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A kinetic model and corresponding high-order macroscopic model for the accurate
description of rarefied polyatomic gas flows are introduced. The different energy
exchange processes are accounted for with a two term collision model. The proposed
kinetic model, which is an extension of the S-model, predicts correct relaxation of
higher moments and delivers the accurate Prandtl (Pr) number. Also, the model has
a proven linear H-theorem. The order of magnitude method is applied to the primary
moment equations to acquire the optimized moment definitions and the final scaled set
of Grad’s 36 moment equations for polyatomic gases. At the first order, a modification
of the Navier—Stokes—Fourier (NSF) equations is obtained. At third order of accuracy,
a set of 19 regularized partial differential equations (R19) is obtained. Furthermore,
the terms associated with the internal degrees of freedom yield various intermediate
orders of accuracy, a total of 13 different orders. Thereafter, boundary conditions for
the proposed macroscopic model are introduced. The unsteady heat conduction of a
gas at rest is studied numerically and analytically as an example of a boundary value
problem. The results for different gases are given and effects of Knudsen numbers,
degrees of freedom, accommodation coefficients and temperature-dependent properties
are investigated. For some cases, the higher-order effects are very dominant and the
widely used first-order set of the NSF equations fails to accurately capture the gas
behaviour and should be replaced by the proposed higher-order set of equations.
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1. Introduction

The Knudsen number, Kn, is a measure illustrating the degree of rarefaction in a
gas, therefore it is used to characterize processes in kinetic theory. It is defined as
the ratio of molecular mean free path or time to the characteristic length or time of
the system (Kn = A/Ly = 1t/7)). At the low Knudsen range (Kn < 0.01), the flow is
in the continuum regime and the classical Navier—Stokes—Fourier (NSF) equations are
valid (Karniadakis, Beskok & Aluru 2006). However, in the transition flow regime,
i.e. at intermediate Knudsen numbers, the equations of conventional hydrodynamics
fail in the description of the gas behaviour. Flows in micro-electro-mechanical
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systems (MEMS) and high vacuum systems are in this regime (Gad-el Hak 2001;
Rahimi & Niazmand 2014). Boltzmann (1872) proposed a transport equation which
models the evolution of the velocity distribution function over time and space. This
equation, known as the Boltzmann equation, was a breakthrough in the kinetic
theory and offered accurate description of the gas flow for all Kn numbers. However,
solving the Boltzmann equation directly, deterministically or stochastically, is usually
expensive and cumbersome. As an alternative to the Boltzmann equation, kinetic
theory provides macroscopic models for not too large Knudsen numbers (Struchtrup
2005b). Macroscopic models are derived as approximations to the Boltzmann equation.
These models offer high computational speed and explicit equations for macroscopic
variables, which are helpful for understanding and analysing the flow behaviour (Rana,
Torrilhon & Struchtrup 2013).

Macroscopic models are classically obtained by Chapman—Enskog (CE) method and
Grad’s moments method. Using the CE method, Nagnibeda & Kustova (2009) studied
the strong vibrational non-equilibrium in diatomic gases (Kustova & Nagnibeda 1996)
and reacting mixture of polyatomic gases for different cases with regards to the
characteristic time of the microscopic processes (Chikhaoui et al. 1997; Kustova
& Nagnibeda 1998; Kustova, Nagnibeda & Chauvin 1999; Chikhaoui et al. 2000),
and derived the first-order distribution function and governing equations. Cai & Li
(2014) extended the numerical regularized moment method of arbitrary order (NRxx)
model to polyatomic gases using the ellipsoidal-statistical-Bhatnagar—Gross—Krook
(ES-BGK) model of Andries ef al. (2000) and Brull & Schneider (2009). Arima
et al. (2012) developed a generalized macroscopic 14 field theory for the polyatomic
gases, based on the methods of extended thermodynamics (Miiller & Ruggeri 2013;
Ruggeri & Sugiyama 2015). Tantos, Valougeorgis & Frezzotti (2015), Tantos et al.
(2014) studied steady state heat transfer between parallel and coaxial cylinders using
a BGK type model of Holway (1966) and DSMC simulations. The Burnett equations
for monatomic gases in cylindrical coordinates obtained by the CE method are given
by Singh & Agrawal (2014). Also, Sone (2012) developed systematic asymptotic
solutions of the Boltzmann equation, and at small Knudsen numbers, an interesting
phenomenon named the ghost effect was observed.

Recently, as a first attempt in the field, Rahimi & Struchtrup (2014a,c,b) developed
a high-order macroscopic model for description of rarefied polyatomic gases using
order of magnitude method. The proposed model consists of 18 regularized PDEs for
third order of accuracy. This model is obtained using a simple BGK collision model,
which is known to give incorrect Prandtl number and relaxation times for higher
moments. Also, there was no boundary theory given for the polyatomic macroscopic
model. In the present paper, we shall address these issues by introducing a generalized
kinetic model and its boundary condition.

Our proposed kinetic model, which is an extension of the Rykov (1975) and
Shakhov (1968) models, predicts correct relaxation of heat fluxes and delivers the
accurate Prandtl number. In the model proposed here, the number of free relaxation
parameters is increased to total of four to allow proper relaxation times for four
higher moments compared to one and two parameters of the Shakhov and Rykov
models, respectively.

We use the order of magnitude method (Struchtrup 2004, 2005a, 2012; Struchtrup
& Torrilhon 2013) to derive a macroscopic model (the regularized set of equations)
from the proposed kinetic equation. This method bridges between the CE and Grad
moments method by using Knudsen number orders, and identifies the appropriate
moment definitions and moment equations required for a given order.
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The procedure of the order of magnitude method is as follows (Rahimi & Struchtrup
2014a):

(i) Construct large moments hierarchy: a system of moment equations using the
Grad’s method with arbitrary choice of definition and number of moments is
constructed.

(i) Reconstructing moments: apply the CE method on the moments and determine
their leading-order terms. Define new moment definitions, using linear combination,
based on the goal of having minimal number of moments in each order of
magnitude.

(iii) Full set of equations: using the equations of old moments definitions, the set
of new moments equations is constructed. Apply the CE method on the new
moments to determine their leading order.

(iv) Model reduction: the full set of equations is rescaled considering the obtained
order of the new moments. Then, the model can be reduced to any desired order
of accuracy.

For the first time, the present paper establishes a theory of boundary conditions
for the obtained regularized moment equations based on physical and mathematical
requirements of the system. We use the recipe originally given by Grad (1949) based
on the kinetic accommodation model of Maxwell (1879), which here is generalized
for polyatomic gases. This gives a certain number of boundary conditions for the set
of regularized equations, so that we can explore the confined fluid problems, e.g. flow
in microchannels.

We lay out the foundation of the kinetic theory of polyatomic gases in the
next chapter. The two term collision operator is discussed and the generalized
Shakhov-BGK model is introduced. The general moments equation for polyatomic
gases is introduced and the system of Grad’s 36 moments equations is constructed
in §3, which is item 1 in the above list. The CE method is applied, leading-order
terms are determined and the new set of moments is reconstructed in §4, which is
item 2 in the list. Model reduction, item 4 in the list, is done in the §5 and the
regularized equations for different orders of accuracy are presented. The theory of
kinetic boundary condition is given in §6 and corresponding macroscopic boundary
conditions are introduced. Section 8 presents stationary heat conduction analysis. The
unsteady heat conduction problem is solved numerically and the linear steady case
is solved analytically. The obtained results from the proposed macroscopic model is
compared with direct simulation Monte Carlo (DSMC) simulations and Holway and
Andries kinetic results to show the good accuracy of the proposed model. Also, it is
shown that the NSF equations could not produce accurate results and different effects
on the gas, e.g. Knudsen numbers and degrees of freedom, are investigated. Final
conclusions are given in § 10.

2. Kinetic model

A collection of numerous interacting particles is called a gas in kinetic theory. These
particles are described by their position, x;, velocity, ¢; and their internal energy,

eim =1, 2.1)

in a seven-dimensional space known as phase space at time, 7. Here, [ is the internal
energy parameter which is non-negative; § is the measure of excitation of internal
energy levels and non-translational degrees of freedom (DoF) of the gas. At a fully
excited internal DoF, § is an integer. However, internal energy levels are usually
partially excited and 6 is a fractional number. As temperature rises, that is increasing
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the internal energy of the gas to higher levels, the value of § continuously increases.
Therefore, § is a temperature-dependent continuous variable in our model, as given
in (2.12).

By introducing the particle or velocity distribution function f(x, ¢, I, t), the number
of molecules in a phase space element dx; dx, dx; dc; dc; des dI is

dN=f(x,c,I,t)dxdcdl. (2.2)

The evolution of the particle distribution functions is determined by the Boltzmann
equation, which is a nonlinear integro-differential equation written as (external forces

are ignored)
of of

or T %o

The left- and right-hand sides indicate free flight and particle collisions, respectively.
The collision term, S, which is quadratic in distribution function, would take complex
integral form (Nagnibeda & Kustova 2009; Kremer 2010) which is difficult to work
with and costly in computing resources. Therefore, having simpler models to replace
the Boltzmann collision term which could preserve the basic relaxation properties and
give the correct transport coefficients is of more interest. We introduce a generalized
S-model for polyatomic gases in § 2.2 to achieve this.

S. (2.3)

2.1. Macroscopic quantities

The macroscopic properties such as mass density, momentum, energy and pressure are
moments of the distribution function. Other moments that have physical interpretations
are the pressure tensor and heat flux vector. General moment definition based on the
trace free part of the central moment is

ut =m / / (PP C*Cy, Cy ... G f dedl, 24)
where
A=0,1,2,3,...
g=0,1,2,3,....} 2.3)
The basic and most important moments are:
Density p = m/ fdcd[:/pl dr = u®0, (2.6a)
Velocity pv; = m// cifdedl or O:m// Cifdedl =u?, (2.6b)
Stress 0j; = m// C<iCj>fdch:u8-’0, (2.6¢)
, 3 c? 1o
Translational energy pus, = Fp=m dec dl = Fu (2.6d)
Internal energy puj,; = m// 12/8fdcd1=/12/‘s,01 dI:uO’l, (2.6¢)
. c? 10
Translational heat flux g;, = m C[decdlz Eui’ , (2.6f)
_ 72/8 _ 0,1
Internal heat flux g; ;,, = m// Ci*°fdedl =u; . (2.69)
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Here, C;=c; —v;, is the peculiar particle velocity and p;=m [ fdc is the density of
molecules with the same internal energy. Moreover, u, and u;, are the translational
energy and energy of the internal DoF, respectively, while ¢;, and g¢;,;, are the
translational and internal heat flux vectors.

Regarding the energies, u, and u;,, the classical equipartition theorem (Reif 2009)
states that in full thermal equilibrium, and with § fully excited internal DoF, each
DoF contributes an energy of (1/2)6 to the energy of a particle, where 8 = (k,/m)T
is temperature in specific energy units. Therefore the energy in equilibrium, for fully
excited internal DoF, can be written as

3 6
U= Uy|E + Wing = <2 + 2) 9, 2.7

where u,r = (3/2)0 is the contribution from translational energy and u;,z = (6/2)6
is the contribution from the internal DoF.

In non-equilibrium processes, translational energy and internal energies cannot
be described by a single temperature, rather at least two distinct temperatures are
required. Furthermore, the equipartition theorem as stated above is only valid when the
internal DoF are either fully excited or frozen. Typically, for polyatomic gases, some
internal DoF are only partially excited, with the degree of excitation determined by
temperature. Therefore, § is not an integer, but a continuous function of temperature,
that has integer values only for fully excited internal DoF. For convenience we
introduce the translational temperature 6,, and the internal temperature 6,,, which are
defined through the energies as

3 8 (Oine)
Uy = 50” and  ujy = Tgint- (2.8a,b)

We note that these temperatures are not measurable temperatures as in the equilibrium
case, but rather convenient quantities to use instead of the energies u, and u;,. In
thermal equilibrium, both temperatures agree, and are equal to the thermodynamic
temperature, 6, = 6;,, =6. With these definitions, the ideal gas law in non-equilibrium
reads p = p0;,.

Just as we defined temperatures for the energies u, and u;,;, we can define an
overall temperature 6 for the total energy. Similar to 6, and 6;,, the temperature 6 is
a measure for energy, and not a measurable temperature. By definition, in equilibrium
0 is the thermodynamic temperature of the gas

3 80) 3 8 (Oine)
=(-4+—"]16==-0 ———0;. 2.
u (2 + ) ) 2 i+ ) int (2.9)

The function § can be found from measurements of specific heat in equilibrium as

ds(6)

C,=—= 2.10
de 2 (2.10)

We will use third-order polynomial function for constant volume specific heat,
C,=Cy+ Ci0 + C,0° + C36°; (2.11)
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the coefficients C, can be determined from tabulated data, and are available in
databases (Borgnakke & Sonntag 2009). From (2.10) and (2.11) we find §(0) as a
polynomial of the same order,

2 2 G 3
8(9)=2C0—3+C10+§C20 —i-?@ . (2.12)
From the definition of the overall temperature (2.9) we find a relation for § evaluated
at 0 and 6,,, §(0) = 8(0;)(0ins/0) — (3/2)((6 —6,,)/0). From now on, we shall
consider mainly states not far from equilibrium, so that 6;,,/6 = 1> (6 — 6,,)/6 holds.
For convenience, we shall ignore the small difference between §(6;,,) and §(6), and
will have only the latter appear in our equations.
In equilibrium the three temperatures agree, 6,z = Ouge = 6, while in non-
equilibrium they will differ. We define the non-equilibrium part of the temperature,
named the dynamic temperature, as

A =0 —0,. (2.13)
The first 36 raw moments are listed as,
D36 ={p, v;, 0, AO, 04, G; 1+ @i s> ul!jvo’ W20, uggl, ull, ug.ko}. (2.14)

2.2. Generalized S-model

The state of molecules and the distribution function will be changed by interaction
between molecules (collisions). Different exchange processes occur on different
characteristic time scales. In all collisions, the translational energy is exchanged
between particles. However, only in some of the collisions is internal energy
exchanged as well. These differences, and their relation to the macroscopic time
scale, is a key feature for defining the state of a gas as being in non-equilibrium or
equilibrium. The macroscopic time scale, which is the time needed for any changes
to happen in the dynamics of the gas, is the reference time scale here. In cases
when there are two different microscopic characteristic time scales, one smaller than
and one comparable to, the macroscopic time scale, both rapid equilibrium and
slow non-equilibrium processes exist in the gas. The case with a smaller time scale
is associated with many collisions within the macroscopic time scale and results
in a rapid equilibrium process. On the other hand, the case with a comparable
time scale results in a slow non-equilibrium process. Also, all the processes with
characteristics time much larger than macroscopic time scale appear to be frozen
during the macroscopic time scale. While in every collision the translational energy
is exchanged between molecules, internal energy is only exchanged in some of
the collisions. Therefore, the translational microscopic time, t,, is smaller than the
internal microscopic time, T;,.
To model the collision term, we use a two term BGK-type collision operator,

of of
— — = S+ Sins, 2.15
ot +Ck 8xk : + ! ( a)
1
Sy = —7(f —fur), (2.15b)
r
1
St = ——(f = fim)- (2.15¢)

Tint

The first term, S,,, describes elastic collisions between particles, i.e. collisions in which
the particles only exchange translational energy. The relaxation time 7, is the inverse
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average collision frequency for this type of collision, which leads to a relaxation to
the distribution function f.. The second term, S;,, describes inelastic collisions, i.e.
collisions in which the particles exchange internal and translational energies at the
same time. The relaxation time t;, is the inverse average collision frequency for this
type of collision, which leads to a relaxation to the distribution function f;,;.

