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A high-order macroscopic model for the accurate description of rarefied polyatomic
gas flows is introduced based on a kinetic equation of Bhatnagar-Gross-Krook (BGK)-
type, where the different energy exchange processes are accounted for by two collision
terms. 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. The two Knudsen numbers of the system
are used for model reduction in terms of their powers, which yields a wide range of
different reduced systems, a total of 13 different orders. These include, at lower order,
a modification of the Navier-Stokes-Fourier (NSF) equations which shows consid-
erable extended range of validity in comparison to the classical NSF equations. The
highest order of accuracy considered gives a set of 18 regularized partial differential
equations (PDEs) (R18). Attenuation and speed of linear waves are studied as the first
application of the many sets of equations. For frequencies where the internal degrees
of freedom are effectively frozen, the equations reproduce the behavior of monatomic
gases. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873577]

I. INTRODUCTION

Conventional hydrodynamics fails in the description of rarefied gas flows, where the Knudsen
number is not too small. The Knudsen number is a measure illustrating the degree of non-equilibrium
and rarefaction in a gas and is used to characterize the processes in kinetic theory. In the following
we shall consider models of extended hydrodynamics for polyatomic gases that extend the validity of
the macroscopic description towards larger Knudsen numbers. These models close the gap between
classical fluid dynamics, as described by the Navier-Stokes-Fourier (NSF) equations, and kinetic
theory, that is, they aim at a good description in the transition regime.

The NSF equations result from applying the Chapman-Enkog method' to the Boltzmann
equation to first order in the Knudsen number. However, the Chapman-Enskog method at higher
order, even for modified models,*”” usually yields unstable equations.>"'” Alternatively, to obtain
a stable set of equations at higher order, Grad’s moment method!"'? with different numbers of
moments was proposed, with, e.g., 13 moments,'? 14 moments,'* !> and 17 moments.'®!7 However,
in the cited literature, no clear reasons for the choice and number of moments are given. We will
address this issue in this paper by a rational approach to derive a hierarchy of moment equations
based on orders in the Knudsen numbers.

For the monatomic case, we had good success with regularized moment equations'® which were
derived by means of the order of magnitude method.'>2° This model gives smooth shocks even
at higher Mach numbers'® and captures Knudsen boundary layers.>! One major advantage of the
order of magnitude method is that it uses the Knudsen number of the flow to define the order of the
moments, and to identify the equations required at a given order.
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The present paper aims at introducing a rigorous macroscopic model for rarefied polyatomic
gases. In order to meet this goal we develop a model based on meeting these requirements:

1. be stable,

2. provide a clear definition of moments,

3. identify the field variables to be considered for different levels of accuracy based on the
Knudsen number,

4. have high order of accuracy; specifically, higher than the existing first order (NSF) and second
order (14 moments) theories,

5. model the exchange processes in particle collisions based on their characteristic microscopic
time scales, and

6. have a nice, firm, and simple mathematical structure.

The first item in the list eliminates the use of Chapman-Enskog method and brings the stable
Grad’s moment method into attention. However, in Grad’s method the choice of moments is unclear
(item 2) and not linked to the Knudsen number (item 3). This implies the need of a more genuine
model which satisfies all requirements. Here, we suggest the order of magnitude method, which will
be applied and generalized to polyatomic gases. The order of magnitude method specifically aims
at identifying the order of moments in terms of the Knudsen number, and the set of moments that
needs to be considered for a given order of accuracy (items 2, 3, and 4). We model the exchange
processes with two different microscopic time scales, using a collision operator with two terms
(item 5).

For this first attempt to apply the order of magnitude method to polyatomic gases, we chose a
continuous internal energy parameter to model the internal degrees of freedom, instead of having
discrete internal energy levels. For the same reason we chose a two-term Bhatnagar-Gross-Krook
(BGK) collision model?? to describe different collision processes. This gives a fast access to a
complete hierarchy of moment equations. The resulting sets of macroscopic equations for various
orders in the Knudsen number have all desired properties (items 6 and 1).

The order of magnitude method!®?>*-%3 is used to derive the regularized set of equations. We
briefly describe the procedure of this method which consists of the following steps:

1. Constructing an infinite set of equations: A system of moment equations using Grad’s moment
method with arbitrary choice of definition and number of moments is constructed.

2. Reconstructing moments: The Chapman-Enskog expansion is applied to the moment equa-
tions, and their leading order terms are determined. New moments are defined using linear
combinations of the original moments, in order to have the minimal number of moments at
each order of magnitude.

3. Full set of equations: The set of equations for the new moments is constructed from the
equations of the original moments. The Chapman-Enskog expansion is applied to the new
moments to determine their leading order.

4. Model reduction: The full set of equations is rescaled considering the obtained orders of the
new moments. Then, the model is reduced to the desired orders of accuracy.

The remainder of the paper is structured as follows. In Sect. II, the foundation of the kinetic
theory of polyatomic gases is presented. The two term collision operator is discussed and the BGK
model is introduced. In Sec. 111, the general moment equation for polyatomic gases is introduced and
the system of Grad’s 36 moment equations is constructed, which is step 1 in the order of magnitude
method. In Sec. IV, the Chapman-Enskog method is applied, the leading order terms of all moments
are determined, and the new set of moments is constructed (step 2). The full set of new moment
equations is obtained in Sec. V (step 3). Step 4, the model reduction, is performed in Sec. VI, which
also presents the reduced equations for different orders of accuracy. To get some insight into the
various sets of equations, as a first application of the equations damping and attenuation of linear
waves are computed and compared in Sec. VII. Finally, some concluding remarks are given in
Sec. VIIIL.
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Il. KINETIC MODEL

In 1872, Boltzmann?® proposed a transport equation which models the velocity distribution
function over time, known as Boltzmann equation. A first attempt into considering the effects of
internal degrees of freedom (DoF) on the behavior of molecules was made by Eucken in 1913.
Afterward, Wang Chang and Uhlenbeck considered excitation of internal degrees of freedom and
presented the generalized Boltzmann equation.?®?° Bourgat et al. introduced a model which uses
just one additional continuous internal parameter to represent the internal degrees of freedom of the
polyatomic gas.’°

Dealing with the collision term of the Boltzmann equation is an intricate task due to its com-
plicated and non-linear structure. Often, for simplification, the linearized Boltzmann equation is
considered.?! Bird®? introduced the direct simulation monte carlo (DSMC) method for solving the
Boltzmann equation by means of particle-based statistical simulations. However, due to statistical
noise, the need for large sample size and higher number of collisions in transition regime, DSMC
is computationally expensive and extremely time consuming method in the transition flow regime.
Macroscopic methods offer an alternative to the Boltzmann equation in the transition regime, since
they offer high computational speed, although their accuracy is limited based on the Knudsen number.

The best known approaches to obtain macroscopic models from the Boltzmann equation are the
Chapman-Enskog method and the method of moments of Grad. First attempts to deal with the Wang
Chang and Uhlenbeck equation were made using the Chapman-Enskog method. Monchick et al. 3333
and Morse et al.’*3" obtained the relations for shear and bulk viscosity and heat conductivity as
functions of the relaxation times. Recently, Kustova, Nagnibeda, and co-workers®® studied the strong
vibrational non-equilibrium in reacting mixtures of polyatomic gases for different cases with regards
to the characteristic time of the microscopic processes. They used the Chapman-Enskog method up
to the first order to tackle the problem.*®

First attempts for solving the Wang Chang and Uhlenbeck equation using the moment equations
were made in Refs. 13, 39, and 40. Kogan used entropy maximization to obtain a generalization of
Grad’s 13 moment equations.'®> The generalized 17-moment equations for polyatomic gases were
derived independently by Zhdanov'® and McCormack!” to cover a wider range of physical problems;
the latter derived expressions for slip velocity and temperature jump. Also, Mallinger'* generalized
Grad’s method and derived the 14 moment equations based on Bourgat’s model.

In the past two years Ruggeri, Sugiyama, and co-workers used the framework of extended
thermodynamics to develop a generalized 14 field theory for polyatomic gases, for both dense and
rarefied gases. Their theory is consistent with Mallinger’s model,'* in the rarefied gas limit.'> They
studied the dispersion relation for sound and showed that their results have a good consistency
with experimental data up to the non-dimensional frequency of 0.1.*! Moreover, they showed the
equivalency between extended thermodynamics and maximization of entropy,*> and recovered the
monatomic gas model as a singular limit of their model.**

The order of magnitude method bridges between the Chapman-Enskog and Grad method by
using Knudsen number orders in the Chapman-Enskog sense to identify the appropriate moments
and moment equations required for a given order. So far, the method was only applied to monatomic
gases,' 2254 where it gives the regularized 13 moment equations (R13). The R13 equations were
solved for a wide variety of one- and two-dimensional problems, where — within their range of validity
— they are able to reproduce all interesting rarefaction phenomena in good agreement to solutions of
the Boltzmann equation.*>*® The extension of the method towards higher order suggests the regular-
ized 26 moment equations, which indeed yields accurate results up to higher Knudsen numbers. !
The application of the order of magnitude method to polyatomic gases is the topic of this paper.

A. Kinetic theory of polyatomic gases

A gas particle has three translational degrees of freedom associated with its motion, and addi-
tional degrees of freedom due to rotation and vibration. All degrees of freedom, translational and
internal, contribute to the energy of the molecule due to the laws of quantum mechanics. At room
temperature, the vibrational degrees of freedom are usually frozen.>?
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The energetic state of a molecule changes due to the interaction with other molecules, i.e., col-
lisions. While total energy and momentum are conserved, the colliding particles exchange different
energy forms. The various exchange processes occur on different characteristic time scales. In all
collisions, translational energy is exchanged between particles, but internal energy is exchanged
only in some of the collisions. Hence, the characteristic time scale for equilibration of translational
energy is faster than that for the equilibration of internal energy.

In the model we shall pursue, at time ¢, the gas particles are described by their position, x;,
velocity, ¢;, and their internal energy parameter, / > 0, in a 7-dimensional space known as phase
space. We assume a simplified model where all internal degrees of freedom are either fully developed
or frozen. Then, the spectrum of the internal energy is continuous, and the internal energy of a particle
is given by>>%*

eint:I%a (1)

where § is the number of non-translational degrees of freedom of the gas. The velocity distribution
function f(X, ¢, I, t) is defined such that the number of molecules in a phase space element dxdcd [
is

fx, ¢, I, t)dxdedl.

In the absence of external forces, the evolution of the distribution function is determined by the
Boltzmann equation, which is a nonlinear integro-differential equation written as

af af

i -~ =S f). 2

3t+0k8xk . 2
The left and right-hand sides take into account the effects of the particle’s free flight and collisions,
respectively. Depending on the accuracy of description, the quadratic collision term, S(f, f) , assumes
different complex forms, which might require lengthy and expensive computations. Kinetic models,
such as the BGK model used below, replace the Boltzmann collision term by simpler models that
preserve the basic relaxation properties and give the correct transport coefficients, while loosing
some of the detailed accuracy.

