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In this paper, we consider the Boltzmann equation with respect to orthonormal vielbein fields in
conservative form. This formalism allows the use of arbitrary coordinate systems to describe the
space geometry, as well as of an adapted coordinate system in the momentum space, which is linked
to the physical space through the use of vielbeins. Taking advantage of the conservative form, we
derive the macroscopic equations in a covariant tensor notation, and show that the hydrodynamic
limit can be obtained via the Chapman-Enskog expansion in the Bhatnaghar-Gross-Krook (BGK)
approximation for the collision term. We highlight that in this formalism, the component of the
momentum which is perpendicular to some curved boundary can be isolated as a separate momentum
coordinate, for which the half-range Gauss-Hermite quadrature can be applied. We illustrate the
capabilities of this formalism by considering two applications. The first one is the circular Couette
flow between rotating coaxial cylinders, for which benchmarking data is available for all degrees of
rarefaction, from the hydrodynamic to the ballistic regime. The second application concerns the
flow in a gradually expanding channel. We employ finite-difference lattice Boltzmann models based
on half-range Gauss-Hermite quadratures for the implementation of diffuse reflection, together with
the fifth order WENO and third-order TVD Runge-Kutta numerical methods for the advection and

time-stepping, respectively.

I. INTRODUCTION

Rarefied gas flows, where non-equilibrium effects be-
come important and the Navier-Stokes equations are no
longer applicable, can be successfully described within
the framework of the Boltzmann equation [1-11]. Mi-
crofluidics specific effects (e.g. velocity slip, temperature
jump) can be recovered by modelling the boundary con-
ditions at the level of the Boltzmann distribution func-
tion f = f(=x,p,t) (i.e. by imposing kinetic boundary
conditions). According to the diffuse reflection concept,
the particles reflected from the wall back into the fluid
follow a Maxwellian distribution (all quantities are non-
dimensionalized following the convention of Refs. [12-
16]):
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where n,,, T, and u,, are the particle number density,
temperature and velocity of the wall. In the above, p, =
p - n represents the projection of the particle momentum
vector on the outwards-directed normal n to the wall,
such that particles for which p,, < 0 travel from the wall
back into the fluid domain.

Since the incident particle flux is a-priori essentially
arbitrary, prescribing the distribution of emerging parti-
cles via Eq. (1.1) induces a discontinuity in the functional
form of the distribution function [17]. Furthermore, the
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impermeability of the wall is ensured by requiring that
the mass flux through the boundary vanishes:
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The correct numerical implementation of Eq. (1.2) re-
quires the ability to recover half-range integrals of the
distribution function. This can be done by choosing
the discrete set of momentum vectors and their asso-
ciated quadrature weights following the prescription of
half-range Gauss quadrature methods [16, 18-36]. Since
the Gauss quadratures are one-dimensional [37, 38], the
integration over the momentum space must be split into
a product of one-dimensional integrals. The half-range
integration can be performed using a half-range Gauss-
Hermite quadrature only if the integration range along
this direction is [0,00) or (—o00,0]. This implies that,
for the Cartesian split of the integration domain (i.e.
when the integrals over p,, p, and p, are performed sep-
arately), the domain walls have to be orthogonal to the
Cartesian axes. For example, for a wall perpendicular to
the z axis, the integration in Eq. (1.2) is performed over
the ranges ps,py € (—00,00) and p, € [0, £00). This re-
sults in a limitation of the applicability of the presently-
available models based on half-range quadratures when
curved or arbitrary boundaries are considered.

It is a common practice in the literature to exploit the
symmetries of a non-Cartesian geometry by using curvi-
linear geometry-fitted coordinates [18-21, 39-47]. The
coordinate system can be chosen such that the boundary
is always orthogonal to the unit vector along one of the
curvilinear coordinates. In order to apply the half-range
quadrature along the direction perpendicular to the wall,
one further step must be taken: the momentum space has
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to be adapted to the new coordinate system, such that
the components of the momentum vector always point
along the unit vectors corresponding to the curvilinear
coordinates.

In Ref. [48], Cardall et al. expressed the relativistic
Boltzmann equation in conservative form with respect
to a vielbein (i.e. tetrad in 4D spacetime) field and a
general choice for the parametrization of the momen-
tum space. In this paper, we present a formulation of
the non-relativistic Boltzmann equation with respect to
general coordinates. In order to keep the momentum
space tied to the new coordinate frame, we employ an or-
thonormal vielbein field (i.e. a triad consisting of the non-
commuting unit vectors of the coordinate frame) with re-
spect to which the momentum space degrees of freedom
are defined. The resulting Boltzmann equation contains
inertial forces which ensure that freely-streaming parti-
cles travel along straight lines in the original Cartesian
geometry. Key to this development is the use of the tools
of differential geometry. It is worth mentioning that dif-
ferential geometry and the vielbein formalism have been
used previously in fluid dynamics, in particular for the
study of flows on curved surfaces [49-52].

In order to demonstrate the robustness of our proposed
formulation, we introduce the conservative form of the
Boltzmann equation, with the help of which the Navier-
Stokes equations with respect to general coordinates are
derived via the Chapman-Enskog expansion. This is the
main result of this paper.

The applicability of our proposed scheme to rarefied
flows enclosed inside curved boundaries is demonstrated
by considering two applications, namely the circular Cou-
ette flow between coaxial cylinders and the flow in a grad-
ually expanding channel, which are described in what
follows.

In the first case, cylindrical coordinates are used to
parametrize the flow domain, such that the boundaries
are orthogonal to the radial (R) direction. After defin-
ing the momentum space with respect to the unit vectors
along the radial, azimuthal and z directions, the mixed-
quadrature lattice Boltzmann (LB) models introduced in
Ref. [34] are employed. These models allow the quadra-
ture (half-range or full-range Gauss-Hermite) to be cho-
sen on each axis separately. The implementation of the
inertial forces requires the theory of distributions, as dis-
cussed in Ref. [36].

In Ref. [53], a D2Q9 collide-and-stream LB model was
adapted to recover the Navier-Stokes equations with re-
spect to the cylindrical coordinate system. In the result-
ing scheme, the velocity space parametrization is per-
formed along the coordinate system unit vectors, how-
ever, its applicability is restricted to the hydrodynamic
regime. Due to the collide-and-stream paradigm, the
computational domain still required a two-dimensional
discretization.

In Refs. [42, 43, 45, 46], the LB model was employed
using a discretization with respect to cylindrical coor-
dinates, but the momentum space degrees of freedom

were the Cartesian ones. This discrepancy between the
momentum space and the flow domain resulted in a
broken symmetry which required a two-dimensional dis-
cretization of the flow domain. Furthermore, the afore-
mentioned studies are limited to low Mach number flow
regimes, where the flow is essentially incompressible. In
our implementation of the circular Couette flow, the ax-
ial symmetry is preserved also in the momentum space,
such that the discretization of the flow domain can be
performed in a one-dimensional fashion, along the radial
coordinate (with only one point along the azimuthal and
z coordinates, where periodic boundary conditions ap-
ply), greatly reducing the total number of grid points
required to obtain accurate results. Also, the half-range
quadratures employed in our models allow us to model
highly compressible flows for which the profiles of the
macroscopic velocity, number density, temperature and
heat fluxes are correctly recovered.