In the standard BGK model (Bourgat et al. 1994; Andries et al. 2000; Rahimi &
Struchtrup 2014a), the targeted distributions, f;, and f;,, are chosen as the Maxwellian
equilibrium distributions f,, and f;,, respectively, which are given by

f=P (] - L (2.16)
o — —— c — , .
w= 0 \one, ) P 20,
P 1 1 1/Cc
Simo =" ST 5\ SXP [—9 (2 +1 . (2.17)
r (1 n 2)

Here, f,, is the equilibrium distribution for particles with frozen internal DoF. Also,
S, 1 the full equilibrium distribution for the gas, which experienced full exchange
of the translational and internal energies.

However, the equations for moments oy, q; . q; ui®, u?,l u! and ujy
corresponding to the original BGK model, have the form of (Rahimi & Struchtrup
2014a)

1,1

a”igl’.é.i,, 1 1 c.A
» + [ + } u" (2.18)
with the same relaxation time for all of them. This could not predict the correct
relaxation of the higher moments and the Prandtl number. Shakhov (1968) proposed a
modified BGK model for a monatomic gases to obtain the correct Pr number. Rykov
(1975) introduced a model to diatomic molecules with rotational movements and Wu
et al. (2015) extended this to polyatomic gases. Here, we introduce a generalized and
modified S-model for polyatomic gases by obtaining f;, and f;,, which provide the
correct Pr number and distinct relaxation times for higher moments.

The relaxation times of the Boltzmann collision term for Maxwell molecules in
the case of a monatomic gases for some higher moments are presented in table 1
(Truesdell & Muncaster 1980; Torrilhon, Au & Struchtrup 2003). The relaxation time
of u,-lj’0 is close to the relaxation time of o7, but for other moments the differences are
considerable and should not be ignored. Therefore, we obtained distribution functions,
f» and f;,, in order to predict distinct relaxation of these higher moments and their
internal moment counterparts {q; ., g; ., «*°, u"'} by introducing four free relaxation
parameters, R, , R,,,, Rpo and R,.. The resulting relaxation time for these higher
moments from our proposed model are shown in table 2 and compared with the
relaxation of the BGK model. Values of these relaxation parameters will be obtained
using fitting to experimental and DSMC simulation data. It should be pointed out
here that two relaxation parameters, R, and R, are analogies to the Pr number
(5.11). The microscopic relaxation in our model is independent of molecular velocity.
In this sense the behaviour of our model is similar to the behaviour of Maxwell
molecules. This basically influences the molecular velocity distribution function, but
the physically meaningful moments are not influenced (Gallis & Torczynski 2011).
The procedure and final form of the distribution functions are given in appendix A,
along with some important features of the proposed model, e.g. recovering Maxwellian
functions in equilibrium and the linear H-theorem.

Tir Tint
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2,0 1,0
0jj qi u

u
T Prt %

T =T

TABLE 1. Maxwell molecule relaxation times.

Moment G Gine u>° u!

tr

Relaxation time BGK model v v v v

Relaxation time GS model R, v R, v Rpov Ruv

TABLE 2. Relaxation times for higher moments based on four new free parameters and
comparison with the BGK model.

3. Moment equations

Moment methods replace the kinetic equation by a finite set of differential equations
for the moments of the distribution function. Therefore, the moment equations can
be used to approximately describe an ideal gas flow. Also, increasing the number of
moments typically leads to a better approximation (Miiller & Ruggeri 2013).

3.1. General moment equation

The moment equations are obtained by taking weighted averages of the kinetic
equation. Multiplying the kinetic equation (2.15a) with m(I**)*C*C_;C;, ... C; -

and subsequent integration over velocity space and the internal energy parameter
gives the general moment equation as

D I§|Al lAka 71A av n A av
L4 26U T 25U 2cu: !
Dt &Mk Ty TS ik g T D o SO s
A 1,A
N CITH iy n+1 L Vg n 8142:“.1-”71
X 2n+ 3! ox,  2n+1 9x,-
n Dv; n—1 ov; Dv;
G,A in> s+1,A In—1 S,A In>
+ 2§2 + 1u<i1...in,1 Dt 2” _ lnu<i1...in,2 axin> + nu<i14uin,1 Dt
ov n n—1 av; ov;
A k s+1,A in—1 S,A in>
+u u; +nul .
11 Iy 8 2}’1 + 1 271 _ 1 g <if...ip—2 ax[n> k<iy..ip—1 axk
1 A 1 A A
= [”igf...i,,\E,rr — U .. zn] +— [ zgl ig|E,int — ”igl'...i,,] . 3.1
Tir Tint
Here, the relation ”(i‘ﬁ..i@k =u’ lnk + (n/Q@n+ D)ust"™? 8, ¢ is used (Struchtrup

2005b).

3.2. Conservation laws

Conservation laws for mass (¢ =A =n =0), momentum (¢ =A =0, n=1) and the
balance laws for translational (¢ =1, A=n=0) and internal (¢ =0, A=1, n=0)
energies are obtained from the general moment equation (3.1) as

Dp av,

=0, 32
P ox, (3.2a)
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Dv;, 1d0; 96, 6,9p

=0, (3.2b)
Dt p 0dx ax; 0 0x;
3 DO, dq, o v, 3p (O —6,)
. L 00yt = 22 , 32
2’0 Dt 0x; te ’8 + o 0x; Tint 2 (-2
1)
D*th R
2 qi,im 310 (9 - Qtr)
—_— = . 3.2d
p Dt + Bxi Tint 2 ( )

The conservation of the total energy results from summation of the balance laws for
translational and internal energies as

dé
TN TN P R 20" (3.2¢)
2 Dt = ox ox,  Tox i ‘
Therefore, the balance law for dynamic temperature (2.13) is obtained as
,Dae 2 g <5+9d@> 0g; (H@de) A,
Dt ds ox, s\ ox ds\ "7 ax,
3+564+60— 3(3+64+60— ' 3(3+64+6—
de (++d9> (++d9>
dé
2 <6+edg> .
- 00— A =_ P g, (3.2f)
ds ax; Tint
3 3+8+9£

3.3. Balance laws

” , translational heat flux, ¢;, = (1 /2u;”

and internal heat flux, u;" =g, ,,, which are present in the conservation laws, are
obtained from the general moment equation (3.1) as

Moment equations for stress tensor, o;; = ujy
0.1

DGU augko 4 aq<i tr av]> 8vk
+ + = . 2 <i [/
Dr ' ax, 5 x| o | Tiox
8v<, 1 1
+2p[6 — AB] — =+ —] o0y (3.3a)
0 > Tir Tint
Dg; . [9 6] 00, N a0 A0
Dr o, Pox, P ox,
CYN Y 31 1 90y,
T R S [/ SN L
oxe  Oxg 0 p 0x;

1oug’ 10w 08y 7 0w T 0v

p— u J— r
2 dx, *5 dx; L +5 ™ +5q"”

ox;
2y 5, L. 9p 11
+ 54 T 5[9 —20A0 + AB ]7,- =-R,, [r, + r,] 4 (3.3b)
Dgu 80 +300 [d0y 080 3A0 npl  ouy'
Dr — 5 |:3xj ,Oafxi —pP a)Ci [9 AO] 3)(, :| + Bxk
1 9ub! v; Ve 1 1
+ gT + qk’imaixk + qi,imaTCk =—Ry,, [‘L’,, + Tznt:| 9 int- (3.3¢)
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: : : 1.0 0.0 01 .
These equations contain the higher moments u;", u*°, wy;’, u;" and u"', for which

full moment equations are obtained from (3.1) with the appropriate choices for ¢
and A. Choosing all moments mentioned so far as variables will construct a set of
equations for 36 moments listed in (2.14).

Set of 36 moments equations contain higher moments, {u,]k, u,-z’o, uﬁ},f}, ugfkl, u11 ,
under the space derivatives. We need constitutive equations for these higher moments
to close the system of equations with only 36 variables. The generalized Grad’s
distribution function (B 1) for polyatomic gases (see appendix B) is used to obtain
constitutive equations as

uk - geuljk s u?,o = 289qi,tr’ 2/2 =0,
3.4

8
le - 20uljk ’ Mil.'1 = (Sqi,int + aqi,tr)e‘

Substltutlng these equations into the balance laws for the moments u;;°, u>°, ugy’, uj;'
and u!!, results in

Du° alnp 28 dlnp
i _ 490216 — AG - S 10— 801 g
Dt Uk [ ] X [ ]q : 3Xj>
YL aAe R
w — — + i
i Oy Ui oxe 5 Mg
28 A0 % 2 dgus 6 ., 0ve
+ 200 52 g TRk Zogg i 4 210
5 gy o 5 am 7"

4 1081)]

av; av 14 v
- 2ul0 J> LoZ%% | 27 207 <
TSt Ty T TS

1 0080'k1 28 1 8O'j>1 |:1 1 :| 1.0
B _ — | u

U —q<inr — + T
7 i
Y a-x 5 ox X Tir Tint !

5 (3.50)

Du20 91 i , Doy
o 8gl0 — A0 4 0gp ke _ gk B0
Dt 0x 0x o 0x;

30 A0 100y T g0u

+20g1.r~— + 8qr—— + + —u*’
Doy, T Oy T 3” Ix,
R

[(15p[0% — 20 A0 + A6?*]) — 2°]+ (15002 — 0], (3.5b)

tr int

Duy 0301 38u1<2_36 30
Dt o Ox, T 0xe Y xpe

a1 IA6 Ve
—3[0 — ABloy P 30, S0 4 300 T
0y~ 0Xp>
v 12 dy, 11
000V 14 (N L 00
Tl TS T [ ]

(3.5¢)

Du’! 1 80js [9—A0] dp 8 dugy

! -2 <i,in <i,in + =
Dr T T p e T2 o



https://doi.org/10.1017/jfm.2016.604

https://doi.org/10.1017/jfm.2016.604 Published online by Cambridge University Press

Modelling of rarefied polyatomic gases 447

n 0.00 85+6 0086+26 00 Py S JANZ)
Ui =— U — = YU<istr <ijint 5
L T T T T
aQ<i int 28 aQ<i tr 2 88 0.1 avj>
20 ——" —O0———+ 0q iy +2u;
T, T3 an, Ty TR
v, 2 v 1 1
0,1 1,1 <1 0,1
0,177k 4 =21, =—|— 4+ — | 3.5d
uU 8xk 3” 8xj> |:Tlr Tint:| v ( )
Dul’l qk.int aGk' 0 lnp Al
— 2 T 2g, [0 — AB 2k it ——
Dt 0 8Xj g l[ ] E)xk + s 8xk
20 AGk.in 0qk 1r
+ B + 8qu )~ 4 5O I 5 Tkt
Bxk 8xk 8xk
96 0190V, 5 0y
0q;,;r— +2u,; — + —u —
Oy T G T3
Ry 5§ 3 1 Ra (L8 .
= 3p =0+ -A0| [0 —AO]—u""| + 3—p0° | —u|. (3.5¢)
ttr 2 2 Tint 2

These balance laws, along with the conservation laws (3.2f), form a closed set of
36 equations associated with the variables listed in (2.14).

Applying the order of magnitude method to this set of 36 moment equations will
ensure that the minimum number of moments with optimized definitions are used for
any wanted order of accuracy in terms of the powers of the Knudsen numbers. This
method, in the first step, applies the CE expansion on the moment equations to find
their leading-order terms. Then, new moment definitions are constructed such that only
those which are linearly independent have the same order of accuracy. This will give
the minimum number of moments at a certain order of accuracy. The CE expansion
is carried out and new optimized moment definitions are obtained in the next section.

4. Optimizing moment definitions

For the proposed polyatomic kinetic model (2.15a), we have two different relaxation
times corresponding to two different mean free paths and two distinct Knudsen
numbers, Kn, = t,,/79 and Kn;,, = 1;,,/To. The expansion parameter in the CE method
is the Knudsen number, of which we have two, Kn, and Kn,,, to account for
translational and internal energy exchange. Kn, should be less than Kmn;,, because
internal energies are exchanged only in a smaller portion of collisions and t;, > t,.
Considering both Knudsen numbers to be less than unity, we define the internal
smallness parameter & as

Kn, =¢ and Kn;, =¢€°. (4.1a,b)

With this, the two Knudsen numbers are replaced by a single smallness parameter,
€, and a magnifying parameter, o, with 0 < o < 1. The lower limit of the internal
smallness parameter is given by o = 1 and the upper limit is reached when o = 0.
While the ratio of relaxation times t,/t;,; depends on the state of the gas, the ratio
7,,/To = € = Kn,, depends on the relevant macroscopic time scale ty. Accordingly, the
values of both @ and € = Kn,, depend on the chosen scale. We (Rahimi & Struchtrup
2014a) show that usually small values of o are relevant and here we only consider
o <0.25.
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The CE expansion on the moment equations must be performed for both Knudsen
numbers, that is for all powers of € and €*. Due to the large ratio possible between
the Knudsen numbers, the underlying multiscale problem might require more than a
simple accounting of terms with the same order only. For instance, when Kn;, >~ Kn,,
proper accounting to first order in Kn, might require consideration of different orders
in the CE expansion: expansion to first order in Kn,., but to second order in Kn;,. The
conserved variables, density, velocity and total temperature, have equilibrium values
and hence are at zero order. The remaining variables in the list of (2.14) are expanded
in the smallness parameter €, where we account series in € and €* as

v = 600([60,‘//(0,0) + Elw(o,l) 4+ Ezw(OA,Z) +€3W<0'3) +--]
S L A A ) B L e A IR
4.2)

where, ¥ @? is the moment expansion coefficient at order €**?.

