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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
PDEs (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
example of 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 Navier Stokes Fourier equations fails
to accurately capture the gas behavior and should be replaced by the proposed higher
order set of equations.

1. Introduction

The Knudsen number 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 = %0 = TLO) At the low Knudsen range (Kn < 0.01), the flow is in the continuum

regime and the classical Navier-Stokes-Fourier equations are valid (Karniadakis et al.
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 behavior. Flows
in micro-electro-mechanical 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 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).
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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 analyzing the flow behavior (Rana et al. 2013).

Macroscopic models are classically obtained by Chapman-Enskog (CE) method and
Grad’s moments method. Using the Chapman-Enskog method, Nagnibeda & Kustova
(2009) studied the strong vibrational nonequilibrium 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 et al. 1999; Chikhaoui et al. 2000), and derived the first
order distribution function and governing equations. Cai & Li (2014) extended the NRxx
model to polyatomic gases using the ES-BGK model of Andries et 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 (Ruggeri &
Sugiyama 2015; Miller & Ruggeri 2013). Tantos et al. (2015, 2014) studied steady state
heat transfer between parallel and coaxial cylinders using BGK type model of Holway
(1966) and DSMC simulations. The Burnett equations for monatomic gases in cylindrical
coordinates obtained by Chapman-Enskog (CE) method are given by Singh & Agrawal
(2014). Also, Sone (2012) developed systematic asymptotic solutions of the Boltzmann
equation, and at small Knudsen numbers, interesting phenomena named the ghost effect
were 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 4 to allow proper relaxation times for 4 higher moments compared
to 1 and 2 parameters of the Shakov and Rykov models, respectively.

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

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.

(ii) Reconstructing moments: Apply the Chapman-Enskog on the moments and deter-
mine 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 definition, the set of new
moments equations is constructed. Apply the Chapman-Enskog on the new moments to
determine their leading order.

(iv) Model reduction: The full set of equations is rescaled considering the obtained
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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 S-BGK type model is
introduced. The general moments equation for polyatomic gases is introduced and the
system of Grad’s 36 moments equations is constructed in chapter 3, which is item 1
in the above list. The chapman-Enskog is applied, leading order terms are determined
and the new set of moments is reconstructed in chapter 4, which is item 2 in the
list. Model reduction, item 4 in the list, is done in the chapter 5 and the regularized
equations for different order of accuracy are presented. The theory of kinetic boundary
condition is given in Chapter 6 and corresponding macroscopic boundary conditions
are introduced. Chapter 7 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
DSMC simulations and Holway and Andries kinetic results to show the good accuracy
of the proposed model. Also, it is shown that Navier—Stokes—Fourier 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 Chapter 8.

2. Kinetic Model

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

€int = 1%7 (21)

in a 7-dimensional space known as phase space at time, t. Here, I is internal energy
parameter which is non-negative; 0 is the measure of excitation of internal energy levels
and non-translational degrees of freedom (DoF) of the gas. At fully excited internal DoF,
¢ is an integer. However, internal energy levels are usually partially excited and ¢ is a
fractional number. As temperature rises, that is increasing internal energy of the gas to
higher levels, value of d is continuously increases. Therefore, § is a temperature dependent
continuous variable in our model as given in (2.11).

By introducing the particle or velocity distribution function f(x,c,I,t), the number
of molecules in a phase space element dxidxodrsdeidesdesdl is

dN = f(x,¢,I,t)dxdcdl . (2.2)

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

of of
— Fc—=5. 2.3
at " owy (2:3)

The left and right-hand sides disrobes free flight and particle collisions, respectively. The
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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 more of our interest. We introduce a generalized S-model for
polyatomic gases in section 2.2 to achieve this.

2.1. Macroscopic quantities

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

u;’Azn = m//(f%)A02§C<Z-10i2...CZ-n>fdch, (24)
where
A=0,1,2,3,..
¢=0,1,2,3,...

The basic and most important moments are:
Density p = m//fdcdl = /pIdI =’ (2.5a)
Velocity pv; = m//cifdcdl or 0 = m//C’,;fdch =ul? (2.5b)

Stress ;5 = m//C<iCj>fdch = u?,J’.O , (2.5¢)
. 3 C? 14,
Translational energy pus,. = gp=m ?fdcdl =5u (2.5d)
Internal energy puin: = m//IQ/‘sfdch = /12/5p1df =yt (2.5¢€)
. c? 110
Translational heat flux ¢, = m Cindch = Ui (2.5f)
Internal heat flux ¢ ine = m//CiIW‘;fdch = u?’l . (2.59)

Here, C; = ¢; — v;, is the peculiar particle velocity, and py = m / fdc is the density of

molecules with the same internal energy. Moreover, us- and u;,; are the translational
energy and energy of the internal degrees of freedom, respectively, while g; +» and g; int
are the translational and internal heat flux vectors.

Regarding the energies, uy- and w;,¢, the classical equipartition theorem (Reif 2009)
states that in full thermal equilibrium and with § fully excited internal DoF, each degree
of freedom contributes an energy of %9 to the energy of a particle, where § = %T is
temperature in specific energy units. Therefore, the energy in equilibrium and for fully
excited internal DoF can be written as

3.6
U = Ugr|E + Uint|E = (2 + 2) 0, (2.6)

where ug,. g = %0 is the contribution from translational energy, and g = g& is the
contribution from internal DoF'.
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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's are either fully excited or frozen. Typically, for polyatomic gases, some internal
degrees of freedom 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

2

We note that these temperatures are not measurable temperatures as in the equilibrium
case, but rather convenient quantities to use instead of the energies wus. and wugn:. In
thermal equilibrium, both temperatures agree, and are equal to the thermodynamic
temperature, 8y, = 0;,+ = 6. With these definitions, the ideal gas law in non-equilibrium
reads p = pby,.

Just as we defined temperatures for the energies uy,. and u;,:, we can define an overall
temperature 6 for the total energy. Similar to 8y, and 6;,;, the temperature 6 is a measure
for energy, and not a measurable temperature. By definition, in equilibrium  is the
thermodynamics temperature of the gas.

w=(5+ 27 ) 0= 30+ 5o, (23)

Oint - (2.7)

3
Uty = 50&” and U =

2 2 2

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

du  3+06(0)+0%) |

v = — = 2.
¢ do 2 (2.9)
We will use third order polynomial function for constant volume specific heat,

Cyp = Co+ C10 + Co0* + C36° ; (2.10)

the coefficients C,, can be determined from tabulated data, and are available in data
bases (Borgnakke & Sonntag 2009). From (2.9) and (2.10) we find § (f) as a polynomial
of the same order,

Cs
2
From the definition of the overall temperature (2.8) we find a relation for § evaluated at 6
and O;nt, 0 (0) = 6 (Oine) 9’5” — %%. From now on, we shall consider mainly states not
far from equilibrium, so that Gié“ =1 >> % holds. For convenience, we shall ignore
the small difference between § (6;,,:) and ¢ (8), and will have only the latter appear in

our equations.

In equilibrium the three temperatures agree, 0;. g = 04z = 0, while in non-
equilibrium they will differ. We define the nonequilibrium part of the temperature, named
dynamic temperature, as

2
0(6) =200 =3+ 16 + ZCo6” + -6 (2.11)

A0 =0—0,, . (2.12)

The first 36 raw moments are listed as,

— 1,0 ,2,0 .01 1,1 0,0
¢36 - {pa U’i797Aeuaij7qi,traqi,int7u1‘j , U uuij , U 7u1]k} . (213)
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2.2. Generalized S-model

State of molecules and distribution function changes due to 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 the internal energy is 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 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
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, translational microscopic time, 7., is smaller than the internal microscopic
time, Ty,

To model the collision term, we use a two term BGK-type collision operator,

of of _ ,
E + ¢k Oy = Str + Sint , (214&)
1
Ser=——(f — ftr) , (2.14())
Ttr
1
Sint = ———(f = fint) - (2.14c)
Tint

The first term, S;,., describes elastic collisions between particles, i.e., collisions in which
the particles only exchange translational energy. The relaxation time 74, is the inverse
average collision frequency for this type of collisions, which leads to a relaxation to
the distribution function f;.. The second term, S;,¢, describes in-elastic collisions, i.e.,
collisions in which the particles exchange internal and translational energies at the same
time. The relaxation time 7;,; is the inverse average collision frequency for this type of
collisions, which leads to a relaxation to the distribution function fi,;.

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

3
PI 1 ? L o
_ _ 2.1
ft'r‘o m <2’/T6tr) oxXp |: 20“-0 ’ ( 5)
p 1 1 1 /C? 2/5>]
into = — — = +1T . 2.16
fint m(zw)%9(5+3)/2f(1+g) eXp[ 0 ( 2 + (2.16)

Here, fi, is the equilibrium distribution for particles with frozen internal degrees of
freedom. Also, fint, is the full equilibrium distribution for the gas, which experienced

full exchange of the translational and internal energies.

1,0 ~ 2.0 ,0,1 1,1 0,0
g U, U ut and U;jp, corre-

However, the equations for moments Oijs Qi,trs Qiint, U Ui s
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2,0 1,0
e oo

I IPrrldr g |

TABLE 1. Maxwell molecules’s relaxation times.

sponding to the original BGK model, have the form of (Rahimi & Struchtrup 2014q)

ous? . 1 1
it = |,
at Ttr Tint Lot

with the same relaxation time for all of them. This could not predict correct relaxation of
the higher moments and the Prandtl number. Shakhov (1968) proposed a modified BGK
model for 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 correct Pr number and distinct
relaxation times for higher moments.