B. Macroscopic quantities

Macroscopic properties such as mass density p, momentum pv;, energy u, pressure p, stress
tensor o, and heat flux vector g; are moments of the phase density. Based on the definition of
general trace free central moments,

uit =m / / (IPYAC*C,Cy ... G- fdedl, 3)
the important moments can be expressed as
Density p :m//fdcdl :/p,dl =u"", (4a)
Velocity pv; =m / / cifdedl or0=m f / C; fdedl = u?°, (4b)
Stress 0;; = m//C<iCj>fdch = u?;o, (4¢)
. 3 c? L 1o
Translational energy pu, = Ep =m decdl = Eu -, (4d)

(4e)

Internal energy pu;,, = m//lz/‘sfdcdl :/IZ/BpIdI = u%!
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c? 1
Translational heat flux g;, = m f f C,'?fdcdl = Eu’w’ (4f)
Internal heat flux g; jn, = m[/Cilz/afdch = u?’]. (4g)

Here, ¢; is the microscopic velocity, C; = ¢; — v; is the peculiar particle velocity, p; = m [ fdc
is the density of molecules with the same internal energy parameter /. Moreover, u,, and u;,, are the
translational energy and the energy of the internal degrees of freedom, respectively, while g; , and
qi, in are the translational and internal heat flux vectors.

The classical equipartition theorem states that in thermal equilibrium, each degree of freedom
contributes an energy of %9 to the energy of particle, where 6 = %T is temperature in specific
energy units. Thus in equilibrium, the translational and internal energies are

3 )
Uir|E = 59 and Uint|E = 59 (5)

We extend the definition of temperatures to non-equilibrium, by defining the translational temperature
0, and the internal temperature 6;,, through the energies as

3 8
Uyr = Eerr and u;,; = Eeint‘ ©)

With these definitions, the ideal gas law in non-equilibrium reads p = p6,,. The total thermal energy,
U = Uy + Uy, 18 defined as the sum of the internal and translational energies, and we use the
equipartition theorem to define the overall temperature 6 as

=30, + %0, =(2+2%)0 7
u—zzr th— ) 5 .

In equilibrium the three temperatures agree, 0,g = 0z = 0, while in non-equilibrium they will
differ.

C. BGK model

For monatomic gases, the BGK model®? describes relaxation towards the equilibrium distribu-
tion as

1
S:;(M—f), ®)

where the Maxwellian M is the distribution function in local equilibrium, and  is the characteristic
relaxation time (mean free time or microscopic time scale).

Morse? introduced a BGK-type model with two collision terms to replace the Wang Chang
and Uhlenbeck equation and tackled it using the Chapman-Enkog method. Andries et al. introduced
the ellipsoidal Gaussian BGK model for polyatomic gases considering the additional continuous
internal parameter and proved the H-theorem.>® Brull et al. used maximization of entropy to obtain
the model of Andries et al.>*

As discussed earlier, in a polyatomic gas, translational energy is exchanged in all molecular
collisions, but internal energy of the molecules is exchanged only in some collisions. Hence, the
characteristic microscopic time for internal energy is larger than that for the translational energy
exchange. To describe this in a BGK model, we use a two term collision operator, where the first
term describes only the translational energy exchange during the collisions and the second term
models the exchange of the internal and translational energies.> The resulting BGK equation reads

aof af 1 1

9t + ¢k 8)Ck = T, (f ftr)
Here, 7, and 7, are the corresponding mean free times that we assume to depend only on the
macroscopic equilibrium variables (p, 6). Moreover, f;, and f;,, are equilibrium distribution functions
that describe the different equilibria to which the distribution function will relax due to the collisions.

(f = fino)- €))

int
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They depend on the collisional invariants and we obtained them using entropy maximization’®>’ as
Maxwellian functions,
pr( 1\ P
=P |, 10
Jor = <2n9,,> exp [ 26, ] (102)
0 1 1 1 <c2 ) /5>
int = — exp|—=|—=+1 . 10b
Jin m 2m)2 96+32T (14 %) p[ 6\ 2 (10b)
Processes in kinetic theory are characterized by the Knudsen number,
A T
Kn=~— = —, (11D
Ly 1

where L is the characteristic length scale of the process, 7 is a typical characteristic time of the
process, and A is the mean free path. The typical reference time scale 7 is defined as Lo/ +/0p.

For the polyatomic BGK model (9) we have two different relaxation times, corresponding to
two different mean free paths, and two distinct Knudsen numbers, Kn,, = %0 and Kn;,;, = Tf—o’ The
Knudsen numbers will be used for model reduction.

lll. MOMENT EQUATIONS

Moment methods replace the kinetic equation by a finite set of differential equations for the
moments of the distribution function. The set of moment equations approximates the kinetic equation
and can be used to describe rarefied gas flows. Also, increasing the number of moments typically
leads to a better approximation.®

A. General moment equation

The moment equations are obtained by taking weighted averages of the kinetic equation.
Multiplying the kinetic equation (9) with m(I**)2C?*C_; C,, ...C;, -, and subsequent integration
over velocity space and internal energy parameter gives the general moment equation as

S A c.A
itedn | 2§u§_lfA Dy LocusA v, n 2gu§.'A. A v, ouy" y
Dt itk Dy Belnki gy 2 4177 IS gy dxg
s+1,A
n ouZ; i +2c n s Dv;,. c n+1 LS vk
2n+1 3x;~ 2n+1 ==t Dy 2n+3 Mt 9xg
n—1 14 9y A Dv;,-. A O n n-—1 1,4 OV,

+ i +nu’; . u:’ . -
211 -1 <iy...lp—2 axi”> <iy...lp—1 Dt i1...Ip axk 2n + 1 211 -1 <I]...lp—2 8xi,1>

av; 1 1
G.A in> G, A s, A G, A S, A
k<ij..ip—i 8xk iy...0|E, tr i1...ip Tins iy...0y|E,int i1...ip

Tir
(12)
: S, A _ S, A n c+1,A ) . 20 . .
Here, the relation w2’ ; _, =u;";  + 55qu’; i 8>k is used.™ The right hand side of the

equation describes the change of the moment ufl Al due to collisions, which relax the moment

toward its value according to the equilibrium distributions,

c.A 2g¢+ D! crA 5
UE i = =75 PO T A+ ), (13a)
T 2
ufy, = (25 + DN / (I pydl, (13b)
G, A
ui g =0 n#0, (13¢)

<
where (26 + D!!' = [[(2s + 1) and p; =m [ fde.

s=1
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B. Conservation laws

Conservation laws for mass (¢ = A = n = 0), momentum (¢ = A = 0, n = 1), and total energy
are obtained from the general moment equation (12) as

Dp " av; 0 (14a)
=Zr — =0, a
Dt P,

Dv; 19do0;; 96, 06, 9

_+__/+_’+;_'0=0’ (14b)

Dt p 0x; 0x; p 0x;

3468 DO Bq, int aq, tr 81)1 ov i
- . . o 0,,— = 0. 14
2 Dr CTam am %oy Py, (140)

The conservation of the total energy results from summation of the balance laws for translational
(¢ =1,A=n=0)and internal (¢ =0, A = 1, n = 0) energies. The balance law for translational
energy reads

3 DO, 0q; ¢r 0 ov; 3p (0 — 60,
t qi,t U/+ ezrv o ( z).

3 o — 15
P2 Dr T Tox %oy o T 2 (15

Later, we will replace the translational temperature ,, as variable by its non-equilibrium part A6
=60 — 60,,, named dynamic temperature.

Moment equations for stress tensor, 0;; = u translatlonal heat flux, g; ,» = % 1.0 , and internal
heat flux, uo - = gi.int» Which are present in the conservation laws, are obtained from the general
moment equation (12) by appropriate choice of (g, A, n). These equations contain higher moments
ull, y20 and u" ! for which full moment equations can be obtained from Eq. (12).

0,0
ij u ’ u,‘jk? lj ’

Choosing all moments mentioned so far as variables will construct a 36 moments set,

1,0 20 01 11 00
{,0» Vi, Oy Ois OijsYqitrs>Yiint» Wi u Uy u, l]k} (16)
The equations for these 36 moments contain higher moments ul] ]2, u.2 0, “?j/?l’ ?J ,i, and u ! To close
the system of 36 equations, Grad’s distribution function will be used next to obtain expressions for
these higher moments in terms of the 36 variables.

C. Grad closure: 36 moments

Grad'"'? 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

fs6 = fim (/\°~° 270G 421007 402 CLCh 00 PP a0t G

<ij>

C<1C Ck> + )"0 l

<l]k> <ij>

+AL0 e Cin +020Ct 402

<ij>

CiCil? + /\1~‘C212/5) .
where )\(gmz 4,y are expansion coefficients. Grad’s 36 distribution function should reproduce the set
of 36 moments, this is done by choosing the coefficients A based on the definition of moments,
Eq. (A2). The obtained coefficients are presented in Subsection A 1 of the Appendix. Using Grad’s
distribution function (17), the constitutive equations are obtained as

2,0
zjk = 90u Uk »ouy =280qi. ljkl =0,
)
gy = zeu?il(c) oo = (5qiin + 8qir) 6. (18)

Substituting these equations into the 36 balance laws gives the closed set of equations. Due to lack
of space, the full set of equations will be shown only later.
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Grad’s distribution function implies a relation between the internal state density, p;, the total
density, p, and the temperatures, 8 and A0 = 6 — 6,,, viz.

P » 3\ A6 3 1
=P prfi—(1-2)2%) 40-2n0 SLNET BT
pr 91+6/2r(1+g)[ ( ( 5) g ) TV TR0 P Ty (19)

IV. RECONSTRUCTING MOMENTS
A. Smallness parameters

Applying the order of magnitude method to the set of 36 moment equations will ensure that
the minimum number of variables are used for any wanted order of accuracy in terms of power of
the Knudsen numbers. This method first applies the Chapman-Enskog expansion on the moments
to find their leading order terms. Then, new moments 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 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. We rescale the
microscopic time scales as

7 = Kn,, T, and 7 = Ky Ty (20)

Here, %, and £;,, are of the order of the macroscopic time scale 7. The notation used is chosen since
it always indicates the type of collision (translational or internal) that gives rise to a term occurring
in the equations below. After the expansion is done, the Knudsen numbers will be substituted back
to the microscopic time scales and the original equations will be recovered.

Kn,, should be less than Kn;,,;, because internal energies are exchanged only in a smaller portion
of collisions and 7;,; > t,. Considering both Knudsen numbers to be less than unity, we define the
internal smallness parameter ¢ as

Kn;,, =€ and Kn;,, = €“. 21

With this, the two Knudsen numbers are replaced by a single smallness parameter, €, and a magnifying
parameter, o, with 0 < o < 1. The lower limit of the internal smallness parameter is recovered when
o = 1 and the upper limit is reached when o = 0. From the above we find

1

In o In -

a — 1 _ int — 1 + int . 22

In Kn;, InKn;,; (22)
While the ratio of relaxation times ;” depends on the state of the gas, the ratio % = ¢ = Kn,,
depends on the relevant macroscopic time scale 7 . Accordingly, the values of both, « ‘and € = Kny,,
depend on the chosen scale. To show some examples of the translational and internal relaxation
times and their ratios, we used the experimental data on shear viscosity® and fitting data on bulk
viscosity*' of normal hydrogen and deuterium. As will be shown later, shear and bulk viscosity (42)
in the linear case with ground state {pg, 69, A6y = 0} are

25 (pofo) 258 (po)
Ta o = Timt g (23)
33+9) 3(3+96)
Values for the translational and internal relaxation times of normal hydrogen and deuterium
for reference pressure of 10° Pa and reference temperature of 77.3 and 293 (K) are listed in
Table 1. Bulk viscosity values are obtained by assuming different values for specific heat based on
the temperature, which are converted to corresponding values of §. The obtained relaxation times
and their ratio, 7,/7;,; = Kn,/Kn,y,, is at order of 10~% and 1073,

Different values of @ correspond to different values of internal or translational Knudsen number
and ratios of the relaxation times, t,/t;, = Kn;/Kn;,, as shown in Fig. 1. For higher Knudsen
numbers Kn;,,, particularly near unity, mostly values of « less than 0.5 are relevant. The ratio of the

m =100 = T,y po and v = Ty,
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TABLE 1. Shear, bulk viscosity, and specific heat values*">° of hydrogen and deuterium for two temperature values and
reference pressure of 10° Pa. Obtained values of relaxation times and their ratios.