The leading-order terms of the moments are found as the first non-vanishing term
in their expansion; we find

0% : w00 =15p02 (4.3a)
38
0@: u'00 = > 062, (4.3D)
2 5+9d8
o (1 0) d9 al),-
O@EY): AV =1, 06—, 4.3¢)
3(34s540%) O
do
5 96
0): g% =_"1r2,p%" 4.3d
(€): qiy Rqﬁzp ox, (4.3d)
1 1,0(0,1) 23U<i
O(): w; " =-1,14p0" —, (4.3e)
8Xj>
1 0,1(0,1) L0V
O(e): u = —1,600"—, 4.31)
8Xj>
a <i
0@e): o =—1,200 7, (4.3g)
an>
(wd‘s)
. do 36
Oh: O —__ " iy 4.3h
(6 ) qt,mt qu, 2 10 8x,~ ( )
3 0ut) 36 dlnp 12 dv;
0€): ul?=—1,[2—Y 36— —300_;—— + —qoin—2 | . (4.3i
(€): uy U\ T o g 00y g iy~ |- (43D

To leading order, the two scalar moments, u>°®? and u'!'©®9  are proportional to the

total temperature and density. The heat fluxes, ql(g;') and qu;:,), are proportional to each

other, and also the three tensorial moments, a,-](o’l) 2’1(0‘1) and uilj‘o(o’l), are proportional
to each other.

We aim at having the smallest number of moments at each order. Higher-order
replacements for the scalars ©#*° and u'! are obtained by subtracting their leading-
order terms (4.3) to define new variables at higher orders as

wh0 = 4?0 — 15062, (4.4a)

, U
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wh! = u" — 26p07. (4.4D)

The dynamic temperature, A@ =6 — 6,,, is the only primary variable at order «.
The linear dependent vectors ¢, , and g, ;,,, which are of first order, can be combined
into one first-order vector, the total heat flux,

9i =94+ i (4.5a)

and one unique higher-order variable, the heat flux difference, which is defined by
subtracting leading-order terms (4.3) to cancel them in the new variable as

SRq[nt
Aqi =4, — ds qi,int'
84+60— | R
< + do > qir

Similarly, the two-tensors can be combined such that only the stress tensor gj; is of

(4.5b)

first order, while the moments u,-lj’o and ugfl are replaced by higher-order moments as,
14
- _ 10 0,1
u; = u; —?”g , (4.6a)
(14 + )
u; = ul.lj’o 2:1 — TGJU. (4.6D)

The second-order moment ug-’ko is the only three-tensor in the equations and thus
remains unchanged.

Equations for the new moments are obtained based on their definitions and a linear
combination of the primary moment equations. The above procedure:

(1) applying CE expansion on the moment equations;
(ii) obtaining leading-order term of moments;
(iii) defining new optimized linearly independent moments from linearly dependent
moments;

is repeated until full linearly independent moments are achieved. At the end, we
have defined four new moments as,

B: =u} e u; (4.7a)
=U, — ——7U.., la
v Yo14543 Y
B; = u; +uy, 4.7b)
Bt =wh' —w*" — (3[3 — 8] +30) po AW, (4.7¢)
B =w"+ 2w’ 4 (9 —3[3 - 5]) pHAS. (4.7d)
Therefore, we have the final set of 36 optimized moments at different orders as
0(60) : P, Vi, 0’ (480)
O(e%): A6, (4.8b)
0(*): BT, (4.8¢)
0(61): aij’ qiv Bia (48d)
O(e'**):  Ag;. B}, (4.8¢)
0(e»): By, ujy. (4.8)

By construction, these variables are linearly independent in their leading orders.
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5. Model reduction

The explicit orders will now be used for model reduction such that in each order
under consideration, only terms up to the corresponding power of € are kept while all
other terms can be ignored. We require the explicit order of all terms to be clearly
visible in the equations, hence the orders are made explicit with power of € and €“.
In the next section, € will be substituted by 1 so that the original form of equations
is recovered. The introduced notation allows us to arrange all terms by their explicit
€ orders.

The scaled conservation laws for mass, momentum and energy read

D,O aU,'
- =0, 5.1
Dt +p8x,- ( a)
Dv; dlnp 06 dA0 dlnp | 190
0 — —€” AO ——1 =0, 5.1b
Dt 0x; +8x,~ ¢ [Bx,- + 0x; ]+6 L) 0x; ( )

dé
3+564+60—
do D6 8v,- o 8v[ 1 aq, 8vj
—_—p— 60— — A6 — — | =0. 5.1
2 ,th—{—p 0x; ¢ [p ox; te Bx,-+018x5 19

The remaining scaled equations are presented in appendix C. While the expansion
series (4.2) contains all mixed powers of € and €%, the final equations only contain
some terms. We are interested in terms up to €, and find only sets of equations at
the following powers:

{EO, Eot’ 6201, El, EH—ot’ €1+2o¢’ €1+3a, 62—01’ 62, €2+a’€2+2a’ 62-&-30(’ €2+4ot’ 63}. (52)

5.1. A recipe for choosing the set of equations

The relaxation of the internal DoF leads to various ordering sequences for different
values of «, which differ in particular in the terms associated with the dynamic
temperature Af. The accounting of these terms, which depends on the value of «
and the accuracy under consideration, needs great care. In order to decide which set
of equations we need to consider for a particular problem, the relaxation times, their
ratios and characteristic time or length scale must be known. Therefore, the particular
problem under consideration determines which set of equations should be used. This
choice depends on the values of both Knudsen numbers: if the value of Kn,, is rather
small while Kn;, is relatively large, one will choose a model with high power in €
and low power in €; these are models with internal corrections to the NSF equations.
On the other hand, if both Knudsen numbers are small, one can use a lower accuracy
model, like the refined NSF equations. In problems when both Knudsen numbers are
large, particularly for order-unity values of Kn,, a higher order of accuracy is an
essential choice, e.g. one would choose the third-order R19 equations.

The following sections will discuss different sets of equations based on the desired
order of accuracy in the powers of €. For this, we will consider the increasing
ogders as3 laid out in (5.2) up to third order, but only present four main cases, €’ el
€” and €’.

5.2. Zeroth order, €°: Euler equations

We begin the reduction process with considering only the zeroth-order terms in the
conservation laws,

D,O av,-
— =0, 53
Dt + p ax,- ( a)
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Dv; 98 Inp 960

— =0, (5.3b)
Dt 8)(7,‘ Bxi
3+646 4o
2 Dt 8x,~

These equations form a closed set of equations for the variables {p, v;, 6}, the Euler
equations for polyatomic gases, with specific heat given in (2.10).

5.3. Order €': Refined Navier—Stokes—Fourier equations

For the first order, terms up to €' order must be considered in the conservation laws.
Hence, now all terms are relevant in the conservation laws,

Dp + av; _0
pr P
Dv; 0dp(0 —AB) Odoy
A R A
o T am o (5.4)
3-i-<‘5-|-6’d(S
@ D6 aq, av,- avj
——— 00— 60— A6 — =0.
2 IODt +8x,+p( )axi+a]8x;

These equations must be furnished with equations for Af, oy, g; at the required order.
To first order, the balance law for A6, which is at order €“, with terms up to order
€'~ must be considered as

ds
> (5 +9)
DAG av;
p— + 9/ ao—0) V=P ag, (5.5)
Dt ds ox; Tint
3 (340405

while the leading terms for stress tensor and total heat flux are obtained from (C 1b)
and (Clc) as

v
0 =—T1,2p0 o, ,
5R,,, + <8+6(18>R (56)
int d9 qir 00
e 2R, Ry, Mo

From the conservation laws, we recognize that in a moving gas the pressure is not
just the equilibrium ideal gas pressure p6, but p = pf — pAf. For this reason, one
often denotes the second term as the dynamic pressure, (Kremer 2010; Arima et al.
2012), IT = —pAb.

These first-order equations for o; and g; are the classical NSF equations, which
relate the stress deviator and heat flux to the gradients of velocity and temperature.
The factors between them are the shear viscosity @ and the heat conductivity « which
we identify as

)
SR‘]int + $ + 6 @ un-

Uu=rt,00 and k=T, 0. (5.7a,b)

2R, R

Gint = “q1r
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We have internal DoF corrections to the (5.6) by considering order-e* terms from
(C1b) and (C Ic), which results in corrected shear viscosity and heat conductivity as,

SRy, + 8+9d3
qint d9

2R, R

qint™ “q1r
The obtained relation between relaxation time and the shear viscosity is identical to
that for a monatomic gas. Internal DoF affect the heat conductivity, which differs from
the monatomic gas as extra means of energy transport (internal DoF) are present in
polyatomic gases. Therefore, the heat conductivity (5.8) consists of two parts based
on (4.3d) and (4.3h) as,

) R‘Itr
nw=1,00 —A0) and k=71, o6 — A09). (5.8a,b)

= r,,zz%p(e — A0), (5.90)
<5 +ed‘3>
= o~ 6 np), (5.95)
2R

Gint

In the classical Navier—Stokes equations, the dynamic pressure has the form [T =
—v(dv;/0x;) where v is the bulk viscosity. Comparing with the above, we identify a
relation between relaxation time t;,, and the bulk viscosity,

2 8+0d8
dé

3(3+6+0 do

de
The bulk viscosity is a function of the internal relaxation time, hence it will vanish
in a monatomic gas where no internal energy exchange occurs (6 =0).

Experimental data of viscosities and specific heat (Poling et al. 2001; Borgnakke
& Sonntag 2009; Cramer 2012) will be used to obtain the temperature-dependent
relaxation times, 7, and t;,, using (5.10) and (5.8).

The Prandtl number is defined as the dimensionless ratio of specific heat and shear
viscosity over heat conductivity (Struchtrup 20055b),

dé
5+8+60—

do #
Pr=——"—/—"-—. 5.11
2 . (5.11)
This is a measure of the importance of momentum over thermal diffusivity. Based on
the obtained shear viscosity and heat conductivity definitions (5.8), the Prandtl number
is

UV =Ty p(O — AD). (5.10)

dé$
5 + 6 + 0 @ ququfr
Pr= . (5.12)

5R,, + 5+9d5 R
qint de qir

The values of the modelling parameters R,,, and R, are restricted by the Prandtl
number and one of them depends on the other one through the Pr number. Viscosity
and heat conductivity values could be used to determine the heat fluxes relaxation
parameters. Therefore, the model provides the freedom to fit two parameters (R,20 and
R,.1). These values can be found from fitting to experimental or DSMC simulation
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data for rarefied flows, such as heat conduction, damping of ultrasound, light scattering
experiments or shockwave structure.

What we have obtained here at first order are not the classical NSF equations, since
we have to use the full balance law (5.5) for A6 (or dynamic pressure). The classical
NSF equations constitute a five variables model for {p, v;, 6}, while, the refined NSF
(RNSF) equations obtained have six independent field variables, {p, v;, 8, AB}.

5.4. Order €*: refined Grad’s 14 moment equations
The relevant equations at the second order of accuracy are the conservation laws (5.4)

and the dynamic temperature equation with additional terms up to order €>7¢,
2(64+6 do 2(840 4o
1Y 1Y E— T - o
Dt ds 0x; dé Jx; ds ax;
3({3+064+6— Y3464+ 0—""" 3(34+864+60— '
( o+ d9> de ( ot de)
216+0 4o
de 8v] 10qunt
ds\ Y ox; dé
3(348402) %% 3 (5qu, + (5 + 9@> Rq,,)
do
R, (2 a0 +6 &5
9g; “\"do ' " do? 9 96
o, ds AT
3 Squm‘ + 8 + 9@ thr
2 (5405 )R
10 qir OA ;
= il — o =—" e (5.13)
3 <5qur + <5 + 9(19> an) ti Fine

For the second order of accuracy, the balance laws for stress and heat flux must
be considered up to first order, because the variables, o;; and g;, are at first order,
see (4.8). From (C 1b) and (C 1¢) with terms up to order €', we have second-order
equations as

R R (2% &5
Do 4R, 0g- D4\ Tde T de? 90
- Q<i
Dt dé axj> dé 2 an>
SRy, + <5 + 9(19) Ry, (Squ, + (8 + Qde) Rq,,)
a j> 8 a <i 1 1
120, 46, L op— M) = — | — + | oy (5.14)
8)Ck 8)Ck ol j> Tir Tint
ds
Dy, , dHI+HO 90 anp 2 9B | 5 0B
o | —————— — -t ——
Dr X 2 3x axe 39 3x; 13 ax
2Rq,-m av; vy
+ | I+ i+ i
axk axk

dé
SR‘I[n/ + (8 + 9@) R%r
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2Ry, qx IV
dé 0x;
5R, 5+6— |R !
qint + < + d9> qtr
dé

54+6+60—

96
— O+ 2 4 9 0 — o)
8xi 2 ax,

dé dé
|: 1 1 :| ququrr 5 + 8 + 9 die 8 + 0 @ Rl]rr (thr - R(Iim)

Ton sy~ ds
SR‘I[nt + 8 + 9 @ Rl]zr 5Rq;‘m + 6 + 9@ R‘Lr

9 30,
— A2 2P g0k
ox; X

Ag;
Tir Tint

(5.15)

For closing the set of equations we need constitutive equations for B™ and Ag; up
to order €'~ from (C2b) and (C 1d), as

B — 39 A92+3T" 10 +3—6 23 -6 9A0 (5.16)
N 2 p Tint Ruz.o 2Ru1,| 2 p ’ '
5R,,+|é+06 do R
qint de qir 5 3Rq[m
Ag; = T I R — R
5RZ + 5—I—9% R2 2 3—|—9@ R
qint de qir d9 qir
@+ 00) 280 | pp220 | 2 OB
X —_ PR
p 8xi Bxi 39 ax,‘
Tir
(qul‘lt - RC[;,-) 89 |:1 + Tmt} Squm (Rqrr - R(Iim)
M 560+ AG) — | — qi,»  (5.17)
Rar o sk 4+ (5462 ) k2
qint + + @ qir
and for B~ at leading order from (C2a) as,
3, | 3 3—6 3+
B =_24 _ _ 200 sone. (5.18)
Tint Ruz,o 2Rul,1 2

