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Abstract

The challenge of modeling low-speed rarefied gas flow in the transition regime is well known. In this paper, we propose
a numerical solution procedure for the regularized 13 moment equations within a finite-volume framework. The stress and
heat flux equations arising in the method of moments are transformed into the governing equations for the stress and heat
flux deviators based on their first-order approximation. To model confined flows, a complete set of wall boundary condi-
tions for the 13 moment equations are derived based on the Maxwell wall-boundary model. This has been achieved by
expanding the molecular distribution function to fourth-order accuracy in Hermite polynomials. Empirical correction fac-
tors are introduced into the boundary conditions and calibrated against direct simulation Monte Carlo data. The numer-
ical predictions obtained from the regularized 13 moment equations and the Navier-Stokes—Fourier equations are
compared with data generated using the direct simulation Monte Carlo method for planar Couette flow. For a range
of wall velocities and Knudsen numbers (0.012-1.0), the results indicate that the regularized 13 moment equations are
in good qualitative agreement with the direct simulation Monte Carlo data. The results also highlight limitations that
are caused by the use of a first-order expansion of the third moment.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The degree of rarefaction of a gas is generally expressed through the Knudsen number (Kn = A/L) which is
the ratio of the molecular mean free path, /, to a typical dimension of the flow field, L. The Boltzmann equa-
tion [1] provides an accurate description of a dilute gas at all degrees of rarefaction and describes its state
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through a molecular distribution function that treats the gas as a large number of interacting molecules, col-
liding and rebounding according to prescribed laws. Solutions of the Boltzmann equation, either directly [2] or
through the direct simulation Monte Carlo (DSMC) method [3], entail significant mathematical complexity
and can be computationally expensive, particularly for low-speed, low Knudsen number flows in the slip
(Kn <0.1) and transition (0.1 < Kn < 10) regimes. These flows are often found in micro-electro-mechanical-
systems (MEMYS) [4,5].

Due to the difficulties associated with solving the Boltzmann equation, there is significant effort being made
to construct alternative solution strategies that can provide an accurate description of a gas with Knudsen
numbers that extend into the transition regime. For designing components in MEMS, it is desirable that
any new developments have: (i) computational efficiency comparable to conventional hydrodynamic formu-
lations; (ii) the ability to handle real geometries, and (iii)) under appropriate conditions, will recover the
Navier—Stokes—Fourier solution. The two main approaches used to derive these extended hydrodynamic
(EHD) equations are the Chapman—Enskog expansion [6] and the method of moments developed by Grad [7].

The Chapman—Enskog approach expands the molecular distribution function in powers of Kn to construct
the constitutive relationships. The zeroth-order expansion yields the Euler equations and the first-order results
in the Navier—Stokes equations. Higher order expansions yield the Burnett equations (second-order), Super-
Burnett equations (third-order), and so on. It is expected that the higher the expansion order is, the resulting
set of equations will provide an improved description of any departures from the equilibrium state. However,
Grad [8] argued that no matter how high the expansion order is, the resulting system will only describe flows
that are already close to the continuum solution. Furthermore, the higher-order equations become linearly
unstable and are not suitable for numerical simulation of processes involving small wavelengths [9]. Several
researchers [10,11] have presented augmented forms of the second-order constitutive relationship to stabilize
the Burnett equations.

In Grad’s approach [7], a governing set of partial differential equations representing the moments of the
molecular distribution function are derived from the Boltzmann equation. However, moments of higher
order always appear in each moment equation and the set of moment equations is not closed. To avoid
the necessity of dealing with an infinite number of moment equations, a closure procedure is required that
relates the higher-order moments to those of lower order. In the seminal work of Grad [7], the set of
moment equations was closed at the second-moment level, which involves 13 moments: density, momentum,
energy, heat flux, and pressure deviator. It is interesting to point out that the constitutive relationships
established by the Chapman-Enskog method, at any order, can be regarded as a first moment closure
method with 5 moments [3]. To close the set of moment equations at the second-moment level, Grad [7]
expanded the distribution function in Hermite polynomials about the local Maxwellian to third-order accu-
racy and set the trace-free part of the third moments to zero. As a result, the original set of 13 moment
equations derived by Grad (G13) is hyperbolic and lacks any gradient transport mechanism. They are
not suitable for computing boundary layers or predicting shock structures above a Mach number of 1.65
[12].