Gas  To(K)  p(Pas)x 107 v(Pas) x 106 ¢, =3 Ty (s) Tins () Tl Tint

H, 71.3 35.0 98 1.57 3.50 x 107° 3.30 x 107 1.06 x 1073
293 88.2 326 245 8.82 x 1077 1.26 x 107© 7 x 1073

D, 77.3 48.2 174 2.54 482 x 1070 6.37 x 1077 7.57 x 1073
293 123 271 2.50 1.23 x 1078 1.01 x 107 0.012

relaxation times considered here covers both extreme cases, T, ~ Ty (T;/Tin = 0.5) and 7, < Tjpys
(ty/Time = 1077), and the values in between.

Different problems may encounter different relaxation times and different Knudsen numbers.
A vacuum system with pressure of 20 Pa, temperature of 293 K, and macroscopic length scale of
5 cm with deuterium has the following characteristics: Kn,, = 0.00956, Kn;,, = 0.797, o = 0.0488.
However, if the pressure and length scale increase to 100 Pa and 8 cm, the values become Kny,
=0.00119, Kn;,, = 0.0996, « = 0.343. As another example, a microsystem at atmospheric pressure,
temperature of 293 K, and macroscopic length scale of 20 um with hydrogen has the following
characteristics: Kn,, = 0.0067, Kn;,; = 0.954, « = 0.0094. If the characteristic length increases to
150 um, we have Kn, = 0.00089, Kn;,, = 0.1272, o = 0.294.

Based on the values of «, different set of equations in various required order of accuracy will
be obtained in Sec. VI. Therefore, the particular problem under consideration determines which set
of equations should be used.

B. Chapman-Enskog expansion

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? . ~ Kn,,, proper accounting to first order in Kn,,
might require consideration of different orders in the CE expansion: expansion to first order in
Kn,,, but to second order in Kn;,,. The conserved variables, density, velocity, and total temperature,

1.0 =

0.8 b

0.6 - ........-.-- ]

o) —c-———-——-——-——-—.‘q.——-——-——-—;v-——- g
~

L ~y 1
0.4 “tea R
L R ]
L ~§
L ~§~
LR T ’0
0.2r -'~-~-___ * b
L b LT -
I e - *
I il . —— . ]
0.0 - | | | | -\. T |
0.01 0.02 0.05 0.10 0.20 0.50 1.00
Knim
FIG. 1. Values of « for a range of internal Knudsen number and four relaxation times ratio, t;/7;,; = 0.5 (gray solid line),

T [Tint = 10~ (blue dots), 7/, [Tint = 1072 (green dashed line), and 7 /Tipr = 107 (red dotted-dashed line). The limit of
o = 0.5 is shown with black dashed line.



052001-10 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

have equilibrium values and hence are at zero order. The remaining variables are expanded in the
smallness parameter as

= €% [Py 00 4 elyOD 4 2y 0D 4 By0D 4]
+ e [P0 L ely®D 4y 4] 4 2 [Py 4 ely@D 4] (29)

20 .01 1,1 .00

1,0
where for the 36 moment system, ¥ = {AG, Oijs Gitrs Giines Wij s U™, U U ,ul.jk}.

The leading order terms of the moments are found as the first nonvanishing term in their
expansion; one finds

3
O(e%) : w000 =15p0%, 4100 = E,O(SGZ, (25a)
25 ov;
0@ : AGND = gy o —, 25b
(€*) T3 10) on (25b)
5 96 v,
1y . on _ _~ 7 1,0(0,1) _ =~ 2 <i
O(): ain = —T5p05 . u""" = —T 1490 . (25¢)
0V é a6 0V
1y . on _ = <i on_ _~ 9 0.10,1) __ = 7 OV«
O(e ) o, = —Tn2pb ox, Giint = r,,sz—BXi, ;] = —1%;, 080 ax, (25d)
0 (€?) 0.0(0,2) - (3 8”]<z0/ 3 a0 30 dlnp N 12 v, @50)
€ DUy T =Ty | o —0<jj— — Ocij— = Y<itr |} - €
ijk "\ 7 xe P LT P

To leading order, the two scalar moments, > %% and »"'© 9 are proportional to the total
temperature and density. The heat fluxes, qi((;’rl) and ‘1,'«3}111)’ are proportional to each other, and also
the three tensorial moments, ol.(f’l), u?fl(o’l), and ul_120(0,1)’ are proportional to each other.

We aim at having the smallest number of moments at each order. Higher order replacements for
the scalars 4> and u" ! are obtained by subtracting their leading order terms to define new variables
as

3
w?? =u?" — 15p6% and w'' =u! — ,05802. (26)

The dynamic temperature, A6 = 6 — 6,,, is the only variable at order «.
The linear dependent vectors ¢; . and g;_;,;, Which are of first order, can be combined into one
first order vector, the total heat flux,

qi = Gi,ir + Gijints (27a)
and one unique higher order variable, heat flux difference,
5
A%=%ﬁ—5%m- (27b)

Similarly, the 2-tensors can be combined such that only the stress tensor o ; is of first order,
while the moments u iljfo and u?jl are replaced by higher order moments as,
+_ 10, o1 (14+48)6

ij = Ui ij 5 i

14

- _ 10 1% 01
=g 5 U and u (28)
The second order moment u?jg is the only 3-tensor in the equations and thus remains unchanged.

After this first round of the reconstructing moments, we replaced the original 36 variables by
the alternative set

- 0.0
{,0, i, 0, A0, 07, gi, Agi, w0, w, Ujjs M{;, Mijk} .

Here, {,0, v;, 0,4, 0ij, u?ﬂ?} have linear independent leading order terms, thus, there will be no
further change for these variables. The other variables are treated with the same procedure, i.e.,



052001-11 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

rewriting the moment equations with the new moment definitions, and applying the Chapman-
Enskog expansion to obtain the leading order terms as

3
O : w0 = _30p00A0, wh*0 = 3 [3 — 8] pHAb,

_ 3 1) ad <i il <i
O () ; Mij(l’1)=frr14[ -(SF 1 v v

PONG =, uj,.“*“ =%, 11p0 A0 ——. (29)
Xj> . 8)Cj>

Now the leading order terms of the scalars {AG, w0, wh! } are linearly dependent, also the leading
order terms of the 2-tensors {ufj, ult } are linearly dependent. Therefore, we construct new moments
to have linearly independent moments in all the orders; the results are four new moments which

substitute {wz,o, wh uf, u;} by

3
220 = w?% 4+ 30p000 , "' =w!— 3 [3 — 8] pOAS, (30a)
11 3
- _ gt - + ot -
B =u;; — 143 +3uij . B =u +uy; (30b)

+

ij>

order terms. Applying again the Chapman-Enskog expansion, the leading order terms for z*° and
11

Z> " are

There will be no further change for B;; and B;;, since they have linearly independent leading

9
M@0 — _E,OAHZ and 2% =15pA0°. G

The linear dependent scalars z" ' and z>©, which are of 2« order, can be combined into one 2« order
scalar, B, and one unique higher order scalar, B~, as

3
Bt = ;20 gnd BT =M 4 l_ozz,o. (32)

After this set of operations, we have the final set of 36 moments,

ip3 Vi, 07 Ae, Uijv qi, Aqiv B;]T’ B+7 Bl‘;s B_v M?J']?] .

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

C. Orders and leading terms of moments

The leading order contributions of all non-equilibrium variables are obtained from Chapman-
Enskog expansion for proper accounting of the magnitude and later use of the expressions. For the
model reduction, we require the explicit order of all terms be clearly visible in the equations, hence
we rewrite the variables as

U =0, (33)

w={a6, B" 0y, i, Agi, B B, Bl

1420 0<a <05
é_{a,Za,l,l,l—i—a,l—{—oe,{ ) O.5<a<1}’2’2}'
Quantities with a tilde are considered to be of zeroth order, while the orders are made explicit with
€ and €“. The leading orders of the above variables are not affected by the value of «, except for B~
where we find

2 av;
O(e™): B~ =%, [§B+ + 3pA02] a—v for 0<a <0.5, (34a)

i
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or
) CT26+48) alnp 10 36
O(e?): B =3, 0 - (8- —
(<) 7555 Uy, 5+05) %%,
12 ov;,  (24—35) g
——eakjﬂ—ﬁe—q for 05<a < 1. (34b)
5 % T 2(5+40) on

Note that for & ~ 0.5 both contributions have the same order and their sum must be considered.

V. GRAD’S 36 MOMENT EQUATIONS IN OPTIMIZED VARIABLES

We identified the final variables in Sec. IV. Their balance laws, which are the final closed form
of the 36 moment equations, are obtained from the original moment equations by the appropriate
linear combinations. Here, we only show the equations for the first 18 moments, the equations for the
remaining 18 moments are presented in Subsection A 2 of the Appendix. The introduced notation
allows us to arrange all terms by their explicit e-orders. In particular we have the following.

The conservation laws for mass, momentum, and energy

Dp av;
p— =0, (35a)
0x;
Dv; dlnp 30 RYNG ~dlnp 1 06;;
— 46 — | —€*| — + A0 =0, 35b
|:Dt + 0x; + Bx,-] € [axi + 0x; i|+€ |:,O 0x; (35b)

Do + 2 981}1 o 2 Aéavl 4e 2 9g; e ov; 0: (350
— + ——p— | — €| —— € |l——+6;=—)|=0;
Poi T 316" ox, 346" o5, 340 \ox U ox,

the balance laws for dynamic temperature A@, stress tensor o, overall heat flux g;, heat flux
difference Ag; , and higher moment B*:

o[ ,Da8 2 6 o, 2 s 2 0d oy,
[ —_—— E— _E —_—— O—l“_
Por T33+87% 05, 3348 \5+080x Y ox,

_el+a[2 $ M‘?z} 2 4 gavi o

35468 ox 33457 9%, T

AfG, (35d)

Déi; 4 9G; av; AV ~ v
1 t <i ~ Jj> ~ <i
€ 26 i —— i— 2pA0

[ Dt + 5+80x;- + 20k Xy +0ij 0xy :| |: P xj>:|

4 5 MG dii}, v 1 el
o |20 98G<i | o TRk | _ —2p6 v —+ E~ Gij,  (35e)
55+56 8xj> BXk axj> Tir Tint

Dg; 1 av; oV . 0v; B 546 a0 dlnp 06;;
Zt . (s 25— | —=————0 iy
¢ [ +5+5(( + )< e T x, >+ qfax-)“f( 2 o ox )%

ax
[ NG (545) ~89}_ [ I 3p+283+] 61+a[ 48 835}

00—+ —pAO— AG——+ AG? —=
0Xx; + 2 p 0x; 0x; + dx; 39 0x; 256 +42 ox;

4 lte ) Ad ov; 4 A Z)vk_|_2A~ ov; n Aéaln/o_i_aAé‘~ +A§36ij
€ f = i — Gij —
S+ \"ax, TR T 5%y, I\ T o
N 2[5 9B~ 21443876 +3) B G 36k 000V,
—_ - — u
€2 13 ax; 14468 258 +42 ax;  p dx, UK 9,
G+5 a0 ( 1 el