With balance laws for stress and heat flux, the second-order equations form a set
of PDEs for the 14 variables {p, v;, 8, A8, 6y, ¢;}. Other authors discuss a 14 moment
set for polyatomic gases, (Ruggeri & Sugiyama 2015) where the equations differ
from what we find. Indeed, our refined Grad’s 14 moment (RG14) equations contain
additional terms of order €!™>*, which are the terms in the equations for overall
heat flux (Clc) and the dynamic temperature (5.13) containing B*, Ag; and B~
along with their constitutive equations, (5.16)—(5.18). Therefore, the proposed model
is not a second-order accurate model. Also, the mentioned 14 field theory (Ruggeri
& Sugiyama 2015) contains three nonlinear terms from (C lc¢), which according to
our analysis are of orders €*™ and €, respectively. As will be seen below, if one
wishes to have a theory at these orders, there will be additional terms that must be
included.
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The leading-order term of Ag; at order €'** from (C 1d) and (C 1¢) is obtained as

d
5 <3+3+9d€) A

po .

ds x;

2(6+6 R !
( + de) qir

We name the factor relating the heat flux difference and the gradient of dynamic
temperature the dynamic heat conductivity,

ds
s(ss+0%)
00. (5.20)

2 6+9d8 R
d@ qir

5.5. Order €*: regularized 19 (R19) equations

Finally, we present the equations at third order of accuracy, which are: the
conservation laws (5.4); the full equation for the dynamic temperature (5.13); the
equation for heat flux difference with terms up to order €272*, due to the fact that
Ag; is at order €™ and first appears in the A6 equation (5.13) which itself is at
order €%,

(5.19)

Aqi =Ty

KA =Ty

DAg; EYN) a1
1 +Uik|: + A6 np:|

Dt Xk 9x;
108, (2% +9d26 (A6 —6) (A )
+ qint de de qt ql %
5109 (3154092 (kR + (5102 )R, )
de de Gint de qir
2(6+6 do R, A
. g ) "t gy, . S IR, 0B
& ox; | (424 258) ds ox,
5(5R,, §+6— | R ' 8+6— | R !
( Gint + < + d0> q7r> ( + d0> qir
25R T(6 0 do R
Gint + +0— Gir avk 3v,~
* % A T2
5 <5qut + (5 + 9 d0 ) an) k k
42 15Rq . ds + 20 ank
+ 7 + in . i . 0
(42 + 256)? ds 69y, " ox
540 R,
do
5 10R,,, 0B~ 5 3R, 0B
NS G Y o, 30 |1 as 5
(5 +039 ) . (5 + 9d@> R, | "
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PR 7Y £0) == % o Sl R | 96 ,0Inp
_ o; _ — _dm
2 th k R 8Xk axk
2qum‘ [ 8vl}
95 + g
SRy, + (8 + 9* R, ot =
5 8 ; adpAf aAf
+ 5 1 + qlm 801 Ae '(8) _ pe a :|
Rq,, 6 + 0* & g &
§+6— | R2 +5R*
1 1 SR " v R int ( de ) qir Gint
— |: :| qin ( qir Gin ) q,‘ + Aq, ,
Ty Tint

dé dé
Squnt + 5 + 0 de t]r Squnt + 8 + 0 dg qt

(5.21)

the equations for stress tensor and total heat flux with terms up to order €2, because

the variables, o;; and g;, are at first order,
ds  d*s
4ququtr 27 + 0 e

Doy 4Ry, g N 30
- q<i
Dt d5 axj> d8 2 axj>
5R61im + <5 + 9(19) thr <5qut + (8 + 9de> qr;)
4(64+60— ds R
dQ r 8Aq<,’ 8Uj> 8’Uk
+ ax +20k<z 8 + 0 ’I 8x
o a
5 <5qu + (5 +6 d9> q,,> :
0,0
+ 4qumRer d8 + 6 d2 q(i 89 8uljk
d9 de? B.X]'> axk
SR, + 8+ 0> an> ‘
v 11
x]> Tir Tint
4y g |3 OG0 onp| ooy
Dt 2 an 8xk PO 8x]
+ |1+ 2R, [ av; n 3Uk:| 2 0Bt
G774 | — 70 A
% 3337 2qu/qk aavk _ A@zgl
X X; X;
SRQim + (5 + 9d9) qir
dé
Stoto "
—p(0+ A6 0— AG)
ax o 0+ A0) o, + 5 o ( )Bx,-
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2 8+9d8 R
de qir

v, vk dvg
+ a3 Ay, T 05, T 0%,
o (oo o o
168 . dé 06 45 833«' el dA0 dlnp
———__B R . N L + AB
(42 +256)? J do ax; ' (424258) ox; ox; 0 0
. . 48, 00 T(3+8) (14+38) 0B 00y
(14+68)2  (424258)°) 0 T ax, ' (14+8)@2+250) ax; 7 gx,

dé dé
1 1 R(I!mR‘]tr 5 + 8 + 9 @ 6 + 9 dig R’Irr (R‘/Ir - qurlf)

=_L,,+1',»,,,] SR, + 8+0d8 R ! 5R,. + 8+9d8 R
int do qir qint de qir

(5.23)

equation for B* with terms up to order €22, due to the fact that BT is at order €2*
and first appears in the o; and g; equations, which themselves are at order €',

dé
DB+ 8vj 2 <5 + Qd@) qir 40R611m 8 k
' Squm‘ + <8 + 9 ) thr
dé
SOquthrrg de + 9@ Squm + SRqrr) 8 + 9 @ - IOOqum

d
(SRq"" + <(S + 9 ) l{rr) Squm + (8 + 0(19) qir

30 50R,,, dlnp 20 du
ol R @ 0 T 307
k k k
SR‘]im + (8 + 0(19) qrr
ds
85 . du 3 (23_3_%9) , dY; 78 dv;
L G5 A0 26— ————5 | pon0
¢ 3+0+049 , 345+0— '
do
1/9 , 173
== SR+ 15R20) pAG” — — | 2 (3= 8) Ryt +20R,20 — (23 = 8)) pf AG
T int
1 17 /3Ru + 10R,. 10 B
L (e O e O R — R B ) (5.24)
Ty Tint 13 13

and the balance law for B~ with terms up to order €', because B* is at order €' and
first appears in the o; and g; equations, which themselves are at order €',
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ds
12R,.m+2<5+9>R,,
L d6) " 0 2, 0u

ds ax,
5quer<5+9(19>an ax, 13 dx

DB~ + 129 8vj
Dt 5 ox;

(5Ry,, +3R,,) 5+0%) 4308 2R, R0 2(M+edztS
+ Gint qir de int qur™ “qint de d62 80
_ Gi—
dé dé 2 0x;
Squt + <8 + Qd@) an (Squz + <(S + 9d9> Rqrr)
R, 1 ;719
-2 1 + int d5 eqkﬁ — 3,0A92 + — ﬂ
5R,,, + (5 + 9@) R,, X ax; 39 0x;
1 9(R,1 — R, 1 /3
— ——upAQZ N < (348 +[3— 8] Ryt — 6R,20) p9A9>
Ty 2 Tint
1 1 10R, .1 +3Rp0  [3 (R — R,
N P 3R p [ R = R20) T (5.25)
Ty Tint 13 13

These 19 PDEs are closed with the constitutive equations for B; up to 1 — « order,
because B is at order €'*® and first appears in the o; and ¢; equations, which
themselves are at order €',

B — _ 1 5 (70 +238) R,,, 145 9q
' L1 5 (5k,, + (s+62 )R ) 9%
T, Tins Gint d 0 qir
4 (70 — 195)37 v, (14— 8)9% —8(14+3) gy,
396 0x;.. ds Y 9x,
§(3+8+60—
( rot d9>
, (70 +238) R,,, _14-3 o dlnp
ds T BT
8 Squm + 8 + 9 @ R%r ’
ds
2(42+258) , dv_; l4+d+0 4
- B + 2qum
398 3x;

5R,. + 3+9d8 R
int d9 qir

ds ds\> d*s
10 (7R,,, +2 (7T+38) R,,) w7 14R,, 6 W)t (70 +238) R,,0 —

do*
ds 2
5 | SR, 3+6— | R
< Gint + ( + d@) tm)

avjs avk) (42 +2596) v,

-0

6A6
1) p an>

E)

a6 av
X Geig— +46 (20'k<i3x‘k + 20'k<iaixk + GijaTck
> >

(5.26)
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and for ug’ko and Bj; at their leading orders, due to the fact that they are at order €’

and first appear in the o; and g; equations, which themselves are at order €',

do; dlnp 12R,,, av;
3 — 39(7<lj P) + d(S q<i 9 5
Xk> Xk> Squm + (8 + 9) Rqrr Xie>

0.0 _

ul = —7, |30 (5.27)

do

6(14 + 68 vy~ J 2 9
B, = -1, ge O-k<i7vj +0'k<i7vk — 50 =
ij 7 (3 + 3) X 3 8xk

2(14 + )R,

2
(B+9) <5qu, + (3 + 9d5> Rq,r> (

+

SR, |3+8+6 4o
Gint d9

do
(3+8)8+(7+2a)9d8+ 4 2+2dz‘S 02 90
de do d6? T<igx.

ds
204+8) o 2(14 4 8) (3Rq,.,,,+<<s+9dg) Rqr,) olup

q<i
. dé .
OV (ko (30 )R) P

do
(14+4+6) ( 3R, + 8+0d8 R
int d9 qir p 8q<i

s .
(34 68) <5Rq,m + (5 + 0d€> Rq,,) 0%

This is the set of original regularized 19 (R19) equations corresponding to the third
order of accuracy.

Next, we will introduce new forms of the balance and constitutive equations
to replace (5.24)—(5.28) in the set of R19 equations. New forms eliminate some
derivatives by substitution with stress tensor, heat flux and dynamic temperature
while keeping the current order of accuracy. The new form requires the same number
of boundary conditions for both linear and nonlinear cases, while this is not the
case for the original R19 equations. Also, the boundary conditions needed for the
new form of R19 equations are clear; and they are derived and presented in the
next section. However, the exact type of boundary conditions needed for the original
nonlinear R19 equations are not clear. The boundary conditions will be discussed
further in the coming section.

+ Rf]rr

) (5.28)

5.5.1. Transformation of equations

The balance laws for Bt and B~ and the constitutive equations in the set of R19
equations can be rewritten using the leading-order heat flux difference, NSF stress and
viscosities as

8 <i
aé\/SF _ —2M8v =0+ o™+, (5.29a)
)Cj>
NSF 90 l+a
; =—/ca—=qi+0(6 )+, (5.29b)
Xi
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dA0 142a
Ko = Agi+0@E )+, (5.29¢)
av;
AONSF — vov =A0+0E™*)+---, (5.294)
p 0x;

in a way that we still keep the proper order of accuracy. The balance laws take the
form of

-2

pp+ 2R~ (8 * ede) Rar [8qk dlnp (0 — A@)}
Dt ds o
SRy, + (5 + 0(19) Ry,

axk g Bxk

ds
78 3<23_8_6d@> , 85 . 20
+ || 26— ————5 | 020+ pAG>+ S B" — B
3+854+60— 34+64+60—
+0+ a0 +0+ a0
S0R,. R, 0 2d(S +6 &’s BR,,, +3R,)|(6+6 do 100R
a Uy Gint ™ “qtr d@ dez int qir d@ Gint
X —_——
dx; ds 2 ds
<5qum + (5 + 0 d@) RCIIV> Squ'l' + (8 + 9@ Rqrr
20R (6 +0 do > R
qrqx Gint do qir a] qrqr qkAqk UUGU
X +2 5 0 AD + + 40 —
K — K K 7
SR‘Iint + (5 + 9 (19) R‘Irr 4
1 /9 , 13
=—— ERHH + 15R 20| pAO” — — 5((3 —8)R,11 +20R,20 — (23 — 8))pO Ab
Tur int
1 1 3R,1.1 + 10R,20 " 10 _
e (P T T g L (Rt — Reo) B (5.30)
T Tint 13 13

dé
6R4im + (8 + 9) R%r 9

DB~ do [qqu QkAQk:|
ds —
b 5Ie‘{im + 8 + 00— Rf{rr (9 AQ) “ a
do
ds ds  d*s
5R, 3R 6+ 60— 30R,, 2R, R, 6 (2— +60—
B ( Gint + (Irr) ( + d@) + qint B qur* *qint < de + d02> qqu
ds ds 2l o«
SRQint + (8 + 0(19) RC]rr (Squl + (5 + 9(19) R‘Irr)
_9 %% _ 3pA02—7—1B_+33+ %
5 u 39 13 Xy
6R, + (546 do R
it do ) " [dq dlnp (0 — AP)
+2 0| — g
8xk 8xk

dé
5R‘1im + 8 + 9 @ R‘Irr
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19 (R0 — R20) 2 1 3
————————pA = — | = (34+06+[3=F5]R1 —6R,20) pOAD
Tir 2 Tint 2

_ i_|_i MB*—F M3+ ] (5.31)
T Tint 13 13

The new constitutive equations for B, B; and ugfko in the set of R19 equations after
some manipulation become

o _ 1 2 (70 — 198) B~ + (42 + 256)B*
i = s 395 %
2(64+0°2 ) u
6
1+ 5 0
3(34+864+0—
( +0+ d9>v
144+8+6—
42 42568
+ %p@ Aoy — 2R, do

dé
5R¢]im + 8 + 9 d79 thr

d?s

ds s\’
10 (7R, +2 (T +38)R,,) — + 14R,, 0 <d€) + (70 4 238) Rq,ﬁ@

do

ds 2
8 5qun[ + 8 + 0 @ R‘br

ds
(14-8)f- —5(14+8) g

X ﬁq<in> + ds + ? E,OGA@O'U — 890k<io}'>k
5 5 (3 +8+ 9@) v
N 2u (70 +238) R,,, 14-35 gei

ds ds S o (0 — AO)
2(6+6— s (5R, §+60— | R
< + de ) M ( Gint + < + d@ ) 41rr>

1+
ds
3(3+8+6—
<+ + dG)v
Qj> Aq/> 2 (70 + 238) Rq[m
o Ka 2(s+6% s(sk +(s+0% )R
l+ d@ qint d@ qir
Poog(34s409
-— v
o
14-5 |1 [dg.; dInp (6 — AO
_ 1199 9lnp® =401 (5.32)
) p L Ox; 0>
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) 1| 6(14+8) (14468) _
o = —— | —————004.i0jsx — ———-B 0
i 0 | 7T3+8 M 3E4s Y
2(14+ 8)R,, ds
- SR, [3+8+6—
ds 2 ( Gint |: +0+ d9:|
(3 + 8) (SR‘Iim + <8 + 9d@> R%)

+ thr

(3+5)5+(7+23)9d5+ do 2+2dz‘S 02
do do do?