The relaxation times of Boltzmann collision term for Maxwell molecules in the case
of monatomic gases for some higher moments are presented in table 1 (Truesdell &
Muncaster 1980; Torrilhon et al. 2003). The relaxation time of uijio is close to the
relaxation time of o;;, but for other moments the differences are considerable, and
should not be ignored. Therefore, we obtained distribution functions, fi- and fip:, in
order to predict distinct relaxation of these higher moments and their internal moment
counterparts {qmr, Qi int> u?0, ul’l} by introducing 4 free relaxation parameters, R, ,
Rg,..» Ry20 and R,1.1. The resulted 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 behavior of our model is
similar to behavior 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.

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 equa-
tion. Multiplying the kinetic equation (2.14a) with m(I*/°)AC*C;,C,,...Ci, ~, and
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| Moment lger  |qine  |u®®  Jubt |

| Relaxation time GS model | Ry, v | Rg;,,,V | Ry2.0v | Ry11v|

| Relaxation time BGK model | v |v |v |v |

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

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

S, A
Duil. in + QCUS‘_17A D’Uk c c—1,A 8’()]' n 2§u<’A 8’03‘
Dt i1...0nk Dt i1...in k] al'k m + 1 7<i1...tp—1 amin>
S,A s+1,A
+ uil...ink + 2§ n+1 g A avk> n 8U<11 1
Oxy, I+ 3 <iin Ory  2n+1 Oz~
n A Dv;,»  n-—1 st A v, _, s A Duv;,
2n +1 <heinr Dt 2n—1  Setne2 g <iein—1 D
st vy, n n-1 custhA vy, _, I v, >
Wetn Oy, 24120 — 177 iz gy k<tiin-1 gy
1 1
S, A S, A S, A S, A
- |:ui1...in|E,tr - “il...z‘n] + = |:ui1...in|E,int — Uy } (3.1)
Ttr Tint

Here, the relation u<;4 sk = u;A ikt 2n+1u§<t11 Aln 0i, >k 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 ov;
—_— = .2
: + p@xi 0, (3.2a)
D 3 1 77 9 T 9 T
vy 100y O | b 00 _ (3.20)
Dt p Oz, ox; p Ox;
3 D@tr 8(]1 tr 31)] 31}1 3[] (0 — 0157«)
e J 0 = - 2
2" Dt Oz; o 7 0z e Towi T Timt 2 ’ (3.2¢)

D30is  9qi 3p (0 — 64)
2Yin 2,ant 14 tr

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

MDQ " M T a%',tr +o aUJ
P Dt oz, oz, 9oz,

0vi
8l‘i

+p (0 — A0) =0. (3.2¢)
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Therefore, the balance law for dynamic temperature (2.12) is obtained as

DA9+ 2 Ogi,int 2(6+060%) Ogiir 2(6+609%) UH%
"Dt T340+0% 0u;  3(3+0+0%) 0ri  3(3+0+0%) o
2(6+6%) dv; p
- dOL (9~ Af =— A0, (32
3 (3 +6+ 9%)p( ) axi Tint ( f)

3.3. Balance laws

110
7,]7 27,7

and internal heat flux, u? = @i,int, Which are present in the conservation laws, are
obtained from the general moment equation (3.1) as

Moment equations for stress tensor, o;; = u)
1

translational heat flux, g;+ =

0,0

Doy | Ougjy 4 9q<it ovj> Oy,
: 4 : 90pes

Dt " Bm, 5 0 i m, T

8xk * &’Ck

+ 2p [9 - AG] g'U<i = - |:1 + 1:| 0ij (33(1)

Tj> Ttr Tint

Dgisr 5 Joij 00 0A0
Dt 3l M{m* P o, p@xi]
0A0 00 Olnp 100y
t o [83% oxy, [0 = 4] oxy, p Ox; ]

1 81@,’60 1 ou?? 000v; T ov, 7 vy

2 9z, 6 Ox + “”ka t 5l o, Oz + 55 o
2 v 2 2 8p 1 1
f-r——79—29A9 Al —_— e s .3b
+ 5q]’t 67)1 [ + ] al’l thr Ttr + Tint Tirt (3 3 )
Diint _ 00 +346 [doy 00 049 dlnp)  Ouy!
—— — - 0 — Af t
Dt 2 oz p@xi p 8331 ol ] ox; * oxy,
1 outt ov; 8vk 1 1
+ g a + qk, znta + qi, lnta Tr [ 2 70T |:7_tr + Tint:| qiint - (330)

0,0 0,1 .
;w20 wy, ws and wb!, for which

These equations contain the higher moments u;’»o ijks Wi

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 (2.13).

Set of 36 moments equations contain higher moments, {ugj’%uf’o,u?jgl,ugji,u}’l},
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 (B1) for polyatomic gases (see appendix B) is used to obtain constitutive

equations as

1,0 0,0 2,0 _ 0,0 _
Ui = 90u Uitk U = 280qi4r uijkl—(),

)
U?J,i = 79 ?jg ) ule = (5Qi,int + 6Qi,tr)9 . (3.4)
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Substltutlng these equations into the balance laws for the moments u "

w20 00 01
ij » Yigks Yig
and ub!, results in
Du,}]’-O 200 Aa]alnp [9 Al q Olnp
Dt Uk axk q<i,tr a >
80 0A6 28 ol
0,0 0,0 ) i
+ Tu zgka + 2uljk Oy, + Eq<%t7"a >
0,0
28 0Al Ou, . 0q<it 6 ! Ovg>
B A0 gtk | 2ogp0iciar | O 1o
it g T e 5 oy T 7 <
4 0 Ov 0 14 v,
u;<0i 4 + 2u 11c<oz e Uijoﬂ 220 i<t
5 0xj> oxy, Ox, 15 0z~
]. OOaO'k-l 281 80'j>l ]. 1 1.0
Uik oz, 5 pq<ztr oy Tor | Tont Ui (3.5a)
Du??0

dlnp

OQ.tr 0ok
Dt - 8q}€,t’r [0 - AG] + 286 k.t o 8qk,t Okj

oxy, oxy, p Oz

00 0Al 1.0 0v; 7 vy,
20 e 8 ” Ay J .20
+ 200kt oz, + St oxy, + Uk oxy, 3u oxy,

R, R,
_ w250 [(15p [92 _ 29A9 + AGQ}) _ u2,0:| + 2,0 [(15,002) _ UQ,O} , (35b)
Tir Tint
Dul? o
uljk‘ U<7lj 6O—k>l 3 ’U,<ZJ 30 B 89
Dt p  Oxy 7 OTp> <v 0Tk~
(‘3lnp 0A0 0.0 a’Uk;>
—3[0— AG) gy 2P . 0A0 500

[ ]U< Jaxk> +90< Jaxk> + ul<z] o1,

v 12 ov; 1 1
0,0 U1 J o _ 0,0
+ uljka 5 <, tr@ =- [Ttr + Tint:| sk (3.5¢)
Duy;' 19055 [0~ Af) op 5 dugy
Dt 2q<z int ) -2 q<i,int6 + 5 oy
p Ok 14 Lij>
+u0,ogﬁ+§uooae +25 00, 9Al
ik 9 O zjka q<i, tra I d<ijint 3 858]>
Iq<ijint | 20 ,0q<itr | 2 90 0,1 Ovj>
260 : — : —0qcipr—— +2u,_.

* 8$j> + 5 8arj> + 5 G<ist 6$j> + uk<l 8xk

v 2 ov 1 1

0,1 k 1 1 <i 0,1
’ =—|= 1 (3.5d
+UZ] 6 *3 3 8asj> |:Tt7« + Tint:| ul] ( )
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Dgl-,l ~ QQk;nt 3@(;113 g [0 — AG] 8alnp i ?9?5
+ (3qk,int + 0qk,tr) a%ek +50 3‘(191;:1t 150 a(;];,}:r
+ HQk,traank + Zu%jl% gum%
= % [3/) [ge+ ZAG} [0 — Af) — ul,l] " % [(3;}02) B u171] . (359

These balance laws along with conservation laws (3.2f) form a closed set of 36 equations
associated to variables listed in (2.13).

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 power of the Knudsen numbers. This method,
in the first step, applies the Chapman-Enskog 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 Chapman-Enskog
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 (2.14a), we have two different relaxation
times, corresponding to two different mean free paths, and two distinct Knudsen numbers,
Kny = % and Kn;,: = T;:]“. The expansion parameter in the Chapman-Enskog
method is the Knudsen number, of which we have two, Kn;. and Kn;,:, to account
for translational and internal energy exchange. Kny, should be less than Kn;,:, because
internal energies are exchanged only in a smaller portion of collisions and 7, > T4
Considering both Knudsen numbers to be less than unity, we define the internal smallness
parameter € as

Kny =€ and Knjy = €* . (4.1)

With this, the two Knudsen numbers are replaced by a single smallness parameter, €, and
a magnifying parameter, o, with 0 < a < 1. The lower limit of the internal smallness
parameter is given by o = 1 and the upper limit is reached when a = 0. While the
ratio of relaxation times T”ft depends on the state of the gas, the ratio T;’" == Kny,
depends on the relevant macroscopic time scale 79. Accordingly, the values of both
and € = Kny, depend on the chosen scale. We (Rahimi & Struchtrup 2014a) show that
usually the small values of a are relevant and here we only consider that o < 0.25.