=— 06— — g, [ —
2 P axi 1 ftr * fint

) ,  (356)
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DAG; 25478 dv; 5348 ~36;; ~alnp dAD
! ! Agi—t + 2SN 4 6y AD Fik—
[ Dt 5640 Yy T2 s ox; oA T

1 Ay vy 15+78 3B}
N———5 78A,— 28 AG— —
€ [5(5+6)(( +76) qa + Gk +

dx; 42 + 258 dx;
53434 OA6 53435 9 5(8+3)0B*
O‘I:(+)pA9 L3348 po0p 56+ ]

26 ax; 2 6 ax; 396 Ox;

R R R LV R AW L. TR L VAY 56 —10) 08"
2 (g0 g OV O 35 5 dnp “]36-10
5+ \Tox, T Tox, T Uy, ox; " ox - 395 ox;

dv; Gy 96 3+8 8+6 9B;] 53+8 aAé 1 el
e gl 030 _ ]2300,,000 (1,
xe  p dx; 1448424258 dx; 28 8x,~ A
(359)
DBt 85..0 23-3 ) 268 -0
¢! L 8w, ( )3png2 2V | 4 1o | 200 o ag 3%
Dt 39 Xy 3456 Xy 346 Xy
[.23—8 . dv, _8—23 ~0G; 8(5—123) _ 96
2—«a J
3 ABG —L + 33— A — T AG—
te [3+5 o 0315 o, 540 8xk]

- 1059 E)chk+A~81n,0 20—52~ aAé+A§alnp 6268 E+au,-
545 o o )T 51 T g oxe ) 255+ 42 K o,

20 [240 =547 —5) 8G 2 _ (100 —85 36 dv;
- - + 806, —

g 20— 862
2610610 o 1\ T2 oy ¢ L dx

108 RV a1l 108 Ady 36y; 2. 120. 9
+ |- —AG + a0l e | SE SR
5436 0xg dX) 546 p 8)6]‘ 39 Xy

sow [ 112(7=8)(B+8) = dv;  2(20-3) Gk 95y =_§pAé2_ 1 e 5t
(1448) (42+258) Y ox, | 548 p ox; 2 %, '

Ttr Tint

(35h)

The order of terms with B~ are shown with two powers of ¢ in braces; the upper one corresponds
to 0 < o < 0.5 and the lower one corresponds to 0.5 < o < 1.

VI. MODEL REDUCTION

The explicit orders can be used for model reduction such that in each order under consideration
only terms up to corresponding power of € are kept, while all other terms can be ignored.

As it was discussed earlier, for rarefied gas flows values of « less than 0.5 are relevant and will
be considered from now on, unless stated otherwise. While the expansion series (24) contains all
mixed powers of € and €%, the final equations ((35a)—(35h) and (A3a)—(A3d)) only contain some
terms. In the following, we are interested in terms up to €, and find only the following powers:

{607€a7€2a’ 617€l+a’61+2a’€1+3a’ 62—057 62, €2+a’ €2+2a7€2+30¢’ 62+4a’ 63} )

Their order depends on the value of «. For values of o below 0.5 the different sequences of orders
are (up to €°)
O<a<025: {EO’GQ’ €2a7€l’€1+a7€1+2a’ 61+3a’62—a’ 627€2+a7€2+2a’ €2+3a’ 63} ,
025 <a <033 {60, Eot’ 6201’ €17 €1+0t €1+2a’ 6270( €1+30(’ 62, €2+a’ €2+20t’ €2+30(’ 63} , (36)

)

033 <a <05 {60,6a,62a, 61,61+a,€2_a, €1+2a,62, El+3a’ 62+(x’ 62+2a,63} .

Here, only the underlined terms are changing location between different values of «.
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A. Zeroth order, €°: Euler equations

As we proceed, we will identify relevant terms in the equations as written for the scaled variables
{Aé, Gij» Gi» - - .}, but we will write the final equations for the unscaled variables { A9, Cijs Gis - - - }.

We begin the reduction process with the conservation laws, which are required at all orders of
accuracy. Their details, however, depend on the order considered. We write the full equations as

Dp n v, 0
Dt pax,- -
Dv; 9 (p0) d(pA0) 00i;
) = 2% <o, 37
p Dt + 0Xx; |: 0x; ]+|:|:8XJ (37

346 DO av,' Bvi Bq,» 81)]'
T4 pb— — | pAO— 4o, —L||=0
> "o T [" axi]+[[axi+"-’axiﬂ

Comparing with (35a) we see that the terms in single brackets are of order O (¢*), while the terms
in double brackets are of order O (el).

Accordingly, to zeroth order O (EO) , all terms with brackets will vanish. Then, the conservations
laws reduce simply to the Euler equations in their typical form for polyatomic gases with constant
specific heat ¢, = %R, which corresponds to setting A6 = o;; = g; = 0. The Euler equations are
a closed set of equations for the variables {p, v;, 6}.

For higher orders, however, the terms with brackets must be considered. Since these contain
the variables A6, o, and ¢;, additional equations for these are required, which must be carefully
extracted from the full set of equations.

Subsections VI B—V1J will discuss this based on the desired order of accuracy in the powers of €,
and the different values of the exponent «, which determines the relative importance of contributions.
For this, we will consider the increasing orders as laid out in (36).

B. Order ¢*: Dynamic temperature

The first non-equilibrium correction appears for o order, where the terms in single brackets
in the conservation laws (37) must be considered, but not the terms in double brackets. Hence,
an additional equation for the dynamic temperature A6 is required, which at this order is simply
the leading term. The heat flux and stress tensor are effectively zero. Accordingly, at o order, the
conservation laws (37) are closed with

26 0 v;
3(3+98) dx;
From the conservation laws, we recognize that in a moving gas the pressure is not just the equilibrium
ideal gas pressure p8, but p = pf — p A6. For this reason, one often denotes the second term as the

dynamic pressure,'>% TT = —p Af. In the classical Navier-Stokes equations, the dynamic pressure

has the form IT = —v% where v is the bulk viscosity. Comparing with the above, we identify a

relation between relaxation time t;,; and the bulk viscosity,
28 0
3G+0)"

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 (§ = 0).

AO = Tint and Oij = (q;i = 0. (38)

(39)

= Tim

C. Order ¢2*: Refined dynamic temperature

For all o < 0.5, the next order appearing in (36) is €2%. Since oj and g; are of order € > e,
they are still not relevant. The conservation laws do not contain terms of order 2«, hence they are
unchanged from the previous case (order ¢*). While the next higher order terms of A8, which are
of order £* and give overall contributions of order €2, must be considered. This gives the closure
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by a full balance equation for A8, while stress and heat flux can still be ignored,

DAG 2 ap—p) Y LAY’ d 0 (40)
_— — _— = — ant g;; = i = U,
Dr " 33+8)" 0xi  Tim v
This set of 6 field equations agrees with the set of equations used by Taniguchi et al.°! to study shock
waves in rarefied polyatomic gases.

0

D. Order ¢': Refined Navier-Stokes-Fourier equations

For the first order, terms up to e! order are considered in the conservation laws (37), for which
now all terms are relevant. In addition to the balance law for A6 (40), the leading terms of the stress
tensor and total heat flux are required as well,

v 546 06

and ¢, =-—-1,——pf— 41)

o;; = —1,,.200 .
/ rep an> 2 8)6,'

These first order equations for oj; 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 © and the heat conductivity £ which we identify as

5+96

w = 17 po and K = r,,T,oG. 42)

The obtained relation for the shear viscosity is identical to that of the monatomic gas. Internal degrees
of freedom affect the heat conductivity, which differs from the monatomic gas as extra means of
energy transport are present in the polyatomic gases.

However, what we have obtained here at first order are not the classical NSF equations, since we
have to use the full balance law (40) for A6 (or dynamic pressure). The classical NSF equations are
a five variables model for {p, v;, 6}. However, the refined Navier-Stokes-Fourier (RNSF) equations
obtained have six independent field variables, {p, v;, 8, A@}. This is a result of the scaling, where
we assumed o < 0.5. The classical Navier-Stokes-Fourier equations only arise for 0.5 < « < 1, this
is shown in Sec. VI I. The importance of the refined Navier-Stokes-Fourier equations with the extra
balance law for dynamic pressure will be shown and discussed in the Sec. VII D.

E. Order ¢'+: RNSF equations with first internal DoF corrections

The next order of accuracy (for all « < 0.5) is obtained by considering the next higher terms
in the equations for A6, o, and g;, which are the contributions with factor €' for the dynamic
temperature (35d), and contributions with factor € for stress (35¢) and heat flux (35f), so that at
order 1 + «, the conservation laws (37) must be closed by

DAG 2 b 26 2 9g av; P o
—_—t ) ———————+o0;— | =— , a
P T33+6)" ax;, 3G+ \5+50x @ Uax T
v 548 36 06
oij = — 120 [0 — AD] 5 and g =—1p|——I[0—A0] — -0 . (43b)
Xj> 2 8)6,' 8x,~

Additional corrections to the NSF equations occur due to the internal degrees of freedom.

F. Cases with 0 < « < 0.25

To proceed to the next order, we now have to distinguish further among the possible values of
o; we begin with the window 0 < o < 0.25.
1. Order '+t2*: RNSF equations with second internal DoF corrections

Close inspection shows that the next higher terms in the balance for A9 add contributions
to order 1 + 2«. Indeed, at this order the full balance law for dynamic temperature must be
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considered,
DAG 2 25 2 dg; oy,
[ — J— S — —_— 0'i<_
i T33+6)" 95 3G+0) \5+50x ' Vox
2 5 0Ag
_Z 0 984 P Ap (44a)
35456 8)C,‘ Tint

This equation now has a contribution with the heat flux difference Ag;, which here must be considered
to leading order,
53+48) 0A6
Ag; = 1y ———pbf——. 44b
G =T PO (44b)
At this order, the equation for stress remains unchanged, but the equation for heat flux now has also
the terms with the factor €2* so that

v
oij = —1y2p [0 — AO] — (44c)
Xj>
5434 a0 dA0 aA0 a 2 dB*
gi=—t (0 L[6>—A9]——0——A6v— YN . (44d)
0X; 0Xx; 0x; dx; 39 0x;
For closing the set of equations, the leading order term of BT is required,
39
Bt = —EpAOZ (44e)

Also at this order, all corrections to the NSF equations are due to the internal degrees of freedom.