The velocity sets employed in our models are pre-
scribed via Gauss quadrature rules and are in general
off-lattice (i.e. the velocity vectors cannot point simul-
taneously to neighbouring lattice sites). Therefore, the
widely-used collide-and-stream paradigm is inapplicable
with our models and we are forced to resort to finite-
difference schemes [54-77]. In order to ensure good ac-
curacy of the spatial scheme, the fifth order Weighted
Essentially Non-Oscillatory (WENO-5) scheme was em-
ployed [45, 78-83]. For the time marching, the third-
order total variation diminishing (TVD) Runge-Kutta
method described in [82, 84-87] was employed. Fur-
thermore, the resolution near the bounding cylinders is
increased by performing a stretching of the radial grid
points through a coordinate transformation which is com-
patible with our proposed numerical scheme, as described
in Refs. [40, 65].

Our scheme is validated in the context of the circular
Couette flow problem in three flow regimes: the hydro-
dynamic (Navier-Stokes) regime, the transition regime
and the ballistic (free-streaming) regime. In the hydro-
dynamic and ballistic regimes, our simulation results are
compared with the analytic solution of the compressible
Navier-Stokes and collisionless Boltzmann equations, re-
spectively. In the slip-flow and transition regimes, our
results are compared with those reported in Ref. [88] by
Aoki et al. In all cases, an excellent match is found and
we conclude that our scheme can be successfully applied
for the simulation of the circular Couette flow.

Since the aim of this paper is to demonstrate the
applicability of the lattice Boltzmann models based
on half-range Gauss-Hermite quadratures introduced in
Refs. [34, 36] for the study of rarefied flows confined
in non-rectangular geometries, our study of the circular
Couette flow is limited to the case of pure diffuse re-
flection (unit accommodation coefficient). We therefore
do not discuss other interesting aspects of the circular
Couette flow, such as the Taylor-Couette instability ap-
pearing at large values of the Taylor number [89, 90], or
the inverted velocity profile due to sub-unitary accom-



modation coefficients [88, 91-99].

The second application consists of the gradually ex-
panding channel introduced by Roache in Ref. [100].
This configuration is interesting since the flow features
exhibit scale invariance at sufficiently large values of
the Reynolds number Re. In particular, the results for
Re = 100 already give a reasonable approximation of the
flow features when Re — oo. Subsequently, this problem
was considered by 15 participant groups who attended
the fifth workshop of the International Association for
Hydraulic Research (TAHR) Working Group on Refined
Modelling of Flows, held in Rome on 24-25th May 1982
and was reported in Ref. [101] for benchmarking pur-
poses.

Before ending the introduction, we note that our study
is limited to the case when the quadrature method is
based on a Cartesian split of the momentum space. More
efficient lattice Boltzmann algorithms may be developed
by choosing a parametrization of the momentum space
(after aligning the momentum space with respect to the
triad) which shares the symmetries of the flow. In par-
ticular, a cylindrical coordinate system in the momen-
tum space, such as the shell-based models introduced in
Ref. [57] and further employed in Refs. [43, 102-104] may
be more suitable for the simulation of flows with cylindri-
cal symmetry. For flows with spherical symmetry, it may
be convenient to parametrize the momentum space us-
ing spherical coordinates, as discussed in Refs. [105, 106].
However, to the best of our knowledge, none of the above
mentioned models have been endowed with half-range ca-
pabilities. We thus postpone the study of flows in curvi-
linear geometries using non-Cartesian parametrizations
of the momentum space for future work.

The paper is structured as follows. In Sec. II, we lay
the theoretical foundation for our scheme by introducing
the non-relativistic Boltzmann equation in conservative
form with respect to orthonormal vielbein fields (i.e. tri-
ads in 3D space). In Subsec. IT C, the Navier-Stokes equa-
tions are derived with respect to general coordinates via
the Chapman-Enskog expansion. The numerical scheme
and the implementation of the boundary conditions are
discussed in Sec. III. The lattice Boltzmann algorithm
is reviewed in Sec. IV. In Sec. V, the vielbein formal-
ism is specialized to the case of the circular Couette flow
and the numerical results are compared to analytic solu-
tions in the Navier-Stokes (Subsec. VD) and collisionless
(Subsec. V E) regimes, as well as with the DVM results in
Ref. [88] in the transition regime. The flow through the
gradually expanding channel is presented in Sec. VI. Our
conclusions are presented in Sec. VII. Appendices A—C
contain supplementary mathematical details required in
Sec. II, while Appendix D discusses the implementation
of the momentum space derivative of the distribution
function in the lattice Boltzmann method employed in
this paper.

II. BOLTZMANN EQUATION WITH RESPECT
TO TRIADS

To better illustrate the use of triads, we refer the reader
to Fig. 1, where the space between two coaxial cylinders
constitutes the flow domain. The spatial grid can be
constructed in two ways: using Cartesian coordinates (a)
or cylindrical /polar coordinates (b and ¢). Similarly, the
momentum space degrees of freedom can be chosen along
the Cartesian axes (a and b) or along the cylindrical axes
(c).

The grid in Fig. 1(a) requires a staircase (polygo-
nal) approximation of the boundary and thus the results
are dependent on the resolution of the grid around the
boundary. The resulting grid is 2D.

In Fig. 1(b), a cylindrical coordinate system (R, ¢) is
used to describe the flow domain. This ensures the exact
representation of the boundary. However, the momen-
tum space degrees of freedom point along the Cartesian
axes (pz, Dy). The resulting setup is not invariant un-
der rotations since a rotation about the symmetry axis
also rotates the momentum space. Thus, a 2D grid is
required.

The final step is to orient the momentum space
along the cylindrical coordinates (ps, pg), as shown in
Fig. 1(c). This results in a representation of the flow
domain and particle momenta which is fully symmetric
with respect to rotations about the symmetry axis. In
order to achieve the alignment of the momentum space
along the new coordinate system, an orthonormal triad
must be employed, as described in the current Section.

The Boltzmann equation when non-Cartesian coordi-
nates are used for the spatial domain and the momentum
space degrees of freedom are taken with respect to a triad
is derived in Subsec. II A. Using the conservative form
of this equation derived in Subsec. II B, the application
of the Chapman-Enskog procedure for the derivation of
the conservation equations in the hydrodynamic limit is
illustrated in Subsec. IT1C.

A. Advective form

The Boltzmann equation with respect to the Cartesian
coordinates {x,y, z} can be written as:
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ot T mor

0

5 = UL (2.1)

where f is the Boltzmann distribution function, m is the
mass of the fluid particles, while p’ and F? represent the
Cartesian components of the fluid particle momentum
and of the external force, respectively.

In certain situations, it is corivenienf to introduce a
set of arbitrary coordinates {z',22 2%}, where 2’ =
2'(z,y, z) (in this paper, we restrict our analysis to time-
independent coordinate transformations). This coordi-
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nate transformation induces a metric as follows:

175

ds® =8;dx'da? = da* + dy? + dz?

=gda"da?, (2.2)
such that
ozt Ox?
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g7 79zt Ol (2:3)

The Boltzmann equation (2.1) can be written in advec-
tive form with respect to these new coordinates as fol-
lows:
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where the components p* and F* with respect to the new
coordinates are related to the components p* and F* with
respect to the old coordinates through:

(2.4)
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(2.5)

The Christoffel symbols I‘zﬁc appearing in Eq. (2.4) are
defined as:

7 _8.@? 821,5
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Further details regarding the connection between
Egs. (2.1) and (2.4) can be found in Appendix A.

The above formalism is sufficient to adapt the coordi-
nate system to a curved boundary. However, the transi-
tion to an LB model is not straightforward, since the mo-
mentum space has an intrinsic dependence on the coordi-
nates. Indeed, the Maxwellian distribution correspond-
ing to a particle number density n, macroscopic velocity
u and temperature 7" has the expression:

(2.6)

f(COI) _ _exp {_ Qﬁ(]ﬁ — mu’)(p? — mad) 7
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(2.7)
while its moments are calculated as:
M = \/g / B fevptph (2.8)

where g is the determinant of the metric tensor g.