The Chapman-Enskog 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?,, ~
Kny,, proper accounting to first order in Kng. might require consideration of different
orders in the CE expansion: expansion to first order in Kny,, 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 (2.13) are expanded
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in the smallness parameter €, where we account series in € and € as
b = €0 |:60’(/J(0’0) F el pOD 4 (245(02) | (3,(03) 4 }

1 le {601/,(1,0) F D 4 212 4 } 42 {€o¢<2,o> F @D 4 } foe
(4.2)
where, 1)(%) is the moment expansion coefficient at order e***?.
The leading order terms of the moments are found as the first non vanishing term in
their expansion; we find

O (&) : w000 =15p0% (4.3a)

O () : w00 = 3*25%2 : (4.3b)
O(e*): ALY = Tmtm g;z , (4.3¢)
O(): ¢ = —}Z;;/ﬁgi : (4.3d)
O+ ulf ™) = —m 142 S (13¢)
O+ ™ = —r b =L (43
0(): o= _TtTQpeg;}Z : (4.3¢)
O(e"): aiml = —R:t; ((Sz%ig)wgi : (4.3h)
,0
O (e?) - u?;2(072) = —Tir (igjj: - 0<ij£75> - 300’<¢jy 152Q<i,traavj>> :
(4.31)

To leading order, the two scalar moments, u?%(©9 and ¢'1(0.0)

total temperature and density. The heat fluxes, qf?t’rl) and ql((i;t) , are proportional to each

(0,1) ,0,1(0,1)
)y Uj

, are proportional to the

other, and also the three tonsorial moments, o and u;’-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 u?? and u''! are obtained by subtracting their leading order

terms (4.3) to define new variables at higher orders as

ij

w?? = u?0 — 15p6? | (4.4a)
3
wh! =t — 56,002 . (4.4b)

The dynamic temperature, A8 = 6 — 6,,., is the only primary variable at order a.
The linear dependent vectors g; +» and g; in¢, which are of first order, can be combined
into one first order vector, the total heat flux,

qi = Qi,tr + Giyint (4.5a)

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

5R,,
N 45
6+ 02) R, (4:59)

Similarly, the 2-tensors can be combined such that only the stress tensor o;; is of first
order, while the moments ul1 0 and u);' are replaced by higher order moments as,

AQi = Gitr —

J iJ
14
Uy = ui}o -5 ?jl , (4.6a)
1,0, o1 (1449)
u;; = +u; — TGUU . (4.6b)

The second order moment u?]g is the only 3-tensor in the equations and thus remains
unchanged.

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

(i) applying C-E 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,

_ 1 6
+ ot
Bjj = uj; +ug (4.70)
BT =wh! — w0 — (3 [3—6]+ 30) pOAl (4.7¢)
- 11, 3 20 3
BT =w" —&-Ew’ + 9—5[3—5] pOAD . (4.7d)
Therefore, we have the final set of 36 optimized moments at different orders as
O (60) Copy v, 0 (4.8a)
O(e"): Af, (4.8b)
O (e*): B, (4.8¢)
O (61) © 0y, g, BT, (4.8d)
O (") : Ag, B;; , (4.8¢)
O () : B, ugjg . (4.81)

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

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 substitute back by 1 so that the original form of equations is recovered.
The introduced notation allows us to arrange all terms by their explicit e-orders.
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The scaled conservation laws for mass, momentum and energy read

Dp E)vi

= .1
Dw; Olnp 00 0A0 Olnp 1 [ 100y
0 — e Af - = 1b
Dt ox; ox; ¢ { 0x; + 0x; ] te p Ox; 0, (5-18)
3+54+60% Do o v; L [ 94 dv;
—5 P, peaxi —€ {pAGaxl} +e [ﬁxi + Uij@nci] =0. (5.1¢)

The remaining of the 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 €3, and find only sets of equations at the following
powers:

{60, 6(17 6204 1 61+o¢ €1+2a7 61+30z’ 627& 2 62+Ot 62+2o¢’ €2+3a7 62+4oz’ 63} ) (52)

7 7 767 )

5.1. A recipe for choosing the set of equations

The relaxation of the internal degrees of freedom 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 a 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 Kny, 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 order unity values of Kny,., 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 orders as laid out
in (5.2) up to third order, but only present four main cases, €°, €', €2 and €.

5.2. Zeroth order, €°: Euler equations

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

Dp ov;
E + paxi =0, (530,)

Du; dlnp 00

Dt i O0x; * or; 0, (5:3)
3+64+60% Do dv;
g P TP, =0 (5.3¢)

These equations form a closed set of equations for the variables {p,v;, 0}, the Euler
equations for polyatomic gases, with specific heat given in (2.9).
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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 ov;
Dt P, =
D’Ui 8p(9—A9) aO'ij -
Dr + oz, + oz, =0, (5.4)
3+30+6% Do %4\ o a0 2 45 0%

2 "Dt o oz Yoz,
These equations must be furnished with equations for A8, o;;, ¢; at the required order.

To first order, the balance law for A, which is at order €, with terms up to order €'~
must be considered as

DA)  2(6+0%)

i Ov; P
"Dt T 3(3+0+08)

p(A9—0) = L Ag, (5.5)

Ox; Tint

while the leading terms for stress tensor and total heat flux obtained from (C1b) and
(Clc) as

Oveg
0ij = —Ter2p0 -—— |
(%] tr 8$j>
5Ry, + (0 +0%) Ry, 00
i = —Ttr = = — . 5.6
g Tt 2qunthtr P a‘rl ( )

From the conservation laws, we recognize that in a moving gas the pressure is not just the
equilibrium ideal gas pressure pf, but p = pf — pAf. For this reason, one often denotes
the second term as the dynamic pressure,(Arima et al. 2012; Kremer 2010), IT = —pA6.

These first order equations for o;; and g; are the classical Navier—Stokes-Fourier (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 p and the heat
conductivity £ which we identify as

p = Tirp0 and K= Ty 56 . (5.7)

2Ry, Rq..

Qint

We have internal DoF corrections to the (5.6) by considering order €* terms from (C 1b)
and (C 1le¢),which results in corrected shear viscosity and heat conductivity as,

5Rg, + (0 +0%) Ry,
2R, Ry,

Qint

w=Tep (6 — Af) and K= Tir p(0—A0) . (5.8)
The obtained relation between relaxation time and the shear viscosity is identical to that
for the monatomic gas. Internal degrees of freedom affect the heat conductivity, which
differs from the monatomic gas as extra means of energy transport (internal DoF) are

present in the polyatomic gases. Therefore, the heat conductivity (5.8) consists of two
parts based on (4.3d) and (4.3h) as,

5
Ktr = Ttrmp (0 —A0) , (5.9a)
§+09%
Rint = Ttrwp(e - Ae) . (59b)

2R

qint
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In the classical Navier-Stokes equations, the dynamic pressure has the form IT = —yg,’;fi
where v is the bulk viscosity. Comparing with the above, we identify a relation between

relaxation time 7;,; and the bulk viscosity,
2(6+0%)
=Tint 570 = o d5N
3(3+0+09)

p(0— A6) . (5.10)

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

Experimental data of viscosities and specific heat (Borgnakke & Sonntag 2009; Poling
et al. 2001; Cramer 2012) will be used to obtain the temperature dependent relaxation
times, 74, 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 2005b),

540405
B 2 k'
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

Pr (5.11)

dé
Pr— (5 + 6 + 9d0) Rs;nt RQt'r . (512)
5Rq,,, + (0 +60%) Ry,

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 Pr number. Viscosity and
heat conductivity values could be used to determine heat fluxes relaxation parameters.
Therefore the model provides the freedom to fit two parameters (R,z2.0 and R,1.1). These
values can be found from fitting to experimental or DSMC simulation 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 Af (or dynamic pressure). The classical NSF
equations is a five variables model for {p,v;, 0}, while, the refined Navier-Stokes-Fourier
(RNSF) equations obtained have six independent field variables, {p, v;, 8, A8}.

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 €2,

DA 2(5+0%) i 2 9g;
Ab e

"D +3(3+6+9%)p Oy 346409 Oz

2(6+05) ,0u  2(0+0%) Oy

T3B+0+02) " 0x; " 3(3+06+0%) 7 0a;

10R,,,,, i Ra., (2% i 0%"2) (A 09 90 )
3(5Ry, + (0+02) R, ) |02, " 3(5Ry,, + (0+0B) Ry )\ Lox, "o
2(6+ 9%) Ry, 0Aq;  p

T 3Ry + (0+0L) Ry ) 0% Tom

A9 . (5.13)
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For the second order of accuracy, the balance laws for stress and heat flux must be
considered up to first order, because the variables, 0;; and ¢;, are at first order, see (4.8).
From (C1b) and (C1c¢) with terms up to order €', we have second order equations as

Do AR, Oq; 4Rg;,, Ry,, (2d6 +9d92> 00
tJ + Qint q<i Gei
- <i
Dt SRy, + (6+0%3) Ra, 025> (5Ry,, + (0+09) Ry,)" 025>
a'U<1; 1 1
==+ —oy, (514
8$J‘> |: + :| Oij ( )

Ttr Tint

8vj> g 8vk

+ 2O'Ic<1 833 Oij a

+2p (60— A0)

Dq;
Dt

Oik

2 aT:k B oxy, 39 ox; 13 ox;

5+0+0% 96 081np]283+ b 0B~

1+ 2Rg,, |: %+ M:|
Ry, + (0+0B) R, ) %0z, " ou,

2Ry, Ik avk 2 8 oo

+ dint 9 + 6
Squnt + (6 + 0d5) qu‘r axl ax1 8xk
A 5+6+0% o0
o T 5P (0= A0) o

= — [1 + 1:| (Rq"Lth" (5 + g + 0%) + (5 + 0%) RQtr (thr qut)Aql>

—p(0+ A9)

- %

Ter  Tint] \ 5Rq,., + (6 + 93—2) Ry,, 4 5Rg... + (6 + 9d5) o

r

(5.15)