2. Order €'+3*: RNSF equations with third internal DoF corrections

The next order of accuracy is obtained by considering the conservation laws (37), the dynamic
temperature equation (44a), the constitutive equations for the heat flux (44d) and stress (44c), and
terms up to « order in the heat flux difference as

53498 (1 dA0 2 0p. 1 9B*
Agi =1, | 222 (0 +00) 227 4 Ad 22 45
q Tr|: 5 {2< 0+ A0) ox + ox >+39 ox 45)

3. Order ¢2>~*: RNSF equations with full corrections

The equations at order 2 — « are the full conservation laws (37), the full dynamic temperature
equation (44a), and the following constitutive equations for heat flux and stress (considering terms

up to €' =% order),
1 0 <i
O = — e 2p [0 — AB] (462)
’ [ 1 1 ] ij>
_ + N
Ttr Tint
1 546 00 VAN oAb , dp 2 0BT
== 0 —AN]— —O0—— —A—— | —ANO"— — ——— ).
4 |:i N L] <'0< 2 [ ] ax; ax; dx; ) ax; 39 dx;
Ttr Tint
(46b)

The equations for the heat flux difference Ag; and for B* remain the same as for the previous
case, i.e., (45) and (44e).
4. Order €2: Refined Grad’s 14 moment equations

Starting with the second order of accuracy, balance laws for stress o ;; and heat flux ¢; must be
considered. To reduce the number of equations shown, we again adopt a notation with brackets and
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write (35¢) and (35f) as
DG[j 4 86]<,‘ 8Uj> 81) 81)<,‘
+ 204<i——— +0ij— — 2pA0
Dt 5+680x)- 0xy 0xy 0xj>

0,0
4 5 0Aq.; oy v 1 1
- = —2p0 — — o, @1
+|:55+8 0x > :|+|:|:|: 0xy p 0x > ‘L',',,t+‘L',r i (472)

Dg; 1 av; av, ov; 5446 a0 dln d0;;
i‘f‘_{(7+ )<QkTI+C]iTk)+2Q‘—j}+U,‘j< -0 ,0>+9_]
k k

Dt 5+3 d T 9x; 2 ox; dx; x;
IO (B+5 ING dp 2 9B
—,09——( * )pAe——pAe—— P02
0x; 2 0x; 0x; dx; 39 0dx;
45 BBfk ) ov; YA vy . 2A ov; n Aealn,o n dAbo;;
v ALy WAE ) 929
255 +42 oxp 5+ \ " Tgx T T 50y, 2% T o,
3 9B~ T +3)(14+38) 3B, 0w do;  009V;
290 _ Jik 00 2%
26 dx; (258 +42)(14+8) axp  p ox;  “Fox
845 11
= )pe—— +—)q. (47b)
2 axl Tint tr

For the second order accuracy discussed presently, all terms of the above equations except the
bracketed terms must be included; these are the terms with factors up to €' in (35e) and (35f). The
other relevant equations are the conservation laws (37), the dynamic temperature equation (44a),
and the previous constitutive equations for Ag; and BT, (45) and (44e).

With balance laws for stress and heat flux, the second order equations form a set of partial
differential equations (PDEs) for the 14 variables {p, v;, 6, AB, 0;;, g; }. Other authors discuss a 14
moment set for polyatomic gases,'*!>4> where the equations differ from what we find. Indeed, our
refined Grad’s 14 moment (RG14) equations contain additional terms of order €'+2%, which are the
single underlined terms in the equations for overall heat flux (47b) and the dynamic temperature
(44a), along with the constitutive equation for B* (44e) and Ag; (45). These terms would not appear
for o > 0.5, where they would give contributions of higher than second order in €. Hence we can
say that the equations in Refs. 14, 15, and 42 are only relevant for the case that « > 0.5, and second
order accuracy.

The mentioned 14 field theory'# >4 contains the three double underlined nonlinear terms in
(47b), which according to our analysis are of orders €2t 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
(those that stand in the same bracket, as well as contributions in other equations).

5. Order €2+*: RG14 equations with internal DoF corrections

In the next order of accuracy, the terms in single brackets in the equations for heat flux (47b)
and stress (47a) must be added, which are those with factors up to €'** in (35f)—(35e). Together with
the conservation laws (37) and the full balance law for dynamic temperature (44a), we still have a
set of PDEs for 14 variables, which is closed by the constitutive equations for Ag; and BT up to 1
— « order,

1 5B+ A6 3 1 9B+
Agi = [ (+){ <(6+A9)—+A92 p>+ }
[L.,.L] 8 2 dx 39 dx;
Tir Tint

2 AV av; v d0;; dlnp
5+8<q 8xk+q 9xk +q'3xl> (3)61 o GRY ﬂ (@5




052001-18 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

1 39 pAG? 266 v
B =— - N 48b
I:L_i_ 1 ](2 Ttr +3+8p 8xk ( )
and the leading order contribution to Bl.“; s
42 4+ 256 ov_;
Bt =1, 220 gpg Vs (48¢)
J 1) an>

6. Order ¢2*22; Refined Grad’s 18 moment equations

Increasing the accuracy to 2 4 2«, require the following equations: the conservation laws (37),
the full equation for dynamic temperature (44a), the equations for stress and heat flux (47a) and (47b)
without the terms in triple brackets, and balance laws for Ag; and BT,

DAqi_'_25+78A avi+53+8A980,j A98ln,0+ LIAN
— +-——A— +o0; Oix ——
Dt 5G+8) Mox, T2 8 ax; O ax T x
1 vy du\  15+78 9B
25 1 78) Ag; 28 e
t36+ 8)(( IO Adig TR >+42+253 x

53+8)  9A8 5348 L3 S5(5+3)0B*
- A8 22708 SR
( % P T2 an T 395 om

n 2 8vk 8v n v 4o d0;; dlnp
515 \Dow "% T ax, o

56-1000B-7 5(3+3) o
= pd80 (L Agi, (49
+[ 395 ax,l 25 " 8xi (r,, +r,»m> 4 (9a)
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Once more we use square brackets to distinguish between terms at different orders. At the order
(2 4+ 2), presently discussed, only the terms outside the brackets in Eqs. (49a) and (49b) must be
included. Closure of this set of equations requires constitutive equations for B;JT (up to « order) and
B~ (at leading order), which read,

42 + 255 2 du_;
B: =1, | ———(p0A0 + =BT | —|, 49
i [ 5 ( *39 )ax,j (490)
2 v
B =1, | =B +3p00% | 2 (49d)
13 8x,~

At this order, we have PDEs for the 18 variables {p, v;, 0, A8, 0ij, qi, Ag;, Bt }, which are the
refined Grad’s 18 moment (RG18) equations based on the proper ordering.

7. Order ¢2>3*: RG18 equations with internal DoF corrections

At the next order, 2 + 3, the equations are the same as for 2 4+ 2¢, only that now one additional
term, which is the single-bracket term in (49a), must be included.
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8. Order €3: Regularized 18 (R18) equations

Finally, we present the equations at third order of accuracy, which are: the conservation laws
(37); the full equation for the dynamic temperature (44a); Egs. (47a), (47b), (49a), and (49b)—with
all terms—for stress, heat flux, heat flux difference, and B*. These 18 PDEs are closed with the
constitutive equations for B;jf up to 1 — « order,

1 0V~ 56 0 14+6 0
B;} Sl — [_9 <120<iji + —<Tk<ii _ By %ij vk)
I:L_’_L:I Xy 5 0x;> 346 ax

Tir Tint
42 + 256 2 du.; 2(14+96) 0q < a0 dlnp
20 (M0 + =B - 0 = — g :
L <p 39 )ax,-> 544 (ax,>+q ox. T gx
(50a)
for B~ up to 1 — 2« order,
B~ 2 g 3pn0?) 20 12, 00
= Tyr —_— —_— — — o, —
I\ 13 P o 5 Moy,
1 0q; a0 dlnp
e (4—5)02T L ag | (15+48) 2= —(6+6)6 . (50b
2(5+s>(( )axi+q"[( LR T ™ D] G0

and for ”?12 and B;; at their leading orders,

00 -;; dlnp 12 av;
0,0 <tJ J
S = — r 39 — 3 <i 0 <i ’ 50

uljk i |: 8-xk> 7] a)Ck> * 5+ aq a)Ck> i| ( C)

|: 14+68 dq.; 1446 20
=17, |2

5406 ox;. 5468 ax.

+214+89 dlnp 5+1469 av,>+ v 2 v (50d)
<i - - Ok<i Ok<j — 50— .
5+6 19ox.  s+37 o T ax. 37 on

This is the set of regularized 18 (R18) equations corresponding to the third order of accuracy.

G. Cases with 0.25 < ¢ < 0.33

The ordering of terms depends on the value of &, as outlined in Eq. (36). Above, we considered
the model reduction for & < 0.25, which gave a hierarchical sequence of equations. When we consider
slightly larger values of ¢, those in the interval 0.25 < o < 0.33, the ordering of contributions changes.
Specifically, only two orders change position in the ordering sequence (36), namely, €>~¢ and €' +3¢,
The difference is relatively small: all set of equations corresponding to orders {€°, €%, €2, ¢!, €12,
elH2e g2 g2te 242 (23« 31 are the same as those in Subsection VI F. The two changed sets of
equations are discussed below.

1. Order ¢2—

The 2 — « order of accuracy requires the full conservation laws (37), the dynamic temperature
equation (44a), the constitutive equations for the heat flux and stress (46), the heat flux difference
(44b), and the leading term of B™ (44e). To save space, we will not show the equations in detail.

2. Order ¢'t3«

At order 1 + 3« one must consider the full conservation laws (37), the dynamic temperature
equation (44a), the constitutive equations for the heat flux and stress (46), the leading order of B*
(44e), and the equation for heat flux difference (45).
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At even larger values of «, in the range of 0.33 < « < 0.5, four orders change position in the

ordering sequence (36), viz. e

€

142

>

143

€2, and € . Moreover, the 2 4+ 3« order is greater than

third order and is not further considered. The changed sets of equations are presented below, the
equations at all other orders remain same as those of Sec. VI G.

1. Order ¢2~

The 2 — o order of accuracy is gained by considering the full conservation laws (37), the
dynamic temperature equation (44a) without terms in double brackets (i.e., terms up to 2 — 2«
order), and terms up to 1 — « order in the heat flux and stress tensor,

_ ! 2010 — AG] V= (51a)
01] - -1 N 1 = <P axj>1 a
_Ttr Tint_
1 545 30 9Af
= _ 0 — Al — — 9227 51b
4 1 p( 2 | ox, 8x,»> (51b)
—
_Tlr Tint_

2. Order ¢'*2

At order 1 + 2« the polyatomic gas must be described by the conservation laws (37), the
dynamic temperature equation (44a), the constitutive equations for the heat flux difference (44b),
and the following equations for stress and heat flux:

- L oppo— a0 28 (52a)
Uzj - r 1 + 1 = <P axj>7 a
_Trr Tinl_
1 5456 a6 dA0 dA0 5 0p 2 9B*
= — _ 0 —AO]— —0—— — AG— | — Ap2 L~ T
4 i L <IO < 2 [ ] ax,- Bx[ Bx,- ) 8)6,' 39 8)6,‘
L Ter Tint |

For closing the set of equations, the leading order term of BT (44e) is required.

3. Order €2

The second order of accuracy requires all terms in the stress and heat flux balance up to factors
€', which are Egs. (47a) and (47b) without all terms in brackets, as well as the conservation laws
(37), the dynamic temperature equation (44a), and the constitutive equations for Bt (44e) and the
heat flux difference (44b). the second order equations form a set of PDEs for the 14 variables
{,O, v;, 9, AQ, Oij, q,‘}.

4. Order ¢'+3«

In 1 + 3« order of accuracy, almost all equations are the same as at second order, only that,
in order to include the proper higher order terms, the constitutive equation for heat flux difference
must be replaced by (45).

5. Order ¢3

The third order of accuracy corresponds to the 0.33 < « < 0.5, the only change from the set of
R18 equations at lower o (0 < o < 0.33) is the balance law for the heat flux difference, which now
only terms outside brackets in the Eq. (49a) are needed.
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I. Classical Navier-Stokes-Fourier equations, 0.5 < o < 1

The classical Navier-Stokes-Fourier equations arise only for cases with 0.5 < o < 1, where
they are the appropriate system at order . Here, the powers £°, ¢%, and &' are required, while the
corrections to dynamic temperature of order £2* and higher must be discarded. Accordingly, the
proper first order set is the conservation laws (37), together with the stress and heat flux as given in
(41), while the equation for dynamic temperature is (38),

= girm,@%. (53)
33456 0x;

The classical NSF equations give a five variables model for {p, v;, 8}. As discussed in Sec. IV, «
will assume values below 0.5 for rarefied flows. Thus, the classical Navier-Stokes-Fourier equations
have rather limited applicability in the rarefied regime. As was shown earlier, for 0 < « < 0.5,
the refined NSF equations are the appropriate model at first order in &. These use the full balance
law for dynamic temperature (40) instead of (38), and have the six independent field variables,
{p, v, 0, AB}.