Recently, Struchtrup and Torrilhon [13] regularized Grad’s 13 moment equations (R13) by applying a
Chapman-Enskog like expansion to the governing equations of the moments higher than second order. Alge-
braic constitutive relationships were then established between the higher moments and the second and lower
moments. This important procedure introduces gradient transport terms into the second moment equations
and changes their character from hyperbolic to parabolic. Subsequently, Struchtrup [14,15] used an order-
of-magnitude approach to achieve a similar closure. In contrast, Jin and Slemrod [16] used a visco-elastic reg-
ularization procedure to develop a relaxed Burnett system through a relaxation of the pressure deviator and
the heat flux. This approach leads to a stable set of 13 governing equations that are weakly parabolic and a
detailed comparison between the R13 equations and Jin and Slemrod’s regularization has been given by
Struchtrup [17]. The shock structures computed with Struchtrup and Torrilhon’s closure are smooth and in
quantitative agreement with DSMC simulations for Mach numbers up to 3.0 [17,18]. However, to apply this
set of moment equations to confined flows, such as those found in microfluidic channels, wall boundary con-
ditions are required. No complete set of wall boundary conditions for the 13 moment equations have appeared
in the literature, and this hampers the application of the moment method in MEMS and other confined rar-
efied gas flows.
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To construct wall boundary conditions for the governing moment equations, a scattering kernel is needed
that describes the gas—surface interaction [19]. This paper presents a complete set of wall boundary conditions
for the 13 moment equations that have been derived using the Maxwell wall-boundary model [20] and expand-
ing the distribution function in Hermite polynomials to fourth-order accuracy. As only a finite number of
moments are involved in the approximated molecular distribution function, empirical correction factors are
required that will account for any Knudsen layer effects [1]. The values of the empirical correction factors
are determined from a set of numerical experiments obtained from DSMC studies of planar Couette flow
which, although geometrically simple, exhibits all the essential rarefaction effects as the Knudsen number
increases. The DSMC data obtained in the present study cover a range of Knudsen numbers and wall veloc-
ities and has been used to calibrate and validate the new wall boundary conditions. Moreover, the computed
values of the moments are compared with those obtained from the DSMC simulations and the validity of the
proposed closure is discussed.

To numerically solve the 13 moment equations for parabolic and elliptic flows within a conventional
CFD approach, such as the finite volume (FV) method, is quite challenging because the gradient transport
mechanisms are not explicitly expressed in the momentum and energy equations of the moment system. The
inadequacy of the standard FV method for the governing equations without any gradient transport terms is
well recognized [21], so that methods for dealing with hyperbolic problems are required, such as Riemann
solvers [22], TVD schemes [23] and ENO schemes [24] for capturing discontinuities. For high speed flows,
Jin et al. [25] developed a one-dimensional non-oscillatory numerical scheme and successfully predicted
shock structures up to Mach 10 with the relaxed Burnett system [16]. These schemes are complex and com-
putationally expensive for multidimensional confined flow, particularly at low speed. This paper proposes a
solution strategy for the R13 equations which is able to employ conventional FV techniques associated with
elliptic flow problems. In our approach, the stress and heat flux equations in the R13 system are trans-
formed into the governing equations for the stress and heat flux deviators from their first-order approxima-
tions, respectively. They can then be solved numerically by coupling with the momentum and energy
equations.

In Section 2, Grad’s method of moments and Struchtrup and Torrilhon’s second-moment closure are
briefly described. In the subsequent section, the molecular phase-density distribution function is expanded
in Hermite polynomials to fourth-order accuracy about an equilibrium distribution. A complete set of wall
boundary conditions for the 13 moment equations are presented in Section 4 based on this polynomial expan-
sion and Maxwell’s wall-boundary model. In Section 5, the numerical strategy is discussed and results
obtained from the NSF and R13 equations for planar Couette flow, covering a range of Knudsen numbers,
are presented in Section 6 and compared with DSMC data.

2. Method of moments and second-moment closure

Kinetic theory accounts for a molecule’s movement and interaction through a molecular phase-density dis-
tribution function, F (¢, x, ¢), which satisfies the Boltzmann integro-differential equation [1], where x and & are
the position and velocity vectors, respectively, of a molecule at time ¢, and F(&, x, 7) dxd¢& gives the number of
molecules whose velocities lie within d€ in a volume element dx. For convenience, a mass distribution function
is used in the present study and is defined by

S8 x, 1) = mF(& x,1), (1)

where m is the mass of a molecule. Once the distribution function, f, is known, its moments with respect to &
can be determined. For example, the density, p, and the momentum, pu;, can be obtained from

p= [ rae and pu— [&ra @
where ¢; represents the particle velocity. An intrinsic or peculiar velocity is introduced as
Ci — 61’ — U; (3)

so that the moments with respect to u; can be conveniently calculated.
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In the method of moments, a set of N moments are used to describe the state of the gas through

piliz AAAAA iv — /C,—lciz ...... Ci,v,fd§~ (4)

The first 13 moments chosen by Grad in the second-moment closure are ¥ = (1, &, ¢?, cicj, c*c;/2), where

¢ = ¢ex, and the thermal energy, pressure tensor, and heat flux are given by pe, p;, and g, respectively.

Any moment can be expressed by its trace and traceless part [13—-15]. For example, the pressure tensor can
be separated as follows:

Pij = Poij + pyy = poy + 05 = /Cic_;‘fdfy (5)
where 0;; is the Kronecker delta function, p = p,, /3 is the pressure, and ¢;; = Py 1s the deviatoric stress tensor.
The angular brackets denote the traceless part of a symmetric tensor. Furthermore, the thermal energy density
is given by

3 k 1
=—p—T== 2fde. 6
pe=3p-T=3 / cfdg (6)

The temperature, 7, is related to the pressure and density by the ideal gas law, p = p(k/m)T = pRT, where k is
Boltzmann’s constant and R is the gas constant. The heat flux vector is

0= [ carde )

Multiplying Boltzmann’s equation by y and integrating over velocity space for Maxwellian molecules yields
the 13 moment equations [13]:

Op  Opu;

—— 0 8
ot axk ’ ( )
Opu;  Opujuy % _ _6_p )
ot axk 6xk o ax,-’
3 _0pT 3 _O0OpTu, Og, Ouy, Ou;
—-R—+ =R — = —p— — Op=—, 10
o T e T T P T (10)
6(7,‘] aO','juk am,‘jk p au<, au/> 4 aq<,

=—"0;—2p— =204 ;=" — = 11
ot O Ox; ,ualj p@xj> Okt o 50x’ (11)
Oq; O (10w 2p, 5 pOT 7 pOT_ gpQou o Op | 0y 0ok
ot Oxy, 2 Oxy 3u 20 ox; 2 Oxy, Oxy, p Ox; p Ox

T w2 tw 2 0w 104 o W)
5 9 ox; 5 9 ox; 5 9i Ox; 6 Ox; ik oy’

where p is the viscosity. Egs. (8)—(10) are the conservation laws for mass, momentum, and energy, where the
values of ¢;; and ¢; are determined from their governing equations. However, m;;, R;;, and 4, appearing in Eqs.
(11) and (12), are unknowns and correspond to

mije = p<l/k>’ RU = p(ij)rr — 7RTO'”, and 4= Prrss — 15pRT (13)

Closure procedures are therefore required to build constitutive models for the terms appearing in Eq. (13) and
the approaches followed by Grad [7] and Struchtrup and Torrilhon [13] will be briefly described.

2.1. Grad’s closure: G13 moment equations
Grad [7] expanded the distribution function, f, in Hermite polynomials about the local equilibrium Max-

wellian. The third-order approximation of the distribution function, /), was used by Grad to close the set
of moment equations at the second moment level i.e.

79 = l—i—l %y c-c-—Lc- 1—0—2 NS (14)
MY T2 R T pRT N T SRT) T p(rr) [




X.J. Gu, D.R. Emerson | Journal of Computational Physics 225 (2007) 263-283 267

where fyr is the local Maxwellian distribution function given by

2

szﬁRTﬁexp <‘m> (15)

In Grad’s original closure procedure, the term m;; appeared in the molecular phase-density function. This was
resolved by setting the term to zero and Eq. (14) becomes the Grad distribution function:

fo=fud 141 1 - (16)
= = cic;——=cq;| 1 ——==| ¢,
G =IMYE T oRT Y T pRT SRT

which results in the additional terms appearing in Eq. (13), R; and 4, also being equal to zero.

2.2. Struchtrup and Torrilhon’s closure: RI3 moment equations

Instead of using the molecular distribution function to calculate m;, R;;, and 4, Struchtrup and Torrilhon
[13] applied a Chapman—Enskog-like expansion to the governing equations of the higher moments with line-
arized production terms for Maxwell molecules. The zeroth-order approximation, given by mfjok) = Rf?) =
A =0, corresponds to Grad’s original closure and a first-order approximation was therefore used to correct
the G13 moment equations. Subsequently, Struchtrup [14,15] used an order-of-magnitude approach to achieve

similar approximations that included the nonlinear components in the production terms:

00 i; . .
m,'jk:—zﬂ(RT oy 4, S or _‘7“61’), (17)

Royj~—
6xk> 5 q<l 6xk> + ot 6xk> P 6xk>

p
Ry=——"FElRrr 2Rq—— — P
! 5 P{ Ox)) " Oxj)  p Ox)
5 Ou; Ouy, 2 Ou 41
“RT( 60 22 e S pbcier, 20 T GOy 18
+ 7 <O_k(1 axk + Ok(i ax/> 3 97 axk 7 P O (i0j)k> ( )
w7 oT ¢, Op g, Ou; 0,0
A=—-12=¢-Rq,— — = —+RT|—+o0;— ) p ———2, 19
p {2 % ox,  p Oxg + Oxy + x; p (19)

and these are used to close the set of Eqgs. (8)—(12) in the present study. The linear parts of Eqgs. (17) and (18)

are given by

by
5 P a.Xj> '

L o_ _2_:“ 0y

mi, = and Rf =
ijk 0 axk> ij

(20)
The terms contained in Eq. (20) were neglected in Grad’s original closure but are important because they pro-
vide the gradient transport mechanism for ¢; and ¢; and help to stabilize the 13 moment equations.

3. The fourth-order approximation

The governing equations for the moments of f describe the relationship between the macroscopic quantities
of the flow. However, they do not give details of f'itself explicitly but this can be constructed from the values of
its moments as an approximation to the solution of the Boltzmann equation. Grad expanded f in Hermite
polynomials as

o0

1 n n 1 1 1 2 2 1 3 3
f=tud et = fM(a<o>H<o>+ag Y 4 a4 ), @)

where H;") are the Hermite functions and a;'” the coefficients. All of the polynomial coefficients are linear com-

binations of the moments of f. To accurately describe the state of a gas an infinite number of moments is
required to reconstruct the distribution function. However, for gases not too far from equilibrium, a finite
number of moments should provide an adequate approximation. The first five polynomials and their
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coefficients are given in Appendix. Eq. (16) represents the incomplete third-order approximation to f'in Her-
mite polynomials, as used by Grad [7], to close the system at the second moment level.