For closing the set of equations we need constitutive equations for BT and Ag; up to
order €!72¢ from (C2b) and (C 1d),

3 3T, -6 23-4
+ _ 2 tr
BT = 5P Tmt Ronn 2Ru1 - 5 ] 0 A0 (5.16)
Aq _ 5RQint (5 + Qd(S qtr < qmt
"OBRZ 4+ (6+ 933 945 ) Ry,
2 OBT
0+ A A92
( 0+20) 50 oz, -+ 3 oz, )
+ (qut — thr)p(e + AG) 00 :l _ {1 + 7:,:;:| 5R‘1im (thr - thm)q‘ (5 17)
th"‘ axl 5R2'Lnt (5 + 9%) Rgtr ’L) .
and for B~ at leading order from (C2a) as,
_ 3T 3 3—0 349
B™ =— — — A6 . 1
Tint |:Ru2,0 2Ru1,1 2 :| pe 9 (5 8)

With balance laws for stress and heat flux, the second order equations form a set of
PDEs for the 14 variables {p, v;, 8, A0, 0;;, g; }. 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 €!72% which are the terms in the equations for overall heat flux (C1c) and the
dynamic temperature (5.13) containing BT, Ag; and B~ along with their constitutive
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equations, (5.16), (5.17) and (5.18). Therefore, they proposed model is not a second order
accurate model. Also, the mentioned 14 field theory (Ruggeri & Sugiyama 2015) contains
three nonlinear terms from (C 1¢), which according to our analysis are of orders €2+ and
€3, 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.

The leading order term of Ag; at order ! from (C1d) and (C 1¢) obtained as

5(34+6+0%) 046
206+ 0D\ R, " Or;

Ag; = Tir (5.19a)

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

5(3+0+0%)

a 5.20
2(0+0%)R,,, (5:20)

RA = Tir

5.5. Order €3: 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 €2~2%, due to the fact that Ag; is at order e+
and first appears in the Af equation (5.13) which itself is at order €%,

Dgtqz 4 Bﬁf A 881;1kp]
10R,,,, (Qd 9%3) (40— 0) (A —a:)

TG 0B) (310 10D (3R, + (016D Ry, dui

2(6+09) R, Ag; v, 5 ( 15R,,,, )aBg
5(5Rg, + (6 +0L)R,, ) Ox; (42 + 250) (6+0L)R,,. | Ox;

25Rq,., + 7 (6 +0%L) Ry, ( vy, A >
+ ) (Ag, 2% 1 Aq
(5 (5Rg, + (0+0L8) Ry, ) ) \ "0, T %o,

42 15Ry,.., do . 00 0oy,
TS o2 d—g *Bi—; E +0 p)

(42 + 250) (6+0%) Ry, ;) Tk

10waz 8B_ 5 3RQint 6B+

T R dé —ag (1t dé

39 (6+0%)R,, ) Ov; 39 (6+0%) Ry, ) Oxi

5 R, 90 5 R,.,1 9  dlnp
Z 1 = Z4int 0+ AQ) — S i I L1V
" [ Ry,, } p(8+46) Oz; o (2 [ Ry, ] Oz oz, >

+ 2RQint [ 8UJ + % +q, 8%]
5Ry. + (6 +0%) Ry, 0w, T o, T "o,

3Rq,.., _ {Aeaa” AG@pAG B poc')A@]
" Ry (54 65) 9z, o1, oz

43
2
dad
]( Ry Bore = Ross) -, O+ 0%5) Fay, + 584, ) (5.21)

- |:TtT Tint Q'Lnt 5 + edé) qu" @ 5RQint + (5 + 0%) qu"
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the equations for stress tensor and total heat flux with terms up to order €2, because the
variables, 0;; and g;, are at first order,

dé d?s
Do-l] 4Rq1nt aq<z 4RII'LntR(It7‘ (2@ + 9@) 60
— q<i
Dt 5Ry,, + (6 +0%) Re, 0%j>  (5R,,., + (5+60%) R, )" 0%j>
4(5+0%) Ry, 0Aq<: e Q> Ok
5 (5RQ'MM + (6 + 0%) qu‘) am]>

Oii—
Bxk ]a$k

(5Ry + (6-+083) R, )\ d0 " d62) 710
a'U<i |:1 1

—+ } oij, (5.22)

Ttr Tint

5> oz

+2p(6 - 40) 5=
J

Dyg;
Dt

Ok aO'kj

2 81‘k 6a:k

546 +0%
tou +o+05 00 eﬁlnp

p Ox;

+ 1+ 2R [ Ovi | .3”’“} _2087
Ry, + (0+08) R, ) (0w, " T ox, ] 39 0x,
5 0B~ 2RQintQk 8'019 _ 2 8p

= +
13 0z;  5Ry,, + (6 +0%L) R, O Ox;

doin, DA)  5+5+0% 00
o " p (0 + A0) 20 T 5P (0= A0) 3o,
0

2(6+0%) Ry, [ dv; V) auk]
- A +Ag— + A
5(5Rq,,, + (0 +0L) Ry ) |~ %0 T " 0n, T " 0u,
OB;: 3
168 L dd 00 46 i 00j ou <8A9 Ae@lnp)

168 pedo 00 40 A6 =7
T 24250 W d0 0w, T (42+250) Ow; | Ba D D

( 1 24 >d5_80 7(3+6)(14+38) 0B;; o4 Ov;

— —B,— + o
(14 +6)*  (42+256)* ) d0 "7 dx; (144 0) (42 + 250) Oz ul]k@xk

_ |:]- _|_ ]- :| qutRQtr (5 + 6 + 0%) . (6 + 9%) RQt'r (th'r' - qut)A .
B 5RCI1:m + (5 + 9%) R(h,r ' SRQim + (5 + 0%) RQM‘ ’ 7

+6

Ttr Tint

(5.23)
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equation for BT with terms up to order €272%, due to the fact that Bt is at order €2*
and first appears in the o;; and ¢; equations, which themselves are at order €',

DB* — 8o av] (6 + 032) qir 40R Gint g 24k an
Dt 74 B Ry + (6 + agg) G Ok
50qutR 0 (2 Ldig + 0(192) ant + 3qu) (5 + 0%) _ IOOqum 90
qp—
(5Rg,, + (6 + 0L Ry, )2 5Rg,, + (0+02) R, " oy,

_ (a9 50R,,,., eqkalnp B @B_%

SRy, + (6 + 9%) Ry, Oxy, 39 Oxy,
+*B —F ——— I HA — + [ 26 - ——— | pAO—
39 Oxy 34+5+09% P ox; 3+5+0% p o,

1 /9 1 (3
=—— | =Rt + 15R 20 pAGQ - - ((3 — (5) Ryt 4+ 20R 2,0 — (23 — 5)) p6A9
Ttr 2 Tint 2
1 1 3R,11 +10R,2.0 10
— | = v Y Bt 4+ = (Ryii — Ry20)B™ |, (5.24
|:7-tr + Tint:| ( 13 + 13 ( ut! 20) ) ( )

and the balance law for B~ with terms up to order €', because BT is at order €' and
first appears in the o;; and ¢; equations, which themselves are at order €,

DB~ 12, dv;  12R,,, +2(6+0%) Ry, , Oq 2 pv O

224 0,2y
Dt 5 /i ox; 5Rg.., + (6 + 9%) Ry, ~Oxp 137 Oz

2qu7‘R(hnf <2 gg + 0(192) 00

(5Ry,,., +3R,,) (64 609%) + 30R

qint

+ i
bRy, + (0 +05) Ry, (5Rq,., + (0+09) R, ) | Oz

R, Jlnp dv; 71 __ Ouy

—2{1+ o 0 —3pAP? L 4 BT

( BRQint + (5 + 9%) thr> I 0 P al’z 39 axk

1 9(Ry1r — Ry20) 1

= TR AR - — (3 34+ 64+ [3—0] Ryt — 6R,20) 9A9)
Tir 2 Tint

1 1 10R,1,1 +3R,20 3(R 11— R 2,0)
- |— i B Sy Twhpt . (5.25
|:Tt7~ + Tint:| ( 13 * |: 13 :|> ( )

These 19 PDEs are closed with the constitutive equations for B:; up to 1 — « order,

1+a

because Bi‘; is at order € and first appears in the o;; and ¢; equations, which
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themselves are at order e,

a1 ) (70 + 238) Ry, R C AW
v {L N L} 8 (5Rq,,, + (0 +0L) R,,,) s 0>

Qint
Ttr Tint

4(70 — 195)3_ dve;  (14—06)0% —5(14+6), o,

390 05 dB++0B) T 0a
_q (704 239) Ry, ... 14-4 P Olnp
5 (5Rg, + (0+08)R,) 0 1< 9z,
2(42 + 255) 3v<z 14+05+0%
390 axp Baine Ry, + (64 9‘15) Ry,
10 (TR, +2(7+308) Ry, ) % + 14R,, 0 % (70 + 236) R, 9392 a0
a das 2 q<la -
8 (5Ry,,, + (6 +0%) thr) T
ovy, ov vy, (42 + 250) v
40 | 201, Vs Iz g TR 0.A0 2
+ < Tk s K< g, T T o, > 5 A% (5%)

and for u ik 9 and B;; at their leading orders, due to the fact that they are at order €2 and
first appears in the oij and ¢; equations, which themselves are at order €

60' i 3111/) ].2“ . ()U‘
O 0 <ij qint J
36 — 300 + ; ;o (527
Z L [ a$k> <4 8$k;> 5R —+ (6 =+ 9—52) Rq”‘ G<i axk>] ( )

