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Abstract

In this paper, based on simplified Boltzmann equation, we explore the inverse-design
of mesoscopic models for compressible flow using the Chapman-Enskog analysis.
Starting from the single-relaxation-time Boltzmann equation with an additional source
term, two model Boltzmann equations for two reduced distribution functions are
obtained, each then also having an additional undetermined source term. Under this
general framework and using Navier-Stokes-Fourier (NSF) equations as constraints, the
structures of the distribution functions are obtained by the leading-order
Chapman-Enskog analysis. Next, five basic constraints for the design of the two source
terms are obtained in order to recover the NSF system in the continuum limit. These

constraints allow for adjustable bulk-to-shear viscosity ratio, Prandtl number as well as a
thermal energy source. The specific forms of the two source terms can be determined
through proper physical considerations and numerical implementation requirements.
By employing the truncated Hermite expansion, one design for the two source terms is
proposed. Moreover, three well-known mesoscopic models in the literature are shown
to be compatible with these five constraints. In addition, the consistent
implementation of boundary conditions is also explored by using the Chapman-Enskog
expansion at the NSF order. Finally, based on the higher-order Chapman-Enskog
expansion of the distribution functions, we derive the complete analytical expressions
for the viscous stress tensor and the heat flux. Some underlying physics can be further
explored using the DNS simulation data based on the proposed model.
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1 Introduction

The Boltzmann equation is of vital importance in the kinetic theory of dilute gases
[1]. It is noted that the construction of gas kinetic models has a long history. After
the pioneering work of Wang-Chang and Uhlenbeck [2] on the eigenvalues and eigen-
functions of the linearized Boltzmann equation, Gross and Jackon [3] established the
relations between the linearized Boltzmann equation and some models for monatomic
gas by comparing the eigenvalue spectra of the collision operators. Later, Hanson and
Morse [4] obtained the kinetic model equations for polyatomic gases based on Wang
Chang-Uhlenbeck equation. The original collision operator in the Boltzmann equation
is a complex integral term, which makes direct numerical simulation of the system very
costly. The simplest choice is to replace the original collision operator with the Bhatnager-
Gross-Krook (BGK) model [5]. It should be noted that the original collision operator is
directly based on the physical description of molecule interactions while the BGK model
describes the fact that the distribution of the molecules relaxes to the local equilibrium
state through particle collisions without considering the detailed molecule interactions.
It has long been recognized that such an approximation works well beyond its theo-
retical limit as long as the relaxation time can be made to capture the relevant physics
[6, 7].

By applying the Chapman-Enskog expansion to the Boltzmann equation with the BGK
collision operator, the NSF system can be recovered, but with a unit Prandtl number
which does not obey the physical reality. Hence, some improved models have been
developed to overcome this limitation from different physical considerations, such as
the Shakhov (S) model [8], the ellipsoidal statistical (ES) model [9], the internal energy
double-distribution-function (IEDDF) model [10], the total energy double-distribution-
function (TEDDF) model [11], and the Rykov (R) model [12—14]. Further, we notice that,
for example, the ratio between the bulk to shear viscosity in S model is always less than
2/3. Therefore, for a fixed specific heat ratio, the S model cannot be used to investigate
the physical effect of the bulk-to-shear viscosity ratio in compressible flows.

Some merits and drawbacks of these models are briefly discussed below. The S model
may encounter a negative value of the particle distribution function because of the mod-
ified equilibrium distribution to accommodate arbitrary Prandtl number, while the ES
model and the TEDDF model can avoid such unphysical deficiency. However, Chen et
al. [15] showed that the S model may yield more accurate solutions than that from the
ES model in the transition regime and they proposed a generalized model which com-
bines the advantages of the S model and ES model. For both IEDDF and TEDDF models,
two distribution functions are introduced with different relaxation times for the non-
equilibrium part of the particle distribution function because the momentum and energy
have different relaxation time scales during the collision process as suggested by Wood
[16]. In the TEDDF model, spatial and time derivatives of the hydrodynamic velocity are
not involved in the source terms while they are involved in the source terms of the IEDDF
model which may introduce some numerical errors and lead to some unphysical phenom-
ena in fluid systems containing large spatial gradients. In the R model, by considering the
elastic and non-elastic particle collision processes, the hydrodynamic flow variables cor-
responding to the translational and rotational processes can be evaluated separately. Both
the total internal energy and the total heat flux are the sum of the contributions from the
two processes. The bulk-to-shear viscosity ratio can be modified in the R model through
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the ratio of the total number of translational and rotational collisions to that of rotational
collisions.

During the past few decades, the BGK model has been widely used to simulate different
flows such as homogeneous isotropic turbulence [17], turbulent channel flows [18] and
multiphase flows [19], by different numerical approaches such as the lattice Boltzmann
method (LBM) [20], the gas kinetic scheme (GKS) [21], the unified gas kinetic scheme
(UGKS) [22], and the discrete unified gas kinetic scheme (DUGKS) [23, 24]. Recently, Liu
et al. [25] claimed that the predictions based on the BGK model for highly nonequilib-
rium flows are only qualitatively correct in the transitional regime since the BGK model
filters out the information of the detailed molecular-interaction processes. They com-
pare the Boltzmann equation and its model equations through some test cases where the
distribution functions are far from equilibrium. From these tests, they found that informa-
tion contained in the nonequilibrium moments and the different relaxation rates of high-
and low-speed molecules is essential in adjusting the behaviors of model collision terms.
However, many existing works have shown that the BGK model is adequate in simulating
many flows accurately for both the continuum and rarefied regimes [17-19, 26-28].

In this paper, we focus on the inverse design of the source term in the model
Boltzmann equation for compressible flows. Following the work done by Guo et al. [24],
an adjustable parameter representing the internal degree of freedom of molecules is intro-
duced to the Maxwellian equilibrium distribution function. We will demonstrate that the
two source terms in the two reduced model Boltzmann equations can be redesigned to
attain the following objectives. First, the NSF system can be recovered in the continuum
limit by applying the Chapman-Enskog analysis. Second, the model Boltzmann system
can have flexible Prandtl number as well as adjustable bulk-to-shear viscosity ratio. Third,
an arbitrary thermal source/sink term can be added to the internal energy equation.

The rest of the paper is organized as follows. In Section 2, the model Boltzmann
equation with an additional source term is introduced. By introducing two reduced distri-
bution functions, two reduced model Boltzmann equations are obtained. Some notations
and conventions are given in Section 3. In Section 4, the structures of the Boltzmann
equations are obtained by applying the first-order Chapman-Enskog expansion. Next, five
requirements for the two reduced source terms are given in Section 5. In Section 6, we
present one design for the two source terms by applying the Hermite expansion to the two
source terms. In Section 7, we show that the S model, the TEDDF model as well as the
R model are compatible with the five derived constraints. Then we discuss the derivation
of the proper implementation of the hydrodynamic boundary conditions in Section 8.
Next, we derive the complete analytical expression for the viscous stress and the heat flux
based on the second-order Chapman-Enskog expansion in the following three sections.
Major conclusions are drawn in Section 12. In Appendix A, we include the details on the
Hermite polynomials and Hermite expansion. Appendix B contains the derivations of the
requirements for the two reduced source terms. Appendix C documents some details on
the Rykov model.