B
P <iYj>

dé
2(14 + 5) (3R o (5 +0> R >
4 do ) 1 q<i [%‘>+ A%‘ﬂ

+u
ds 0 — AB
G +9) (Squ, + (5 +9d@) Rq,,) P ) Le K
2(14+46) (3R, + 5+9d8 R
i o) )1 <aq<,- dlnp (0 — AQ))
- IU/ - — Y<i )
ds 0x; 0x;-
(B +8) (Squ,,, + (5 + ede> Rq,,) PN il
(5.33)
ug}(o _ 6R(Iim d(s q<loéjk> + 3M 90<UA9 |:qk> AQk>:|
SR‘Iim‘ + (5 + 9(10) R‘Irr p p ( ) * KA
do_; dlnp (O — AO
_3E O<ij _ <UL , (5.34)
1Y 8-)Ck> axk>

where the microscopic time scales are substituted by viscosities and specific heat using
(5.9).

6. Kinetic boundary condition

In this section, we introduce a kinetic boundary condition using the idea of two
distinguished exchanged processes, internal and translational. Then we incorporate this
condition to obtain the corresponding macroscopic boundary conditions. Having the
macroscopic boundary conditions will enable us to solve boundary value problems,
e.g. stationary heat transfer, using the macroscopic models introduced above.

The microscopic wall boundary condition prescribes the distribution function
of the particles reflected from the wall when the distribution function of the
incoming particles towards the wall is known. The most common used model is
the Maxwell (1879) accommodation model. Maxwell proposed that the gas particles
are reflected from the wall specularly or diffusivity. A portion x, where y is the
wall accommodation coefficient, of the particles hit the wall and accommodate at the
wall so that they are reflected with the equilibrium distribution of the wall. The other
portion, 1 — x, is reflected specularly. In this case, the normal component of the
velocity changes sign and the distribution function describing the reflected particles
is akin to the incoming particles distribution function with corresponding transformed
velocities, i.e. f*(c) =f(c —2(n - c)n).

For polyatomic particles that are diffusively reflected, we have two Maxwellian-type
equilibrium distribution functions (2.16) and (2.17) corresponding to only translational
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energy equilibrium and total energy equilibrium. We adopt the generalized Grad’s 36
distribution function (B 1) and its corresponding form as the phase density (f*), for
incoming and specularly reflected particles. We introduce the wall boundary condition
as the velocity distribution function in the infinitesimal precinct of the wall,

2o ) XA =Ofirwle, D + Efinw(e, DI+ (1 = X)f36(c, D) n-(c —v,)>0,
fo)= {f36(c, D n-(c—v,) <0, 6.1

where the two wall accommodation coefficients, ¢ and yx, are specifying the level
of accommodation of the particle on the wall. Full accommodation is specified by
¢ =1 and x =1, partial accommodation for particles only accommodated transla-
tionally identified by ¢ =0 and y =1 and the pure specularly reflected particles are
described by x =0. Moreover, n is the wall-normal pointing towards the gas.

Wall boundary conditions for gases must obey a number of requirements, most
importantly proper normalization and reciprocity (Sharipov 2003). The above
is a variant of the Maxwell boundary conditions and obeys these requirements.
Normalization implies that the number of particles is conserved, and this is ensured
here by adjusting the densities for the wall Maxwellians, f,., and f, ., accordingly,
see (7.6). The distribution used on the wall are Maxwellian distributions which are
normalized and the Grad’s distribution is an expansion on the Maxwellian distribution,
which are designed to ensure conservation of the particle number, as will be seen
in (7.6). This means the kernel is normalized and the number of particles hitting
the wall is the same as that of reflecting particles and the normalization condition is
satisfied (Sharipov 2003).

7. Macroscopic boundary condition

For obtaining boundary conditions for our field of macroscopic equations, we do
the similar procedure as we did to obtain the balance law for moments: we multiply
the wall distribution function (f) by corresponding velocity and internal parameter
functions and take the integral over velocity and internal parameter space. This will
give us the relations between the macroscopic properties at the wall and the wall
properties given in the wall equilibrium distribution functions, f;.,, and f;,,,. We define
peculiar velocity based on average velocity, C =c¢ — V., and slip velocity as V,; =
Vgas — V.. This will give us the integral of the weighted wall distribution function as,

/ W (C, Df(C)dCdI
:// [W(C,I)+ (1 — )W (C—2(m-C)n, D]fi3(C, I)dCdl
C-n<0

+ X |:// ljp((jw - Vsa I)[(l - ;)ﬁr,w(cww I) + é‘ﬁnt,w(cw, I)] de dI ) (71)
C-n>0
where, C,, = C + V,. We consider that n =(0,1,0) and V,, = (V,,, 0, 0).

For any velocity and internal parameter function, ¥ (C, I), a relation between the
corresponding moment and the wall properties could be obtained from (7.1). In order
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to have meaningful boundary conditions, Grad (1949) discussed the argument of
specular reflection such that the velocity function should be odd in the normal
component of the particle velocity. This is due to the fact that the even polynomials
at the wall boundary condition will produce identities and are uncontrollable. Also,
the theory of balance laws states that, at the boundary, we need to prescribe fluxes
not variables (Torrilhon & Struchtrup 2008). Considering a two-dimensional process
in the x—y plane, the flux moments corresponding to odd powers in the y component,
n= (0, 1, 0), of the particle velocity are

Uy = {vy, Oy, Gy, Agy, B u®o 0 (7.2)

xy? Py Pyyy S

Therefore, the corresponding velocity and internal parameter function, ¥, for two-
dimensional R19 equations occurring in the y-direction is obtained as,

C2
¥ =< C, CC,C, <2+12/5),

1n s 7, 11
GO 1= 53| C+ 1t 503

P 14+59
146 +3 +3 ’

2

C? 5R,, 3 1
C, L rel.c, (C},Cy — C2) , C, <CXC,C - C2>
~ 5 5
R

de qir

The general boundary condition (7.1) is used here to obtain macroscopic boundary
conditions for different functions in Y.

The first condition is obtained by considering ¥ = C,. For this we rewrite the part
representing incoming particles as

(7.3)

fie(e) = x[(1 = )fiz6(€) + &fize (€)1 + (1 — x)fj36(c). (7.4)

So, we have three identity relations,

—(1—x)// CofedCdl = (1—x)// CfidCdl, (1.50)
C-n<0 C-n>0

—x(1=1%) Cyfie dC = x(1 —4“)/ Cyfirw dC, (7.5b)
C-n<0 C-n>0
—x¢ / / CfisedCdl = x¢ / / Cfinn dCdI, (7.5¢)
C-n<0 C-n>0

which state that the flux of molecules towards the wall is the same as that
leaving for all three reflection types, pure specular, partial accommodation and
full accommodation. The first identity is always true based on the definition of f3,
and fj36, (B'1). The second identity gives us a relation for p;,, as,
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12/
exp [_]
704/28
PrwV ew - - s ew ;g_ 0 21B~ +SB+
r <1 + 2) 8408+/20+5)/2
3+68) (144275 28
+78 G+9)da+ )Bi— B
(144 8)(42 +258) ¥ 424258 »
ds
(5 + 0d€> V2mOR,,
+ iE (Agy—q,) +6 (20240 — 0] —0,,)
(Squnt + (6 + 0d9> R41r>
12( 8 +9d‘s VTR
o 3 ) VR VAo — a0+ 16828 (3 + 6)
a ds o
( SR, + ( 5t 0) qu,> (14 + 8)(42 + 258)
do
207/2 6+/2 18+/26 182
B,+— "B +——B*——Y— Bty T" ,9n0|],
Bt P T3 @2+250) T @21 259)"
(7.6)
and the third one gives us,
(14 — 8)(3+6) 1 B*—B~
T = py/0,=— B +——
Pwv 214+ 8)@2 4258032 7 T 156 032
+ Loy 1
Bl + - —=+ ——=p(20 — A0). (1.7)

242425802V 2. /5 248

Choosing different ¥ functions from (7.3) we obtain boundary condition for the
stress tensor,

dé
5R;qx+ (6 +60— | R, Ag, 0,0
X 2 do Uy
axy.:—ﬂ - TV, + a5 +2\/§ , (7.8)
5 <5R‘]im + (5 + 6(19) R‘br> \/5

the boundary condition for the total heat flux,

__x [2r o .
&= (Z_X)\/;[zx/é[(4+8§)(9 0,) — (1 =) (80 +3A0) — V}]

(140+ 8 32+ 8) + (14— 8)8¢)  [(1—£) 8 —4]
SR T VRTINS I TT
§@4-8d-¢),, 2+50-9)
4@2+258 0 e

S6-8(1-¢)y . 6(-¢) .,
312 B+ =07,

B+

(7.9)
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the boundary condition for heat flux difference Ag,,

ds
5(40—8)R,, —12(8+6— | R,
X 2 do ) "
Agq, = — B
Q= R, (5+05) " ™ 312
X qir d@
ds
5(12+8)R,, +12(64+6— | R,
+ do Bt
312
ds ds
S8Ry, =6 (8+6 5 | R, 5(6+8) Ry, +6 (540 | Ry,
00, — 8 +
+ 4 P 4(42 +258) »
ds ds
105R,, —8 (8 +6— | R,, 5(6—8)R,, +12(8+6— | R,
do 5 do
+ 6% + pOAD
! ds
55 (424 8) R,,, — 6(14 — ) (5 + 9(19) R,
346 -
+ 13431 4(14 + §)(42 + 256) »
T ds ,
+ VO |(64+6— )R, V>—15R,, (1) Ab
2 do :
ds ds
— (58Ry, =4 (8405 | Ry, ) 0+ (S8R, =4 (3465 )Ry, |6 —6w)] |.
(7.10)
the boundary condition for B,
ds
) . T 314 45) 37 <3+0d€> R,
By = 0oV x1aG 1o ds Vorq,
X 15 <5qu,,, + <a + 9) Rq,,>
do
ds
14 <3 + 9(19) R, +33R,, X
- E Vog, — 5«/5%%’2
3 <5qum‘ + (8 + 9(10> R‘[tr)
18 +7¢8
—TV, (Vf—9+7(1—§)A6—(_;§)[6—9W]> , (7.11)
the boundary condition for u(y);,‘;,
S0 - X [2 | 1) G+s) 5B}, 2(B*-B")
W 2= )V o | (144 8) (424258) ¥ 424258 195
70, +2pA0 0
—G”Jrspe—r“é__ (BV2—200 —6y1)| . (7.12)
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FIGURE 1. General stationary heat conduction schematic. Top and bottom walls are at
different temperatures, Oyr, Owp.

0,0
xxy?

and the boundary condition for u

00— X 2
== 2=V e

0
+ g (/OA@ + Oyy — Saxx) +

(—144+68) 3+6) 8B +(B+—B*)
(144 68) (424+258) ™ 4242568 195

Vo
5

(4V:—10—ow])| . (7.13)

8. One-dimensional stationary heat conduction

Next, one-dimensional heat transfer within a stationary polyatomic gas is studied
using numerical and analytical methods to solve nonlinear and linear systems.
Specifically, for the set of R19 and the RNSF equations. We consider unsteady
heat conduction which is homogeneous in y and z directions. The gas is confined
between two infinite plates and is stationary, i.e. v =0, as shown in figure 1. The
walls are at different temperatures and the flow properties and variables depend only
on the x-direction. We study different gases and different test case scenarios.

The equilibrium rest state {pg, 6y} is used to non-dimensionalize all quantities and
equations. Specifically, we set

- Xi Xi - 1 — Tint — Ty - 1%
Cavm e To T T T
0 Yo Lo/ Yo
-0,0 __ ug,ko + _ B; D _B'; ‘+_i+ B*_B;
Y R Y Y &

Note that the dimensionless relaxation times, T, and 7,, are the Knudsen numbers.
From now on, the overbars are dropped to avoid any unnecessary complexity in stating
equations. The dimensionless set of R19 equations describing the considered problem
consists of energy and momentum conservation,

0 d (6 — A do
l_i_ ( )+ 11

=0, 8.2
0x 0x 0x (8.2)



https://doi.org/10.1017/jfm.2016.604

https://doi.org/10.1017/jfm.2016.604 Published online by Cambridge University Press

468 B. Rahimi and H. Struchtrup

3+5+(1+9) 30 dq

do
1 — =0, 8.3
2 A+p) o+ 50 (8.3)

and 11 equations for {A0, oy, q, Aq, BT, B~ B;, By, uuk} which are presented in
appendix D.

8.1. Refined NSF equations
For this case, the RNSF equations (5.4)—(5.6), reduce to

9p + 00 0 (8.4a)
L4+ ==0, 4a
Jdx  ox
3464+(14+6 do
(1+ )7 — =0, (8.4b)
2 0x
A =0, (8.4c)
01 =0, (8.4d)
dé
Squr + 8 + (1 + 9) 10 qur
do (1+ )(1+9)80 (8.4¢)
= —T —_—. .
1= 2R, R, p ox ¢

Gint

8.2. Boundary conditions

For obtaining the boundary conditions, we consider the steady state condition with 11

variables,
®=1{0,A0,q, Aq, B", B, Bf\, B}, p,on, ul}} } . (8.5)

and write the system of equations as
0P
B((D)a— =P(D)D. (8.6)
y

The number of boundary conditions which must be described is the number of
variables of the system (11) minus the number of multiplicity of the zero eigenvalues
of the matrix A(®) (Torrilhon & Struchtrup 2008). Calculation of the eigenvalues
shows that the matrix A(®) possesses a zero eigenvalue with a multiplicity of
4. Therefore, we need to prescribe a total number of 7 boundary conditions for
regularized 19 equations. Four associated null spaces of the matrix A(P) give
relations which describe BT, B, Bf, and Bj, as functions of the rest of the variables
of (8.5). Therefore, only 7 independent variables remain. Based on this reduced 7
field of variables of @, we have the velocity and internal energy parameter functions
corresponding to the fluxes with odd powers in the normal velocity component (g,
Aq and u))) as

C o 5R,, 3
v={C (2 +12/5> O 5 - a6 (Clcl - SCZ)
8+6— | R
( + d@) qrr

8.7)
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The microscopic boundary condition along with the ¥ function (7.1) are used
to obtain 6 macroscopic boundary conditions which correspond to the boundary
conditions for g, Ag and ul}} (7.9), (7.10) and (7.12), on each wall, and are given
in appendix D.

Here, the fluid is considered to be stationary and the flow which exists due to
the density changes in the unsteady state is ignored. We apply the prescribed mass
condition as the seventh boundary condition to update the density during the unsteady
processes as

L2

L/2

If we were to allow gas movements and convection to be a part of the problem,
the conservation of mass and normal velocity of gas on the wall would replace the
prescribed mass condition. Here we are interested in only stationary heat conduction,
therefore all the velocities are set to zero; and the prescribed mass condition (8.2)
is solved by the trapezoidal rule along with conservation of momentum to gain the
distribution of density at each time step in the unsteady processes.