In order to eliminate the burden of this metric depen-
dence in the expression for the Maxwellian, it is conve-
nient to introduce a triad (vielbein) with respect to which
the metric is diagonal:

gizde’ @ dad = §;w" ® w?, (2.9)
where the triad one-forms w? are defined as:
wl = o.)—]@dacj, (2.10)

such that:

Gi7 = 6&Bw$w§. (2.11)
The above equation allows three degrees of freedom for
the system {wJ@}, corresponding to the invariance of the
right hand side of Eq. (2.11) under rotations with respect
to the hatted indices. It is possible to define triad vectors
dual to the above one-forms by introducing the following
inner product:

(W, eq) = wiel = 55@, (2.12)
where
- 0
€q = ega—ﬁ. (213)

Using the above triad, the components of vectors can
be expressed as follows:

P* = Wiy, (2.14)
such that

g’ = 60" D" (2.15)

Thus, the metric dependence in the Maxwellian (2.7) dis-
appears:

fe - o [ Gt = mut) g~ mat)]
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allowing its moments to be written as:
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The expressions for the lower order moments of f(¢%)
are listed below:

Meq = n, MC&01 = pu®, Mf;’ = m(P(Sdi’ + pudui)),
Mfffé _ mQP(u‘idi’é + ubsac 4 uéadl;) + meU&UBué,
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+ m3P(udu?’5éCj + iy labd 4 gy aqdsbe
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(2.18)

It will be useful to introduce at this point the notation
for the moments of the distribution function f:

M(il,...?zs — /dgf)fpdl "'p[ls- (219)
The Boltzmann equation can now be written in advec-
tive form in terms of the triad components of the mo-
mentum vectors, as follows:
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where the connection coefficients I'*;, are defined by:
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while the Cartan coefficients ci)é‘i = 5&‘icl;é£ can be ob-
tained using:
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while ¢;,; = 0;,¢5.% The vector [e;, ec] represents the
commutator of the triad vectors e; and ez, having the
components:

(2.23)

More details on the connection between Eqs. (2.4) and
(2.20) can be found in Appendix B. Since the numer-
ical implementations of hyperbolic equations in advec-
tive form are in general non-conservative [107], we will
not consider the advective form (2.20) of the Boltzmann
equation further in this paper.

B. Conservative form

The Boltzmann equation in advective form (2.20) hides
the conservation laws both analytically and numerically.
Following Ref. [48], Eq. (2.20) can be written in conser-
vative form as follows:

af 1 0 (p° =
ot Gor (a%f ﬁ)
) A TV
Yo KF f - Efagépbpc) f] = J[f]. (2.24)

The derivation of Eq. (2.24) is presented in Appendix C.
Multiplying Eq. (2.24) by pp®2 - - - p*s and integrating
over the momentum space, it can be shown that:
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where the right-hand side parenthesis is symmetric with
respect to the indices aq, ... as, containing s terms. The
s'th order moment of f is defined in Eq. (2.19), while

the covariant derivative V; acts on the tensor M&1--ds
as follows:

V&A[[n...?zs _ egaiﬂjdl...&s + Fdli)a]\/jl;[zz”'&s
+ F&2E&AJ&IBd3"'&S R F&SE&A[?Iﬁzz..fzs—lé. (226)
The source term S92 ig defined as:
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FIG. 1. Circular Couette flow setup. (a) Cartesian grid and
momentum space decomposition along the Cartesian axes; (b)
Cylindrical grid and momentum space decomposition along
the Cartesian axes; (c) Cylindrical grid and momentum space
decomposition adapted to the curvilinear coordinates.



It is now easy to derive the macroscopic fluid equations:

Dn

i +n(V-u)=0, (2.28a)
Du® a ab
ppr =nF* = VT, (2.28b)
De
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where D/Dt = 0, +u®V, is the material derivative, while
e= %T is the internal energy per constituent. The rela-
tions between the distribution function f and the particle
number density n, macroscopic velocity u?, stress tensor

T and heat flux g% are listed below:

:/d3ﬁf, (2.29a)
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where p = mn, £ = p®—mu®, and &2 = 6&55&55. The to-
tal number of particles Niot inside the simulation domain
can be computed using:

Niot = /d3x\/§n: /dga:/d3ﬁ:fv.

C. Chapman-Enskog Expansion

(2.30)

In order to illustrate the application of the Chapman-
Enskog procedure, we consider the Bhatnaghar-Gross-
Krook (BGK) single-time approximation for the collision
term:

Tl ==2(f - ). (231)
We note that this simplified implementation of the colli-
sion term has several drawbacks, including the fact that
the Prandtl number Pr is fixed at 1, while its value for,
e.g., hard sphere molecules is 2/3. This drawback (and
others) can be corrected, i.e. by employing the Shakhov
extension of the BGK collision term [108-112]. In the
interest of simplicity, in this paper we only consider the
BGK implementation of the collision term, since the gen-
eralization of our proposed scheme to more complicated
formulations of J[f] is straightforward.

The “simplified version” of the Chapman-Enskog ex-
pansion entails treating 7 and the difference 6f = f —
f9 as small quantities, such that §f/7 is of the same
order as the left-hand side of Eq. (2.24) when f ~ f(c9),

Ignoring higher-order terms, the following expression is
obtained for J f:

6f = -
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The collision invariants ¢ € {1,p%, p*/2m} are preserved
only if:

2
[#nor= [@poryt = [@por 2~
m

where p? = 5&depb represents the squared norm of p
written in terms of its tetrad components.

The deviation from equilibrium § f induces a deviation
8T from the equilibrium stress-tensor, as well as a heat
flux:

(2.33)
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where P = nT is the ideal gas pressure. The non-
equilibrium quantities 67%° and g% can be obtained as

follows:
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Substituting Eq. (2.32) into Eq. (2.35a) yields:
5T¢il; _
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(2.36a)
while the heat flux can be obtained as:
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The time derivatives appearing in Egs. (2.36a) and
(2.36b) can be eliminated since, at first order, n, u®
and T satisfy the Euler equations, obtained by setting

T = 53 P and ¢% = 0 in Eq. (2.28):

D
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Using the explicit expressions (2.18) for the moments
of flea), a straightforward but tedious calculation shows

that §7% and d¢% can be expressed as:
ab a, b boa 2 ab é
or _—M<V u’ 4+ Vou _§5 V6u>, (2.38a)

5¢% = — KVT, (2.38b)
where the dynamic viscosity p and the coefficient of ther-
mal conductivity s are given by:

5
k= —TP.
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(2.38¢)

IIT. NUMERICAL SCHEME

The aim of this Section is to derive numerical im-
plementations of Eq. (2.24) which are manifestly con-
servative. To this end, we also introduce the following
form of the Boltzmann equation, obtained by multiply-

ing Eq. (2.24) with \/g:
of . 9 (v 7\, 0 a_dpa be)7
I Y
= JIflve, 3.1

where the following notation was introduced:

f=1vs.

The advantage of the formulation (3.1) is that the spa-
tial derivatives corresponding to the advection term do
not have any position-dependent prefactors, such that
a conservative numerical implementation is straightfor-
ward. The disadvantage of this formulation is that per-
forming the evolution and advection at the level of fcan
introduce fluctuations in the numerical solution, which
prevent, e.g., a solution of the form f = const to be ex-
actly achieved [107]. For definiteness, we shall refer to the
formulation starting from Eq. (3.1) as the f formulation.