The nonequilibrium effects become stronger as the flow approaches the solid wall. If a higher-order approx-
imation for f'were employed near the solid surface, it is anticipated that it would provide an improved descrip-
tion of the near-wall flow. The complete third-order approximation to f, given by Eq. (14), is one option that
can be used to study the flow in the proximity of the wall. In the present study, the distribution function has
been expanded in Hermite polynomials to fourth-order, /44, and then used to obtain the wall boundary con-
ditions for the moment equations. Making use of Hermite functions and their coefficients, as listed in Appen-
dix, the expression can be written as

+ %y cic ! cq<l Cz)—!— K cicicr + WL ccicre
> 7 CiC — 5mCidi | | — 5 iCiCk + 5 CiC;CkCy
2pRT "/ pRT 5RT) ~ 6p(RT)* "'  24p(RT) "’

+< c? 1) Rjcc; A A 1’ (22)

£ =full

—— + +
TRT 4p(RT)* 12p(RT)*  120p(RT)* ~ 8pRT
where, ¢, = puy» represents the fourth moment. Its first-order approximation is given by [15]

12 dwe Yoy a0
) E (R + TRTo) = — —
760 P oy %o P

(bijkl = (23>

In Eq. (23), (6&‘)) and %07 are entries in the collision production matrices %Z’Q and %" for the fourth mo-

a,bc

ment and have values of 1.8731 and —0.3806, respectively, for Maxwell molecules [26].
4. Boundary conditions at the wall

One of the difficulties encountered in any investigation of wall boundary conditions is due to a limited
understanding of the structure of surface layers of solid bodies and of the effective interaction potential of
the gas molecules with the wall. A scattering kernel represents a fundamental concept in gas—surface interac-
tions, by means of which other quantities should be defined [19]. At present, there is no complete set of wall
boundary conditions available in the literature for the 13 moment equations. Maxwell’s boundary condition
[20] is one of the simplest models and it states that a fraction, (1 — a), of gas molecules will undergo specular
reflection while the remaining fraction, o, will be diffusely reflected with a Maxwellian distribution, f};, at the
temperature of the wall, T,. In a frame where the coordinates, (x, x», x3), are attached to the wall, with x,
normal to the wall, such that all molecules with &, < 0 are incident upon the wall and molecules with &, > 0
are emitted by the wall, Maxwell’s boundary condition can be expressed by [27]

) O‘.fhv/vi+(l_“)f(éla_£27é3)v 52 = 0
v _ 24
S s) { £, 608, &<0 (24
and
N 2+ 2_"_ 2
(1, 8,8) = (Z:TT)S exp <%2TW63> (25)

In Eq. (25), p. is the density of the thermalized particles and needs to be determined to ensure that no particles
accumulate on the wall. By definition, the value of any moment at the wall can be obtained from

/ i f (61, Eay E3) dE = / i oo (&) G, &) dE (26)
Using Eq. (24), Eq. (26) becomes

/ ciCiy - Ci f (&1, 6, 85)dE = / ciCiy iy lofyy + (1 =) f (&, =&, &5)]dE (27)
20 & =0
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Since there is no gas flow through the wall, ¢, = &,. For ease of presentation, the wall boundary conditions for
2D planar flow, x; — x,, are presented below. The extension to 3D is straightforward. However, not all of the
moments are restricted by Eq. (24) if fis approximated by a finite number of its moments [7]. Grad considered
the special case of « =0 and concluded that only moments that are odd functions of &, can be used to con-
struct the wall boundary conditions. This limits the choice of moments to ¥ = (¢, cic; ¢?c; cicics c*eacacs
c1e26¢; eje; ¢*ey). Replacing fin Eq. (27) with its fourth-order approximation, f¥, gives the following

set of wall boundary conditions:

P,
RT, = 12, 28
TCRTO']2 mian q1
U, R 1 29
" P, 20, Sp, (@)
nRT q, RTJzz u% 35¢2222 - 75R22 — 284
RT — RT,, = — R E A Zls , 30
V22 4p, T4 840p, (30)
nRT5m112+2q2 u% Tw 105¢1122+ 1S(Rl] +R22)+7A
- L T s v 1) - 1
on = '8””\/ skt T P\rrt T 210RT : (31)
2 g mRT (105mp; + 196g,) 1056505, + 195Ry + 564 2 TW 2 i, Ty,
== = ) ey W 32
o2 P\ 210RT 630RT t3P torr 70 3%
2 /2T, 2 3R +7
o1 = .3512 <3 7 tsPy o 5‘11) - 1227;1522127 (33)
52—ua nRT R12 5 Uysp, ) 10
= 7o z 6RT,) — — min, 34
"= P\ ( o RT) 18 &r (st ORTY) = gmiz (34)
and
e JRT [ 108Ry + 634 — 100, p,ail, (12RTy +14d,) 12 T T\’
2 2 o 294RT RT 14RT 7 A\ T ’
(35)
where

0 30Rn+74 ¢y
P« =PF 5 T TR4ORT  24RT’ (36)
and u, 1s the slip velocity relative to the wall. In the derivation of the above set of wall boundary conditions,

Eq. (28) has been used to eliminate p,, in Egs. (29)—(35).