2 The reduced model Boltzmann system with source terms
The Boltzmann equation with an additional source term can be expressed as

Y v e v oy, o
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where f(x, €, ¢t) is the particle distribution function, ¥ = (x1,...,x3) is the spatial loca-
tion, ¢ is the time, & = (&1, ...,&3) is the particle velocity in three dimensional space,
and ¢ = ({1, .. {x) represents K-dimensional internal degree of freedoms. a represents
the body force per unit mass. The single-relaxation-time Bhatnager-Gross-Krook (BGK)
model [5] is used for the collision operator, i.e. @ = (f*1—f)/t. T = p/p is the
molecular relaxation time and p is the shear viscosity which can be approximated by the
hard-sphere model [24, 29] or Sutherland’s law [30, 31]. p = pRT is the pressure for ideal
gas. Sy is a source term to be designed, which will allow for modification of both the
Prandtl number Pr as well as the bulk-to-shear viscosity ratio x = py/u with wy being
the bulk viscosity.

By assuming that the particle motion in ¢ subspace is at local equilibrium, the local
Maxwellian equilibrium distribution function can be written as [24]

2 2
o c“+<
eq __ —
S7= @rRT)&+972 P ( 2RT ) @

where p is the density of the fluid, R is the specific gas constant, T is the temperature, and

¢ = & — u is the peculiar velocity with u# being the hydrodynamic velocity.
The conservative variables are defined as the moments of the particle distribution

function

1 2 2
o= [fasac, ou= [ episds, oE = pii 4 pe = [ Cagar, @)

where ¢ = C,T is the internal energy per unit mass, C, is the specific heat capacity at
constant volume, and pE is the total energy per unit volume which is the sum of the
internal energy and the kinetic energy. All relations in Eq. (3) remain valid if f is replaced
by f%4. C, and the specific heat at constant pressure C, are determined by the number
of the internal degrees of freedom, K, and the gas constant, R. By integrating the energy
moment of the equilibrium distribution, we can obtain C, = (K 4+ 3)R/2and C, = (K +
5)R/2, which implies that the specific heat ratio and thus the Prandtl number are y =
Cp/Cy = (K +5)/(K +3) and Pr = uC,/k, where « is the thermal conductivity.

In addition, by comparing the first-order moment of the model Boltzmann equation
with the Navier-Stokes equation, it can be shown that the viscous stress tensor o is
determined by the non-equilibrium part of the particle distribution function as

o= —/cc(f—feq) dédg, (4)

and, by comparing the energy moment of the Boltzmann equation with the macroscopic
energy equation, the heat flux g can be determined as

a=; [ e+ fusde. ©)

The physical conservative requirements can be expressed through the moments of the
collision operator £2f, which reads

f Qdéde =0, / £Qdids =0, / % (€% + £%) Qrdgds = 0. 6)

Therefore, provided that the mass conservation and the momentum conservation laws
are observed, we have the following basic requirements for the source term

f Spdéde =0, / £SydEds = 0, / % (c* +¢?) Spdgds = —pA, )
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where A represents a source term applied to the energy equation, an example of which is
the thermal cooling function [30].

Physically, the evolution of the particle distribution function only depends on the parti-
cle velocity . In order to remove the dependence of the passive variables and also reduce
the computational cost in the practical implementation, two independent, reduced dis-
tribution functions g and /4, residing in lower dimensional phase space, are introduced
[24], namely, g = [ fd¢ and h = [ ¢fd¢. Therefore, the two model Boltzmann equations
residing in lower dimensional space can be obtained

%+$-Vg+a-V§g=Qg+Sg,%I;I+E-Vh+a-V5h=Qh+Sh. (8)
In Eq. (8), the collision operators and source terms are
Q = geqt_g, Q) = @ Sy = /sfd;, Sp= / £28pde, )
where the equilibrium distribution functions g®¢ and 4°? are
¢l=—" _exp [—62] , h* = KRTg™. (10)
(2 RT)3/2 2RT

Based on Eq. (6), the conservation laws can be recasted in terms of the collision
operators $2, and 2, as follows,

/dig =0, /gszgdg =0, / (8%Qq + Q) dE = 0. (11)
From Eq. (7), the two reduced source terms must satisfy the following requirements
/ SedE =0, / £S,dE =0, / % (c*Sg + Sp) dE = —pA. (12)
In addition, from Eq. (3), we find that the conservative variables can be evaluated as
o= [ ads ou= [ seds, p£ =3 [ (%6 mas. (13
Moreover, from Egs. (4) and (5), the viscous stress o and the heat flux g become
o:—fcc(g—geq)dg,q:%/c(czg—f—h)dé. (14)

3 Notations and conventions
For convenience, two time derivatives are introduced
D0 eviave, 222 uy, (15)
Dt ot dt at
where D/Dt is the time derivative along the phase-space trajectory of a particle subjected
to a body force a per unit mass and d/dt is the rate of change of a physical quantity along
the path of a fluid element in the physical space. Three variables including the time ¢, the
spacial location «, and the particle velocity & are assumed to be independent when these
time derivatives act on the distribution functions g (x, &, ¢) and & (x, €, t).
In addition, § = (VuT + Vu) /2 is the strain rate tensor and = (VuT — Vu) /2 is
the rotation tensor. # = V - u is the velocity divergence (also known as dilatation).
The Newtonian constitutive relation for the viscous stress ¢ ™S and the Fourier’s law
for the heat flux q(NS) are, respectively,

1
™S =2y (S = 3191> +pvol, g™ = —kVT. (16)
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4 The structure of the particle distribution functions

In the continuum limit, the relaxation time 7, when normalized by the acoustic time scale
lo/co, is proportional to the Knudsen number, where [j is a system length scale and ¢y is
the speed of the sound at a reference temperature Ty. Therefore, T may be taken as a small
parameter in the Boltzmann equation. At the level of NSF equations, terms higher than
O(7) in the distribution functions can be neglected.

The derivatives of the equilibrium distribution function g will be multiplied by 7 to
form the O(7) terms in the distribution functions. Therefore, we only need to evalu-
ate them to O(1). Direct evaluation yields the derivatives of the equilibrium distribution
function g®7 as

g 10 c2 3\ 10T odu c
£ _ *fp—i— — ==+ = — | g%,
ot o ot 2RT 2) T ot ot RT

1 ¢ 3\1 c
Vel = | Vo4 (S —2) VT 4 Va. q,
£ [p p+<2RT Z)T e RT]g

c
Veotd — — eq. 17
£8 RTg (17)

The three coefficients in three derivatives are found to be polynomials of the peculiar
velocity ¢ and are related to the time ¢ and spatial location x through the relation ¢ = & —u.