Our second (and preferred) implementation is inspired
from the methodology proposed in Refs. [113, 114] and
starts again from the Boltzmann equation in the form
presented in Eq. (2.24). For simplicity, we restrict the
construction of the numerical scheme to the case when
\/g is separable, i.e.:

V9 = /919393

where the factors gr = gi(2") each depend only on one
coordinate (x7). The above assumption is valid for both
examples considered in this paper (circular Couette flow
and flow through the gradually expanding channel). An
extension of the present methodology to a non-separable
metric determinant is straightforward but for simplicity,
we do not discuss this case here. The main idea is to

define a new set of coordinates, x’, such that the 1/ NG}

(3.2)

(3.3)

TABLE I. Butcher tableau for the third-order Runge-Kutta
time-stepping procedure described in Eq. (3.7).

0
1 1
1/2 1/4 1/4

| 1/6 1/6 2/3

factor in front of the spatial derivatives in Eq. (2.24) is
absorbed into the derivative. This can be achieved when
X" is introduced as follows:

xT

X' = / dxf\/g_;, (3.4)
such that 9x*/0x" = /77~ The lower integration end is
not relevant, since only differences of the form 6x* ap-
pear in the numerical implementation and is thus left
arbitrary. The above definition for x* is inspired from
Refs. [113] and [114], where a similar definition was em-
ployed for the cylindrical and spherical coordinate sys-
tems, respectively (more details will be given in Sec. V).
The advantage of performing the derivative with respect
to x* is that the numerical procedure can be constructed
to exactly preserve (up to machine precision) the conser-
vation of the total number of particles, as will be shown
in Subsec. IIID. For definiteness, we shall refer to the
formulation based on the change of variables in the spa-
tial derivative given by Eq. (3.4) as the x formulation.

For the flows considered in this paper, Egs. (3.1) and
(2.24) can be put in the form:

OF OV'F)
ot Z ax* =5

(3.5)

where the source term S contains the inertial forces (in-
volving the momentum derivatives of f) and the collision
term. In the fv formulation (3.1), F = f = f/g and
x" = ' is the coordinate on direction 7. In the x formu-
lation (2.24), F' = f and X' is defined in Eq. (3.4). The
advection velocity V" is in general point dependent and
is given in the fformulation by V' = P26t while in the

m - a’

x formulation, it has the expression V? =

p* 7
g;mea.

A. Time-stepping

Equation (3.5) can be put in the following form

OF = L[F], (3.6)
where L[F] is an integro-differential operator with re-
spect to the spatial coordinates acting on F. Let us
consider an equidistant discretization of the time vari-
able, such that at step ¢, the value of the time coordi-
nate is t; = (0t (we assume that tp = 0 is the initial
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FIG. 2. Effect of grid stretching on 16 points between Ri, = 1
and Rout = 2. (a) The parameter § controls the positioning
of the stretching center (i.e. the point where the grid is the
coarsest). (b) The parameter A contains the amplitude of the
stretching, with A = 0 and A = 1 corresponding to equidis-
tant and infinitely-stretched points, respectively.

time). If Fy = F(t;) at time ¢t = ¢, is known, its value
at tyr1 = tg + 0t can be obtained using the third-order
total variation diminishing (TVD) Runge-Kutta method
described in Refs. [81, 82, 84-87]:

FY =F, + 6t L[F)),

2 3 1 1 1 1
B =LF Y+ ot LIEY),
1.2 2
Fa=3Fe+ 3 @ 4 g5tL[F§2)]. (3.7)

The Butcher tableau [115] corresponding to this
scheme is given in Table 1.

B. Coordinate stretching

As pointed out in Refs. [40, 65], the correct recovery of
the Knudsen layer in wall-bounded flows requires a sub-
stantially finer mesh near the walls than in the bulk of
the channel. This can be efficiently achieved by perform-
ing a coordinate stretching such that the resulting grid
is finer near the boundaries and coarser in the interior
of the channel. Assuming that the walls are orthogonal
to the z! direction, we consider the following coordinate
transformation:

D1 s A
z'(n) = ol + (xiight — Tiepy) <5 + 70 tanh 77) , (3.8)

where zj ¢ and 2}, are the coordinates of the left and
right domain boundaries, respectively. The constants §
and A are free parameters, while Ay is chosen as:

Ap = max(d,1 —9). (3.9)
The above definition of Ay allows the range of § to be
d € [0,1], while A € (0,1). As illustrated in Fig. 2(a),
the parameter § controls the position of the stretching
center (i.e. when n = 0), such that when 6 = 0 and 1,
the coarsest region is near the left and right boundary,
respectively.

The parameter A controls the grid stretching, such
that as A — 0, the grid becomes equidistant, while when
A — 1, the grid becomes infinitely stretched near the
stretching center at &' = zj ¢ (1 — 6) + 2}, 0. This is
illustrated in Fig. 2(b).

The range of 1) is 1) € [rets, Nright], Where miere and 7yign

can be found by setting z' = zl; and 2! = xiight n
Eq. (3.8):
A9 A(l-3§
Meft = —arctanhA—O, Nright = arctanh%'
(3.10)

In the special case when § = 0.5, the range of n is n €
[-arctanhA, arctanhA], since Ag = 0.5.

In the current formulation, the grid stretching is a co-
ordinate transformation which changes the line element
(2.2). In particular, the Boltzmann equation can be re-
derived with respect to the stretched coordinate n and
its associated momentum p” and a different conservative
formulation is obtained compared to the case when the
grid is not stretched. This will be further discussed in
the context of the circular Couette flow in Sec. V.

C. Implementation of advection

The examples considered in this paper are either
one-dimensional (the circular Couette flow discussed in
Sec. V) or two-dimensional (the gradually expanding
channel discussed in Sec. VI), hence the flow can al-
ways be assumed to be homogeneous with respect to



TABLE II. Limiting values for the weighting factors w, (3.14)
employed in the computation of the WENO-5 flux (3.12).

w1 wWa w3

g1 = 02 =03 0.1 0.6 0.3
o2 =03=0 0 2/3 1/3
0'320'120 1/4 0 3/4
o1 =02=0 1/7 6/7 0
o1 =0 1 0 0

o2 =0 0 1 0

o3 =0 0 0 1

the z axis (we will take advantage of this simplification
in Sec. IV A, where the z degree of freedom of the mo-
mentum space will be eliminated by introducing reduced
distribution functions). The simulation domain is thus

divided into N x N2 cells centered on xop = (xl,27)

(1 < s < NI, 1 <p< Ni). Each cell (s,p) has
four interfaces, located at @y 1,2, Ts—1/2,p) Tspr1/2
and x,, 1/o. The domain boundary consists of the
outer interfaces of the outer cells, having coordinates
Lleft = L1/2,p, Lright = LN+1/2,p> Lbottom = Ls,1/2 and
Ttop = T Mr+1/2- With this notation, the advection part
of Eq. (3.5) can be written as follows:

(%5).,"

i o _yt _
Vvs+1/2.,p]:1;s+l/2,p ‘/sfl/Q,p]_—l;s—l/Q,p
1 1
Xst+1/2 ~ Xs—1/2
2 _ _ 2 .
‘/;,p+1/2f2;s+1/2,p ‘/s.,pfl/Q]:Q;s,p—l/Q

+

- : . (3.11)
Xp+1/2 = Xp-1/2

where directional splitting was applied, i.e. the advec-
tion along each direction 2 is performed independently.
The quantities bearing the indices s+1/2, p are evaluated
at the interfaces between cells (s 4+ 1,p) and (s,p), etc.
The fluxes ‘FT;sil/z,p correspond to the advection of F

along Vjﬂ /2. with respect to the coordinate XT, while
the fluxes F§‘S_pi1/2 correspond to the advection of F'

2:p:t1/2 with respect to the coordinate X§- These

fluxes are calculated using the fifth-order weighted essen-
tially non-oscillatory (WENO-5) scheme [45, 78-82]. We
employ the WENO-5 scheme as described in Ref. [16, 82],
where the addition of a small quantity ¢ in order to avoid
division by 0 operations is not required. For definiteness,
we give below the procedure for constructing the flux

along V.