4.1. Calibration of the boundary values

In deriving the boundary conditions, given by Egs. (29)—(35), the distribution function has been constructed
using a finite number of moments. Consequently, the values of some moments at the wall are underestimated
and others are overestimated due to the effect of the Knudsen layer [1]. To compensate for this necessary sim-
plification, empirical correction factors, ﬁw(go =u,T,o11,0m,012,9;,9,) have been introduced into the bound-
ary conditions. This type of approach has been used before to correct the slip-velocity and temperature jump
for the Navier-Stokes equations [1,27-31].

The values of the coefficients, f,, can be determined either from solutions of the Boltzmann equation or
from DSMC calculations. The latter approach has been adopted in the present study using planar Couette
flow as the test case. Although geometrically simple, it exhibits all the important flow phenomena and can
readily be used to find the values of f,. The DSMC code developed by Bird [3] has been used for the simu-
lations and was modified to obtain all moments involved in the boundary conditions to enable the values of
B,(¢ =u,T,011,02,012,4,,4,) to be determined from Egs. (29)(35).
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Planar Couette flow represents a classical problem in rarefied gas dynamics and it has often been used to
investigate features such as velocity-slip, temperature jump and Knudsen layers [32-34]. In the present study,
the coordinates are chosen such that the upper plate moves with velocity u,, in the x; direction and x, is the
direction perpendicular to the plates. The lower plate remains stationary. The variable hard sphere (VHS)
model for argon has been employed with the gas constant R = 208 J/kg K. Both plates have a fixed wall tem-
perature, T,, = 273 K, and values of the wall velocity were 50, 100, 300, 600 and 1000 m/s. The Knudsen num-
ber for this problem was defined as Kn = 1/L, where L is the distance between the two infinite parallel plates
and the molecular mean free path is given by

st [TRT (37)
p 2
The wall temperature, T, and the initial pressure have been used as reference values to estimate 1. Seven
Knudsen numbers, ranging from 0.012 to 1.0, were investigated in the DSMC simulations to estimate the val-
ues of f8,. The viscosity was obtained from Sutherland’s law [35]

7\ S To+S
= [ — 38
1 MO(TO> T+s’ (38)

where the reference viscosity and temperature are, y, = 21.25 x 10°° Pas and T, = 273 K, respectively, and
Sutherland’s constant, S = 144 K, for argon. The accommodation coefficient, o, was assigned a value of unity
i.e. fully diffuse reflection has been assumed for both walls.

5. The numerical method

The thirteen moment equations have often been used to study shock structures where the flows are hyper-
bolic in nature [12,18,25]. In the case of low-speed rarefied gas flow, such as those found in micro-devices, the
system is parabolic or elliptic. Using a hyperbolic flow solver to solve elliptic flows is inefficient and expensive.
Regularization of Grad’s 13 moment equations introduces gradient transport terms into the governing equa-
tions for the stress and heat flux. However, the gradient transport mechanisms for momentum and energy are
implicitly included in the stress and heat flux terms and are not explicitly expressed in the momentum and
energy equations. This imposes great difficulties in solving the set of R13 moment equations numerically with
a finite volume (FV) method, particularly for confined and steady-state flows. Since the gradient transport
mechanisms of momentum and energy are represented by the first-order approximations of stress and heat
flux

61/[ i
o) =—2u——" and ¢ =——Ru_——, (39)
6xk>
it is possible to define the stress and heat flux deviators as

1 1
pgy =ou — oy and phy =g, —q,’, (40)

where g; and 4, denote the specific stress and heat flux deviators, respectively. Eq. (40) can be inserted into
Egs. (17) and (18) to give

2 9g; 2 dlnp 2uda)

Y

Mk T3 3N Ty, 3p o 1)
and
12 dh; 12 dlnp 12 udg"
Ri=——pu—"r——puhjy—— — — = = 42
Y S'uaxj 5 1 ox; 5p Ox; + Sy, (42)
where
2u| (Ooy Oy 2 (Ooy 0o Ooyy 2u (4 Ou; oT oy Op
ok (it B0 VOK s N B S g, 8 O PP
ik 3p [(ax,- + Ox; s\ox, + o, & + ox, Y p 540 Oxpy + Ry Oy p Oxp
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Fig. 1. Determination of the correction factors, f, for the 13 moment wall boundary conditions. Symbols represent values obtained from
DSMC calculations of planar Couette flow for five different wall velocities. The solid lines indicate values used in the present study.
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coefficient through comparison of DSMC data and predicted values of shear stress, o1,, for planar
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Correction factors f8, for wall boundary conditions
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Fig. 3. Predicted velocity profiles at a range of Knudsen numbers with initial conditions: T, = 273 K and uy, = 100 m/s.
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Using Egs. (39)—(42), it is possible to rewrite Egs. (9)—(12) in a steady-state form as follows
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Fig. 4. Predicted temperature profiles at a range of Knudsen numbers with initial conditions: T,, =273 K and u,, = 100 m/s.
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Eqgs. (45) and (46) are similar to the Navier—Stokes—Fourier equations but with extra terms underlined on
the right-hand side that account for any rarefaction effects and can be determined from Egs. (47) and (48).
These equations can be expressed in a general conservative form as:

Opu, @ 0 < u 6(15)
Oy 0o \I'p Ox) So

convective term  diffusive term  source term’

in which, ® = (u;, T, g;;,h:), I's = (1,2/5,3/2,5/6), and Sg = (S.,,Sr,Sy,,Ss,) corresponds to the right hand
terms of Eqs. (45)—(48) respectively. This set of equations is now in a conventional convection-diffusion format
with appropriate source terms. The numerical algorithm for solving Eq. (49) has been well documented in
many CFD textbooks, such as the one by Ferziger and Peri¢ [36], and has been implemented in a finite volume
in-house code, THOR, in the present study. The diffusive and source terms are discretized by a central differ-
ence scheme. For the convective terms, a range of upwind schemes including QUICK [37], SMART [38], and
CUBISTA [39] are available in THOR and the CUBISTA scheme was selected for the present study. The cou-
pling of the velocity and pressure fields is through the SIMPLE algorithm [40]. A collocated grid arrangement
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Fig. 5. Computed profiles of temperatures in directions x; and x, with initial conditions: T\, =273 K and uy, = 100 m/s.
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is used in THOR and the interpolation scheme of Rhie and Chow [41]is used to eliminate any resultant non-
physical pressure oscillations. The system of 13 moment equations is solved iteratively and the solution pro-
cedure can be summarized as follows:

. Calculate u; at iteration n + 1 using the values of other variables at the previous iteration .

. Solve the pressure correction equation using the SIMPLE algorithm to update p and u; at iteration n + 1.

. Calculate T, g; and h; at iteration n + 1 using updated pressure and velocity fields.

. Return to step 1 and repeat until residuals of each governing equation reaches a specified convergence
criterion.

W -

6. Results and discussion

Figs. la—g present the results of S, from the DSMC simulations for five wall velocities over a range of
Knudsen numbers. Due to the stochastic nature of the DSMC method, the data are scattered but generally
lie around a particular value, with weak dependency on the Knudsen number studied. Figs. 1a and b show
that the correction factors for slip-velocity and temperature jump, 3, and fi, respectively, are close to unity
when Kn > 0.1. These particular factors have been the subject of many previous investigations [1,28-31]. In
particular, Figs. la and b show results obtained from the solution of the linearized Boltzmann equation
[1,28,31] which yielded values of 1.1446 and 1.1682 for f5, and 7, respectively. These values compare well
to the DSMC predictions for Kn = 0.012 but tend to overpredict at higher Knudsen numbers. In the present
approach, this corresponds to retaining just the first terms in Egs. (29) and (30), and neglecting all the higher
moments i.e. previous work essentially used a first-order approximation for the shear stress and heat flux terms
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Fig. 6. Computed profiles of normal stresses o;; and g,, with initial conditions: T\, =273 K and u,, = 100 m/s.
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to derive the values of 5, and i The authors are not aware of any theoretical or numerical values of the cor-
rection factors for wall stresses and heat fluxes that contain the higher-order moments.

The solid lines shown in Fig. 1 are the values of f, used for the solution of Eqs. (8)—(12) in the present
study. The DSMC data has strongly guided the analysis but the coefficients have been further optimized from
the solution of the R13 equations for Couette flow. One particular feature of planar Couette flow is having a
constant shear stress throughout the domain. Fig. le shows that the value of f§, required to obtain a constant
shear stress, a1, for the R13 equations is significantly above the value predicted by the DSMC results. The
difficulty is clearly highlighted in Fig. 2 which shows how the predicted shear stress varies with different values
of B,,. The reason for the non-constant behavior is due to the occurrence of the term m,; in Egs. (11) and
(33). As the Knudsen number increases, this term becomes very nonlinear and is poorly predicted at the wall
and its impact will be discussed later. The best fit was for , = 1.36 and a complete list of the values of f3,
used to solve the R13 equations are listed in Table 1.

The DSMC results showed a similar variation with Knudsen number for all values of wall velocity considered
in this study. Consequently, only results for u,, =100 m/s will be presented and discussed. The NSF and R13
equations were solved using an in-house finite-volume CFD code, THOR, and the velocity slip and temperature
jump boundary conditions for the NSF equations have been taken from Cercignani [1]. For the 1D Couette flow
in the present study, 200 equi-spaced grid points have been used in the solution domain, which was sufficient for
grid independent solutions to be achieved. The computed values of tangential velocity (1) and temperature are
presented in Figs. 3 and 4 for Kn =0.012, 0.1 and 0.5, respectively. At Kn = 0.012, Figs. 3a and 4a show that
both hydrodynamic models give almost identical values for both velocity and temperature. The values of u;
from the NSF and R13 equations are in very good agreement with the DSMC data but, although the hydrody-
namic models give the correct temperature jump, they appear to overpredict the maximum value of tempera-
ture. However, there is significant difficulty in reducing the thermal noise associated with the DSMC
simulation at such a low Knudsen number. As K increases to 0.1, both the R13 and NSF equations start to
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slightly overpredict the velocity slip. Fig. 3b shows that the predicted values of u; from the R13 equations are in
better agreement with the DSMC data than the NSF results whereas Fig. 4b indicates that the R13 and NSF
equations slightly overpredict the temperature jump. Overall, the values of 7 from the R13 are in closer agree-
ment with DSMC than those from NSF. At Kn = 0.5, well into the transition regime, Figs. 3b and 4b illustrate
that the values of u; and 7T from the NSF equations deviates substantially from the DSMC results whilst those
from the R13 are in general agreement with the DSMC data apart from near wall region. The overprediction of
temperature from the R13 equations at Kn = 0.5 can be attributed to the incorrect shear stress.
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The temperature shown in Fig. 4 is defined in Eq. (6), which includes energy components in the three spatial
dimensions. A separate temperature field in each individual direction can also be defined [3]. For example,
temperatures 7, and 75 in the x; and x, directions, respectively, are defined by