By employing the Euler equations in Appendix B to replace the time derivatives of the
hydrodynamic variables with spatial derivatives in 0g®?/dt, we obtain the expression for
Dg®1 /Dt and Dh®1 /Dt to the leading order, as

Dg* Dhed
= Gg® + O(1), —— = (G + ®1) h*1 + O(1), 18
Dr g1+ O(r) Di (G+ P1) A+ O(7) (18)

where G = G1 + Gy + Gs. The coefficients are given explicitly as

c2 5 1
G=—=-Z)c-(=VT),
2RT 2 T

c-S-c 1 2
Gy = ———|—=+K)0,
RT K+ 3 \RT

2 3\ A
G=—|=02=—-=)==
2RT 2) C,T
1 2 A
Oy =c-|=VT)—- ——v— ) (19)
T K+3 C,T

Therefore, up to the order O(7) in the Chapman-Enskog expansion [1], the structure of

the distribution functions g and / can be obtained and they are

g=01-1G)g"+1S,+0(t*), h=1—-1G—1d) K7+ 1S, +0 (). (20)

5 Five basic requirements for the two source terms

Based on the structure of the distribution function, we shall now propose five basic
requirements for the two source terms, S; and Sj,. The requirements are given as follows
and the details for their derivations are included in Appendix B. If these five requirements

Page 6 of 25
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are satisfied up to the order of O(7), then the NSF system can be recovered by applying
the Chapman-Enskog expansion to the two model Boltzmann equations.
The first and second requirements come from the continuity and the momentum

equations
/Sgd§ =0, /chd£ = /gSng =0. (21a)
The third requirement is used to modify the bulk viscosity in the viscous stress term,
and it is
/ EES dE = / ccSydt = — (X - ?ﬂ?ﬂig)) ol — é’ AT g (21b)
The fourth requirement follows from the energy equation and it is
f Sydé = — f £2SgdE — 2pA. (21¢)
The fifth requirement is expressed as
/ cSdE = M - / cc?S,d, (21d)

which is needed to modify the heat flux and thus the resulting Prandtl number.
As a result of the design constraints, Egs. (21a)—(21d), the model Boltzmann equation
will yield the following NSF system

% v (pw =0
- -(pu) =0,
ot P

d(pu)
at

9 (pE)
at

+ V. (puu)=—-Vp+V. o™ 4 pa, (22)

+V~(,0Eu)=—Voq(NS)—V~(pu)—|—V~(a(NS)'u)—l—,oaou—,oA.

6 A possible design of the two reduced source terms
There are many possible ways to design the specific form of the two source terms. By
applying the Hermite expansion to the two source terms, a new mesoscopic model with
both adjustable Prandtl number and bulk viscosity is proposed next. Any reasonable
design of the two source terms should satisfy the five basic requirements presented in
Egs. (21a) to (21d) in the continuum limit.

Due to the desire to keep the order of Gauss-Hermite quadrature as low as feasible in
the numerical implementation, we further require [ £££S,d& = 0. Then, using Eq. (21a),
we have [ ng‘f@ (&, To) d& = 0. The Egs. (21a)—(21b) can also be written as

f Sg 0 (&, To) dE = 0, / Sg 'V (&, To) dE = 0,

2K )pﬂl p A

T3K+3)) R, RT =

/ S (&, To) d = — (X RT,' RL, G,T
v

where Ty is a reference temperature and the velocity & are scaled with /RTj.
Therefore, by using Eq. (23) and keeping the Hermite expansion (see Appendix A) of
the source term S, up to the third-order, we obtain

Se @) = S0 T a® w0 : X E T

_ 2K po p A g2
=-0¢To) [(X 3K+ 3)) 2RT, T 2RT, CVT] (RTO - 3)' @)
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From Egs. (21a)—(21b), we can obtain

/ 2S,dE =5 2K Du + 10 A (25)
CC = e u _— u.
¢ XT3 +3) )P T k13’

Combination of Egs. (21c), (21d) and (25) yields

_ (NS)
/ £S,dE = % +u f SydE — / cc*S,dé

2(1 — Pr)g™® 2K 2K +5
_ ( rq Y. P K+ )p (26)
T 3(K +3) K+3
Therefore, we obtain
[ 5w 6,10 de
21— Pr)g™® < 2K ) pdu 2K +5) pAu @7)
~ T JRT XT3K+3)) JRTo K+3 JRTo
Egs. (21b) and (21c) together imply that
2K 2K
Sp 'V (&, To)ds =3 ( x — 0 — A. 28
/h (&, To) d§ X~ 3k+3) )P k13’ (28)
Combination of Egs. (27) and (28) yields one design for the source term Sy,
21 = Pr)gWNS . . 2K
: ;e);{ ‘S+<3_2l1£e7*§)<x_3(1<+3))1m9
T
Sy = (&, To) 0 ° (29)

o K K+sug
K+3 ' K+3RT,

In low Mach number thermal flows, the second-order central finite difference scheme is
adequate for calculating V - u in Egs. (24) and (29). In addition, two different methods can
be used to evaluate the heat flux g in Eq. (29). One way is to first obtain V T by the second-
order central finite difference scheme, then it follows that g = —« VT. Another way is to
evaluate the heat flux through the velocity moment of distribution functions. For example,
under the framework of DUGKS proposed by Guo et al. [24], the heat flux term at the cell
center and the cell interface can be calculated by g = %% fc (czg + il) d& and g =

WM% fec <02§ + l:1> dé after the distribution functions g, h and & h are updated.
No obvious difference can be observed for global turbulence statistics when the velocity
divergence in the source terms is evaluated by either a second-order or fourth-order finite
difference scheme in compressible isotropic turbulence [32, 33]. Some improved shock
capturing schemes with low dissipation and high-order accuracy could also be tried to

evaluate V - u# when the turbulent Mach number is further increased.

7 An examination of three existing mesoscopic models in our design
framework

7.1 The Shakhov model

In this section, we will prove that the well-known Shakhov model [8, 24] is compatible
with our inverse-design here. Through the Chapman-Enskog analysis, it can be veri-
fied that the ratio of bulk viscosity to shear viscosity in the Shakhov model is uy/u =
2K /[3(K + 3)]. In addition, no cooling function is considered, namely, A = 0. There-
fore, the five general requirements (Egs. (21a) to (21d)) for the two source terms can be
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reduced as
/Sng =0, /chd§ =0, /cchd‘;' =0, /Shd’;' =0,

_ (NS)
/ cc®Sydf + / cS)de = %. (30)

By using Eq. (30), the source term S, can be assumed as
1
S¢ = 50 Ta® (x,t): #%(c, T), (31)

where w(c, T) is the peculiar-velocity-based weighting function, a® (x, ¢) is the coeffi-
cient and 7#® (¢, T) is the third-order Hermite polynomial.

Note that a® (x, t) = f Sg I G (¢, T)dE is also symmetrical with respect to the compo-
nents of ¢ because 7 ®) (¢, T) remains unchanged under the permutation operation, the
simplest way is to assume that the coefficient a‘® takes the form al(.]?g;g = Aidjx + Ajdr; +
A8, where A(x, t) = (A1, A3, A3) is a vector coefficient to be determined. Then, Eq. (31)

gives
5o = Lot a® 1) = toema — (S 5 32
g—iw(cy A ijj (c, )—50)(0, ) ﬁ RT ’ (32)
Moreover, it can be shown that [ cczSgdc = 5A(RT)%/2.
Similarly, the source term Sj, can be designed as
Sp = (e B 2D, T) + toeT)C —— (£ 5 (33)
= e ’ 27 JRT \RT ‘

Therefore, the coefficient A and B should satisfy the following relation,

2(1 — Pr)g™N®
5(RTY3/2A + VRTB = 2L PN (34)
T

and C is a vector coefficient to be determined.
If the coefficients A, B and C are chosen specifically as

21 —>Prg™® 2K (1 —Pr)g™®

————  B=0,C= s 35
5 7(RT)3/2 5  t(RT)1/2 (35)
then Eq. (34) is satisfied and the two source terms S, and S, are given as
1—Prc.ag™NS /2
S, = re-4 £ _5)¢%, S, = KRTS,. (36)
T 5pRT \RT

In the Shakhov model, the source term Sy corresponding to the original distribution
function f is given by

Pr _ (NS) 2
1—-Prc-
Sf=L= re-4 £ 5y, (37)
T T 5pRT \ RT

Substitution of Eq. (37) into Eq. (9) yields the same results given in Eq. (36). Therefore,

the Shakhov model is consistent with five constraints here.