S

1 .
FI§5+1/27P for the case when VS+1/27P > 0:
_— 1
‘FT;SJrl/Q,p - wl‘FI;s+l/2,p
— 2 — 3
+ w2fI;s+1/2,p + W3]‘—T;S+1/27p, (3.12)

. . . q _
where the interpolating functions ]:T:,5+1/2.,p (¢g=1,2,3)
are given by:
1 7 11
1 _
]:I;s-l—l/Q,p —5F572_,p - EFS*LP + FFS-,P’
1 5 1
2 _
]:I;s-l-l/Q,P - EFS_LP + ngxP + gFS+17P7
3 1 5 1
]:I;s+1/2,p :ngm + 6F8+17p - 6F8+27p7 (3'13)

while the weighting factors w, are defined as:

Wy ~ g

Wy = —————, = —. 3.14
Wq T1 + oo + 3 Wq 03 ( )

The ideal weights d, are:
9 = 1/10, d2 = 6/10, 93 = 3/10, (3.15)

while the indicator of smoothness functions o, are given
by:

o1 Z% (Fo—2p — 2Fs_1p + Fi )’
47 (Faap = 4F1 +3F,,)%,
o2 Z% (Fo-1p = 2Fsp + Fop1p)”
+ i (Fo1p — Fay1p)?,
o3 :g (Fop = 2Fst1p + Forap)’
+ i (3Fsp — 4F i1+ Fopoyp)’ . (3.16)

It is customary to add in the denominators of w, a small
quantity ¢ (usually taken as 107°) to avoid division by
0 operations. However, as pointed out in Ref. [86], the
effect of this alteration on the indicators of smoothness
is strongly dependent on the given problem, since € be-
comes a dimensional quantity. Furthermore, the accu-
racy of the resulting scheme depends on the value of ¢.
Since at higher orders, the distribution functions corre-
sponding to large velocities can have values which are
significantly smaller than those for smaller velocities, we
cannot predict the effect of employing a unitary value for
e for the advection of all distribution functions. There-
fore, we prefer to follow Refs. [16, 82] and compute the
limiting values of @, when one, two or all three of the
indicators of smoothness vanish as indicated in Table II.

D. Particle number conservation

The Boltzmann equation implies the fluid equations
(2.28), which ensure that the total number of parti-
cles Niot (2.30) per unit length, the total momentum P
and the total energy &£ are conserved within the fluid.
However, the gas-wall interaction can induce changes in



these parameters. In this paper, we will consider diffuse-
reflection boundary conditions for impermeable walls,
such that Nio is preserved at all times, while P and
& are allowed to vary. Thus, in this Subsection, we will
only consider the conservation of Niet.

After the discretization of space and time, the only
changes that can be induced in Ny (t) are due to the
operator L[F]. In the following, the f and x formulations
will be treated separately. B

In the f formulation, ' = f = f,/g and the time
evolution of Nio (2.30) can be obtained by integrating
Eq. (3.6) with respect to the momentum space and over

the entire fluid domain:
/ &z / &pLf]

The momentum space integral of the source term in
Eq. (3.5) vanishes, since 1 is a collision invariant, while
the zeroth-order moment of the force term is zero. For
simplicity, an equidistant grid is considered, such that
Eq. (3.17) reduces to:

/d3 /d*Z Vlff . (3.18)

where we took into account that x* = z' in the f for-
mulation. The integration domain can be split into cells
and the advection term, replaced via Eq. (3.11), can be
considered constant within each cell, such that Eq. (3.18)
becomes simply:

3 Neog ( (3.17)

atNtot

N? N?
O Niot (1) = _5Z/d3ﬁz Z {&CQ (FTot1/2.0
s=1p=1
‘Fls 1/2, p)+5x ( 2;s,p+1/2 ]:’2v;s,p71/2):| ) (319)
where 2z represents the height of the fluid domain and
the notation Fj.i1/2, indicates that the fluxes are
computed by replacing Fy, with fs, = fsp\/Gsp in
Eq. (3.12). The bulk terms cancel out and 0y Niot(t) re-
duces to:

O0¢Nyoy(t) = /dBA 2533 TNT+1/2,p ]?T;l/lp)

+ Z 533 F5. N241/2 ]?5;5,1/2) (3.20)

Thus, the conservation of the total number of particles
is conditioned by the requirement that the momentum-
space integrals of the fluxes at the outer interfaces of the
outer cells cancel. Ensuring that these momentum space
integrals vanish is the subject of Subsec. IITF, which is
dedicated to the discussion of the implementation of the
boundary conditions.
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In the case of the y approach, F' = f while ,/g appears
explicitly in (3.17):

Dt Nios () = /d?’i\/g/dSﬁL[f]

As before, the momentum space integral of the source
term vanishes and the only contributions to 0y Ny (t)
come from the advection part of L[f]. Treating again
the advection terms as constants over the domain cells,
the integral of /g can be performed over each cell by
keeping in mind the definition of x* (3.4), such that:

Vi
/ dgff\/g s+1/2,p
(s:p)
_6Z5Xp( s+1/2p‘F1 3s+1/2,p

/ dgff\/g‘/s,p-l-l/TF
(s,p)

= 525)(5( s p+1/2-7:§;s,p+1/2 - Vs%pfl/Z}—'i;s,p—lﬂ)’
(3.22)

(3.21)

_ _yi =
‘7:1;5+1/2p £ 1/2,13]:1;571/2710

Xt

‘/5—1/2,;)]:’]?;571/27;0)7
2 _
2;8,p+1/2 ‘/s,p—1/2]:2;s,p71/2

1) Xg

i+1/2 Xs—1/2 and 6Xp Xp+1/2 X;2971/2'
The bulk terms again cancel and Eq. (3.21) becomes:

where 6)(5 =¥

OrNiot (1) = —5z/d3p
Z5Xp Nig1/2, p]:l;NTH/z,p o Vll/lpfil/?,p)

+Z§xs

- ‘/;2,1/2-7:5;571/2)

(3.23)

N2+1/2f2;s,N§+1/2

As in the f formulation, the conservation of the total
number of particles relies on the exact cancellation of
the numerical fluxes through the outer interfaces of the
outer cells of the fluid domain.

E. Order of advection scheme

Let us now discuss the order of our proposed scheme.