Qint

_ 6(14+9) 0vjs vy, 2 Oug
B.. = —Tir 79 i i—— — =0 ——
m [ 7(3+9) ( Th<i Oy T k< O0xj> 371 Oy,

2(14490) Ry, <5Rq, {3+5+9

d(5]
+
(3 + 6) (SRQint + (6 + 9%) thﬂ" ’

do

) Ao\ _d%5\ a0
+R,,. (3—&-5)5-1—(7—!—25)9@ ((d@) +2d92> 0 ) Q<i@
2(14+5) _ 8U<i 2(14+5) (3RQint + (5+9%) er) 8lnp
B - a5 0 <l
3 (3 + (5) 8$j> (3 + 5) (5qut + (5 + 9@) R ) 8x47>

(144 0) (3R, + (6 + 0L Ry,.) , Dgi
(346) (5Ry,,, + (6 +095) Ry,,)  Ozj>

] . (5.28)

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), (5.25), (5.26), (5.27)and (5.28) in the set of R19 equations. New forms eliminates
some derivatives with stress tensor, heat flux and dynamic temperature while keeping the
current order of accuracy. The new form requires same number of boundary conditions for
both linear and non-linear cases, while this is not the case for the original R19 equations.
Also, 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 non-linear R19 equations are not clear. The boundary
conditions will be discussed further in the coming section.
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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, Navier-Stokes-
Fourier stress, and viscosities as

ov 7 o

ot = —QM&E; =0 +O(ET) + .., (5.29a)

NSF _ 90 ) 14a
a5 = —hom = i+ O () 4 (5.290)

A
5220 Ao () (5.29¢)
ov;

AgNSF = U9V pg 20) 20d
> oz, +0 () +... (5.294)

in a way that we still keep the proper order of accuracy. The balance laws take the form
of
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The new constitutive equations for B,
some manipulations become

i+ Bij and uy k in the set of R19 equations after
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where the microscopic time scales are substituted by viscosities and specific heat using
(5.8).

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
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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 parti-
cles 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 wall accommodation coeflicient, of
the particles hit the wall and accommodate at the wall so that they being 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’s 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 (2.15) and (2.16) corresponding to only translational
energy equilibrium and total energy equilibrium. We adopt the generalized Grad’s 36
distribution function (B1) 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,

Flo) = { X[(1 = Q) ferw (€, 1) + Cfintaw (6, DI + (1 = X) f36 (¢, 1) m.(c—vw) =0,
Jiz6 (¢, I) n.(c—vy,) <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 translationally identified
by ¢ =0 and x = 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 impor-
tantly proper normalization and reciprocity (Sharipov 2003).The above is a variant of
Maxwell boundary conditions, and obeys these requirements. Normalization implies that
the number of particles conserved, and this is ensured here by adjusting the densities for
the wall Maxwellians, fi.., and fin., accordingly, see (7.6). The distribution used on
the wall are Maxwellian distribution which are normalized and the Grad’s distribution is
an expansion on the Maxwellian distribution, which are designed to ensure conserved
particles number as will be seen in (7.6). This means the kernel is normalized and
number of particles hitting the wall are same as 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 function and

take the integral of it over velocity and internal parameter space. This will give us the
relations between the macroscopic properties at the wall to the wall properties given in
the wall equilibrium distribution functions, fi ., and fint.,. We define peculiar velocity
based on average velocity, C = ¢ — V g4, and slip velocity as Vs = V45 — V,. This will
give us the integral of the weighted wall distribution function as,
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/W(C,I)f(C)dCdI:// W (C.I) + (1 - )¥(C - 2(n.C)n,1)] fizs (C,T) dCdI
C.n<0
X [ /] (Co = Ve [(1= Q) foras (Cun )+ it (Cur D] dCdl | (7.)

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 cor-
responding moment and the wall properties could be obtained from (7.1). In order to
have meaningful boundary conditions, Grad (1949) discussed based on the argument of
specular reflection 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 identity 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 at x — y plane,
the flux moments corresponding to odd powers in the y component, n = (0, 1,0), of the
particle velocity are

up = {vy, Ouy, @y, Agy, Boy, udly, ugm} - (7.2)
Therefore, the corresponding velocity and internal parameter function, ¥, for two-
dimensional R19 equations occurring at y-direction is obtained as,

02
w—{cy,cxcy,cy<2+p/s>7
16 7 ., 117 5 1446
cxcy@ 145+3]C +[1+5+3}1 %),

02 5qut 2/6 3 2 1 2
(5 - ragim ™) o (00-5e) o (ee )| o

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

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

fi36 (€) = x [(1 =€) fiz6 (¢) + C fiz6 ()] + (1 = x) fiz6 (c) - (7.4)
So, we have three identity relations,
-y / /C  CullpdCAI=(1— ) / /C _Culissacar, (7.5a)
x1=0) [ Cfudc=x(1-0) [ CyfiudC. (7.50)
C.n<0 C.n>0
_XC/»/C.n<O CyflngCdI:XC//c.nH) ColintwdCl, (7.5¢)

which state that the flux of molecules towards the wall is the same as those leaving for
all three reflection types, pure specular, partial accommodation and full accommodation.
The first identity is always true based on the definition of f|§6 and f36, (B 1). The second
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identity give us a relation for pr ,, as,
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and the third one give us,
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Choosing different ¥ functions from (7.3) we obtain boundary condition for stress
tensor,

A Tyy
2—x V7

; 7.8
5(5Rg,,., + (0+0L) R, ) VO~ 2v/0 (%)

2 SRy, qx + (0 4+ 0LV R, Aq,  ul0
Gy = X lTVS—F ginedz + ( d6) R, Aq

the boundary condition for total heat flux,
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the boundary condition for heat flux difference Ag,,
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the boundary condition for w

5
and the boundary condition for ugfw
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8. One dimensional stationary heat conduction

Next, one dimensional heat transfer within the stationary polyatomic gas is studied,
using numerical and analytical methods to solve non-linear and linear systems. Specif-
ically, for the set of R19 and the refined NSF equations. We consider unsteady heat
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FIGURE 1. General stationary heat conduction schematic. Top and bottom walls are at
different temperatures, Owr, Ow .

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 x-direction.
We study different gases and different test case scenarios.

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

_ Z; Ti t _ Tint - Ter  _ P
= — = — , = — s T = s 77’ = — s = — — s
T0v00 L ' T 1 ! P Po
_ 9 Y . : Agi
= -1, A0="70 0y=L q=—"5 Aj=——5, (81
0 0 Pobo oV 0o oV 0o
0,0 + _ B
0,0 Yijk Bt _ B B B;; Bt _ Bt __ B
Yijk = 30 Py = pr o Pig = g0 B = oo B= s
pov 8o poYq Poby Poby Poby

Note that the dimensionless relaxation times , 7;,; and 7., are the Knudsen numbers.
From now on, the over-bars 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 conservations,

9, 0(0—49) Do

8:v+ Ox oz =0, (8.2)
345+ (1+0)% 00  9q
5 (I+p) 5 +5. =0, (8.3)

and 11 equations for {A6,011,q, Aq, BT, B~,B
pendix D.

+ p— 00 . -
i Bij,uijk} which are presented in ap-
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8.1. Refined NSF equations

For this case, the refined Navier Stokes Fourier (RNSF) equations (5.4), (5.5), (5.6),
reduces to

op 00
% + % =0 5 (84a)
3+6+(140)% 90  0q
1 — == 4
5 A+p) 5 +5.=0, (8.4b)
A0=0, (8.4¢)
J11 = 0 5 (84d)
5Rg, + (0+(1+0) L) R, o0
q=—Tipr— “(14p)(1+60) —. (8.4¢)
! 2qut thr 6$

8.2. Boundary conditions

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

q):{aaAevqaAq,BJraBiaBﬂaBl_lapao—lhutl)iol} ) (85)
and write the system of equations as
od
B(®)—=P(?)?. 8.6
@)% = P@) (36)

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 (D) possesses a zero eigenvalue with 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 (®), give relations which describe B*, B, Bfrl and By, as
functions of the rest of 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 normal velocity
component (¢, Ag and u(l)’lol) as

C? C? SR, 3
U = 12/6 _ Qint 12/5 _ 22 .
{Cl (2 + ) , C4 (2 —(5+9§g) R ,C1 | 1Ty 50

(8.7)
The microscopic boundary condition along with ¥ function (7.1) are used to obtain 6
macroscopic boundary conditions which are corresponding to boundary conditions for g,
Aq and u?’lol (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 is exist due to density
changes in unsteady state is ignored. We apply the prescribe mass condition as the
seventh boundary condition to update the density during unsteady processes as

L

/2 pdr = poL . (8.8)

[Nl

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 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
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trapezoidal rule along with conservation of momentum to gain distribution of density at
each time step in unsteady processes.

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

(2—-x) [705R,,, + (6+ 9@) R,,. 00
0 — 0w = nyTer Vs = . 8.9
nyTt X 2 (4 + 5C) Qint qtr ax ( )

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

9n+1 on ‘
mi2 g6 (8.10)
lem/2

For RNSF’s temperature jump boundary condition (8.9) the second order backward
and forward finite difference discretization 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 {pg,v{ = 0,6p}. Set of linear steady equations are reduced
to 5 coupled equations for ¢ = {Aq, ¢, ul’lol, o11, AB}. Equations for the rest of the
variables {p, §, BT, B~} are functions of coupled variables. The solution of the set of
coupled equations, Asx 5‘3—5 = Bs«5®P, is obtained using the eigenvalue method as

5
=) Cptpe, (8.11)
n=1

where, A and ¢ are eigenvalues and eigenvectors of the coefficient matrix, A~'B. The
solution for the remaining variables are obtained by integrating of their equations.