7.2 The total energy double-distribution-function model

The total energy double-distribution-function model (TEDDF) is originally proposed by
Guo et al. [11] and then generalized by Liu et al. [34] to simulate thermal compressible
flows. The TEDDF model is briefly introduced as follows. From the original distribution
function f, two new distribution functions g and b are introduced, namely, g = [ fd¢ and
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b=1/2) [ (52 + ;2)fd§. Therefore, this kinetic system can be expressed as

og g1-g
-~ .V a-Veg = ,
at 3 g &g = 7

ob b1 —b 1 —g”
at T 2 Thg

where the relaxation times are T = 1, = u/p, 1) = 1¢/Prand 1, = 774 /(7¢ — 7p). The
bulk viscosity of this model is shown to be 2Kt /[ 3(K + 3)]. The equilibrium 57 can be
written as % = (Ezgeq + h*1) /2. From Eq. (38), we find that the relation 25 = E2g+h
holds. The expressions for the hydrodynamic variables are the same as those given in
Egs. (13) and (14). Using g and 4, the kinetic system Egs. (38) can be rewritten as

3
£+E-Vg+a~V§g=Qg,

dh

§+§.Vh+a-vgh:Qh—(1—Pr)(c29g+Qh). (39)

Therefore, the two source terms are
S¢g=0, S, =—(1—Pr)(c*QQ+ ). (40)

Eq. (40) indicates that the source terms in the TEDDF model can be expressed in terms
of the collision operators.

By noticing that the conservation law for the internal energy, [ (c*Q, + ) d§ = 0,
and the heat flux can be expressed as the moments of the collision operators, g =
-1/t [¢ (029g + Qh) dé&, we find that the five general conditions given by Eqgs. (21a) —
(21d) are satisfied.

Therefore, we conclude that the TEDDF model is also a special design of the two source
terms. Although two relaxation times are used to modify the Prandtl number, the TEDDF
model is equivalent to a mesoscopic model with a single relaxation time.

7.3 The Rykov model

The well-known Rykov model for diatomic gases with rotational degrees of freedom is
originally obtained by Rykov [12, 13]. Recently, Wu et al. [14] has generalized this model
to polyatomic gases. The elastic and non-elastic collision processes are considered respec-
tively in this model. By integrating the particle distribution function f with respect to the
rotational energy e, the following two-equation kinetic system can be established.

Ejaf{;)+§.vﬁ,=rlz(fg—fo)+i(l—é)(fot_ﬁ>)’
%+§~Vf1=flz(ﬂr—ﬁ)+i(l_é)w_fl)’ )

where the equilibrium distribution functions corresponding to the elastic and nonelastic
processes are

fo =fm(D) [1 = woq’ - a(D)], f§ =fu(Te) [1 — 4* - a(Ty)],

r

q .
fI' = RTf + o1RTf(T)(1 — §) KT
r
t — RT,f! + RT.fin(Ty)(1 — 8) L€
A fo + RTfar(Th)( )ptRTr

2 2
I R S _2.¢c (5_
(D) = GorTyn exP( 2RT>' D) = 15 RT (2 2RT)‘ (42)

Page 10 of 25
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Here fj is the velocity distribution function and f; is the distribution for rotational energy.

/5 and fj denote the equilibrium distributions of the elastic and nonelastic collision pro-
cesses for fo, respectively. Similarly, f{ and f] denote the equilibrium distributions of the
elastic and nonelastic collision processes for fi, respectively. fys is the Maxwellian equi-
librium distribution function. T} is the translational temperature corresponding to the
translational degrees of freedom of particles, T} is the rotational temperature correspond-
ing to the rotational degrees of freedom, and T is the total temperature in the local
equilibrium state. g’ is the translational heat flux and 4" is the rotational heat flux. The
total heat flux is decomposed as g = q* + ¢".

The relaxation time 7 is related to the shear viscosity © and pressure p through the
relation T = p/p with p = pRT. Physically, the relaxation time t is related to the trans-
lational temperature T} instead of the rotational temperature T,. Therefore, in analogy to
the case of a monatomic gas, the following assumption is used, T = p¢/ps, r = (Tt) and
pr = pRTy, pr = pRT,. Z indicates the ratio of the total number of translational and rota-
tional collisions to that of rotational collisions. When Z goes to infinity, the Rykov model
can reduce to the Shakhov model for monatomic gas without energy exchange between
translational and rotational motions. § = (u¢/p) D, where D is the gas self-diffusion coef-
ficient. wp and w; are two parameters which can be selected to achieve proper relaxation
of the heat fluxes.

The hydrodynamic variables are defined by the following relationships.

p=/f0d§, pu=/§f0d§’

3 1
Sprr, = / Cfodt, pRT, = / fide,
5 3 1[0,
EpRT = ngTt + pRT, = 3 /(Cfo + 2f1)d§,
1
q = / Ecczfod& q = /Cfld& a=4q9"+q". (43)

In order to use our general results, we first notice K = 2, A = 0 in this case. Then we
introduce two new distribution functions, g = fo and & = 2f;.
Two new collision operators are defined as

1 1
Q= — [fu(D) —g], @ = = [2RTfu(T) — h]. (44)
T T

Two new source terms are given by

171 1
S¢= - [ng + (1 - Z)fof —fM(T)] ,
5, = % [;fl’ iy (1 _ ;)g _ 2RTfM(T)i| . (45)

The expressions for the hydrodynamic variables in Eq. (43) can be rewritten in terms of
g and &, which are found to be the same as Eqgs. (13) and (14). From Egs. (43) and (44),
we confirm that the newly defined collision operators, 2, and €2, still satisfy the con-
servative requirements in Eq. (11). Furthermore, it can be shown that S, and S, indeed
satisfy five basic requirements in Egs. (21a) — (21d). The details of proof are provided in
Appendix C in which we can confirm that the bulk-to-shear viscosity ratio x is deter-
mined by the collision ratio Z through x = 4Z/15 in the continuum limit assuming that
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both 7 and 7Z are small in Chapman-Enskog analysis. By contrast, both the S model and
TEDDF model give a constant bulk-to-shear viscosity ratio 4/15 for diatomic gas.

In addition, the Prandtl number can be identified as Pr = 7Ru/[ 2(k? + «")], where
the tranlational and rotational thermal conductivity coefficients « and «” as well as the
total thermal conductivity coefficient are shown to be x* = 15Ru;/(4A), k" = Ru;/B and
k =kt 4+ k", where A=1405(1—wo)/ZandB=5+ (1 —8) (1 — w1) /Z.