J. Intermediate summary

The relaxation of the internal degrees of freedom leads to various ordering sequences for different
values of o, which differ in particular in the terms associated with the dynamic temperature Af. The
accounting of these terms, which depends on the value of « and the accuracy under consideration,
needs great care.

At the first order of accuracy, a refined version of the classical Navier-Stokes-Fourier equations
is obtained, which includes the balance lawfor the dynamic temperature (Sec. VI D).

At the second order, a refined variant of Grad’s 14 moment equations is obtained, which includes
some corrections and two extra constitutive equations for Ag; and B™. We note that the higher order
terms in the dynamic temperature introduce higher space derivatives into these equations, which are
not present in the typical Grad 14 moment system.'* !>

At order 2 + 2«, a refined variant of Grad’s 18 moment equations is obtained which consists of
18 PDEs and two constitutive equations.

Finally at the third order, the regularized 18 moment equations (R18) are obtained which consist
of 18 PDEs and four constitutive equations, and contribute regularizing terms similar to what appears
in the R13 equations for monatomic gases.>”

In order to decide which set of equations we need to consider for a particular problem, the
relaxation times and their ratios must be known. Therefore, the particular problem under consider-
ation determines which set of equations should be used. This choice depends on the values of both
Knudsen numbers: If the value of Kn,, is rather small while Kn;,, is relatively large, one will choose
a model with high power in €* and low power in €; these are models with corrections to the NSF
equations, i.e., the set of 1 4+ 3« order equations (Sec. VI F 2). On the other hand, if both Knudsen
numbers are small, one can use a lower accuracy model, like the refined NSF equations (Sec. VI D).
In problems when both Knudsen numbers are large, particularly order unity values of Kn,,, a higher
order of accuracy is an essential choice, e.g., one would choose the third order R18 equations
(Sec. VIF 8).

Vil. LINEAR WAVE ANALYSIS

As a first application of the introduced model, we study the behavior of one-dimensional linear
waves as forecasted in the obtained different orders of equations. We compare the predictions
of the various equations in the hierarchies among each other as well as to those of the classical
Navier-Stokes-Fourier equations, and its modification containing the balance law for the dynamic
temperature. Moreover, we study the influence of excitations of the internal degrees of freedom by
comparing with results for monatomic gases, where we will highlight the influence of the ratio of
collision times, T;,/T ;.
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A. Linearized equations

Sound waves are small disturbances of an equilibrium ground state {09, v? =0, 6y}, and hence
it suffices to study the linearized equations. For this, we write all variables in terms of their ground
state values plus a small deviation, denoted by a hat, as

p=po+p,0=00+0,v =0, A0 = AD, 0;; = 6}, qi = Gi.

B~ =B, uly =l (54)

Agi = Agi, B =B}, B~ =B, B =B Dy =gy

ij? ij?
All deviations are considered to be very small, and the systems of equations are being linearized by
keeping only linear terms in the deviations.
The equilibrium rest state {pg, 6o} is used to non-dimensionalize all quantities and equations.
Specifically, we set

Xi t Tint  _ Ttr P

Xi=—7—= ) ZT = Ting = — sy Tor = — 0= ——1 )
N v " 7 p 00
- 0 _ AB V; O . Ag:
9=_—1,A9:_,5i:_l,5ij:i’—I:L’Mi: ng, (55)
b 6o 8o el 00/ 00/
0,0 + _ B
700 _ Ujjk ~. By B Bt — BT __ B
00 — . Bf = . B = , =, =
B ey ot P03 003

Note that the dimensionless relaxation times, 7;,, and 7;., are the Knudsen numbers. In order to do
the one-dimensional wave analysis, all variables should depend only on time and x-direction. For
simplicity we use the following notation for the relevant elements of vectors and tensors:
0,0 )
v =v,011 =0,q1 =g, Aq1 = Aq, ujy, =u®0, (56)

To avoid complexity, the over bars and hats are dropped from now on, wherever applicable. For
deriving the trace free tensors in the 1D equations, care must be taken. For instance, the trace
free parts of derivatives of stress and velocity are %‘:—j‘: =29 and g)”c—lj = %g—; The final set of
one-dimensional linear dimensionless equations are presented next.

B. One-dimensional linear dimensionless equations

For having the Grad’s 36 moment equations, the conservation laws,
ap v
L4+ — =0, 57a
ot + 0x (572)
dv ~dp 00  do  OAO

—_—at — 4+ — 4+ — - —— =0, 57b
8t+8x+8x+8x 0x (570)

a0 2 Jv 2 dq

— + —+ — =

ot  3480x 3+50x
full balance laws for the dynamic temperature, heat flux and stress,

0, (57¢)

BV 28 dv 48 dg 28 0Aqg  Ad 57d)
a  33+8dx 3B+8)G+8)dx 3G+ dx  Tiw
do N 4 9v 8 g N 8  9Ag N ou0 1 N 1 57¢)
R _— —_ = — — | O, €
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dq N 54800 90 JA6 N 45 9B}, 2 9B*
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should be considered along with balance laws,

0Aq 5@3+46)0A6 Odo 15476 BBIJ’1 53+68)0BT
ot 25 0x ox 424255 0x 396  0x;

3948 9x 14 +542+ 255 ox
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Tint Ttr
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3 23+8G+Hox 5+ ox T T
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o 2A4+0)dg | ou 0+ 23904q (1 1lgs (570)
9 3(5+8) ax  ox 155+8) ox Tt | T
du' 900 185 9By  18(14-9)G+8) 8By _ | 1 1| o
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The set of equations for first, second, and third order could be obtained by zeroing the corre-
sponding underlined terms, e.g., zeroing the second and third underlined terms reproduce the second
order set of equations.

C. Plane harmonic waves

All sets of linearized one-dimensional equations can be written in the general form

3143 u B
App—— + Cup—— = Lapus, (58)
ot 0x
with the coefficients matrices Aap, Cap, and Lap corresponding to the equations and variables vector

defined as

W™ = {p, v, 0,0, AB, g;} first and second order, (59a)
uB% = (p,v;,0, 0, A0, q;, Aq;, BT, B™, u?j:g, B;;, B;;} third order and G36. (59b)

Making the harmonic wave ansatz,
ua(x,t) =iigexpli(wt — kx)], (60)

with the complex amplitude ii 4, frequency w, and wave number k, and inserting the harmonic wave
into the general form of the equations results in an algebraic equation,

[ia)AAB —ikCAB—LAB]ﬁB =0. (61)

The only non-trivial solution for this equation is obtained when the determinant of the complex
matrix inside the bracket becomes zero, which gives the dispersion relation. For different set of
equations, the dispersion relation has different numbers of branches.
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D. Phase velocity and damping factor

The phase velocity and damping factor are defined as
Vh = kﬂ and ¢ = —k;. (62)

We found 2, 3, 4, and 4 pairs of branches for first, second, and third order set of equations, and
G36, respectively. Each of these pairs consist of two waves with the same damping and velocity
magnitude moving in opposite direction.

The frequency is made dimensionless such that it can be considered as a Knudsen number,

@ = w1ty = Kn. (63)

For convenience, the internal Knudsen number is set to unity, Kn;,; = 1, so that the reference time
scale is the internal mean free time, g = t;,. This means frequency is a measure of the internal
Knudsen number.

Figure 2 shows the branches associated with the lowest damping, this is the sound wave,*? for
the different sets of equations, where only one branch is plotted. The dimensionless inverse phase
velocity and the reduced damping factor ¢/w for a wide range of dimensionless frequency and two
different ratios of Knudsen numbers, 10~ and 1073, are shown as functions of inverse frequency.

All sets of equations agree for low frequency (i.e., small Knudsen number). However, as the
Knudsen number rises (i.e., for smaller inverse frequency), first the refined NSF equations start
to deviate, followed by the second order set of equations. The third order equations, R18, have
agreement with the full set of 36 equations up to higher Knudsen numbers. Therefore, the range
of validity for the set of R18 equations is near 1/wt;,; = Kn,/Kn;,; this value of dimensionless
frequency corresponds to the case of Kn, = 1. Based on Fig. 2, the expected validity of the R18 is
up to Kn,, = 0.6.
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FIG. 2. Inverse dimensionless phase velocity /(5 + &) / (3 + 8)/v,, (left) and reduced damping ¢/w (right) as functions
of inverse frequency 1/w for various Knudsen number ratios and different sets of equations: refined NSF (orange dashed),
second order (green dotted), R18 (black continuous), G36 (black dashed-dotted).
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FIG. 3. Inverse dimensionless phase velocity /(5 + &) / (3 + 8)/vp (left) and reduced damping ¢ /w (right) as functions of
inverse frequency 1/w for two Knudsen number ratios and different sets of equations: R18 (black continuous), classical NSF
(red dashed-dotted), refined NSF (orange dashed).

A comparison between the refined and classical NSF equations is made in Fig. 3. The difference
between the two sets is simply the time derivative % in Eq. (57d), which is there for the refined case,
but not for the classical NSF equations. Original NSF deviates from R18 for almost all frequencies
plotted, while refined NSF agrees to R18 for dimensionless inverse frequencies 1/(wt;,;) down to
the values of Kn,,/Kn;,;. Considering the proposed refined version of the NSF equations, instead of

the classical one, will extend the range of validity of the NSF equations considerably.

E. Monatomic limit

The cases with very low relaxation time ratio, so that t,, < tg < Ty, correspond to frozen
internal exchange processes. Therefore, if the internal mean free time becomes much larger than the
macroscopic time and translational mean free time, the internal degrees of freedom are frozen and
the polyatomic gas acts like a monatomic gas.

For convenience, now the translational Knudsen number is set to unity, Kn,. = 1, so that the
reference time scale is the translational mean free time, vy = 7. This means frequency is a measure
of the translational Knudsen number. In Fig. 4 results from the R18 equations for three different
relaxation times ratios are compared with the result from monatomic counterpart, which are the R13
f:quations.20 The three relaxation times considered here correspond to two extreme cases, excited (t,
~ T;,) and frozen (7, < T;,) internal degrees of freedom, and one case in between t,/7;,, = 0.5,
0.05, 1073, The case with 7,/ = 107> corresponds to the frozen internal state and exhibits a good
agreement with the monatomic results from the R13 equations. A polyatomic gas with § = 2 behaves
like a monatomic gas with § = 0, if the internal degrees of freedom are frozen. For intermediate
values of 7,/t,,, the speed of sound is strongly dependent on frequency. If the frequency is small
(large 1/wT), the internal degrees of freedom have time to relax, and the speed of sound is that for §
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FIG. 4. Inverse dimensionless phase velocity /(5 + &) / (3 4+ 8)/vp (left) and reduced damping ¢ /w (right) as functions of
inverse frequency 1/w for set of R18 equations for Knudsen number ratios, 0.5 (black dotted), 0.05 (black dashed-dotted),
1073 (red dashed), and for the set of R13 equations corresponds to the monatomic gas (green continuous).

= 2, but for larger frequency, the internal degree of freedom does not have sufficient time to relax,
which results in an increased speed of sound.

Here, we reproduce the monatomic gas behavior as an asymptotic solution of the equations,
without setting the internal degrees of freedom to zero, as was done in Ref. 43.