k k
piti= [dras and pim= [rac (50)
m m
From the above definitions, it is straightforward to obtain the following relationships:
011 02
TW=T+— d T,=T+—. 51
1 + R an 2 + R (51)

The profiles of T and T, predicted by the R13 equations are shown in Fig. 5 and compared with the DSMC
results for different values of Kn. At Kn = 0.012, the computed values of 7' and 75, from both the R13 equa-
tions and DSMC, are in close agreement. Each temperature field has the same value because the flow is very
close to equilibrium and any rarefaction effects are therefore weak. When the value of Kn is greater than 0.1,
the temperature in each direction is different, as clearly shown in Figs. 5b and 5c¢, with T, > T > T i.e. the
temperature parallel to the walls is higher than that perpendicular to the walls. This is because the values
of the normal stresses, o, and g5, are no longer zero.

Figs. 6 and 7 show the computed values of normal stresses ;; and o,,, and shear stress ¢;,, from both
DSMC and hydrodynamic models for several Knudsen numbers. At Kn =0.012, shown in Fig. 6a, both
the R13 and NSF equations produce a value of zero for ¢y, and o5, whilst those from the DSMC simulation
are scattered around a value of zero. Fig. 7a illustrates that the values of o1, computed from the three
approaches are also in close agreement. At Kn = 0.1 and 0.5, the DSMC results demonstrate that both oy,
and g,; are no longer zero. As shown in Figs. 6b and 6c, the R13 equations are able to capture this departure
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from equilibrium reasonably well, apart from very close to the wall. It is interesting to note that the predicted
values of shear stress from the NSF equations are in better agreement with the DSMC data than those from
the R13 equations, as shown in Figs. 7b and 7c, but it must be remembered that the values for o, predicted by
the NSF equations are evaluated from incorrect velocity profiles. The poor shear stress prediction has also
been observed by Struchtrup [17] who used the superposition approach to obtain values of gy, from the
R13 equations.

For planar Couette flow, Eq. (11) for the shear stress can be reduced to

_pomm| woul | 2p0q
{ p @xz] { (erUZZ)p@xz] { 5pox

012 = 4 + B + C . (52)
The values of the terms 4, B, and C'in Eq. (52) are shown in Fig. 8 for Kn = 0.1 with 8, = 1.1 and §, , = 1.36,
respectively. When 8, . = 1.1, term Cis negligible in comparison to the other two terms, whilst 4 and B change
dramatically as the wall is approached but in opposite directions due to the nonlinearity of the velocity profile
in the regions near the wall, as indicated by the broken line curve in the enlarged part of Fig. 3b. However, the
rate of change of A4 is lower than for term B, which results in the broken line curve in Fig. 2. To correct this, a
value larger than the DSMC results suggest was given to 8, ,. This increased the magnitude of the shear stress
and slip velocity, but also reduced the nonlinearity of the velocity profile. With 8, , = 1.36, each term in Eq.
(52) changes smoothly and results in a uniform value of ¢},, as shown in Fig. 2 by the solid line.
An interesting nonequilibrium phenomenon that occurs in planar Couette flow is the appearance of a
heat-flux without the presence of a temperature gradient. If the upper and lower walls are held at a fixed
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temperature, 7T, the NSF equations predict that the tangential heat flux, ¢, is zero for any value of Knudsen
number. Fig. 9a presents the normal and tangential heat fluxes for Kn = 0.012. Statistical scatter is evident in
the DSMC data but both continuum approaches show the correct trend, although the R13 equations do pre-
dict a small amount of tangential heat flux very close to the wall. At the upper continuum limit (Kr =0.1), a
significant amount of tangential heat flux is predicted, as shown in Fig. 9b. This feature is captured quite well
by the R13 equations but the NSF equations completely fail to predict this aspect of the flow. At Kn =0.5,
Fig. 9c shows that the predicted values of tangential heat flux from the R13 equations still closely follow
the DSMC data. In contrast, Figs. 9a and b indicate that the normal heat flux is captured well by both con-
tinuum-based schemes up to Kn = 0.1. However, beyond this value, Fig. 9¢c shows that the NSF equations
start to underpredict the DSMC data.