Therefore, we have proved that the Rykov model is compatible with our design in the
continuum limit. The Rykov model is constructed from physical viewpoint with a broad
range of bulk-to-shear viscosity ratios. In contrast, inverse design approach presented in
this paper is directly based on the Chapman-Enskog analysis in order to obtain feasi-
ble model for compressible flows. The underlying assumptions for our model are (a) t
is small and (b) tx(~ tZ) is small, which originates from the premise of the Chapman-
Enskog analysis that the non-equilibrium part and the source terms only serve as small
corrections to the equilibrium distribution function. As a result, the bulk-to-shear viscos-
ity ratio should be limited such that the premise for the Chapman-Enskog expansion can

be preserved.

8 Implementation of macroscopic hydrodynamic and thermodynamic
boundary conditions

When numerically implementing mesoscopic methods based on a model Boltzmann
equation, a challenge is to properly determine the unknown distribution functions near
a solid boundary, such that the resulting scheme is fully consistent with the NSF system
near the boundary. Since the NSF system is derived from the Chapman-Enskog expansion
up to O(7), it follows that the proper implementation of the boundary condition should
be based on a consistent application of the Chapman-Enskog expansion up to O(7). In the
literature, this requirement is often not checked and thus not met rigorously, leading to
degradation of the accuracy of a mesoscopic method. Furthermore, for thermal or com-
pressible flows, as will be shown below, the implementations of velocity and temperature
boundary conditions, at the level of the distribution functions, could be coupled. Source
terms could also affect the implementation details. Such fine points are not fully real-
ized in the literature. Below we shall explore the relations between the components of the
distribution functions (typically the distribution functions between two opposite particle
velocity directions after the particle velocity space is discretized).

By using the relation ¢ = & — u, the expression for G1(§), G2(&), G3(§) and ®;(§) in
Eq. (19) can be rewritten in terms of the particle velocity &.

G1(§) = G (&) + Ga(®),
2 ) 2
Gu(E) = (58 _ §§ LN ”5) : (IVT>,

2RT 2 RT 2RT T

_ wu 5 u-£&  £u 1
6u® =57+ 3¢~ & ~amr) (777) (46)

G2(8) = Gu(§) + G (),
£E-Su 1 & -uﬁ)

Gn(€) =2 (-
1) ( RT K13 RT

§~S~E+u~S~u 1 £2 4 42
RT RT K+3 RT

Gn(§) = + I() 0. (47)
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G3(&) = Gz1(8) + Gz2(8),

. A
Ga1(§) = SR—T”W G (E) = (—

£2 +u? 3) A

= . 48
2RT 2)CT (48)

D1(8) = P11(8) + P12(8),
2 A

1 1
®11(8) =§- (TVT>’ ®12(8) = —u- (TVT) - mﬁ - C,T (49)
Obviously, we have G;1(§) = —Gi(—§), Gi2(§) = Gi2(—§) and ®11(§) = —P11(-§),

D15(8) = P12(—§), (1= 1,2,3).
From Eq. (20), we have
¢ (&) = (Ap(&) — By(§)) $°1(6) + 154(8) + O (7?),
$(—8) = (Ap (&) + By(§)) 6°7(—§) + Sp(—§) + O (z?), (50)
where ¢ = g or &. Obviously, the coefficients satisfy the relations Ay(§) = Ay(—&) and

By(§) = —By(—£). They can be expressed explicitly as follows,

Ag(§) =1 —-1G12(8) — 1Ga(§) — 1G32(8),

Bg(§) = 1G11(8) + 1Ga1(§) + 1G31(8),

Ap) =1—1G12(8) — 1Gn(§) — 1G32(8) — 1P12(8),

By(§) = t1Gu(§) + 1G21(§) + G31(§) + T P11(8). (51)
If the particle distribution function ¢ (—§&) is already known, then the particle distribu-

tion function ¢ () in the opposite direction can be obtained in the following way. From
Eq. (50), we obtain a generalized bounce back scheme

(&) — Bp(—§)

= Ay (&) (¢°1(E) — Bo1(—&)) — By (&) (¢°1(§) + B (—8))

+7(Sp(8) = BSy(—§)) + 0(c?), (52)
where § is a coefficient to be determined. Specially, we can choose = 1 or 8 = —1in

real implementation. For this purpose, we have to evaluate the sum or difference of the
equilibriums and source terms.

The sum and difference of the source terms depend on the specific form used. For S,
given in Eq. (24) and Sj, given in Eq. (29), we have

Sg(§) + Sg(—=8)

) 2K po p_A (&
= 2w (&, Ty) |:()( - 3(1<+3)> 2RT, + 2RT, CVTi| (RTO - 3) ’

Sg(§) — Sg(=§) =0, (53)

2K 4K
— PP — ——pA|,
3(1<+3)) K+3 }

Sn(&) + Sp(—8) = w(§, To) [6 <X
Sn(&) — Sp(=§)

41 —Pr)g™N . & E.u 2K
RT, A \ XT3y )P0
= w(§, To) 0 0 (54)
K+5¢-u A
K+3RT,"

Consider the three-dimensional isothermal flow in the incompressible limit with con-
stant temperature Ty. The internal degree of freedom is K = 0 and the bulk viscosity is
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wy = 0. No thermal cooling function is applied, i.e. A = 0. The source term S; = 0. Then
the Eq. (52) with ¢ = g and 8 = 1 can be simplified as

g(&) —g(=§)
§-u §-u E.u u?
= 20(€, To)p (RT ) + 306 Top (RT ) [(RTO) ~ 3RTO}
u-(z8)-§ §-u\& (z5)-§
+4w(§,TO)PR7TO 2w (&, To)p <RT ) TR,
+2w (&, To)ptd (§ >+O(rMa Ma*, 2, v’ Ma® ) (55)
RT),
In the lattice Boltzmann method [20], we first introduce a transformation as
At A
g(x)s t) —g(xxg t) + b (g(x1§ t) - eq(x,s t)) - {RiT eq( § t): (56)

where At is the time step.
Next, in order to use the Gauss-Hermite quadrature for the evaluation of the integrals,

we introduce another transformation as,

Ftot) = st (wEa), 7

where o denotes the directions of the discrete velocities &€, and W, denotes the corre-
sponding weight.

After some reorganization, the final result is

Z(w&at) —2 (%~ t)

o (u_i)ga E Ea u2
=2V, + 30w (RT)(RTO)_SRTO

+2t+AtpWa[4u (tS) - ’;‘0,_ ( . )fa (tS) - §“+2n} <§a'”) ]

27 RTy RT)y
At .
_710Waﬂ Eo | (8o 1 a-uf, u
2 RTy RTO RTO RTy
+0 (thz4,Ma4, 2, 12Md> ). (58)

If we only keep the first term in Eq. (58), we can obtain
(u - —a) &,
RTy

We note that the body force enters the implementation of the bounce-back scheme,

F(xEpt) —Z (% —E4t) =20 Wy + O (1%, tMa, Ma?) . (59)

which is not well documented in the literature. Furthermore, it must be cautioned that
Eq. (59) is not fully consistent with the Chapman-Enskog expansion of the NSF system as
the O(7) terms in Eq. (58) are not included. Luckily, in the special case of no-slip boundary
Uy, = 0, the O(7) terms in Eq. (58) will disappear. Note that the source term and velocity
could all enter the implementation of the thermal boundary conditions.

