1,2,...,2N successively using
the finite-difference scheme (D11).

(vi) Integrating the obtained fl.(]“l) by Simpson’s rule, we obtain the macroscopic quantities
h§n+1).

We repeat the processes (i) to (vi) until the following convergence criteria are fulfilled: For
sufficiently small &, (> 0)

max [ — | < e, (h=, P =T, + ). (D13)
1
We have set &, = 107'9 in the present computation.

5. Grid systems and accuracy tests

The following grid systems have been used in the computation:

@ 40 2(i/2Ny)* i )
yY = - c— |, @
14+c| 1+ (i/2Ny)e! 2N,

=0,1,...,2N), (D14a)

o S [( N L,
0 — . | (G=—2M. —2M+1.....0.....2M). (Dl4b
n l+c;[<2Mo) NN Y + ). (D14D)

TABLE VI. Parameters for the y-grid.

a No N d =y y yN) _ y@N=1)
S1 3 400 420 44.05 2.81(=7) 1.02(—1)
S2 3 200 210 44.05 1.50(—6) 2.05(—1)
S3 3 400 410 42.01 2.81(—7) 1.01(=1)
S4 4 400 420 45.07 1.25(=7) 1.28(—1)

aRead as 2.81x1077.
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TABLE VII. Parameters for the ¢,-grid.

o My M Z[= ¢ 5" G =g
M1 0.01 100 104 5.62 2.48(—4) 8.02(-2)
M2 0.01 50 52 5.62 5.00(—=4) 1.60(—1)
M3 0.01 100 102 5.30 2.48(—4) 7.71(=2)
M4 0.005 100 104 5.62 1.25(—4) 8.05(=2)

aRead as 2.48x 1074

where ¢ = 2.5x107¢ and ¢; > 0, and a, Ny, N, My, and M are positive integers. Different sets of
values of the parameters in Eq. (D14), which are listed in Tables VI and VII, have been tried for test
computations, and the (S1, M1) system has been used to obtain the results shown in Secs. II D, I F,
and VIIE.

Our reference grid system is (S1, M1), and the test computation has been carried out by using the
following six different systems: (S2, M1) where the number of y-grid is reduced by half; (S3, M1)
where the range of y is reduced slightly; (S4, M 1) where y-grid is more concentrated around y = 0;
(S1, M2) where the number of ¢,-grid is reduced by half; (S1, M3) where the range of ¢, is reduced
slightly; (S1, M4) where ¢,-grid is more concentrated around ¢, = 0. Let

5 s~ 11
max | P, | = Olgax {|13ijn[nj| with ¢ = @, }

y<d
A, = max {[afil]y:d’ [Jfgl]y:d}’ B, = max {[a:g]\mzz’ [Jil]w:z}’ (D15)
where
—& -2
ot = max;,|<z |f(d, {n)e Ul = mMaxo<y<d |f(y, +2Z)e } . 019

2 2
maxo<y<d, (c,/<z | F O En)e % maxo<y<d, (c,/<z | F O En)e 5

See the last paragraph in Appendix D 2 about max |P,,|. The quantities max | Py, |, A, and B, should
be small enough. We have checked the values of cﬁ’ , max |Py,|, A¢, and B, with (S1, M1) system
plus the above six systems for various values of the parameters (v, a.). As examples, the results for
(v, a.) = (—0.5, 0.1) and (0.5, 1) are shown in Tables VIII and IX. The results for other values of

TABLE VIII. Test for (v, a.) = (=0.5, 0.1).

K=V k=T

Grid system clt max |Py| A, B, c max |Py| Ar Br

(S1, M1) 0.22905585 1.9(—=7)* 3.4(=9) 5.1(—13) 21.445809 3.6(=7) 4.4(-9) 7.4(—12)
(S2, M1) 0.22905639 3.0(—7) 3.4(-9) 5.1(—13) 21.445867 4.0(—6) 4.3(—9) 7.4(—12)
(83, M1) 0.22905586 1.7(=7) 3.4(=9) 5.1(—13) 21.445809 3.8(=7) 8.0(—9) 7.4(—12)
(S4, M1) 0.22905584 2.0(—=7) 3.4(-9) 5.1(—13) 21.445808 4.1(=7) 3.2(—=9) 7.4(—12)
(S1,M2) 0.22905585 1.9(—=7) 3.4(-9) 5.1(—13) 21.445809 3.6(—7) 4.4(—9) 7.4(—12)
(S1, M3) 0.22905585 1.9(=7) 3.4(-9) 1.4(-11) 21.445809 3.6(=7) 4.3(-9) 1.9(-10)
(S1, M4) 0.22905585 1.9(=7) 3.4(-9) 5.0(—13) 21.445809 3.6(—7) 4.4(-9) 7.3(—12)

aRead as 1.9x107".
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TABLE IX. Test for (v, a.) = (0.5, 1).

K=v k=T

Grid system cl max | Py, | A, B, c max |Poy| Ar Br

(S1, M1) 0.90422215 1.2(—6)* 1.9(=9) 4.6(—13) 1.3049195 1.0(=7) 4.9(-9) 7.5(-12)
(S2, M1) 0.90422374 8.4(—6) 1.9(-9) 4.6(—13) 1.3049232 1.6(—6) 4.8(—9) 7.5(—12)
(83, M1) 0.90422213 1.2(—6) 3.8(—9) 4.6(—13) 1.3049194 9.1(-8) 9.4(-9) 7.5(-—12)
(S84, M1) 0.90422225 1.4(—6) 1.3(=9) 4.6(—13) 1.3049195 1.0(=7) 3.4(-9) 7.5(-12)
(S1, M2) 0.90422215 1.2(—6) 1.9(-9) 4.6(—13) 1.3049195 1.0(=7) 4.9(-9) 7.5(-12)
(S1, M3) 0.90422215 1.2(—6) 1.9(-9) 1.3(—11) 1.3049194 9.9(-8) 4.8(—9) 1.9(-—10)
(S1, M4) 0.90422215 1.2(—6) 1.9(=9) 4.5(-—13) 1.3049195 1.0(=7) 4.9(-9) 7.3(—12)

*Read as 1.2x107°.

(v, a.) are more or less of the same order of magnitude. Considering all these results, we have used
(S1, M1) system for the main computation.
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