For definiteness, the advection along the z! direction is
considered and for brevity, only the coordinate index
along this direction is displayed. In particular, we are
interested in deriving the accuracy of the approximation
of the quantity:

owE) _ VR

(3.24)

In our implementation, /g is replaced by its cell average

Xs+1/2 = Xs—1/2

VI, = S (3.25)



where ds is the equidistant spacing on the x direction (in
the case of the equidistant grid, ds = dz, while for the
stretched grid, ds = 7). The derivative with respect to x
is approximated according to (3.11), such that Eq. (3.24)
becomes:

OVE)N  VeproFst12 = VscroFso1y2
oxr ), s '

(3.26)

The right hand side of the above relation can be expanded
with respect to x = x4 as follows:

Vir1/2Fst172 — Vo172 Fs—1)2

0s
Foyr/2 — Fs—1/2 (6s)% (0*V
- ds Vs + 8 oz ) Tt
]:s+1/2 + ]:5_1/2 ov (58)2 83V
+ 2 ox S+ 24 0z3 S+'” ’

(3.27)

When V is a constant, the error term is that of the
scheme used to compute the fluxes, which ensures that
(Fop1y2 — Fs—1/2) = (0.F)s + O[(6s)"], where n is
the order of accuracy of the scheme for Cartesian coor-
dinates. In the case when V' depends on the coordinate,
there are second order errors which are unavoidable in
this construction. In the case when the WENO-5 proce-
dure is employed to compute the fluxes F 1 /2, Eq. (3.27)
reduces to:

Ver1/2Fsv1/2 = VicrpFs—1y2  (O(VEF)
s o dr ),

(o2 {% [Q%% ; f%v} } +0[69)"). (3.28)

Even though the resulting implementation presents er-
rors which are second order with respect to ds, we find
the implementation of the numerical fluxes using the
WENO-5 algorithm to be more accurate than when us-
ing second order schemes, such as the flux limiters scheme
[69, 87, 107].

F. Diffuse reflection boundary conditions

In the case of diffuse reflection, the flux of particles re-
turning into the fluid domain through the cell interfaces
between the fluid and the walls follow Maxwellian distri-
butions. In the flows considered in this paper, the walls

are always perpendicular to the direction corresponding

to the first coordinate z'. For definiteness, let us con-

sider the case of the left boundary, for which the above
condition reads:

Fiajap = LV (met, wiets, Trett) (ViYa,, > 0). (3.29)

We note that Eq. (3.29) holds in both the f and in the
x formulations, since the /g factor which multiplies the
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distribution function in the f approach (f = f\/g) can
easily be absorbed into the unknown wall particle number
density njef;.

The flux in Eq. (3.29) can be easily achieved analyti-
cally by populating the ghost nodes at s = —2, —1 and
0 according to (Vi , > 0):

Fogp=Fo1p=Fop=fCD(nie, wiess, Tiets)-  (3.30)

With the above definitions, Eq. (3.16) shows that o4 =0
for s = 0. According to Table I, w; = 1 and Wy = w3 =0

when o1 = 0. Thus, Eq. (3.12) implies that (VE/Zp > 0):
Fiajep = Fiajep = Fop (3.31)

Thus, Eq. (3.29) is established.
In order to calculate the fluxes at s = 1/2 and s = 3/2
for particles traveling towards the wall (Vll/z,p < 0), the

populations in the ghost nodes at s =0 and s = —1 are
obtained using a quadratic extrapolation:

Fop =31, —3F2p + Fjp,

F_y, =6F, —8F,, +3Fs,. (3.32)

Finally, mass conservation is ensured by requiring that:

/dsﬁ}—il/zpvli/z,p =0. (3.33)
This translates into the following equation for n.,:
- fvf/z,p<0 dgﬁ‘FT;l/Zp‘/lT/Q,p
e _fvli/2,p>0 d3pfed(n =1, weg, ﬂeft)‘/;T/27p'
(3.34)

IV. MIXED QUADRATURE LB MODELS

In this Section, the construction of mixed quadrature
LB models for flows in curvilinear geometries will be dis-
cussed. Since the flows considered in this paper are ho-
mogeneous with respect to the z axis, the momentum de-
gree of freedom along this axis can be integrated out, giv-
ing rise to the reduced Boltzmann equations which will be
discussed in Subsec. IV A. The choice of quadrature for
the two remaining directions is discussed in Subsec. IV B.
The implementation of the inertial forces arising due to
the formulation of the Boltzmann equation with respect
to triads is discussed in Subsec. IV C.

A. Reduced Boltzmann equation

The flows considered in this paper are homogeneous
with respect to the z axis. Hence, it is convenient to



define the following reduced distribution functions:
r=[ s
0o £\2
f// :/ dpi (p ) f
oo m

With the aid of these two reduced distributions, the
macroscopic fields (2.29) can be written as:

(4.1)

= / d*p f', (4.2a)

a _1 2~ a g/
u —p/d ppAf, (4.2b)
T = / d’p ga—gb £, (4.2¢)
qd Z/dQﬁ (£ f + f//> ga (4.2(11)

where the indices a, b € {1,2}. Moreover, the tempera-
ture is defined as:

3 e 1

e T _ d2 Al S e — gy )

2" / P (me +3/ )
Thus, the function f” appears only in the definitions of
the temperature T" and heat flux ¢®.

(4.3)

B. Choice of quadrature

We perform the numerical simulations presented in
this paper using the mixed quadrature lattice Boltz-
mann models introduced in Refs. [34-36]. Depending on
the flow regime under consideration, a mixture of the
full-range Gauss-Hermite and half-range Gauss-Hermite
quadratures can be employed.

For definiteness, let us consider the case when the half-
range Gauss-Hermite quadrature of order () is employed
along the first coordinate direction, while the full-range
Gauss-Hermite quadrature of order ()5 is employed along
the second coordinate direction. Following the notation
introduced in Refs. [34, 36], this model can be denoted
using:

H(N1; Q1) x H(N2; Qz) (4.4)

where N, represents the order of the expansion of the
equilibrium distribution f(¢9 with respect to axis a, as
will be discussed in Sec. IV D.

The choice of quadrature controls the discretization of
the momentum space, as well as the momentum space
integration. In particular, the moments (2.19) are evalu-
ated as:

Q1 Qo s
e =NCN Hp (4.5)
=1 j=1

12

A similar prescription holds for the macroscopic quanti-
ties appearing in Eq. (4.2). The total number of quadra-
ture points on axis a is Q, = @, for the full-range Gauss-
Hermite quadrature and Q, = 2Q, for the half-range
Gauss-Hermite quadrature. In particular, @; = 2Q; and
Qs = 2 for the example considered in Eq. (4.4).

The components of p;; = {pZ , pj} are indexed on each
direction separately, where 1 <7 < Q; and 1 < j < Qs.
For the half-range Gauss-Hermite quadrature, we use the
convention that the points with 1 < ¢ < @; lie on the
positive semi-axis of the radial direction, being given as
the roots of the half-range Hermite polynomial bq, (x) of
order Qq:

(1<i<Qy), (4.6)

b, (pi) =0,
while p(i;)lﬂ- = —p} (1 <4< Q1). On the direction where
the full-range Gauss-Hermite quadrature is applied, the
quadrature points are chosen as the roots of the Hermite
polynomial Hg, (x) of order Qq:

Ho, (%) = 0. (4.7)
The link between the discrete distributions f;; and
1 and the reduced Boltzmann distribution functions

f’(pi,pi) and f”(pi,pé) is given through:

b I
ij w(p )w 2 \f"(i.p3)

where the weight function w(x) for the half-range and

full-range Hermite polynomials is:

! e/,

(4.9)

The quadrature weights w; H(Qq) for the full-range
Gauss-Hermite quadrature of order Q2 are [35]:

Q2!

H
E (QQ) HZbH(Z’?)'