9 High-order structure of the distribution functions

The NSF equations, which are based on the continuum hypothesis, have been widely used
in understanding flow behaviors in many natural and engineering problems. However,
in some cases such as microchannel flows [35], compressible turbulence [30] and space
vehicles in low earth orbits [36], the local Knudsen number may be finite such that the
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flow may lie in the continuum-transition regime locally. Therefore, the NSF equations are
not adequate to capture the finite Knudsen number effect while the Boltzmann equation
can describe the flows in all Kn number regimes.

In order to quantitatively estimate the departure from the local thermodynamic equi-
librium and study the extended hydrodynamics, the second-order Chapman-Enskog
expansion of the particle distribution function is desired, which results in the so-called
“Burnett equations” [37]. The Burnett equations have been derived from the original
Boltzmann equation by applying the Chapman-Enskog expansion [1] or the Grad’s 13
moment equations [38] by the iteration approach [39]. However, these theoretical results
are seldom compared with those using the single-relaxation-time BGK model. In addi-
tion, detailed derivations are less reported or the final results are not presented in a
general form. In this section, we will derive the structure of the distribution functions up
to the order O (12). Then, the complete analytical expressions for the viscous stress tensor
and the heat flux are obtained in the subsequent sections. Furthermore, by comparing our
results with those from Grad’s 13 moment equations, it is found that the mathematical
form of the viscous stress tensor and the heat flux can be fully determined in the single-
relaxation-time BGK model. The difference from the literature in the coefficients could
be attributed to different relaxation rates to the local equilibrium for different moments
used in the literature.

By using the NSF equations, we obtain the expression for Dg® /Dt and Dh®? /Dt to the
order of O(7),

Dotd Dhel
ii =G+DgT+0(r), - =G+ O +L+ P +0(c%),  (60)

where G and ®; have been given above, L and ®; are given as

2
‘. (V -O’(NS)> + (C - 3) L (O’(NS) :§—-V ~q(NS)>,

= ORT ORT ~ 2) pC,T
1
By = —— (609 :5-v.4M9). 61
2= o q (61)

By applying the Chapman-Enskog expansion, we can obtain the structure of the particle
distribution function as

Dg*d D ([ Dg% D(zSy) 3
— % _ = _
g=g" -t +1Dt<r Dt>+th T +0(7°)
=1-1G)g"+ 15,
D(tG D(zS,
+<—TL+r (zG) +12G2>geq—f (;tg) +0(7%),
D4 D [ Dh D(zS)) X
— jed _ = _
h=h "o —I—rDt(r Dt)—i—rSh ", +0(7°)
D G+ D
=1-1G—1P) K+ 1S, — (L + Oo)K* + r%heq
D(t§S
12 (G4 dy)2het — 2T L g (3. (62)

Dt

10 Viscous stress tensor up to O (7?)

When the local Knudsen number becomes finite, additional contributions from the non-
equilibrium part of the distribution function result in the high-order components of
the viscous stress tensor. Agarwal et al. [39] and Struchtrup [40] derived the viscous
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stress tensor up to the second-order for Maxwell molecules from the Grad’s 13 moment

equations by the series expansion in terms of the shear viscosity. Chen et al. [7] obtained

the expression of viscous stress tensor up to the second-order based on the single-

relaxation-time BGK model. However, they mainly focus on the incompressible limit and

the terms proportional to the density gradient, the temperature gradient and the veloc-

ity divergence have been neglected in their derivation. By making an analogy between the

turbulent fluctuations and microscale thermal fluctuations, they show that the Reynolds

stress obtained by the BGK-Boltzmann equation has model coefficients similar to some

existing turbulence models. They also claimed that the turbulence phenomenon such as

the secondary flow structures and rapid distortion processes [41] can be better under-

stood according to the kinetic theory. As an extension of Chen’s work, the complete form

of the viscous stress tensor will be derived up to O (7?) using the single-relaxation-time

BGK model considering the internal degree of freedom of molecules. Moreover, this new

result will be compared to that obtained by Agarwal et al. [39] for Maxwell molecules.

The general expression of the viscous stress tensor is given as follows.

o:—/cc(g—geq)ds

D(tG
= r/cchequ — r[cchdE +r/chgeq§ — rfcc%gequ
D(zS§,
—/ccrszgeng +r/cc (l;tg)d’;‘ —|—O(r3).

After some computation and simplification, we obtain the complete expression for the

viscous stress tensor o as

2t (V .q(NS)>I
K+3

() (7)<

o =" _

—erRT

+ 1VT
T

S (14, 2
T dt K+3

8
+7%p —
* K+3

- Cdt
K+3

PRELP a(A I+
C,T dt \ C,T

4 A A
- oI —
K+3CT (QT

D(zSy) 3
+T/CC D d§+0(t ),

+1p

) (o)

+(37) (i) () 3o
() () () (o)
roa(dn) () ()

2m+®}%

ldoyor 2
T dt K+3|%  3K+3)

= 2
T K13

4
+— (§:8I—458-§5+2(5-2—Q-85)

ldr A I
tdt) C,T

)1

(63)

(64)
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where the material derivative of the strain rate tensor dS/dt can be derived from the Euler
equations, which reads

as

S =--ste9

rr|(Lv,) (Lv Lo (Evr)+ i (Livr)(Lv

et |(190) (590) +5(592) (797) 43 (797) (5%2)
Lyvpsl (Va + VaT) 1 0(0). (65)
P 2

Furthermore, by setting K = 0, x = 0, A = 0 and neglecting all the terms proportional
to the velocity divergence @, the density gradient V p and the temperature gradient VT, it
is found that S, = 0 and the following approximate result obtained by Chen et al. [7] can
be reproduced from the Eq. (64), namely,

(66)

4 d(tS
o~ 2uS + %S:Sl—472ps-s+2rzp(s-sz—sz~S)—2rp St ).
For Maxwell molecules of which the shear viscosity is linearly proportional to the
temperature, we have du/dT = wu/T. Therefore, the relations (1/t)Vt = —(1/p)Vp
and (1/t)dt/dt = —(1/p)dp/dt hold. Using the continuity equation, it follows that
(1/7)dt/dt = 9. Then, using our notations, the results obtained by Agarwal et al. [39]

can be rewritten as

1.\ 10 2
o =2u(S— oI 1042 o), 2106,
3 9 p 3p
2 2 2 Zd 1
+4“(S:S)1—4“S~S+2(S-sz—sz-S)—2“(S-M)
p p p p dt 3
u? 2 n? nr o s u? 3
Eovrpr—3tovnon+ 2 (v -3 vvr+o0(:?). 67
+opVTl o2 VDD + (VT =3 VYT +0(c) (67)

Moreover, Eq. (64) can be simplified as

1 2 2
o=2u(S— =01 217 oy 21 gy
3 9p 3p

4 u? 2 2 u2d 1
—1—7—(S I — 4—5 S—|—2—(S -85 - 2% (s— Zor
p dt < 3 )
+§“—|VT|21 - 2—2 (VT)(VT) + 3w (V2T)I - 2—VVT +0(7%). (68)
2 pT? pT? 2T oT
From Egs. (67) and (68), we observe that these two expressions share identical mathe-
matical form up to the order O (12) except for values of some coefficients. It is observed
that the nonlinear terms § - §, § - & — & - § and S¥ are exactly identical. Besides, the
material derivative term d (S — (1/3)91) /dt is also the same and the terms related to the
temperature gradient and temperature diffusion are also very close to each other. The sign
of corresponding coefficients is also the same, which implies that the negative or posi-
tive contribution to the viscous stress tensor can be qualitatively determined based on the
BGK collision model. Moreover, it is found that the viscous stress tensor can be changed
by the body force effect included in the material derivative term d (S — (1/3)91) /dt at the
second-order expansion but not at the first-order. Therefore, we conclude that although
the BGK model only uses single relaxation time to characterize the relaxation process
to the local equilibrium without considering rigorous collision interaction details, all the
dominant terms in the viscous stress tensor can be recovered compared to those obtained



Chen et al. Advances in Aerodynamics (2021) 3:5

from the Grad’s 13 moment equations. These expressions could potentially give guidelines
to the functional form for Reynolds stress modeling in compressible turbulence.