Also, the boundary condition for the RNSF equations along with the prescribed
mass condition is the temperature jump condition obtained from (D 10) at order &' as,

dé
(Z_X) 0 Squ’m+ <8+9d@> qur 90
60— 0, =n, = =, (8.9)
X 2 (4+680)R,, R, ox

8.3. Numerical scheme

The finite difference method is used to discretize our system of equations with central
difference scheme in spatial discretization and first-order explicit discretization in time.
The steady state condition is

+1
62 — Opn2

<1078, (8.10)
165,21

For RNSFs temperature jump boundary condition (8.9), second-order backward and
forward finite difference discretizations are used.

8.4. Linear and steady case
First, we study the steady linearized set of equations with small disturbances from an
equilibrium ground state {po, v’ =0, 6y}. The set of linear steady equations are reduced
to 5 coupled equations for & = {Agq, ¢, u’}), o1;, A8). Equations for the rest of the
variables {p, 6, BT, B~} are functions of coupled variables. The solution of the set of
coupled equations, As,5(0®P/0x) = Bs,s®, is obtained using the eigenvalue method as

5
& (x) = Z C,9,e", (8.11)
n=1

where, 1 and # are eigenvalues and eigenvectors of the coefficient matrix, A~'B. The
solution for the remaining variables are obtained by integrating of their equations.
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FIGURE 2. (Colour online) Comparison of temperature and density profiles for Kn
numbers equal to 0.071 and 0.71 with ¢, /t, = 1. Results shown are obtained from: R19
equations (blue dashed line); RNSF equations (black line); DSMC method (red triangles).

9. Results

We first compare the results of our proposed models with the direct simulation
Monte Carlo method data of Tantos et al. (2015). Comparison between numerical
solution of the R19, the RNSF equations and DSMC results are shown in figure 2.
Dimensionless wall temperatures are deviations of £0.0476 from the reference
temperature at 350 K. We investigate two different reference Kn numbers, 0.071
and 0.71, which represent slip and transition flow regimes, respectively. Relaxation
parameters are set to R, = R,0=0.72 and R, =R,,, = 0.7537 in order to have
Prandtl number equal to 0.73, the same as the DSMC simulation, based on (5.12).
Changing the values of R, so that they remain close to 3/2 will fine tune the
results. However, if we lift this restriction and let R, be lower and R, higher
than the 3/2 value, the influence on the results will be considerable, especially on
moments corresponding to internal-translational interactions. Also, the number of
excited internal DoF is set to 2, the same as the DSMC simulation. The DSMC
simulation is performed by considering identical translational-rotational relaxation
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FIGURE 3. (Colour online) Comparison of total heat flux as a function of reference
pressure, ranging from continuum to transition regime. Results shown are obtained from:
R19 equations (black line); RNSF equations (blue dashed line); DSMC (red triangles).

rates, therefore we used t;,/t, = 1. It is evident from figure 2 that there is a good
agreement between the DSMC and the R19 results. In contrast, in transition regime,
there is a considerable deviation of RNSF equations results from the DSMC results
and the first-order set of equations fails to accurately model the problem.

We compare the values of dimensional total heat flux from R19 equations with
those from the DSMC simulation of Gallis, Torczynski & Rader (2007) at various
reference pressures, ranging from continuum to transition regime in figure 3. The
simulation case is a channel with 1 wm width filled with N, gas and wall temperatures
at 285 and 315 K. The Prandtl number is set to 0.71, and the reference temperature
and reference shear viscosity are 300 K and 1.775 Pa s~!, respectively. Also, full
accommodation coefficients are considered. Reference pressures of 10?, 1 and 0.1 Pa
correspond to reference Kn, equal to 0.005, 0.5 and 5. As it is depicted in figure 3,
there is good agreement between our data and the DSMC data. However in transition
regime, there is a considerable deviation of RNSF equations results from R19 and
DSMC results and the first-order set of equations fails to accurately model the
problem. It is seen that the total heat flux is independent of pressure at very low
Knudsen numbers. However, at high Knudsen numbers, heat flux changes abruptly
with changing pressure. Here, we use the values for Maxwell molecules of relaxation
parameters for pure translational moments, R0 = R, = 3/2, from table 1. Prandtl
number is equal to 0.71 and based on (5.12) we obtain R, = 0.847. Also, we use
the obtained value of R, for R, =0.847, and as is clear from figure 3, this value
produces a good fit to the DSMC results. Therefore, the relaxation time of internal
heat flux equals to 0.79 of the translational heat flux relaxation time.

Next, we compare results from our macroscopic R19 model and results obtained
deterministically from the Holway (1966) and Andries et al. (2000) kinetic models.
Values of total heat flux obtained from R19 equations are compared with the
values obtained using the Holway (1966) model (Tantos et al. 2015) in figure 4.
The simulation case is a diatomic gas with excited internal DoF equal to 2, the
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FIGURE 4. (Colour online) Comparison of total heat flux as a function of wall
accommodation coefficient, ranging from specular reflection to full accommodation at wall.
Results shown are obtained from: R19 equations (black dashed line); Holway model (red
triangles).
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FIGURE 5. (Colour online) Comparison of translational and internal heat fluxes as a
function of reference Knudsen number, ranging from continuum to transition regime.
Results shown are obtained from: R19 equations (black dashed line); Andries model (red
triangles).

Prandtl number and reference Knudsen number are equal to 0.71. At different
wall accommodation coefficients, y, total heat fluxes from our macroscopic model
and deterministically solved kinetic model are in a good agreement. As the wall
accommodation coefficient decreases, the value of total heat flux decreases too.

Translational and internal heat fluxes of a polyatomic gas with excited internal DoF
equal to 3, obtained by the deterministic method from the Andries et al. (2000) model
(Tantos et al. 2015) and our R19 equations are compared in figure 5. The Prandtl
number is set to 0.72. The heat fluxes at different reference Knudsen numbers are
depicted and a good agreement between our macroscopic model and Andries kinetic
model is observed, especially for translational heat flux.
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FIGURE 6. (Colour online) Numerical results of stationary heat conduction from set of
R19 equations. Red line is at t =0 s; black dashed line is at t=0.2 s; blue thin line is
at t=0.6 s; green thick line is at t=1.5 s; grey dot-dashed line is at t =29 s.

In all the comparisons with other methods we have good agreement between results
at various Knudsen number values. However, in the cases with fluid flow present, we
expect that at high Knudsen numbers, the agreements might not be as good as for the
heat transfer case.

9.1. Unsteady state analysis

The developing profiles from the equilibrium ground state initial condition {pg, 6y} to
the steady state condition are presented for H, gas in figure 6. Prandtl number is set
to 0.69, reference temperature is at 300 K and dimensionless wall temperatures are
40.5. The shear viscosity temperature exponent is set to 0.5. Reference time scale is
set to be equal to reference internal time scale, tp = t;,,. Therefore, based on (5.8) we
have

Kn, = 0.0091} ©.1)

Kl’lim =1.

The results presented in figure 6 are obtained from numerical solution of the R19
equations with the initial conditions of the reference equilibrium state {pg, 6p}. It is
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depicted that deviations of total temperature and density rise from zero starting from
regions near the walls and gradually, in time, move towards the central region. Other
variables start from zero at the initial state and jump to their maximum value first
of all as the boundary feels the temperature jump and then start to decay over time
to reach their steady state profiles as the boundary effects reach the middle section.
As shown in figure 6, the speed of these decays are not constant and their values
keep reducing in time as the temperature differences in the fluid decay. The values of
non-equilibrium variables at the beginning of the process are an order of magnitude
higher than their values in steady state.

9.2. Steady state analysis of various gases
Next, we analyse an N, gas. The reference time scale is chosen so that, based on
(5.8), we have

9.2)

Kn,, = 0.207
Knyy = 0.444.

This implies the need for a set of equations with high-order accuracy in both Kn,,
and Kn;,, that is the set of R19 equations. The reference temperature is 400 K and
the dimensionless temperature at the walls is +0.3. For a N, gas, the shear viscosity
temperature exponent is set to 0.74 and the Prandtl number to 0.69. Figure 7 illustrates
the steady state profiles obtained numerically from the R19 and RNSF equations, and
analytically from the linear R19 equations. Results from RNSF equations are not in
agreement with the R19 profiles, which reflects the fact that at these Kn numbers
they are not expected to be accurate. Temperature gradient on the walls and normal
heat flux are lower for R19 equations. Here, effects of the gradients of dynamic
temperature and stress tensor are in opposition to the gradient of the temperature
and reduce the total heat flux. Also, it is evident that the effects of the nonlinear
and temperature-dependent properties are more dominant in profiles associated with
variables corresponding to internal and translational interactions (Af and Ag), and
differ in the analytical and numerical results. The linear and temperature-independent
cases produce lower total heat flux and and symmetry profiles in comparison to the
unsymmetrical profiles of the full R19 equations.

The effects of a different range of temperatures is studied on a N, gas in figure 8.
We investigate two cases with upper dimensionless wall temperatures at 0.5 and
2.5. The lower wall temperature and reference temperature are kept fixed at 300 K
and referenced Kn numbers are fixed at Kn, = 0.077 and Kn;, = 0.2. As can be
seen, the main effect here is the promotion of the non-symmetry effects by the
temperature-dependent properties and relaxation times in the case with higher upper
wall temperature. This emphasizes the importance of a model with the capability to
model temperature-dependent properties in problems with relatively high temperature
variations.

Now, we compare three different gases with distinguished characteristics, Hp, N,
and CHy, in figure 9. Reference and wall temperatures are fixed at 700 K, O and
0.5, respectively. Translational Knudsen number is also kept fixed at 0.032. The
corresponding reference Kn;, are obtained from (5.8) to be

N,: 0.158
Kngy = { H»:3.78 (9.3)
CH.: 10.
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FIGURE 7. (Colour online) Steady state profiles of N, gas obtained from numerical and
analytical methods. Red line: R19-numerical; black dot-dashed line: RNSF-numerical; blue
dotted line: R19-analytical.

Number of excited internal DoF at reference temperature of these gases are

§+0— =1 Hy:2.09 (9.4)
d9 | cH,: 8.89.

H, and CH,; gases both have large differences between internal and translational
relaxation times. However, internal and translational relaxation times of the N, gas
have comparable values. On the other hand, H, and N, gases both have similar
excited internal DoF. Nonetheless, excited internal DoF of the CH, gas is higher
than the other two gases. The effects of having internal and translational relaxation
times of the same order are seen in profiles of moments corresponding to deviations
from total values, A6 and Ag, which are derived by translational-internal interactions.
These effects promote the temperature dependency of the profiles, which now cover
a larger range of values between the two walls. The cases with higher internal Kn
number have a higher temperature jump. Due to the lower internal relaxation times
and more active internal exchange processes in the N, case, the value of dynamic
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FIGURE 8. (Colour online) Steady state profiles of N, gas obtained from numerical
method with 6z =0 and red line: 6y =0.5; black dot-dashed line: 6y; =2.5.

temperature is slightly higher compared to the H, case. Also, less active internal
exchange processes produced higher heat fluxes. The strong effects of different ratios
of Kn numbers are diminished at low translational Knudsen number. The effects of
different internal DoF are most seen in the total heat flux and stress tensor. A CH, gas
with higher DoF gains a higher total heat flux and stress tensor in comparison with
other two gases. Also, increasing the internal DoF slightly increases the temperature
jump.

Effects of the reference temperature on the variables are studied in figure 10. A
N, gas with fixed reference translational Knudsen number at 0.077 and dimensionless
wall temperatures at 0 and 0.5 is used with different reference temperatures of 300
and 700 K. The corresponding reference internal Knudsen numbers are 0.2 and 0.38,
respectively. As is depicted in figure 10, the case with a higher reference temperature,
which means more excited internal DoF, has a higher heat flux value and flatter
deviation moments, A6 and Ag, in comparison with the lower reference temperature.
Also, there is a slightly higher temperature jump, especially on the bottom wall in
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the case of the higher reference temperature in comparison with the lower one.
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FIGURE 9. (Colour online) Steady state profiles of different gases obtained from numerical
solution of the R19 equations. Red line: H,; black dot-dashed line: N,; blue dashed line:
CHs,.

9.3. Accommodation coefficients analysis

Effects of the accommodation coefficients are investigated in figure 11. Three cases
are shown with different accommodation coefficients,

case no. 1: x=1and ¢ =1
case no. 2: x =0.5 and ¢ =1 9.5)
case no. 3: x =1 and ¢ =0.5.

Case no. 1 is the case with full accommodation. Case nos. 2 and 3 are partial
accommodations with full internal and half internal-translational accommodations,
respectively. Partial accommodation with full internal accommodation, case no. 2,
shows lower temperature and density gradients and heat flux but higher stress
tensor in comparison with the fully accommodated case (no. 1). Comparing case
nos. 1 and 3 shows that the effects of half internal-translational accommodation are
dominant on the dynamic temperature and heat flux difference, which correspond to
internal-translational interactions. Its effects are towards a lower temperature gradient
and heat flux. The drastic changes in dynamic temperature between case nos. 1 or 2
and 3 are due to differences in the gradient of heat flux difference.


https://doi.org/10.1017/jfm.2016.604

https://doi.org/10.1017/jfm.2016.604 Published online by Cambridge University Press

478 B. Rahimi and H. Struchtrup

0471

03¢

® 027

0.1r

-0.110

—0.115

—-0.120

-0.125

—-0.130

0.030 f
0.025 |
0.020 |

Ag 0015 ¢
0.010 [*
0.005 |

-04 -02 0 0.2 0.4 -04 -02 0 0.2 0.4

FIGURE 10. (Colour online) Steady state profiles of N, gas obtained from numerical
method of the R19 equations with 6y = 0 and 6y = 0.5. Red line: T, = 300; black
dot-dashed line: T, = 700.

10. Conclusions

The present study introduced a new kinetic model and macroscopic model for
the accurate description of polyatomic gas flows in the transition regime. Such
flows are presents in many applications, e.g. MEMS and partial vacuumed devices.
It was depicted that the proposed model offers accurate results and the ability to
interpret results in terms of macroscopic quantities. This is achieved with much less
computational cost compared to that required for the DSMC simulations. As the first
applications of the introduced model, we studied stationary heat conduction.