(4.10)

The quadrature weights w(Qy) for the half-range
Gauss-Hermite quadrature of order Q1 are [34, 35]:

b pia?@ 1
w; (Q1) = T ;o (411)
b5, 1 (i) [pi + b3, (0)/v27]
where
_ bevien (4.12)
e
is written in terms of the coefficients by s of z* in the
polynomial expansion of hy(x):
)
x) = Z Be sz (4.13)
s=0



C. Force terms

Since the functional dependence of the distribution
function on the components of the momentum is removed
through the discretization of the momentum space, an
appropriate method for the computation of the momen-
tum derivative of the distribution function must be em-
ployed. Discrete velocity models (DVMs) usually rely on
finite differences to perform the momentum space deriva-
tives [39, 88]. In this paper, we take the lattice Boltz-
mann approach introduced in Ref. [116], according to
which the momentum space derivative is projected on
the space of orthogonal Hermite polynomials. More pre-
cisely, we follow Ref. [36] and write the terms involving
the momentum derivatives of f’ and f” as follows:

i ()], = ()
s (), 2 ()

and similarly for the derivatives with respect to pﬁ.
In the case of the full-range Gauss-Hermite quadrature,
the matrix K ;, has the following form [36]:

(4.14)

Qa_l

Kt = —wil Y GHen 0D Hb).
=0

(4.15)

while in the case of the half-range Gauss-Hermite quadra-
ture, it is given by [36]:

5 1+ glgl Qa2
’CZ:Z/ =w20k{ 2k -~ Z be ‘pk/
=0
lf)zo Z bs,0bs |pk‘ f)e+1 |pk‘]
s=/¢+1

- T‘I’Q“ }pﬁ!)‘l’g“(lpz/})}' (4.16)

In the above, UZ and UZ, are the signs of pz and pz/,
respectively, having values o) = 1 for 1 < k < @, and
ol = —1 when Q, < k < 2Q,. The function ®7(x) is
defined as follows [36]:

(4.17)

= Z hf,shf(x)
l=s

The details regarding the expansions of d(p®f’)/dp?
and 9(pf")/0p® with respect to the full-range and half-
range Hermite polynomials are presented in Appendix D.
Below we only quote the results. In the case when the
full-range Gauss-Hermite quadrature is employed, the
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matrix K¢, reduces to:

Qa_2

i, 1 a a a
K = —wi' Y7 He ) Hea (p) + (He (p0)].
=0
(4.18)
In the case of the half-range Gauss-Hermite quadrature,

the kernel IACZZ, is given by:
-1

a.h bl—i—a,‘?a,‘z/ % a a
Ky = B I e— Z be(|pi]) | £0e(|pi])
=0

heo"‘% 1,0
ar—1vV'?2

N 1 N
bz&(’pz/‘) + aihzfz(‘p%

)|
(—10¢—2

(4.19)

D. Equilibrium distribution function

We now present the construction of the equilibrium
distribution function (2.16) appearing on the right hand
side of Eq. (2.31), as well as in the boundary conditions
and in the initial state. After eliminating the p® degree
of freedom, f(°9 is replaced by

f(’eq) :/ dp? f(cq),

> z (p2)2 e
f(cq _/ dp —m f( q) = Tf(lcq)

(4.20)

In discrete velocity models (DVMs), it is customary to
evaluate the equilibrium distributions f(’eq) and f(’éq) di-
rectly, i.e. by computing the value of the Maxwellian for
each given discrete momentum vector p;; [39, 88]. On the
other hand, the lattice Boltzmann (LB) approach is to
replace the Maxwell-Boltzmann distribution with a poly-
nomial approximation which ensures the exact recovery
of its first few moments with a relatively small quadra-
ture order. Thus, in this paper, we take the LB approach
and replace fi, and fZ with their polynomial approxi-
mations.

As discussed in Refs. [34, 35], f(,) can be factorized

with respect to pi and pg as follows:

Floy = n91(")g2(p%),

(p" — mu&)z] _

4.21
2mT ( )

4 1
" = ———exp|—
9a(p") TorT P [
Following the discretization of the momentum space,
f('cq) is replaced by f('cq)n.j = ngi 92, while fcq) i =
T f(’cq)‘l.j. For the case of the full-range Gauss-Hermite

quadrature, the polynomial approximation of g, is
[34, 35]:

Na L£/2] &)2725

g = wi! Z:He(pi) > (mT2;S!1(); (_77121;)!

. (4.22)



FIG. 3. Circular Couette flow setup.

where the expansion order N, is a free parameter satis-
fying

0 <N, < Q. (4.23)
An expansion of g, x up to order N, ensures the ezact re-
covery of the moments (2.17) for polynomials in p® of or-
der less than or equal to N, . In the case of the half-range
Gauss-Hermite quadrature, the polynomial approxima-
tion of g4 1 can be put in the following form [34, 35]:

h Na s/2
w mT
o = 7k > <7) e (
s=0

X [(1+erf§&)Pj(C&)+%e‘chs*(C&) . (4.24)

pi])

where (¢ = u%/m/2T when p¢ > 0 and (¢ =
—u®\/m/2T when p? < 0. The polynomials P} (z) and
P¥(x) are defined as:

S

dS
P = 7 e
X
s—1
* 5 —
P =Y (C)rors @ )
J=0

V. CIRCULAR COUETTE FLOW

In this Section, the vielbein approach introduced in
Sec. IT is validated in the case of the circular Couette flow.
The flow domain is bounded by two coaxial cylinders of
radii Ry, < Rout which are kept at equal temperatures
Tw, as shown in Fig. 3. The cylinders are free to rotate
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around their vertical axis (the z axis). We are interested
only in the stationary state and consider that the flow is
homogeneous with respect to the z and ¢ directions. In
order to take advantage of the ¢ homogeneity, we employ
the vielbein approach.

This Section is structured as follows. In Subsec. V A,
the Boltzmann equation is written with respect to the
cylindrical coordinate system, in both the f and x for-
mulations, with or without grid stretching, while the en-
suing macroscopic equations are discussed in Subsec. V B.
These formulations are discussed in Subsec. V C, where
we demonstrate the failure of the f formulations to cap-
ture the constant solution when the two cylinders are at
rest, as well as the solution corresponding to rigid rota-
tion. The f approach is not considered further outside
this Subsection. Subsections VD and V E validate the x
implementation against analytic solutions in the hydro-
dynamic and ballistic regimes. In the transition regime,
our scheme is validated against the DVM results pre-
sented in Ref. [88] in Subsec. VF. A performance analy-
sis of our vielbein-based implementation is presented in
Subsec. V G. Finally, conclusions are presented in Sub-
sec. VH. The details regarding the mixed quadrature LB
models employed for the simulations discussed in Sub-
secs. VD, VE and VF are summarized in Table III.

The initial state for all the numerical simulations pre-
sented in this Section consists of a gas in thermal equilib-
rium having constant density no = 1, vanishing velocity
uf=uw?=uw*=0and Ty =T, = 1.

A. Boltzmann equation

Let us specialize the formalism of Section II to the
case of the Couette flow between coaxial cylinders, de-
scribed in Fig. 3. To describe the geometry of this
flow, it is convenient to employ cylindrical coordinates
{2} = {R, ¢, 2z} through = Rcosy and y = Rsin .
The line element (2.2) with respect to cylindrical coordi-
nates is:

ds* = dR* + R*dy? + d2?, (5.1)

while the triad vectors and the one-forms can be chosen
as:

€ :Rilap,
w? =R dep,

eR :8R7 €z :az,

wh =dR, w® =dz. (5.2)

The square root of the determinant of the metric in
Eq. (5.1) is equal to

V9 =+V9r =R,

while /g, = 1 since the metric components do not de-
pend on the azimuthal coordinate .