11 Heatfluxup to O (7?)
Based on the second-order Chapman-Enskog expansion of the distribution functions, the
analytical expression for the heat flux g is given by

1
q:ifc(czg%—h)ds
= % /c02 [¢°7 — TGg*T + 1S, | dE + % / e[ — (G + PDKT + 1S5, dE

1 D(tG D (tS§,
+§ f cc? |:—rLgeq + ri(l;t )geq + 12G%g% — Tg)tg)i| dé

D
1 —T(L+ Pkl + T (TG) ——hT 4 (G + 1)K
Py 3
=1 Dedy . D(SH dE+0(%). (69
Tiheq —_— 77"
Dt Dt

Noticing Egs. (21a)—(21d) and Egs. (19), (61), all the integrals in Eq. (69) can be
evaluated term by term. After some reorganization, we obtain

1
q=q™% - S K+ 5)TRTV - o™

1dt
(1(—1—5)(10[ ><VT)
2 2
D K+7)S8 1V —K+70 1V

1 3K+19 (1
2K+7)S-[=VT _RA VT
T K+3

1 1<+5
2 0(RT)? K+5S8-(=-Vp) -
+1°p(RT)"{ + (K +5)8 ’ Jo 1<+3

+K+7)V-8§— 2Kiw+(1(+5 Q. (
K+3

A
R — 5(1<+ 5V (CVT> (K +5) ( )

Lty <1V,0> A ( )
2 cT 2 C,T
—lfccztB(IS )dE — / T—(TS ) dé +O( (70)
2 Dt ¢ .

where the time and spatial derivatives of the relaxation time are given by

ldz ( 2 Tdu Tdu\ A
T =(y- g+(1-228

T dt I(+3/LdT wdT ) C,T
1 T du 1

-Vt=—(1—-——)=VT —--V 71
T ( MdT) o 7)

The results in Eq. (70) are briefly discussed here. The first term is the Fourier’s law.

The second term is determined by the divergence of the viscous stress tensor. The third

term is caused by the variation of the particle relaxation time in both space and time.
The fourth term is composed of the coupling terms between the strain rate, rotation rate,
temperature gradient and density gradient as well as the divergence of the strain rate.
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The fifth term represents the contributions from the terms relevant to the thermal energy
source. The last two integrals depend on the specific form of the source terms S and S,
used in different models.

Similar to what we have done for the viscous stress tensor, by setting K = 0, x =
0, A = 0and S; = 0, a comparison would also be performed for heat flux for Maxwell
molecules. The result obtained by Agarwal et al. [39] can be reformulated as

15 u? 1 u? 1
q=——uRVT +15—8§-( =VT)-3=—§- [ -Vp
4 P P P

T
2wBu? (1 2 71 2
—“ﬁ(VT>+““z9 (Vp)+3““v-s
8 p T P p p
19 2 45 p? 1
B w128 9. (Zvr)+0(?). (72)
4 p 4 p T

Correspondingly, Eq. (70) can be simplified as
15 u? 1 u? 1
q=——uRVT +9—S - | =VT | —-2—S§ | —Vp
4 P T P P

13u% (1 20 (1 2
2Ry (VT)+M19 <Vp>+2““v-s
T 3p p P
7 u? 2 1 1 D(zS
B vyisle. (vr —f/a ) ge 4 0(%). (73)
3p 0 T 2 Dt

Again, Egs. (72) and (73) share the same mathematical form and the same sign for each
contribution up to the order O (1'2). In our model, S, is mainly designed to modify the
Prandtl number and thermal energy source. Note that we keep the term relevant to Sy, in
Eq. (73) but it can be evaluated once the specific form of S, is given.

12 Conclusions

In this paper, an inverse design approach of mesoscopic models for compressible flows in
continuum or near-continuum regime has been explored based on the Chapman-Enskog
analysis. The design began with a model Boltzmann equation in a high dimensional
phase space and with an undetermined source term. Then two reduced model Boltzmann
equations in seven dimensional phase space are introduced, each containing a source
term. First, it is found that there are many possible ways to design the source terms in
order to recover the NSF system in the continuum limit, as long as five newly-derived
requirements for the two source terms are met. These source terms allow for flexible
Prandtl number, bulk-to-shear viscosity ratio, and a thermal energy source/sink term.

Second, based on the Hermite expansion, we have provided one design for the two
source terms. This newly introduced model has been utilized to simulate decaying com-
pressible isotropic turbulence [32] and forced compressible isotropic turbulence [33],
achieving global turbulence statistics in excellent agreement with those based on solv-
ing the NSF system [29, 30]. Our model can be viewed as a Boltzmann-equation based
mesoscopic solver for compressible flows that solves the NSF system.

Third, three well accepted kinetic models, namely, the Shakhov model, the total energy
double-distribution-function model, and the Rykov model, have been shown to be com-
patible with five basic constraints derived from the Chapman-Enskog analysis. For Rykov
model, translational and rotational temperatures are introduced, which allows for larger
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bulk-to-shear viscosity ratio compared to other models. Similarly, in our model, the bulk-
to-shear viscosity ratio should be limited such that the premise of Chapman-Enskog
expansion is satisfied.

Furthermore, by applying the first-order Chapman-Enskog expansion to the distribu-
tion functions, we discuss the structures of the distribution functions and the implemen-
tation of bounce back boundary conditions. These results can be used to improve the
implementation of hydrodynamic boundary conditions in terms of the distribution func-
tions, namely, constructing the missing distributions from the known distribution near a
solid boundary, in both laminar and turbulent flows.

Finally, although present model is mainly designed for continuum or near-continuum
compressible flows, with BGK approximation, we derive the complete analytical expres-
sions for the viscous stress tensor and the heat flux based on the second-order Chapman-
Enskog expansion of the distribution functions, generalizing the previous results in the
incompressible limit. These new results have been compared with those obtained from
Grad’s 13 moment equations, which demonstrates that the final structure of the viscous
stress tensor and heat flux can be fully determined by the single-relaxation-time BGK
model except for differences in some coefficients. We believe that high-order effects in
compressible turbulence could be partially captured by the BGK-Boltzmann equation,
which certainly deserves further investigation. It would be desirable to explore underlying
physics associated with the second-order terms especially in compressible turbulence, in
the future using DNS data. The second-order terms may also provide a way to assess the
difference between NSF flows and the flows governed by the model Boltzmann equation.