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 at deviations of £0.0476 from reference temperature at 350 K. We
investigate two different reference K'n numbers, 0.071 and 0.71, which represent slip and
transition flow regimes, respectively. Relaxation parameters are set to R,,, = R,20 =
0.72 and R,1.1 = Ry, = 0.7537 in order to have Prandtl number equal to 0.73 same as
the DSMC simulation, based on (5.12). Changing the values of R,,, so that it remains
close to 2, will fine tune the results. However, if we lift this restriction and let R, to
be lower and Rg,,, higher, the influence on the results will be considerable, especially
on moments corresponding to internal-translational interactions. Also, excited internal
degrees of freedom is set to 2 same as the DSMC simulation. The DSMC simulation
is performed by considering identical translational-rotational relaxation 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
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FIGURE 2. Comparison of temperature and density profiles for Kn numbers equal to 0.071

and 0.71 with tt"t"t = 1. Results shown are obtained from: R19 equations (blue dashed); RNSF

equations (black rline); DSMC method (red triangles).

deviation of Refined Navier—Stokes—Fourier equations results from DSMC results and
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 DSMC simulation of Gallis et al. (2007) at various reference pressures, ranging
from continuum to transition regime in figure 3. The simulation case is a channel with
1pm width filled with Ny 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 102, 1 and 0.1 Pa correspond to reference Kny, equal to 0.005,
0.5 and 5. As it is depicted in figure 3, there is good agreement between our data and
DSMC data. However in transition regime, there is a considerable deviation of Refined
Navier—Stokes—Fourier equations results from R19 and DSMC results and first order set



32 B. Rahimi and H. Struchtrup

q (W/n?)

2L ! ! ! ! ! !
0.1 0.5 1.0 50 100 50.0 100.0

po (Pa)

FiGUure 3. 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); DSMC (red triangles).

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 used the values
for Maxwell molecules’s of relaxation parameters for pure translational moments, R,2,0 =
Rg,, = 3, from table 1. Prandtl number is equal to 0.71 and based on (5.12) we obtained
Ry,., = 0.847. Also, we used obtained value of Ry, , for R,1.1 = 0.847, and as it is clear
from figure 3, this value produce a good fit to DSMC results. Therefore, the relaxation
time of internal heat flux equals to 0.79 of translational heat flux relaxation time.

Next, we compare results from our macroscopic R19 model and results obtained
deterministically from 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
Holway (1966) model (Tantos et al. 2015) in figure 4. The simulation case is a diatomic
gas with excited internal degrees of freedom equals to 2, Prandtl number and reference
Knudsen number are equal to 0.71. At different wall accommodation coefficient, 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 values of total
heat flux decreases too.

Translational and internal heat fluxes of a polyatomic gas with excited internal degrees
of freedom equals to 3, obtained by deterministic method from 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,
specially for translational heat flux.

In all this 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.
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FIGURE 5. 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).

9.1. Unsteady state analysis

The developing profiles from equilibrium ground state initial condition {pg,6p} to
steady state condition are presented for Hy gas in figure 6. Prandtl number is set to 0.69,
reference temperature is at 300 K and dimensionless wall temperatures are +0.5. The
shear viscosity temperature exponent is set to 0.5. Reference time scale is set to be equal
to reference internal time scale, 79 = 7;,,¢. Therefore, Based on (5.8) we have

(9.1)

Kng, = 0.0091
Kngpe =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 {po,00}. It is
depicted that deviations of total temperature and density is rising from zero starting

10
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FIGURE 6. Numerical results of stationary heat conduction from set of R19 equations. Red line
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gray-dotdashed is at t=29 s.

from regions near walls and gradually in time moving towards central region. Other
variables start from zero at 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 it is 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 nonequilibrium
variables at the beginning of the process are order of magnitude higher than their values

in steady state.

9.2. Steady state analysis of various gases
Next, we analyze N3 gas. The reference time scale is chosen so that based on (5.8) we

have

Kng, = 0.207
{ Knn = 0444 (92)
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This implies the need of a set of equations with both high order accuracy in Kny,
and Kn;,, that is the set of R19 equations. The reference temperature is 400 K and
dimensionless temperature at walls are £0.3. For N> gas, shear viscosity temperature
exponent is set to 0.74 and Prandt]l 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 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 temperature and reduces the total heat flux. Also, it is evident that the
non-linear and temperature dependent properties effects are more dominant in profiles
associated with variables corresponding to internal and translational interactions (A6
and Aq), and differ the analytical from numerical results. The linear and temperature
independent case produce lower total heat flux and and symmetry profilesin compare to
unsymmetrical profiles of full R19 equations.
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FIGURE 8. Steady state profiles of Ny gas obtained from numerical method with 8w = 0 and
red line: Owr = 0.5; black-dotdashed: Oy = 2.5.

The effects of different range of temperatures is studied on N, gas in figure 8. We
investigate two cases with upper dimensionless wall temperature 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 Kny. = 0.077 and Kn;,; = 0.2 for two cases under study.
As it can be seen, the main effect here is promoting 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 capability to
model temperature dependent properties in problems with relatively high temperature
variations.

Now, we compare three different gases with distinguished characteristics, Hy, N2 and
CHy, in figure 9. Reference and wall’s temperatures are fixed at 700 K, 0 and 0.5,
respectively. Translational Knudsen number is also kept fixed at 0.032. The corresponding
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reference Kn;,; are obtained from (5.8) to be

Ny :  0.158
CH4 ;10

Number of excited internal degrees of freedom at reference temperature of these gases
are

O+0-5=1 Ha: 209 . (9.4)
CHy: 8.89

H,; and CH, gases both have large differences between internal and translational re-
laxation times. However, internal and translational relaxation times of N, gas have
comparable values. On the other hand, Ho and N> gases both have similar excited
internal degrees of freedom. Nonetheless, excited internal DoF of CH, gas is higher
than the other two gases. The effects of having internal and translational relaxation
times at the same order are seen in profiles of moments corresponding to deviations
from total values, A8 and Aq, which are derived by translational-internal interactions.
These effects are towards promoting the temperature dependency of the profiles, which
now covers a larger range of values between two walls. The cases with higher internal
Kn number has higher temperature jump. Due to the lower internal relaxation times
and more active internal exchange processes in Ny case, value of dynamic temperature is
slightly higher compare to Hs case. Also, less active internal exchange processes produced
higher heat fluxes. This strong effects of different ratios of K'n numbers are diminished
at low translational Knudsen number. The effects of different internal DoF are most seen
in total heat flux and stress tensor. CH, gas with higher DoF gains higher total heat
flux and stress tensor in comparison with other two gases. Also,increasing the internal
degrees of freedom, slightly increases the temperature jump.

Effects of the reference temperature on variables is studied in figure 10. 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 it is depicted in figure 10, the case with higher reference temperature, which means
more excited internal degrees of freedom, have higher heat flux value and more flatter
deviation moments, Af and Agq, profiles in comparison with lower reference temperature.
Also, there is slightly higher temperature jump, especially on bottom wall , in case of
higher reference temperature in comparison with the lower one case.

9.3. Accommodation coefficients analysis

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

case #l: y=1land ( =1
case #2: x =0.5and ( =1
case #3: x =1and ( = 0.5

Case #1 is the case with full accommodation. Case #2 and 3 are partial accommodations
with full internal and half internal-translational accommodations, respectively. Partial
accommodation with full internal accommodation, case #2, shows lower temperature
and density gradient and heat flux but higher stress tensor in compare with fully
accommodated case (#1). Comparing case #1 and 3 shows that the effects of half
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FIGURE 9. Steady state profiles of different gases obtained from numerical solution of the R19
equations. Red line: Hs; black-dotdashed: Na; blue-dashed: CHy.

internal-translational accommodation are dominant on dynamic temperature and heat
flux difference, which are corresponding to internal-translational interactions. Its effects
are towards lower temperature gradient and heat flux. The drastic changes in dynamic
temperature between case #1 or 2 and 3 are due to differences of gradient of heat flux
difference.

10. Conclusions

The present study introduced 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 offer accurate results and the ability to interpret results in terms
of macroscopic quantities. This is achieved with much less computational cost compare
to that required for the DSMC simulations. As the first applications of the introduced
model, we studied the stationary heat conduction.
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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.

(ii) The correct relaxation of the model towards equilibrium phase densities for differ-
ent exchanged processes.

(iii) The model conserves the collision invariants.

(iv) The linear H-theorem for the proposed model was proven.

Moment equations for 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
relation between Kn numbers were explored. We obtained orders of all 36 moments in
two Kn numbers by applying Chapman-Enskog expansion on system of raw moment
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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 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 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 €3
orders of accuracy were obtained. At the first order of accuracy, a refined version of
the classical Navier-Stokes-Fourier 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 B7. Finally at the third order, the regularized 19
moment equations (R19) were obtained which consists of 19 PDEs and three constitutive
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equations. Also, temperature dependent internal degrees of freedom 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 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 being 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 (2.15) and (2.16) corresponding
to only translational energy equilibrium and 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 an-
alytically with set of the R19 and RNSF equations and compared the results with
DSMC simulations. It was shown that the Navier-Stokes-Fourier equations were not
accurate in transition regime. The results from set of R19 equations was in a good
agreement with DSMC simulations and deterministically solved kinetic models. The
values of nonequilibrium variables at the beginning of the unsteady process found to be
an order of magnitude higher than their values in steady state. Effects of non-linearity
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 at the same order found to be on moments corresponding to deviations
from total values, A8 and Aq, which are derived by translational-internal interactions.
These effects were towards promoting the temperature dependency effects and obtained
profiles covered a larger range of values. The effects of different internal DoF were most
seen in total heat flux and stress tensor, where gas with higher DoF gains higher total
heat flux and stress tensor in comparison with gas with lower DoF. Higher reference
temperature, which means more excited internal degrees of freedom, produced higher
heat flux value and more flatter deviation moments, A8 and Agq, profiles in comparison
with lower reference temperature case. Also, different accommodation coefficients are
investigated and the drastic effects of ¢ on dynamic temperature and heat flux difference
were seen.