Polyatomic gases are governed by at least two distinct time scales, the mean
free times for processes that exchange only translational energy, or translational and
internal energies. We introduced a generalized S-model with the following features:

(i) The model predicts correct relaxation times of higher moments and Pr number.
(i) The correct relaxation of the model towards equilibrium phase densities for
different exchange processes.
(ii1) The model conserves the collision invariants.
(iv) The linear H-theorem for the proposed model was proven.
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Moment equations for the raw 36 moments were obtained from the proposed
kinetic equation. We introduced the generalized Grad’s distribution function to cover
polyatomic gases based on these 36 variables. The proposed distribution function was
used to obtain constitutive equations to close the set of 36 moments equations.

Closed system of 36 raw moments was used to optimize the moment definitions.
The relations between Kn numbers were explored. We obtained orders of all 36
moments in two Kn numbers by applying CE expansion on the system of raw
moment equations. New optimized moment definitions for polyatomic gases were
defined in a way that all the optimized moments are linearly independent at the first
order. This ensures that at each order of accuracy, we have the least moment numbers
possible. Also, introduced optimized moment definitions are used to obtain the set of
optimized 36 moment equations for polyatomic gases.

Model reduction was applied on the set of 36 moment equations and the obtained
orders of different optimized moments were used to eliminate higher-order terms and
equations at different levels of accuracy. Sets of equations corresponding to €°, ¢!,
€” and €* orders of accuracy were obtained. At the first order of accuracy, a refined
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version of the classical NSF equations was obtained, which includes the balance law
for the dynamic temperature. At the second order, a refined variant of Grad’s 14
moment equations was obtained, which includes some corrections and three extra
constitutive equations for Ag;, B~ and B*. Finally at the third order, the regularized
19 moment equations (R19) were obtained which consists of 19 PDEs and three
constitutive equations. Also, temperature-dependent internal DoF and relaxation times
were calculated based on specific heat and shear viscosities, and incorporated into the
proposed model. Also, we discussed the changes in the equations due to the ratio of
the Knudsen numbers.

We introduced a microscopic boundary condition using same idea that we used to
model the two distinguished exchanged processes, internal and translational. In the
proposed boundary condition, a portion of the particles hit the wall and accommodate
at the wall so that they are reflected with the equilibrium distribution of the wall.
The other portion is reflected specularly. For polyatomic particles that are diffusively
reflected, we had two Maxwellian-type equilibrium distribution functions, (2.16) and
(2.17), corresponding to the translational only energy equilibrium and the total energy
equilibrium. Corresponding macroscopic boundary conditions are obtained using the
proposed kinetic boundary condition.

We solved unsteady one-dimensional stationary heat conduction numerically and
analytically with the set of R19 and RNSF equations and compared the results with
DSMC simulations. It was shown that the NSF equations were not accurate in the
transition regime. The results from set of R19 equations was in a good agreement
with the DSMC simulations and deterministically solved kinetic models. The values
of non-equilibrium variables at the beginning of the unsteady process found to be an
order of magnitude higher than their values in steady state. Effects of nonlinearity
and temperature-dependent properties were more dominant in profiles associated
with translational-internal variables (A6 and Ag). The importance of our proposed
model, with the capability to model temperature-dependent properties, was shown in
problems with relatively high temperature variations. The effects of having internal
and translational relaxation times of the same order were found to be acting on
moments corresponding to deviations from total values, A6 and Ag, which were
derived by translational-internal interactions. These effects were towards promoting
the temperature-dependency effects and the obtained profiles covered a larger range
of values. The effects of different internal DoF were most seen in the total heat flux
and stress tensor, where gases with higher DoF gain a higher total heat flux and
stress tensor in comparison with gases with lower DoF. Higher reference temperature,
which means more excited internal DoF, produced higher heat flux values and
flatter deviation moment profiles, A and Ag, in comparison to the lower reference
temperature case. Also, different accommodation coefficients are investigated and the
drastic effects of ¢ on dynamic temperature and heat flux difference were seen.
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Appendix A

In the first part of this appendix, we present the formulization of our proposed
generalized S-model. Based on the definition of {g;,. ;. u*°, u"'} moments, we
introduce translational and internal distribution functions by expansion about the
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equilibrium Maxwellian functions (2.16) and (2.17) in corresponding polynomials in
specular velocity and the particle’s internal energy as,
for = fin [T+ (@"° +a)°Ci+a"°C* + d°CiCp.
+a°CiC* + a)' Ciey + a"' C?eyy + a>°C*C?)], (A1)
for = o [14+ 0" +57°C; 4+ bH(C + i)
+b7°CiCro + b} °C,C* + b)' Ciey + b"' CPesy + H*°C?CY] . (A2)
The unknown coefficients in f;, and f;, are obtained based on the conditions that the
proposed two term collision model predicts correct relaxation for higher moments by
introducing four free relaxation parameters R, , R,,., R0, R, as shown in table 2.
A similar idea was used by Marques (1999) to introduce a simple polyatomic kinetic

model with a single relaxation term. These conditions along with the collision
invariants result in coefficients for the translational distribution function as,

(1 — Rp20)(u? — 15p62)

@' =0, o= S , (A3a)
i
petremt
—R 25 (1 — e —————————
0.0 ( er)qz tr + ( 61mz) ql,mt 4M0‘2 (32,09,"[
a” = — e . (A3D)
tr

u! — 2806,,6i
2,0 2 rYin,
=5(1 = R20) (*° — 15p62) — 8806,,6; (1 — Ry1) —4 T ey

1,0 _ A3
¢ 60003  (A30)
ail,() — (1 - R‘I;,-)qi,tr , a?,l _ 4 (1 q”t) qz int (A 3d)
5002 4u020,, — 82p02,0,.
w40 =R (™~ 3606,61) (A3e)
1562 [4u0? — 82p62,]
1 —Rp 0 — 1506
a2'0=( 0) (Lt 1Y tr)’ (A3f)

120063
and internal distribution function as,

28 (1 —Ry1) [u! —3806%] + (5 —8) (1 — Re0) [u*" — 15067

00: 6 5 ,
©+2) 8002 (30468 (3+9))
(A 4a)
b?,o — _ (1 - thf‘)qi,lr + (1 ‘11111‘) ql int , (A 4b)
p6?
it =28 (1 = Ry1) [u"! — 28p6%] — (5= 68) (1 — Roo) [P — 15p6?] (Ado)
2003 (30+8 (3+9))
bgo _ 0’ b[]o _ (1 _Rqrr)qi,tr’ b01 — 2 (1 qml) qz mt, (A 4d)

5063 ! 8pH3
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20(6 — 8)(1 — Ry1) [u"! — 28p6%] + (30 — 8(7 — 8))(1 — R20)[u** — 15p67]

b2,0 —
12000430+ 6(3 + 8))

(Ade)

24 (14+8) (1= Ru1) [u"!' = 3800 +8 (3 —8) (1 — Rpo) [u*" — 15p67]
6800* (30 + 8 (3 +9)) '

bl,l=

(A4f)

In the rest of this appendix we examine some important properties of our proposed
model. First, we consider equilibrium. Using the Maxwellian distribution functions, we
get

3
uj, =m / / C*einfinyt de ey = 3p9mt9,r,

uEl,_m//Cfm) dcde;,; = 15,09", and
(A5)

u\lé}int =m // Czeintﬁnto dc deint - 56)092,

Uiy =M / / C* iy de deyy, = 1506,

In equilibrium we have zero collision term and all moments of the collision term must
vanish, e.g. q;, = ¢q;,;, = 0. Therefore, based on (A1) and (A?2), all the expanding
coefficients become zero and we will get f = f;, = f,, when we have equilibrium
in translational processes only, and f =f;,, = f,,, when we have equilibrium in both
internal and translational processes.

Next we consider conservation of moments: for the translational exchange processes,
the mass of particles with the same internal energy level should be conserved. Internal
exchange processes conserve the total mass. Both internal and translational exchange
processes conserve the momentum. The total energy is conserved in the internal
exchange processes, where the translational processes conserve the translational and
internal energies separately. The above conditions imply that the two phase densities,
f and f,,, should have the moments related to mass, momentum and energy in

common with f as,
p,:m/f,,dc:m/fdc,

O=m//C,ﬁ,dcd]:m//c,»fdcdl, (A 6a)

39—’"//(:2 ddl—m//CzddI

2/) "= racadl = ) fdedl.
p=m//f,~mdcd1=m/ fdedl,

0=m//Cifimdcdl=m//C,»fdcdl, (A 6b)

(; ),00 m//( +e,m)f,,,,dcd1— //< +em,)fdcd1.
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These equalities are satisfied, and the conservation of mass, momentum and energy is
guaranteed by using the proposed model.

In the rest of this appendix we prove the linear H-theorem for the proposed kinetic
model. It should be pointed out that the nonlinear H-theorem is not proven here.
Multiplication of the kinetic equation (2.15a) with —kInf and subsequent integration
over velocities and internal energy give the transport equation for the entropy density.
Consequently, the entropy generation is obtained as

2.

—k/]ndech
. [ w5 dedr - [[mrc-rogear=o.  @n

non-equality shows that the entropy generation ought to be non-negative. The right-
hand side of (A7) has two terms, first we consider the first term.
We write the first term associated with the internal exchange processes as

Inf
/ / nf(f — fo) dedl = / / (f — for) dedl
Tint Tint lnfint

+ . // 0 fine (f = fins) de dI. (A8)

Here, the first term on the right-hand side is always positive by structure. Now, we
focus on the second term. Considering a near equilibrium situation with small non-
equilibrium variables ¢ ,,, ;.. [u"' — (3/2)8p0], [u*° — 15p6%], we write Inf;, as,

lnﬁnt = lnﬁmo + (b0,0 + b?’OCi + bl+1 (C2 + eint) + bg’0C<iCj>
+b;°CiC? 4 b Ciew + b Cley + *°C*CY); (A9)

here, we used the relation In[1 + x] =x with x being small. Due to the conservation
of energy, momentum and mass, we have

/ / 10 fyy (f — fi) de 7
// ! —I(Cz+<> (f — fou) de AT =0
m(27[)3/2 6" (1+3> o\ 2 T ) CCEE=

2
WS — f) de dT =0, / BOC(f — fi) de dI =0,

and / bN(C? + i) (f — fi) dedI = 0.
(A 10)

Therefore, remaining terms of the first term of (A7) are

2Rqrr(1 - thr) 2

5p93 qur’ (A lla)

/ / BOCCA(f —fo) de dens = BY2R, q,, =
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2R, (1 —R,
// bo | 12/5 (f ﬁm) dC demt - bO IR‘]mt llm‘ Mqizint’ (A llb)
8pH3 :
which are always positive for {R,, , R, } <1 and
A = / / b*°C*C*(f — fin) de dejy, = 1> [Rip0 (u** — 15067)]
3
_ 208 (6 — 8) Ryz0 (1 — Ry) [u"! — 38p67] 120~ 156°]
1208p6* (30 + 8 (3 +6))
8§(30—8(7—=38)Reo(1—R
( ( ) o( 120) [ _15’09 ] (A12)

1208p6* 30+ 8 (3 +9))

3
// BHC P (f = fur) de deiy = b [Ruu <u“ - 25/002)}

_480(1+8)R11(1—R11) 559 :

T 1208p0* (3048 (3 +6)) 2
2056 B3 —6) Ryt (1 — R20) [ 1508 ] 4!
120800 (30 4+ 8 (3 +6))

Ay

3
- 28,092> . (A13)

It should be pointed out here that the two relaxation parameters, R, and R, , are
analogies to the Pr number and their typical values are around 0.6-0.9. We use the
Onsager relation due to the coupling between these last two equations as

A] +A2 = LABXB . XA, (A 1461)
with Onsager phenomenological matrix,

§(B0—6(7T—08)Rpoo(1 —Rp0) 206 (6—08)Rp0 (1 —R,1)

1208060* (30 + 8 (3 +8)) 120806* (30 + 8 (3 +8))
Lap = . (Al4b)
208 (3 —8) Ryt (1 — R20) 480 (1 +8) Ry (1 —R,11)
120806* (30 + 8 (3 + §8)) 120806* (30 + 8 (3 + 8))
and forces,
X, =u?®—15p6° and X;=u"'—35p6". (A 14c)

The coefficient matrix has proportional non-diagonal terms, non-negative diagonal
terms and determinant for {R,.i, R,20} < 1. Therefore, we conclude that

b*°[Roo(u™® — 15p6*)] 4 b"" [Ryn (u' —28p6%)] > 0. (A 14d)

The relaxation parameter, R0, has a value of approximately 0.7 for a monatomic gas,
as mentioned in table 1. Now that we have proved that the first term on the right-hand
side of the entropy production equation (A7) is non-negative, the second term is now
analysed.

We re-write the second term in the entropy production equation (A7) which is
related to translational exchange processes as,

/lnf(f—ﬁ,)dcdlz/l ;(f f,,)dch+/1nf,,(f—f,,)dch. (A 15)
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The first term is always positive by structure. Therefore, we now focus on the second
term here. Applying the same technique as we did for Inf;,,, we will have the Inf,
as,

Inf, =Inf,, + @ +a’°Ci +a"°C* + a °C,C* + &' Ciejy + a°C*C* + a"' C?e;y)

(A 16a)
1 32
Inf,, =1
0 fin n[ <2n9,,>

Due to the conservation of the translational energy, momentum and mass, we have

/ / In i, (f — i) de dI = / / [ (27[9”)3/2] _ 2:)”C2

/a°'°(f —fi)dedl =0, /a?’OC,»(f —f)dedl =0
and /al'OCZ(f—f,,)dcdlzo.