A Hermite polynomials and hermite expansion
The n-th order Hermite polynomial is defined by [42, 43],

n (="
AN E, Ty) = (VRT)) ———~ViwE, To), n=0,1,2,---, Al
€ To) = (VRTo) s Vi, To), (A1)
where Vg = V¢V - Vg implies that 5" (, To) is a symmetrical tensor of rank-n. The

weighting function is w (&, To) = (2w RTo) /2 exp (—£2/2RTy).
From the 4% -order Hermite expansion of g°7 and the 2"?-order Hermite expansion of
h®1 [32], we obtain

g°1(&) +g“1(—§) = 2pw(§, To) x

(8) - ( )]

—

24

£ u 2
RTy RTy RT()

$2
+6(9—1)|:(ﬁ -

7)(
2
2| (& &2
+30-1) RRTo) 710RT +15}

w5( i ) 2
L (5]

~+high order terms
g1 — g1(—§) = 2pw (&, To) x

Eu 18-u|(é-u u? g2
iRTo * S R, |:(RT0) _3RT+3(9_1)<T0_5)“

+high order terms. (A2)
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h1(&) + h*(—§) = 20 (§, To))KpRT x

1 §-u 2 u? £2
ollen ) "wne PO Vg 3 high order terms,
i +2|:<RT0) RTO+( )(RTO ) -+ high order terms

h*1(&) — h*1(—&) = 2w (&, To)KpRT <2Tu) + high order terms, (A3)
0

where 6 = T /T is the normalized temperature.

B Derivations of the requirements for the source terms

The Euler equations can be obtained by assuming that g = g°¢ 4+ O(r) when evaluating
the viscous stress and the heat flux. This leads to 6 ~ O(t) and g ~ O(t). Therefore, the
Euler equations are

a ou
—p+V-(pu):O, ,0<+u-Vu) = —Vp+ pa—+ O(1),

ot ot
ar
'OC"E =—pV . -u—pA+0(x). (B1)
Taking the first-order moment of the Boltzmann equation for g, we have
d(pu
(;)t)—|—V-(,0uu)=—Vp+V-a+,Oﬂ+/§Sgd§~ (B2)

By using the Eq. (20), we can make a closure of the viscous stress,
o= —/cc(g—geq)dE
=1 / ccGog®ldE + 1 / ccGsg®ldE — t f ccSydé + O (rz). (B3)

All the integrals in the RHS of Eq. (B3) can be evaluated term by term,

pTA
CT

2
T / ccGyg®ldE = tp [ZS - 191] , T / ccGsg®ldE = — 1. (B4)

K+3
Substitution of Eq. (B4) into Eq. (B3) yields

ou(s—2or) + uvor 2K oI
o = _ — — F
H 3 Hv XT3k )M

TpA
G T

I-t f ccSqdé + O (7). (B5)

Hence, in order to recover the Newtonian constitutive law (see Eq. (16)), the Eq. (21b)
must be satisfied.

Similarly, combining the second-order moment of the Boltzmann equation for g and
the zeroth-order moment of the Boltzmann equation for / yields the following equation,

E
%+V-(q+,0Eu+pu—a-u):pa-u+%f($25g+5h)d§, (B6)

By using the Egs. (20) , we can make a closure of the heat flux term,
1
q= i/c(c{ngh)d»;
1 2 e 1 e 1 e
=57 | e Gg®ldg — 3¢ cGh*ldE — 3¢ c®1h*dE

+%r / cc®Sqdt + %z / cSydé + 0 (7?). (B7)
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Because of [ ¢c?G1g%dE = 5p(RT)? (1/T)VT) and [ cc?Gog®ldE = [ cc?Gsg®ldé = 0,
we obtain

1 1
— it / c®GghldE = —grp(RT)2 (TVT> . (B8)

Because of [¢G1g®dé = [cGyg®dE = [cG3g®dE = 0, we have T [ ¢cGh*ldE = 0.
Further, we have

1 k 1
- 5r/ccblheqalg = —Er,o(RT)z (TVT) ) (B9)
By substituting of Eqgs. (B8) and (B9) into Eq. (B7), we obtain

1 1

q=q™ —1-Pr)g™ + 37 / cc’Sedt + - T / cSydk + 0 (7°). (B10)
Therefore, we have derived the fifth requirement for the source term in Eq. (21d).

C Details in the derivations of the Rykov model

Here we prove that the two source terms in Eq. (45) should satisfy the five general

requirements. From the Euler equations for the Rykov model, the time derivative for the
translational temperature 7; and rotational temperature T, are

OT; VT, 2T19+ ! (T — Tp) + O(1)

—_— = —U- —_ = JR— — T),

at gtttz ‘

0T, _ VT, + ! (T =T, +O0®) (C1)
ot . VT r o

The first requirement for the source term is satisfied because of

[ seae = [; [ sas + (1 - ;) [ g~ [ fM(T)dE] 0 (@

The second requirement for the source term is satisfied because of

[esias =2 | [ otias+ (1- ) [ otias - [ enaeae| =0 (co

According to Egs. (C2) and (C3), we obtain [ ££S,d§ = [ ccSydé.
Since [ ccfjdé = plI, [ ccf{dé = pJd and [ ccfyu(T)dE = pl, therefore,

/ Sd‘g'—l lI—|— 1 1 I—pl|= 1 1 1 )1 (C4)
CCogds = . ZP 7 Pr pL= . 7 @—po)l
From Eq. (C1), we have

T—T, = % (T, — T}) = %zzm +0(r?), (C5)
Therefore, we obtain
p—pi=pRT Ty = %Zw +0(?). (C6)
Substituting Eq. (C6) into Eq. (C4), we have
/EESgd£ = /cchd£ =— (1452 — é) pvI + O(7). (C7)

Therefore, the third requirement for the source term is proved. The ratio of bulk-to-shear
viscosity x = 4Z/15 in Chapman-Enskog analysis.
From Eq. (C4), we have

3
/gzsgdg = fczsgd;: = (1 - ;) »—po). (C8)



Chen et al. Advances in Aerodynamics (2021) 3:5 Page 23 of 25

Using the relation p — p, = —% (p — pt), we have

[ sude =2 [; [ sras + (1 - ;) [ sas —rr | fmnd&]

I EP YA co
_r[Zp+< —Z>Pr—P:|—T< —Z)(P—Pt)~ (C9)

From Egs. (C8) and (C9), the fourth requirement is satisfied.
We note that the following integrals can be carried out directly.

/ ofide = (1—5) g, / offdt = w1 (1— 8)q, f cfu(T)dE = 0,

2 2
/ c*fidE = gqt, / cc*fydg = ga)oqt, / c’fu(T)dg = 0. (C10)
Hence, we have
201, 1 .
cSpdk=—-1q — |0+ AQ-w)1-9))q |,
T Z
2 2 l1-w
2 ¢ 0 ¢
Sodé = — ——114+05——— . C11
fesaltetats)e] e
By applying the Chapman-Enskog expansion, we can prove that the heat fluxes are given

by
q' = —k'VT, + 01 = —'VT + 0(«?),
q = —«'VT,+0(1? = —«"VT + 0(x?),
q=—«VT+0(?), (C12)

Combining Egs. (C11) and (C12) gives

f cS,dé + / cc?S,dE = % (1 —Pr)q + O(1), (C13)

where the Prandtl number is Pr = uC,/k = 7R/2«. Therefore, the fifth requirement is
satisfied.
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