Vill. CONCLUSIONS AND OUTLOOK

The present paper introduced new macroscopic models for the accurate description of poly-
atomic gas flows in the transition regime by employing the order of magnitude method. Different
energy exchange processes have been described using the two term BGK collision model. We defined
optimized moment definitions such that only linearly independent variables at each order exists. The
final closed form of the Grad’s 36 moments equations for polyatomic gasses has been presented.
We applied the model reduction and obtained 13 different set of equations associated with various
order of accuracy. Also, we discussed the changes in the equations due to the ratio of the Knudsen
numbers. A brief discussion on the appropriate set of equations which should be used to model
different physical problems and some examples on the determining parameters have been given.

The emphasis of the present paper is on the derivation of the equations and introducing a
comprehensive model for polyatomic gases in the transition regime. As the first application of the
introduced model, we studied the linear wave analysis.

A modification of the classical Navier-Stokes-Fourier equations, which we denoted as refined
Navier-Stokes-Fourier (RNSF) equations, was obtained at the first order of accuracy. This modifica-
tion, which includes the full balance law for the dynamic temperature, extends the range of validity
of the classical NSF equations considerably. At the second order of accuracy, a corrected version,
RG14, of the existing 14 field theory of moments has been obtained by considering two additional
constitutive equations. At order 2 + 2¢, a refined variant of Grad’s 18 moment (RG18) equations
is obtained which consists of 18 PDEs and two constitutive equations. The regularized 18 (R18)
equations, consisting of 18 PDEs and 4 constitutive equations, have been acquired at the third order
of accuracy as the final reduced set of stable equations which describes the polyatomic gas flows in
the transition regime with high order of accuracy. Based on the results for sound waves, the expected
validity of the R18 equations is up to Kn,. = 0.6. Several sets of equations for in-between orders of
accuracy have been presented as well.

Finally, as an asymptotic solution to our model, we reproduced the monatomic gas behavior by
considering frozen internal exchange processes, and not the zero internal DoF as in Ref. 43.

The next important steps in this research program are: (a) development of suitable boundary
conditions for the equations, including boundary conditions for the refined NSF model and (b)
analytical and numerical solutions of the equations, and a careful evaluation of their merits. Finally,
it must be noted that the equations considered here were based on the BGK model, fully developed,
or frozen, internal energy states. Rederivation of the basic moment equations based on more accurate
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kinetic equations will be required in the future, to obtain better matching of transport coefficients
(e.g., the Prandtl number, and temperature dependent specific heat).
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APPENDIX: GRAD’S DISTRIBUTION FUNCTION AND MOMENT EQUATIONS
1. Coefficients of Grad’s distribution function

The generalized Grad phase density for polyatomic molecules is

fiGrad = fis D ) D Gy IHVCHC Gy G (A1)

n=0 ¢=0 A=0

This distribution function for 36 moments (17) must reproduce the set of 36 moments as

Uup me/\pAﬁ36dCdI, (AZ)
with
Up = {,0, petry peintv 0'ijv qi,trv qi,ints ul!;oy M2Y07 M?;g, u?}l» ul.]}’
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Wa=(1, G, =, 312/5, C.Cj., IT’ CiI?°,C_;C;.C* C* C_iC;Ci., CLiC; I*, C* I,

The coefficients of the distribution function, Eq. (17), are obtained using the above equations as
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2. Moment equations

The moment equations for higher 18 moments, B~ Bi‘;, u?j,?, and Bl.;, are presented here. The

moment equations for lower 18 moments, p, v;, 8, A8, ¢ , q; , B*, and Ag; were presented in



052001-28 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

Egs. (35a)—-(35h).
o D§‘+711§_8vk N e 28 .. 8A9~+A0~81np
Dr 39" ox 2 [15G6+0) % ox e
+ e ' (4= 3)9 9 445 (15+48) (6+5)ealnp 1255, 0%
_ o o6, 0V
& [12G6+9) ox, Ik O 5% e
e r26+68)_ [and _dlnp 3G qv;
7 + AG 3A0 | — /
+{e°’}|:5+8 qk(axk 8xk)+ (a CETS )}
el 28 dAGy dlnp 368 . dv; 83 +9) 90
6 —Ag BE L 4 2T A G —
+{ e HS(SH) (8xk ‘Ik Bxk) 2125t Gro) q"axk]

+!62—2w} [196(5+6)(5+3)1§,¢j v, 2648 a6kj:| !62‘“” 25AG; 86@}
| _ _

B 50+ 14)(258+42) dx;  (5+8)p ox; 5(5468)p ox,

€° v, 2 i 40U 1 e\ <
_ 3pA02 Y - = B™, (A3
{61—2(;( [ P ax; MEE) 13 a)ij| (ftr * Tint ) (A%

DB 2014+ a1 AN 8 36
61 2 ( + ) A9~<1 np+q<17+7 q<i7
Dt 546 0x> 0x > 5 0xj>
([2@35+70), (9AG o dlnp\  12Q643) (14 du s v
5G6+0)  \ox. Ty )T 258+ 42 \15 k<igx U< gy
o v 3 1448 .9 84 + 508 -, dv_;
|2, Dz g pr 0% | T H 05 NGOV | | BT gy OV
Xy T dxp 3456 0xk 398 0xs

_ v 56 du 14458 du\ 1448 [ 9G. _ 90 dlp
+ 1= 0 (126 <i -—+—= <ihn_ T 5, Y5 +2 0 + <i -0 <i
¢ [ < T e 5 a3t G’ax,) 546 (axj> Tt o,

L [T042352 (MG Solnp €| 1470~ 199) - v
5+6 579 \ox;. ox ;- e 395 ox ;-

9y d1ln 14468 6;; (04 0
2—a ijk ~0,0 14 ij qk . oy
+ 46 — i — - [ = +4
€ |: ( 0Xy “ijk Xy 346 p (axk 8x )

85(3+4 - 0V 14 . d
_ 2o (3+9) 35, Vg +*B{<ii
(14 4+ 6) (42 4+ 256) Y9xy 5 0x;-

[5+14~0039 144382 a&j>,{} 3ﬂx[zhooa&,d}
_6‘

2 Mk T 546 01 ox ik,

+e

P

. dlnp IAG 2(70 4 238) AG<i 06~k

0,0

44 iy AO + - e
Xy Xy 55+4+596) o 0xg

OA0 —
) 8Xj> ftr * fint

l—«
:[4z+255 ~au<,_<1 € )B;], (A3b)



052001-29 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

[ D 360 960 64— 8B +8) 9Bl oo due ool

Ujij Uijk o
Dt o 0x (14 + 8) (42 + 256) 0xp~ 7 dx; I 0x;
Joes 9BL, _ raAd 9lnp 128 9y
+ € s e—— + U<ij -+ A -+ Aq<i
256 + 42 0xp- Xi> 0X)> 55+4+96) 0Xp~

6 dlnp 12 v; 1 el
_ _[29 (%0 _ 5 L Y L (A3
[<m>°”mb)%+ﬂam+%km+m, (A%

D— ~0,0 ~ ~
! DB;; 1446 39 8uijk_ﬁqzoaln,o _ Gij [ 9qk 5kl%
Dt 348 \7 \ ox¢ k9 x, o | 0x¢ Axs
_ Qv [(14-514(8+3) 115 6. v 4. Oy
2B, —L “B-. 4+ B
Te [ i T \Tavo2ss+a2 T2+ 42)\7 00 x 15 F<i9x ;.
~0,0
i 90 2 i 36 _ 9
+e | +14( L2 - =i 99 >k s
2 0xg S+ 1Yy X faxk
I R 2 8,5 99 o rda 8lnp+~ AN NG5 vy
€ = o | 2R9<ig— <i <i .
505 xS T | T 36 o
[ 450448 (o Blnp  0AG 38 6., du- 4. oy
€ _— <i — — ,, — — ) —_—
56+36+5 "o T Toxs 256 +42\7 <Y 9x, 5 *ox;

2] 2(1448) ~_ v 4514+ 6 ~d1 RYNG
€ : ( + )B_ v _ Eza ( + ) A~<i g np +
3G3+0) o) 56+3)(6+5) ox. | x,.

€
e [14+5 (3 0,0 [Aéalnp n 3A9:| 45 Ag- 85j>k):|

316 \7k v x| 5649 p  axn
L [36+ 14yl a6y 6(5 + 14) o e 2 ou
| | m e ki F Oki e — 01—
76 +3) p 0x 70+ 3) 00Xy 0xj> 3 Y ox

201448) (3G . 30 C9lnp\ . (1 €
- b <ig— G« )= B | — . (A3d
5494 ( 0x;s +4q 90X~ 1 9%~ i\ 1T = (A3d)

Ttr Tint

Is. Chapman, “On the law at distribution at molecular velocities, and on the theory at viscosity and thermal conduction, in
a non-uniform simple monatomic gas,” Philos. Trans. R. Soc. London 216, 279-341 (1916).
2 S. Chapman, “On the kinetic theory at gas. Part IT. A composite monatomic gas, diffusion, viscosity and thermal conduction,”
Philos. Trans. R. Soc. London 217, 118-192 (1917).
3D. Enskog, “Kinetische Theorie der Vorginge in mi ssig verdiinnten Gasen,” dissertation (Uppsala Univer-
sitet, Uppsala, 1917). For more information, visit http://www.amazon.com/Kinetische-theorie-vorg%C3%A4nge-
verd%C3%BCnnten-Edition/dp/B0040X4JFA.
4X.Zhong, R. W. MacCormack, and D. R. Chapman, “Stabilization of the Burnett equations and applications to high-altitude
hypersonic flows,” AIAA Paper 91-0770, 1991.
5 X. Zhong, R. W. MacCormack, and D. R. Chapman, “Stabilization of the Burnett equations and applications to hypersonic
flows,” AIAA J. 31(6), 1036-1043 (1993).
6S. Jin and M. Slemrod, “Regularization of the Burnett equations via relaxation,” J. Stat. Phys. 103, 1009-1033 (2001).
7S. Jin, L. Pareschi, and M. Slemrod, “A relaxation scheme for solving the Boltzmann equation based on the Chapman-
Enskog expansion,” Acta Math. Appl. Sin. 18, 37-62 (2002).
8 A. V. Bobylev, “The Chapman-Enskog and Grad methods for solving the Boltzmann equation,” Sov. Phys. Dokl. 27, 29-31
(1982).
Y. Zheng and H. Struchtrup, “Burnett equations for the ellipsoidal statistical BGK Model,” Cont. Mech. Thermodyn. 16,
97-108 (2004).
10M. Torrihon and H. Struchtrup, “Regularized 13-moment equations: shock structure calculations and comparison to Burnett
models,” J. Fluid Mech. 513, 171-198 (2004).
''H. Grad, “On the kinetic theory at rarefied gases,” Commun. Pure Appl. Math. 2, 331-407 (1949).


http://dx.doi.org/10.1098/rsta.1916.0006
http://dx.doi.org/10.1098/rsta.1918.0005
http://www.amazon.com/Kinetische-theorie-vorg%C3%A4nge-verd%C3%BCnnten-Edition/dp/B0040X4JFA
http://www.amazon.com/Kinetische-theorie-vorg%C3%A4nge-verd%C3%BCnnten-Edition/dp/B0040X4JFA
http://dx.doi.org/10.2514/3.11726
http://dx.doi.org/10.1023/A:1010365123288
http://dx.doi.org/10.1007/s102550200003
http://dx.doi.org/10.1007/s00161-003-0143-3
http://dx.doi.org/10.1017/S0022112004009917
http://dx.doi.org/10.1002/cpa.3160020403

052001-30 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

12H. Grad, Principles at the kinetic theory at gases, Handbuch der Physik XII: Thermodynamik der Gase (Springer, Berlin,
1958).