1

C2. A 16b
2, ( )

(f =fu)dedl =0,

(A17)
Therefore the remaining parts are,
2R, (1 —R
[arccy—poaea = Felfulp (A18a)
500 ’
4R, (1 —R, )
0,1 2/8 _ int qint 2
Gl —fi)ydedl = - A 18b
/az (f = fw) 6, [4140'2 52/09””] Giini ( )
R0 (1 — R,20) 2
2,0 2 2 _ B u 2,0 2
/Cl cC (f_ﬁr) dedl = W (u — 15,09”) , (A]gc)
4R,i (1 — Ryi) 3 g
PP (f —f) dedl = - M 800,00 | . (A18d
[ateri - 552 T — g (' 2%0) (180

which are always non-negative for {R,, , R,,,, Rp0, Ry1} < 1. Here, based on the

obtained Grad 36 (G36) distribution function (B 1) we calculate the moment u*? to
be

M‘st = 1(2 + 8)pO[(6 + §)0 — 66,,], (A 19a)

[4u?(’;36 — 8%p02 1= p[280% +3A0(40 —3A0)]. (A 19b)

Therefore, both terms in the entropy production inequality are non-negative. It follows
from (A7) that the linear H-theorem is fulfilled as,

> =—k / InfSdedl >0 for {R,,, Ry, R0, Rai} <1. (A 20)

Therefore, the H-theorem demands that the values of relaxation parameters be less
than or equal to 1. Also, this agrees with our obtained values of relaxation parameters
from fitting to DSMC simulation data, as is shown in § 8.
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Appendix B

Generalized Grad closure for 36 moments is presented in this appendix. Grad (1949,
1958) proposed a distribution function based on the expansion of the Maxwellian into
a series of Hermite polynomials. It is convenient to consider the expansion with
the trace free moments instead of regular moments, so that the generalized Grad
distribution function based on the 36 variables is written as

fiss = fiuy A0+ 20°C; + 20C% + A0 Ci €y + 2 ey
+ /ll-l’OCiCZ + /l?’lcieim + /1<1£j(>)C2C<iCj> + /121()C4

+ A CoiCiChe + Ay CoiCh i + A7 CPeie), B1)
where l(i‘;é...i,,) are expansion coefficients, which are chosen such that Grad’s 36
distribution function reproduces the set of 36 moments, i.e.
qum// WM36dCdI, (B26l)
with -
Up = {/0» petrv peinl’ 0-'ij7 qi,tri qi,intv uilj’ov u2707 uljk ) ugjl’ ul’l}v (B 2b)
and
c? 2 C.C?
lpA - 19 Civ = < Cints C<[Cj>, A Cieintv
3°6 2

C<iQ>C2v C4, C<iCjCk>a C<iCj>eintv Czeint} . (B 26)

The obtained coefficients are
4+ 5 32+68)6,

200 — W+§ 0 (B 3a)

oo w15 3696, (B 3b)
5p6° 280 2867

A0 — _W_; (9%:2)9”’ B3c)

A= 3:;;4 B 25392 +2 6_82)3 -, ©39

T SR ®

P Y 1Y

20 = S‘i;;gy 0 :%SZI;?’ (B3g)

20 = _ZHg:p-Ie—su}jO + (9:/)(;)20’7’ (B 3h)
0,0 0,1

A = o =505 50 (B3
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Grad’s distribution function implies a relation between the internal state density, oy,
total density, p, and the temperatures, 6§ and A9 =6 — 6, based on (2.6a), viz.

%80 —(8—3)A6 20 —3AH 1
o1 = P [ ( ) + } exp <—12/5) . (B4
P+ <1 + i) 8 0 2 0

Appendix C

Scaled moments equations used in the model reduction procedure are given here as
the balance laws for dynamic temperature A, stress tensor o, overall heat flux ¢,
heat flux difference Ag;:

ds
DAO 2<5+9d9) 9v;
P T N PRl
3<3+5+9> i

o

€

do
+ 61 2 _ IORq:'m %
ds ‘
348+6— 3<5Rq. —I—<8+6d§> Rq> 9%
L de int d9 tr
- 10R,,,R,, 2d5+9d28 2 3+9d8
. i do  ~ de? 06 de A
te a5 iy 5N %o,
b3 (3484+0— i
_3 <5wat + (8 + 0 d9> qtr > < + + d@)
ds d?s d
10R,, Ry, | 2 + 60— §+6
Iia qint ( d9 + d92> 89 < + de) 4ir aAq,
€ ds 2 Bdig -+ as ax;
3(5R, +(s+0— " 3(5R,, +(8+0—]R,, ’
qint de t]r de
(a 102 )
v;
d9) g%V __ P pg, (C 1a)

2
Jol =
3 <3+8 +9> 8)6,' Tint

4R, R 2d8 +0 &*s
. DGU Gint = “qir dg d92 89

€ - 2q<[
Dt dé E)xj>
SR(Iinr + 8 + 0 de R(Itr
4R, g ; oV~ )
+ 61 qint d(s aq + 20'k<i avl + O_U 8vk
SRqrm + (8 + edG) R‘{rr xj> Xk 8
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€ |2pA0
|: P an>

+€1+a

8v<[

B. Rahimi and H. Struchtrup

4 8+9d8 R
de qir

aAq«'

:| +61+a

4R, R

Gint ™ “qir

ds  d%

<5qu”, + <8 +0—

do?

) 0Xj-
o (roB)n)
R} &

a6
+9> gei—

.X'j>

0,0 —o
2 uijk av<l
popeio | L
e axk P a Tir Tint d
5+6+6— do
61 Dq, a(Tik o do 00 dln P
Dt Axy ’ 2 o ox
| 2R, av; v
+e I+ G—+qi—
ds 8xk 8Xk
SR‘]im + 6 + 9 de ‘Ixr
+ 1 2Rq,’m 8vk + 5 aB_
€ Qi T 75
ds ax; 13 dx;
-Squm + (8 + 0(19) an
M d
™ 2 P
7o 280 | pg2dP , 2 0B
™ ax, 39 ox;
[ 2(6+6 do R
a ) " v du Ay
+e s Adiy +Aqla +AQkax
Xk Xk i
E (SR%” + <5 + 9(19) Rq">
L[ 168 590 45 0By ooy
| (42+256)2 U dg dx; | (42+258) ax; ax;
54+6+6 d
[ aAf al d9 . 00
+€l+oz Oik +A9 np + do ,097
L Bxk 8xk 2 axi

_ds a0 1 doy
i A A Ok
Y de 8Xj 1Y 8Xj

2[7( 1 4 )B
te (14458 (42+255)

)

(C1b)
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2 [7(3+5)(14+35) 0B;; o,oav,} _ [1+ 61a:|

(144 8)(42+258) ax; ' 7 o T T

dé
ququtr 5 + 5 + 9 @

dé
Squm + 8 + 9 @ an

dé
(8 + 9(19> R‘]rr (thr - Rﬂlim)

qi+€ B
SR‘][nI + 8 + 97 an

X

do

al)k

DAg; dA0 d1n
61 cl Oik |: + p

—_— A6 — cAbg;
Di ] GAlg

Bxk axk a7)Ck

5 9B 42 s . a0

-+

T @255 o, T @2+ 25072 d8" 0 ax,
, ds
dvy (8 * 9(10) Rar v, 5 doy;
o ds PR ™
5 <5qu, + <5 + 9de> an) i i

dé
25qunt + 7 (5 + 0(1@) thr <A avk avl )

qiy
ds
5 <5R‘L‘n/ + <8 + 0d9> R%r) 8Xk 8Xk

S g0 S 1080 5 0BT
_E J— PR p— P JR— [
293 o T 2P e T 395 o

— 60Ag;

_l’_

5 10R,,, 9B~ du | oy
' -t obgin—+0

1=
39 dé 0x; Xy Xy
§+6— | R
< + de ) qir

2R [ v, N vy N 8vl}
9~ T4 T4
dé :
Squm + (8 + 0 dg) qu axl 8xk axk

n 5 : R, | 06 9 dlnp 4 G AOA vy
0; ~ - 5 | 5 N
k 2 Rlﬁr axk 8xk 52 4 axk

+€l—a

Gint

+

Xy p 0x;

Ag; 0 oy v . v, oy oy,
—62 |:§2 ( q ﬂ + Aqlkll>:| +627a gzzﬁ gkg )j kikj
p o 0xg 0 0xg 0 Ox;

45— .
(14 + §) (42 + 256) (3+9C15)R 3x; 0 ox
d9 qir

7 (3 + 5) 1 208R£Iim 83,; n c qi0p %
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dé __ a6 5 dAO  |R,, —R,, 20
—61—B —=p (g@ — [ g g ] AO)

o Tox | 2 ox; R,, ox;

—a 5 |:R‘1im - thr] 89 1 El_a
€ ! T ™ I EA

qir
ds
(5 + 9) R? +5R;

SRQim (R%r - qunt) d@ Yint

x | e 5 qi T Ag; |, (Cld)
5R‘][n/ + 5 + 9@ qur SRQIM + 5 + 9@ qur
where,
I N S R (U Lo, 9
ST a1 " (424258 ds (144082 ' @2+2557] |’
5+6-" R,
do
(Cle)
10R 2 do +6 &’s
int d9 d92
S+60— 34+6+60— 5R, 84+60— | R
(1+05) (3495 (sre (3495 )
3R,
— int 1
$3 1+—3+9d8 - , (Clg)
d9 qir
I5R,,
_ int . 1h
ca= |7+ —5 » s . (Clh)
d@ qir

Balance laws for higher moments B~ and B,

+ —6o

,[DB™ 71 dve 12 v
Dt 39  Oxg 5 Yox;

dé
12R,, +2(6+6— | R,,
+61 N /mr+ ( + d@) Irr@aqk_z 0 8111,0
S59k 78xk ds 78xk S6U gk e
SR‘]im + 8 + 6 10 R‘br

do
548 LAy
5(424258) Y dx;

2 vy av;
— € | BT = 4 3pA0>— | + €'t
13 0xg p 0x;
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dA0 dlnp

) + A6
i Sedk ( s ax

0x 0

5 A
+e* 300 (q"+ o UJ>+5

200
+ s1Aq—

8xk

5+6— a9
d9 CIr 8Aqk

ds
Squm + (8 + 9) thr 8Xk

de

Bxk

[ al JdAb al
_€1+Ot gSeAqk np +€1+20( gSAqk +A9 np
L 8xk 8xk

, | 196 (6+6) 3+ 6) Biavj
5(14 +6)(42 4+ 258) ¥ ox;

B |: 1 N elrx:| (10Rul,] —|—3Ru2,0B TS

qk 80'/9:| o 2+o¢ l:

,0 0
3 (R —Ruz.o)B+
13

Tir Tint 13
1 9(R, 1 — R
el [ (R ZO)pAgz]
T, 2
1 /3
-3 B+8+[3—581Ry1 —6R,20) pOAO (C2a)
int
DB 85 9 ov; 78 av;
! $ 2% o2 pet | 26— — 2| ppan s
Dr 39 dx Ax; ds 0x;
3464+60—
de
060 ov; oG dlnp 20 _dvyy
22 — 860, —~ 60— — o0 - B —
te [g ‘Ika 6'8 + S o, S100qr—— ox, 392 ax
alnp 625 L0y, 200
S109k x| " @23259) % o
81n,0 A 0 ov;
st Al]k L —G13A0 Qk-l-oijf]
Xy X 0x;
YA d1In Agy 00
—€’ |:§11AQk ( 5 + A6 p)} +e¥e [S‘ q,(kj]
Xk 0x; o Ox;
s [ 112(7=9) (3—|—8)BT8vj 10%%
(14 4+ 8)(42 4+ 258) Y ox; o 0x;
1 el 3R, + 10R 20
=— | = ‘ “ BT +€" | — (Rp1 —Rpa0) B™
L,,—i_ ‘L’[n,:| < 13 te [13( N ) })
1 /9
- — <Rul.1 + 15Ru2,0> pA@z
T, \ 2
12« 1 3
—¢€ —3 (B3—=08) Rt +20R,20 — (23 —6)) pOAO| , (C2b)
Tint
where,
ds ds  d%
(Squnt + SR‘IU') 8 + 97 + 30Rliim 2R‘hrR(qur9 2 972
de do do
§5 = - 3 (C 26)

st (3502,

ds ?
Squt + 8 + 9 @ Rqrr
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R

Yint

dé ’
Squnt + 8 + 9 @ Rq!r

3+8+0d8 R 8+0d8 2R, R, 6 2(164-0(12(S
de qir de qur™ Y qint d@ dez

ds + &5 7
5R,. §+0— | R -
qint + ( + d9> qtr <5qum + (8 + 9 d@) an)

2 5R

§8:§ -

Se=1+

§71=

Gint

dé ’
Squnt + 8 + 9 @ thr

s d* ds
50R,, R0 (2— + 60— (5R,,, +3R,,) [ 8+ 9£ — 100R,,,

c do do?
9= 3
ds dé
<5qu’m + (8 + 9(19) qur> 5R61im + <5 + 9(10) thr
50R,,
Sio=12— din iE ,
SR, + (5 + 0(10) R,
dé
10(84+6— | R
_ ( + d@) qir
S = 5 ,
5Rq[n/ + 8 + 9@ th.
ds ds s d%
—234+64+60— | R §+0— 50R, R, 0 |2—+60—
B ( + + d9> qir ( + dQ) B qir*™ “qint ( dQ + d92>
Sin= m " ,
Squnt + 8 + 6@ Rl]tr <5R51im + <5 + 9(10) Rq">
ds
3(23—-6—-6—
_ do
T 34646 ds
do

ds
2(8+6 ) Ry, —40R,,

S14 = ds .
S5R,,, + 8+ 9£ R,,

’

(C24d)

(C2e)

(C2f)

, (C29)

(C2h)

(C2i)

(C2))

(C2k)

(C2))


https://doi.org/10.1017/jfm.2016.604

https://doi.org/10.1017/jfm.2016.604 Published online by Cambridge University Press

Modelling of rarefied polyatomic gases 493

The equations for higher moments B;, B; and ugko,

dé
1 DB,T; 2(70+238) R, <8 +6 d9> 9Ag., 99 8v]>
€ + 0 + I3Aq.;— + 2B/ B,
Dt ds 0xj.. 0x;j-. Xy
5R(1mr + 5 + 9@ qir
86 14 Jv dv
—=__ (=B ,—~ 4+3Bt — =
T @2 259) < iy, <0 g
14—-68)6 dé §(14+4+6
(14 —-46) @ (14 +46) vy
Abo;—
s(3+5+0% 0%
de
[ 2(70+238) R 6+49d8
1 L 0v ar do dlnp
—e | ([ 1)BU ™ + 5 9Aq<iT
Xk X~
56 | SR, §+6— | R J
L < Gint + < + de) %)
70+ 238) R, 14 -6 YA ol
ds 8 0x;j- 0x;j.
5 SRCIin/ + 8 + 0 1N RC]zr
L do
-2(70+238)R 8+9d8
I+ " do IA6 dInp L0y
56 Squnt + 5 + 07 Rthr xj> xj> T
L de
70+ 238) R, 14 -6 0q; a0
L | (70 +239) dq(,;, ( - ) 9861 + g
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Appendix D

The corresponding equations and boundary conditions for the stationary heat
conduction are presented here. To avoid complexity, the overbars and hats are
dropped in the following dimensionless set of R19 equations describing the considered
problem: the balance laws for dynamic temperature A, stress tensor oy,
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D.1. Boundary conditions

The corresponding boundary conditions for the stationary heat conduction are as
follows: boundary condition for total heat flux,
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boundary condition for heat flux difference,
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These boundary conditions have to hold on both walls with n,==+£1 for the lower and
upper wall, respectively.
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