Support from the Natural Sciences and Engineering Research Council (NSERC) is
gratefully acknowledged.

Appendix A

In the first part of this appendix, we present the formulization of our proposed general-
ized S-model. Based on the definition of {g; ¢, i int, u*°, u'*} moments, we introduce
translational and internal distribution functions by expansion about the equilibrium
Maxwellian functions (2.15) and (2.16) in corresponding polynomials in specular velocity
and particle’s internal energy as,

Fir = Firg [1 i (ao,o +a%0C; + 02 +agjOC<iCj>

+a;’OC’iCQ + a?’lCieint + a1’1026mt + CLQ’OCQCz)} R (A 1)
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Jint = finto [ 1 (870 +B0°C; + 511 (C2 + i)

+H00C,Chs + BOC,C2 4 0 Gy + B CPeiny + b“CQCQH . (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 Ry, , Ry, Ry20, R0 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,

00 _ 00 (1 — Ry20) (u2’0 - 15p0§r)

A;j ) = 802 ) (A3a)
0.0 (1 - thr) ditr +26 (1 - qut) qi,int#%
a;, = — 202 , (A 3b)
tr
ul! = 36004, Oint
1.0 -5 (1 - Ruz,o) (U2’O — 15p9t27”) - 8§p0tr6‘im (1 - Rul.l) W
“= 60003, —» (Ad0)
10 _ (1—Rg,) dier 01 _ 40— Rg,,) diint
A— tr : T = int : A3d
“ 505, C T 020, — 620020, (A3d)
3
al’l _ 4 (1 - Rul,l) (ul’l - 55[)015,,.91‘”,5) (A3@)
1507, [4u®? — 6207, ’
1 — Ryz0) (u20 — 15p62
a270: ( 20)( ptr) , (A3f)

120p0%,
and internal distribution function as,

28 (1 — Ry11) [ul! — 36p02] + (5 — 6) (1 — Ryz2o0) [u®0 — 15p6?]

b0 =(6+6
(6+9) 8p02 (30 + 6 (3 + 0)) ’
(A4a)
1- Ry, ) @itr + (1= Ry,..) Giin
00 = — | L= Ha) e pei gune) Giint | (A4b)
it _ ~28 (1= Ru) [ult — 36p62] — (5—6) (1 — Ry20) [u?? — 15p6?] (A40)
2p03 (30 + 0 (3 +0)) ’
0,0 1,0 (1-R t7-) G tr 0,1 2 (1 - R t) Gi,int
Bl =0 , b= 5;7 , bt = 5;93 : (Add)
120 _ 20 (6 — 6) (1 — Rynn) [ult — 36p6%] + (30 — 6 (7 — 6)) (1 — Ry2.0) [u*0 — 15p6?]
12006 (30 + 6 (3 + 6)) ’
(Ade)
pii_ 240 §) (1= Ryrn) [ult = 36p02] +6 (3 = 6) (1 — Ry20) [u*? — 15p6?]

66007 (30 + 6 (3 +0))
(A4f)
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In rest of this appendix we examine some important properties of our proposed model.
First, we consider equilibrium. Using the Maxwellian distribution functions, we get

|1E1t7’ = m//czeintftrotdCdeint = §5p9mt0tr s
|2Eotr = m//c ftrodCdeznt - 15p0tr ) and
u|E int m//c ezntfzntgdCdeznt - 5p92 (A 5)

IE int = m//c flnt()dCdeznt = 15p92

In equilibrium we have zero collision term and all moments of the collision term must
vanish, e.g., ¢;tr = ¢iint = 0. Therefore based on (A1) and (A2), all the expanding
coeflicients become zero and we will get f = fi = fir, When we have equilibrium in
translational processes only, and f = fin: = fint, 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 conserves 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 conserves the translational and internal
energies separately. The above conditions imply that the two phase densities , f;. and
fint, should have have the moments related to mass, momentum and energy in common

with f as,
,ozzm/ftrdczm/fdc,

0= m//(],»ft,.dcd] = m//Cifdch , (A6a)
3 _m 2 _m 2

p:m//fmtdcdlzm//fdcdl ,
0= m//C’,;fm,gdch = m//Cifdch , (A6D)
( ) po = m// (02 +emt) fintdcdI = m// ( +emt) fdedlI .

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 non-linear H-theorem is not proven here.
Multiplication of the kinetic equation (2.14a) with —kIn f and subsequent integration
over velocities and internal energy give the transport equation for the entropy density.



44 B. Rahimi and H. Struchtrup

Consequently, the entropy generation is obtained as
d = —k/lnf SdedI
k
//lnf(f— fint)dedI + T—//lnf(f— fir)dedI= 0, (AT)
tr

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

— / / In f(f = font)dedl = / / lif}-i (e

//lnfim(fffim)dcdl. (A8)

Here, the first term in the right hand side is always positive by structure. Now, we focus
on the second term. Considering near equilibrium situation with small non-equilibrium
variables ¢; ¢, Qi int, [ L1 36p02] [ - 15p92], we write In f;,,; as,

Tint

int

In fint = I fing, + (bo,o + b?’ocz‘ + o't (02 + €int) + b?j’.OCQCD
5 °CiC? 4 B0 Citgnt + D Coeiny + H20C2C) 3 (A9)

here, we used the relation In[1 4+ ] = x with  being small. Due to the conservation of
energy, momentum and mass, we have

//lnfi"to(f_fint)dcdjz
//Fi%%muﬁ)

/bo’o(f — fine)dedl =0, /b?’oCi(f — fint)decdI =0, (A 10)

2
B 9 (02 +eznt)] (f_fint)dCdI:O7

and /b1+1 (02 + emt) (f - fmt)dcdf =0.

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

2R, (1- R

/ / b CiC(f = fine)dedeim, = b; 2Ry, i ir = épgg)eﬁ (Alla)
2R Ry,

//b?’lcilwé(f = fint)dedeiny = b?’quimCIi,int et ((5,093 qw’t)qz?,int ., (A11b)

which are always positive for {R,,,, Ry,.,} < 1 and

A = //bQ’OOQCQ(f — fint)dedein = b*° [Ry20 (u*? — 15p0%)] =

200 (6 - 5) Ru2,0 (1 — Rul,l) [’U,Ll — %5p92}
1206064 (30 + 6 (3 + 0))
5(30 — 6 (7 — 6)) Ryzo (1 — Ryz0)
120664 (30 + 6 (3 + ) [

[u2’0 — 15p92]

u?? — 15p92}2 ,
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3
Ay = //bMCQIZ/‘S(f — fint)dedeiny = bt [Ru1,1 (ul’l — 2(5p92>:| =

2
_ 480 (1 4+ 6) Ry (1 — Ryran) RN §§p02
1206007 (30 1 6 (3 1 0)) 2

208 (3 — 8) Ryt (1 — Ryz0) ¢ o0 I T
0 15002 (bt — 2562 )
120000% (30 + 0 (3 + 0)) [ PO (= 50

It should be pointed out here that 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+ Ay =LapXp.Xa, (A12a)
with Onsager phenomenological matrix,

5(30—6(7-8))R,2,0(1-R,2,0)  200(6=8)R,2,0(1-R,1,1)

_ 1208p0%(304-3(3+9)) 1205007 (30+0(3+9))
Lap = 206(3—8)R,1,1 (1-R,2,0) 480(1+6)R,1,1 (1-R,1,1) ) (A120)
1208p0%(304-5(3+9)) 1208007 (30+0(3+9))
and forces,
3
X, =u*® —15p0* and X, =ul! - §6p92 . (A12¢)

The coeflicients matrix has proportional non-diagonal terms, non-negative diagonal terms
and determinant for {R,1.1, Ry2.0} < 1. Therefore, we conclude that

b0 [Ry20 (u*? —15p0%)] + o™ [Rul,l (ul’l - ;5;)92)] >0. (A12d)

The relaxation parameter, R,2,0, have values around 0.7 for monatomic gas as mentioned
in table 1. Now that we proved that the first term in the right hand side of entropy
production (A7), is non-negative, the second term is analyzed next.

We re-write the second term in the entropy production equation (A 7) which is related
to translational exchange processes as,

/lnf(f — for)dedl = / 1Lnf{ (f - ftr)dcdl—i—/lnftr(f— For)dedI . (A13)

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 In f;,;, we will have the In f;, as,

I fyr =10 fury + (a0 + aP°C; + a1 0C2

+0}°CiC? 4+ ) Creing +a*°C2C? + "' CPeins) (A l4a)

3
(L
lnftro =In [m (27_‘_0”‘)

(A 14b)

[
| S
—

Q

[\v]
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Due to the conservation of the translational energy, momentum and mass, we have

[ [wsnts =5 dcdl—//[ l (mﬂ)g] e

/ao’o(f— fer)dedl =0 /a?’OCi(f — fer)dedI =0 (A 15)

(f = for)dedl =0,

and /al’OCZ(f — ftr)dcdI =0 .