The ability of the 13 moment equations to accurately capture stresses at large values of Knudsen number
will clearly be affected by the approximation of the moment terms my;, R; and 4. Grad [7] assumed
myx = R;; = A =0 whilst Struchtrup [15] derived a first-order approximation. At Kn = 0.012, the values of
my12, Moo and my,, are very close to zero, as illustrated in Figs. 10a and 11a. These predictions are supported
by the DSMC data which indicates that these third moments are scattered around zero. At this low value of
Knudsen number, the contribution of m;; in Eq. (11) is therefore negligible. However, as the value of Kn starts
to increase, the contribution of m;; becomes progressively more important. Figs. 10b and 10c compare the
R13 and DSMC predictions for Kn = 0.1 and 0.5, respectively. At the continuum limit, the first-order approx-
imation of m;j provides a reasonable estimate for both 71, and m»,, and certainly captures the correct trend.
Unfortunately, the behavior of m,, is not predicted very well, particularly near the wall for either value of
B,,,(1.1 or 1.36), as shown in Fig. 11b. As the degree of rarefaction is increased, the weakness of the first-order
approximation becomes very apparent. Fig. 10c illustrates that the behaviors of m;;, and m,,, are captured
quite well in comparison with DSMC results. However, the scale of the problem is clearly reflected in the fact
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that the m,, term consistently predicts a value close to zero. The direct consequence of these results is that the
stresses, given in Eq. (11), do not agree with the DSMC data at larger values of the Knudsen number.

Comparisons of the predicted values of R;, and R,, with DSMC data are shown in Fig. 12 for different
values of the Knudsen number. Fig. 12a shows that when Kn = 0.012, R, is close to zero, consistent with
DSMC data, which is also scattered around zero, but the R13 equations and the DSMC results appear to pre-
dict a small but finite value for R;,. As the value of the Knudsen number increases to 0.1 and above, Figs. 12b
and c indicate that the values of both R;, and R, start to depart from zero. Although Eq. (18) generally fol-
lows the trend of the DSMC results, the magnitude of both R, and R»,,, are not predicted particularly well.

The results imply that the first-order approximation of m;; and R; significantly improves Grad’s original
assumption but a higher-order approximation is probably required to more accurately close the 13 moment
equations and successfully model flows further from the slip-flow regime.

7. Conclusions

A numerical method for solving the regularized 13 moment equations has been proposed. To enable con-
fined flows to be modeled, a complete set of wall boundary conditions for the 13 moment equations has been
derived, based on the Maxwell wall-boundary model and a fourth-order approximation of the molecular dis-
tribution function in Hermite polynomials. Empirical correction factors were introduced into the wall bound-
ary conditions to account for Knudsen layer effects and were calibrated with direct simulation Monte Carlo
data. Computational results of planar Couette flow over a range of wall velocities and Knudsen numbers
showed that the R13 equations recovered the continuum solution at small values of the Knudsen number
(<0.012) and performed much better than the Navier—Stokes—Fourier equations for velocity, temperature,
and heat flux at Knudsen numbers above 0.012.

The limitation of a first-order approximation to the third moment, 1,5, was highlighted and this truncation
leads directly to the R13 equations predicting a non-constant shear stress as the degree of rarefaction
increases. This error was partially accounted for by introducing a coefficient that was higher that the value
obtained from direct simulation Monte Carlo data. However, it was also observed that the magnitude of both
R;> and R,,, are not predicted particularly well at higher Knudsen numbers. It is clear that the first-order
approximation of m;; and R; brings many improvements to Grad’s original assumption but a higher-order
approximation is probably required for the 13 moment equations to successfully model flows that depart fur-
ther from the slip-flow regime. Alternatively, a transport equation could be introduced for the m;; term but
this would have the disadvantage of requiring additional wall-boundary conditions.
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Appendix

The expressions of the polynomials and their associated coefficients used in Section 3 to derive the fourth-
order approximation of the molecular distribution function, /', are [7]:
Ci_ g <

H® =1,H" = O —E s,
9 i \/ﬁ? ij RT ij )
(3 _ CGiCiCk Ciéjk + cj(sik + Ck(sij
ijk (\/ﬁ)3 VRT ’ (A.1)
cicicke;  CiciOp + cicdi + cicid g + cicrdi + ciciOp + crcidi;
l(j4k)l _ IQ/T/; I jOkl kCjl ! A/kRT JjCklil jC10ik kC10ij + (5,‘j5k1 +5ik5j] +5”5ﬂ()
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and
a¥ = 1,a51) =047 =21

P o

ijk p\/R_T, ( . )
i ij0 i0; i19; 0 10 9y

agj"‘lr)l = 1% _ 0ijOx + 0i0j1 + G0 ; jx0it + Ttk + Ouidi; (0:0u + 0udji + 0:1d i),

respectively. The trace and traceless parts of the moments are

1
Pijkt = Piijry + 5 (PiajymOrt + Pyt + PianOii + Py it + PyinmOik + Pigayr0i)

7
1
+13 (04081 + 00t + 0itGjic) Prrss- (A.3)
2
Pijk = Pujwy + 3 (qiéjk + (]_,-5ik + qkéij)- (A.4)

Using Eq. (13) and p 4y, = ¢, 1t can be shown that

@) (2 _ 9ijCiCj

0) _ (1) (1) _ )
d"HO =1, a\VHY =0, a; Hj = DRT
®) () _ Mgcicicx | 6c’ciq; by,
ikt L ijke = 2 27T LRT’ (A.5)
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