13 A. M. Kogan, “Derivation of Grad’s type equations and study of their relaxation properties by the method of maximization
of entropy,” J. Appl. Math. Mech. 29, 130-142 (1965).

14F. Mallinger, “Generalization of the Grad theory to polyatomic gases,” Research Report RR-3581, INRIA, 1998.

I5T. Arima, S. Taniguchi, T. Ruggeri, and M. Sugiyama, “Extended thermodynamics of dense gases,” Contin. Mech.
Thermodyn. 24, 271-292 (2012).

16, M. Zhdanov, “The kinetic theory of a polyatomic gas,” Sov. Phys. JETP 26, 1187 (1968).

17E. J. McCormack, “Kinetic equations for polyatomic gases: The 17-moment approximation,” Phys. Fluids 11, 2533-2543
(1968).

18H. Struchtrup and M. Toorilhon, “Regularization at Grad’s 13-moment-equations: Derivation and linear analysis,” Phys.
Fluids 15, 2668-2680 (2003).

19H. Struchtrup, “Stable transport equations for rarefied gases at high orders in the Knudsen number,” Phys. Fluids 16,
3921-3934 (2004).

20H, Struchtrup, Macroscopic Transport Equations for Rarefied Gas Flows (Springer-Verlag, New York, 2005).

2H. Struchtrup and T. Thatcher, “Bulk equations and Knudsen layers for the regularized 13 moment equations,” Contin.
Mech. Thermodyn. 19, 177-189 (2007).

22P. L. Bhatnagar, E. P. Gross, and M. Krook, “A model for collision processes in gases. I. Small amplitude processes in
charged and neutral one-component systems,” Phys. Rev. 94, 511-525 (1954).

23H. Struchtrup, “Derivation of 13 moment equations for rarefied gas flow to second order accuracy for arbitrary interaction
potentials,” Multiscale Model. Sim. 3, 221-243 (2005).

2y, Struchtrup, “Unique moment set from the order of magnitude method,” Kinet. Relat. Models 5, 417-440 (2012).

25H. Struchtrup and M. Torrilhon, “Regularized 13 moment equations for hard sphere molecules: Linear bulk equations,”
Phys. Fluids 25, 052001 (2013).

261, Boltzmann, Weitere Studien iiber das Wi rmegleichgewicht unter Gasmolekiilen (Wien, 1872).

27E. Eucken, “Uber das Wirmeleitverm ogen, die spezifische Warme und die innere Reibung der Gase,” Phys. Z. 14, 324-332
(1913).

28 C. Wang Chang and G. Uhlenbeck, “Transport phenomena in polyatomic gases,” University at Michigan Research Report,
CM-681, 1951.

29C. Wang Chang, G. Uhlenbeck, and J. de Boer, “The heat conductivity and viscosity at polyatomic gases,” in Studies
Statistical Mechanics, edited by J. de Boer and G. Ulhenbeck (North-Holland, Amsterdam, 1964), Vol. 2.

305 F Bourgat, L. Desvillettes, P. Le Tallec, and B. Perthame, “Microreversible collisions for polyatomic gases and Boltz-
mann’s theorem,” Eur. J. Mech. B-Fluid 13, , 237-254 (1994).

31C. Cercignani, The Boltzmann Equation and Its Applications (Springer-Verlag, New York, 1988).

32G. A. Bird, Molecular Gas Dynamics and the Direct Simulation at Gas Flows (Oxford University Press, New York, 1998).

3E. A. Mason and L. Monchick, “Heat conductivity of polyatomic and polar gases,” J. Chem. Phys. 36, 1622-1639
(1962).

34L. Monchick, K. S. Yun, and E. A. Mason, “Relaxation effects in the transport properties of a gas of rough spheres,”
J. Chem. Phys. 38, 1282-1287 (1963).

35L. Monchick, R. J. Munn, and E. A. Mason, “Thermal diffusion in polyatomic gases: A generalized Stefan-Maxwell
diffusion equation,” J. Chem. Phys. 45, 3051-3058 (1966).

36T, E. Morse, “Kinetic model for gases with internal degrees of freedom,” Phys. Fluids 7, 159-169 (1964).

37E. B. Hanson and T. F. Morse, “Kinetic models for a gas with internal structure,” Phys. Fluids 10, 345-353 (1967).

38 E. Nagnibeda and E. Kustova, Non-Equilibrium Reacting Gas Flows: Kinetic Theory at Transport and Relaxation Processes
(Springer, 2009).

39 L. Monchick, “Small periodic disturbances in polyatomic gases,” Phys. Fluids 7, 882-896 (1964).

40L. Monchick, K. S. Yun, and E. A. Mason, “Formal kinetic theory of transport phenomena in polyatomic gas mixtures,” J.
Chem. Phys. 39, 654-669 (1963).

41T, Arima, S. Taniguchi, T. Ruggeri, and M. Sugiyama, “Dispersion relation for sound in rarefied polyatomic gases based
on extended thermodynamics,” Contin. Mech. Thermodyn. 25, 727-737 (2013).

42 M. Pavié, T. Ruggeri, and S. Simié, “Maximum entropy principle for rarefied polyatomic gases,” Phys. A 392, 1302-1317
(2013).

43T. Arima, S. Taniguchi, T. Ruggeri, and M. Sugiyama, “Monatomic rarefied gas as a singular limit of polyatomic gas in
extended thermodynamics,” Phys. Lett. A 377, 2136-2140 (2013).

44P. Taheri, M. Torrilhon, and H. Struchtrup, “Couette and poiseuille microflows: Analytical solutions for regularized
13-moment equations,” Phys. Fluids 21, 0171102 (2009).

45P. Taheri and H. Struchtrup, “Poiseuille flow at moderately rarefied gases in annular channels,” Int. J. Heat Mass Transfer
55, 1291-1303 (2012).

46H. Struchtrup and P. Taheri, “Macroscopic transport models for rarefied gas flows: A brief review,” IMA J. Apppl. Math.
76, 672-697 (2011).

47 A. S. Rana, M. Torrilhon, and H. Struchtrup, “Heat transfer in micro devices packaged in partial vacuum,” J. Phys.: Conf.
Ser. 362, 012034 (2012).

48 A.'S. Rana, M. Torrilhon, and H. Struchtrup, “A robust numerical method for the R13 equations at rarefied gas dynamics:
Application to lid driven cavity,” J. Comput. Phys. 236, 169-186 (2013).

49X.J. Gu and D. R. Emerson, “A high-order moment approach for capturing non-equilibrium phenomena in the transition
regime,” J. Fluid Mech. 636, 177-216 (2009).

30X, J. Gu, D. R. Emerson, and G. H. Tang, “Kramers’ problem and the Knudsen minimum: a theoretical analysis using a
linearized 26-moment approach,” Contin. Mech. Thermodyn. 21, 345-360 (2009).


http://dx.doi.org/10.1016/0021-8928(65)90157-7
http://dx.doi.org/10.1007/s00161-011-0213-x
http://dx.doi.org/10.1007/s00161-011-0213-x
http://dx.doi.org/10.1063/1.1691855
http://dx.doi.org/10.1063/1.1597472
http://dx.doi.org/10.1063/1.1597472
http://dx.doi.org/10.1063/1.1782751
http://dx.doi.org/10.1007/s00161-007-0050-0
http://dx.doi.org/10.1007/s00161-007-0050-0
http://dx.doi.org/10.1103/PhysRev.94.511
http://dx.doi.org/10.1137/040603115
http://dx.doi.org/10.3934/krm.2012.5.417
http://dx.doi.org/10.1063/1.4802041
http://dx.doi.org/10.1063/1.1732790
http://dx.doi.org/10.1063/1.1733846
http://dx.doi.org/10.1063/1.1728060
http://dx.doi.org/10.1063/1.1711128
http://dx.doi.org/10.1063/1.1762114
http://dx.doi.org/10.1063/1.1711300
http://dx.doi.org/10.1063/1.1734304
http://dx.doi.org/10.1063/1.1734304
http://dx.doi.org/10.1007/s00161-012-0271-8
http://dx.doi.org/10.1016/j.physa.2012.12.006
http://dx.doi.org/10.1016/j.physleta.2013.06.035
http://dx.doi.org/10.1063/1.3064123
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.09.012
http://dx.doi.org/10.1093/imamat/hxr004
http://dx.doi.org/10.1088/1742-6596/362/1/012034
http://dx.doi.org/10.1088/1742-6596/362/1/012034
http://dx.doi.org/10.1016/j.jcp.2012.11.023
http://dx.doi.org/10.1017/S002211200900768X
http://dx.doi.org/10.1007/s00161-009-0121-5

052001-31 B. Rahimi and H. Struchtrup Phys. Fluids 26, 052001 (2014)

S1X. J. Gu, D. R. Emerson, and G. H. Tang, “Analysis at the slip coefficient and defect velocity in the Knudsen layer at a
rarefied gas using the linearized moment equations,” Phys. Rev. E 81, 016313 (2010).

S2R.P. Feynman, R. B. Leighton, and M. Sands, The Feynman Lectures on Physics: Mainly Mechanics, Radiation, and Heat
(Addison-Wesley, 1963).

53P. Andries, P. Le Tallec, J. P. Perlat, and B. Perthame, “The Gaussian-BGK model of Boltzmann equation with small
Prandtl number,” Eur. J. Mech. B/Fluids 19, 813-830 (2000).

54S. Brull and J. Schneider, “On the ellipsoidal statistical model for polyatomic gases,” Contin. Mech. Thermodyn. 20,
489-508 (2009).

SSH. Struchtrup, “The BGK model for an ideal gas with an internal degree of freedom,” Transp. Theory Stat. Phys. 28,
369-385 (1999).

S0 W. Dreyer, “Maximisation at the entropy in non-equilibrium,” J. Phys. A 20, 6505 (1987).

S7M. N. Kogan, “On the principle at maximum entropy,” in Rarefied Gas Dynamics (Academic Press, New York, 1967),
Vol. 1.

81 Miiller and T. Ruggeri, Rational Extended Thermodynamics, 2nd ed. (Springer-Verlag, New York, 1998).

39C. G. Sluijter, H. F. P. Knaap, and J. J. M. Beenakker, “Determination at rotational relaxation times at hydrogen isotopes
by sound absorption measurements at low temperatures,” Physica 30, 745-762 (1964).

00 G. M. Kremer, An Introduction to the Boltzmann Equation and Transport Processes in Gases (Springer-Verlag, Berlin,
2010).

61'S. Taniguchi, T. Arima, T. Ruggeri, and M. Sugiyama, “Effect of the dynamic pressure on the shock wave structure in a
rarefied polyatomic gas,” Phys. Fluids 26, 016103 (2014).

62 H. Struchtrup, “Resonance in rarefied gases,” Contin. Mech. Thermodyn. 24, 361-376 (2012).


http://dx.doi.org/10.1103/PhysRevE.81.016313
http://dx.doi.org/10.1016/S0997-7546(00)01103-1
http://dx.doi.org/10.1007/s00161-009-0095-3
http://dx.doi.org/10.1080/00411459908205849
http://dx.doi.org/10.1088/0305-4470/20/18/047
http://dx.doi.org/10.1016/0031-8914(64)90120-X
http://dx.doi.org/10.1063/1.4861368
http://dx.doi.org/10.1007/s00161-011-0202-0