Therefore the remaining parts are,

2 1-—
/a%’OC’iCQ(f — f)ded] = thré ~ Rq”)‘ﬁ,tr 7 (A16a)
tr
AR, (1-R,..)
01 72/5 (¢ _ Qint Qint 2 A1l
/a’z CZI (f ft’l‘)dCdI etr [4UO 2 62[)9””] qZ,znt ’ ( 6b)
Ry20 (1 — Ry20) 2
/02700202(](‘ - ft’r)dCdI = W ( 0_ 15p0t27‘) ; (A 160)

3 2
- 6p9tr9int> ) (A 16d>

/a1,10212/6(f_ftr)dcdlz 4Ry1 (1 — Ryin) < . 2

1567, [4u02 — 522,

which are always non-negative for {Ry,,, Ry,,,, Ruz0, Ryi1} < 1. Here, based on the
obtained G36 distribution function (B 1) we calculate the moment u%2 to be

1
Uze = 7 2T 0)p0[(6+0)0—60,] , (A17a)
[4ulghs — 02062, | = p [206% + 346 (40 - 320)] . (A17b)

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

Z = —k:/lnf Sdedl >0 for {Ry,,., Ry, Ruzo, Rya} < 1. (A18)

Therefore, 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 section 8.

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

J136 = finto (AO’O + )\Q’OC" + A0 4 \0Y

0,1
<U>C<iCj> + A eint

HA70CC% 4+ N Cieing + ALY CPCiCys + NOCH

)\i?Jk>C<iCjCk> + )\<’ij>0<z'cj>€int + Al’lczemt) ) (B1)
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where, )\?;ﬁz__w are expansion coefficients, which are chosen such that Grad’s 36 distri-
bution function reproduces the set of 36 moments, i.e.,

Uy = m//![lAf‘%dch , (B2a)
with
us = {p, P9tmPemt,%‘j,qz‘,tr,qz',mt,ugj’-o,UQ’O,U?]’»%,u?J’-l,ul’l} , (B20)
and
c? 2 C;C?
Uy = {17 C; 370 Gt CciCj>, 5 Ci€int,

CeiCj>C?, C*, CciCiCrs, CciCiseint, CPeint} . (B2c)

The obtained coefficients are

qutt w2 5 3(2+6)6
0,0 __ tr
A= 802 8 46 ’ (B3a)
L1 15 3(5-4)6,
201 — _ur 2 9w 0)% B3b
506% 250 2502 (B3b)
2ubt 420 1 (945)6
1,0 __ tr
A Y R A 7 (B3c)
2,0 1 0,..
A\20 Y = T B3d
12006 T 867 168 (B3d)
1,1 3 (9 — 5) et .
AL — u _ T B3
35001 2062 T 6563 (B3e)
1,0
itr T Qijint 1,0 Uij Oij
>\Q’0:—7q’t 2 = J — J B3
) p02 ) <13> 28p04 4[003 9 ( f)
1,0 Qitr 01 _ 2Giint
)\,L- — 5[]93 9 1 - 5/)93 bl (B 39)
QU(.)’.l + u;’.o (9 + 5) O
0,0 _ 1] ij ij
)\<ij> - 4p93 + 4p92 9 (B Sh)
N0 u?]z 01 ugjl Oij B3
<ijk> — 603 ) <ig> — Sp0? - 203 : (B 31)

Grad’s distribution function implies a relation between the internal state density, py,
total density, p, and the temperatures, § and A8 = 6 — 6, based on (2.54), viz.

o 12550 — (5 —3)A0 20— 3A0 1 s
- r 225 . (B4
g2 (1+3) [ 0 7 T P\ (B4)

pr

Appendix C

Scaled moments equations used in model reduction procedure are given here as,
the balance laws for dynamic temperature Af, stress tensor o;;, overall heat flux g;,
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heat flux difference Ag;:
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4] qutllq”» d5 d26 89
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3:Uj>

+ 61-‘,—04

+ € + 2p0
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— 1b
axj> ]UJ (C )
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Dg; 0o (5+0+05 90 ,0lnp
Dt Oy, ik 2 Oz, Oy,
2R,, v vy,
_|_€1 1_|_ dint |: 7+ 7’:|
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JF
+ 61+a 168 +d75ﬁ 45 ij aJij
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1 24 d6 00 1 Doy
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DAg; 0A0 Jlnp vy,
1 e | —— + Ad—— Abg;—
€ [ Dt ik |:al‘k + 9 &rk :| 52 quaIk
5 OB}, 42 s ., 00
7, 7B+7
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n 2R, { dv; N vy, N v, } N (5 [1 qu} a0 ealnp>
2 gk Tilaon (21 = A
5Rg,... + ((5 + 92—2) R,,. 4 ox; 1 oy k oxy 2 Ry, | Oz oxy,

vy, 2 Ag; Oqu, o Ou 9 qi Oqx 000v; o 0oy
AOAg— | — 4+ Agi—— > gy —2 =L -
te 4 8w;j ¢ {Q ( p Oxg taa p Oxy te 2 p Oxy, Jru”kaxk p Ox;
7(3+9) 14— 5 200R,,,, 9B;; 4o, GioH OQu  dd,_ 90
(14 + 6) (42 + 250) (6+0%) R,

-
Oz 2 p Oz R Y Ox;

5 A0 [R,., — Ry ] ., 00 . [5[R,.. — R,.] . 00
0 _ Qint dtr A)— | — « dint qtr 0
<<3 oz, R, 8:@) ‘ [ 2R, ! oz

1 11—«
(-
Ttr Tint
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dint .
5Rg,., + (0 +0%) Ry, q1> ’
(C1d)

5qunt (thr — qunt)
5R'Iz‘m + (6 + 9%) thr

)

where,
(14+6)>  (42+256)% (0+0L)R,, |(14+6)> (42+256)%|)
(Cle)
10R,,, (245 +0%%) o)
G2 = )
©(0+0%) (3+5+6%) BRy, + (5+6%) Ry,)
3R,
=1+ ——k——, (Clyg)
( (6+9%) thr>

15R,,
a=(7T+—g— (C1h)
( (6+0%) Rq”>
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Balance laws for higher moments B~ and BT,

DB~ 71 __0Ov, 12 ov;
V== + =B =+ —fo;; >
‘ [ Dt 307 Ba, T 5 7Y on,
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where,
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The equations for higher moments Bm, B;; and u?jg,
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Appendix D

The corresponding equations and boundary conditions for the stationary heat conduc-
tion are presented here. To avoid complexity, the over bars and hats are dropped in the
following dimensionless set of R19 equations describing the considered problem:
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the balance laws for dynamic temperature Af, stress tensor o;;,

as )BAQ N 2 - 10R,,,, dq
T 340+(1+60)% 3R, +(0+(1+0)L)R,,) ) O
B 200+ (1+6) %) R, 0Aq
3 (5Rq 1t (6 + ( + 9) fi%) RQt'r') 817
10R LntR tr ( + 9) 2 1
Gint flq ( d9>2 q_A)89 ( —|—,0)A97 (D1)
3 (5Ryy + (04 (1+6) %) Ry,,) O Tint
do | 2 4R, . dq 2 4(6+(1+0)L)R,, 0Aq
Ot 35Rg,, + (§+(1+6) %) Ry, 07 35(5Ry,,, + (6 + (1 +6) %) Ry,) Ox
2 4RQintR‘ZtT ( do + (1 + 0) 37) 00 (’)u?’lol 1 1
2 T 2<AQ—Q)6T+ 9e — + 011,
3 (5qunf (5 + (1 + 0) d@) R ) Z x Ttr Tint
(D2)
overall heat flux ¢, heat flux difference Ag,
1 Al — — 1 1 - A —
8t+( + 60+ A pm) o T [( +p)[1+6 9]+au}ax
L 168 L d600 49 OBy, 2 0BT L 5 9B”
(42 +250)2 Md9Or ' (42+250) Ox 39 Oz 13 Oz
7(3 + 0) (14 + 36) 8By, A0

(14 +6) (42 +250) Oz +lon = (L+p) [L+0+ Ad]] =

R Y. 7 _ g%
{ (1+p) ox (14+6)%  (42+256)° ) "'dbox

__{1+ 1} Ry By, (5+3+140)35) 0+ 1+06) §5) Roy, (R, — i)
BRe + 0+ (140 VR, " BRy +(0+(1+0) L) R, )

Ttr Tint

(D3)



Modeling of Rarefied Polyatomic Gases 57

0Aq 3R, 0Af
= 14p) 140+ 40)| ==
o |7 2( (6+(1+9)‘1Z)Rq”>( 2 | o

(A0 —1—0) 5 3R, ,| ap

+ o —= |1+ int A% =2

[ i+p M2 (6+(1+6)B)R,, O

5 80’11 3R . 8B+
+ 1_|_9_|_7 1_|_ QMLt 1_|_ qint
2( Ry, (6+ (1+0)% ) ] oz ( (6+(1+0)32)th7‘> oz
J’_

N 5 10qu 0B~ § - 15R,,,, 0B},
39 (6+(1+6)DBYR,, | 0x ' (42+250) (0+(1+0)%) Ry, ) O
15R,,; ,

2<7+(5+(1+9>3g)%> s . | 09

(42 + 256)° do | ox

R,
+ [1—];"”] [o11 + (L +p) (1 + 60 + A0)] +
qtr

— +
Qint + (5 + (1 + 0) %g) qu“ e 5Rq7jnt (5 + (1 + 0) gg) RQM‘

Ttr Tint

— |: 1 1 } < 5qunt (thr — RQint) (6 + (1 + 0) dd) Rgtr + 5R21nt A )
5R ’

(D4)

and higher moments B* and B™,
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the constitutive equations for the higher moments B , B;; and ul ; k,
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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 lower and upper
wall, respectively.
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