The non-vanishing connection coefficients for the triad
(5.2) are:

(5.3)

1 1_‘4/3“:1

R _
e = -5 Re T

(5.4)



such that the Boltzmann equation in the f formulation

(3.1) reads:
o (F B [ 1| 0 d (F
ST (R IR AC A A R Yy
at\f] " maor\f") " mR apl \ f"
a0 (P L (] fe (5.5)
Ip? \p? " T\ = fe)
where the flow was assumed to be homogeneous with
respect to the ¢ and z coordinates and the p* degree of
freedom was reduced as described in Sec. IV A | while
f/=f'R and f” = f’R. The reduced distributions f’
and f” were defined in Eq. (4.1). The above equation
can be shown to be equivalent to the equations used in

Refs. [117, 118].
As pointed out in Ref. [107], the numerical imple-

mentation of hyperbolic equations in the fv formulation
(i.e., by computing the numerical fluxes at the level of
f: f+/9) is problematic since the preservation of a con-
stant (analytic) solution is not guaranteed numerically.

In the y formulation, the variable x can be introduced
via Eq. (3.4), following Ref. [113]:

o B

- (5.6)

X

The Boltzmann equation in the x formulation (2.24) can

thus be written as follows:
o (f R 9 (pR 1 s O [ F
. f” 4 p_ = f” . (pg;)2_A f”
ot \ f m Ox® \ f'R mR opE \ f

_Ri P2t :_1 f/_f(/eQ) 5.7
P57 (p%‘”) T<f~—fg;q> - 67

More details regarding our numerical implementation
of the above equation and its order of accuracy are pro-
vided in Subsecs. IITD and IITE, respectively.

Let us now consider the grid stretching procedure de-
scribed in Sec. III B for the case of the radial coordinate.
Defining 7 in terms of R via Eq. (3.8) changes the line
element (5.1) to

A Rou - Rin ?

The triad corresponding to the above metric is:

Acosh?n 1
ey = ————0p, ep = ——0,, e; = 0.,
K AO(Rout - Rin) K v R(n) v
(5.9)
while the non-vanishing connection coeflicients are:
[Php = T35 = S (5.10)
R(n)
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The Boltzmann equation in the f formulation (5.5) be-

comes:
o (f p" 0 Acosh?n f!
& ff\l/” +E6_n AO(Rout_Rin) ,]?N
1 o2 0 (Y _ 50 (p°f
+mR(77) (%) op" <f//> p Op? <p¢f//>‘|
-2 (‘Z,‘JZ@), (5.11)
T\~ few
while

(Rout - Rm)R(n)
Acosh?n '

Vi= i =2 (5.12)

In the x formulation, the equivalent of Eq. (5.11) is iden-

tical to Eq. (5.7), where p® is replaced by p”, R is re-
placed by R(n) and x* is replaced by x" = R?(n)/2:

O (1) P 9 [['R()
ot \ f" m Ox" \ f"R(n)

1 w0 (PN .0 (per
oo (1) o (7).

* mR(n)
! (f/ _f@) L (5.13)
T f//_f(/‘/eQ)

B. Macroscopic equations

In this Subsection, the macroscopic equations (2.28)
are presented for the case when the stationary regime is
achieved. The continuity equation (2.28a) reduces to:

Va(nu) = %8R(nRuR) =0. (5.14)

Imposing a vanishing mass flux at the boundaries (R =
Rin and R = Roy) implies u = 0 throughout the chan-
nel. This also implies that Vau® = 0 and u%V ;¢ = 0, for
any scalar function ¢ which does not depend on t, ¢ or
z.

Substituting a € {R,@,é} into the Cauchy equation
(2.28b) gives:

p(u?)? =9R(RTHR) — 799 (5.15a)
Or(R2TH?) =0, (5.15b)
Or(RTR?) =0. (5.15¢)

Considering that the flow is homogeneous along the z di-
rection, T7* = 0 is an acceptable solution of Eq. (5.15¢).

Next, the nondiagonal component T of the stress-
tensor can be expressed analytically as:

L 5. R2
Rp _ mR in
T =T %5

(5.16)



where Tiﬁw’ is the value of T%% in the vicinity of the inner
cylinder. It is remarkable that Eq. (5.16) is valid for all

degrees of rarefaction, while Tf:‘s depends on the flow
parameters, such as Kn or €.
Finally, the energy equation (2.28¢) reduces to:

Or(Rq®) + RPTR®95 (R u?) = 0. (5.17)
Using Eq. (5.16) for TR? yields:
¢ + uPThR? = %, (5.18)

where @ is a constant which depends on the flow param-
eters.

In Subsections VD and V E, analytic solutions for n,
u?, T and ¢® will be derived in the Navier-Stokes and
ballistic regimes, respectively.

C. Comparison of fand x formulations

This Subsgction is dedicated to the comparative ana-
lysis of the f and y implementations of the Boltzmann
equation. These implementations are considered with
and without the grid stretching procedure described in
Sec. III B. The implementation of the advection part,
described in the general case in Sec. IIIC, is given in
Subsec. VC1 for the particular cases considered herein.
Two test cases are further considered. The first, con-
sisting of the trivial setup when both cylinders are at
rest and f’ = f” = const, is presented in Subsec. V C2.
The second test case, corresponding to rigid rotation (i.e.
when the two cylinders rotate at the same angular speed),
is considered in Subsec. V C3. Our conclusions are pre-
sented in Subsec. V C4.

1. Numerical scheme

As described in Sec. III, the flow domain is discretized
using N cells along the R direction, while N, =1 cells
are used along the homogeneous ¢ direction. For the
case of an equidistant grid, the radial coordinates of the
centers of the Ng cells are given as:

s —0.5
Rs = Rin T Rou - Rin )
+ N (Rout )

(5.19)
where 1 < s < Ny, while R;, and Ry, are the radii of the
inner and outer cylinders, respectively. When employing
the grid stretching procedure described in Sec. III B, the
stretching parameter 7 is discretized equidistantly:

s—0.5

— 7 \Ulout — 7fin), 2
- (out = 7in) (5.20)

TMs = Min +

where n;, and 7,4t are defined in Eq. (3.10) in terms of
Rin and Roys, respectively.

16

In the f formulation (5.5), XT =y =Rand VF =
pft/m, such that Eq. (3.11) becomes:

(5.21)

m OR ’

a(VRJT) -~ p_R}N—R;erl/Z,l - ﬁR;s—1/2,1
OR . a

s

where R is the constant grid spacing along the radial
direction. Similarly, x! = x7 = n and V" = pﬁe?] in
Eq. (5.11) such that Eq. (3.11) reduces to:

o\ p"
(97’] s,1 B E

7 T _ el T
X Easst1/27 ms+1/21 ~ €512 Fms—1/2,1
on

. (5.22)

where 07 is the constant grid spacing with respect to 7,
while e;; is given in Eq. (5.9).

In the x formulation (5.7), x® = R?/2 and Eq. (3.11)
becomes:

<3(Rpéf/m)> - pR

ox™ m

% Rs+1/2fn;s+1/2,1 - Rsfl/QJ:n;sfl/Q,l
RsOR '

(5.23)

Similarly, in Eq. (5.13), x7 = RZ?(n)/2, such that
Eq. (3.11) reduces to:

IR f/m]\ P
ax" sl T Tm
% R(775+1/2)-7:n;s+1/2,1 - R(T/sfl/Q)]:n;sfl/Q,l
R*(Msq1/2) — R*(s—1/2)

(5.24)

2. Cylinders at rest

The case when the inner and outer cylinders are at
rest (Qin = Qout = 0) and at equal temperature (T3, =
Tous = Ty) admits the solution

Pyt PG
2mT, ’
(5.25)
while f” = T, f'. Tt can be easily seen that Eq. (5.25) sat-
isfies the Boltzmann equation (5.5), as well as the bound-
ary conditions.
Even though trivial, this simple test case serves as an
example which highlights an important drawback of the
f approaches based on Eqs. (5.5) and (5.11). As seen

/el o o o
= f(cq)(n07u =0,Ty) = mexl)(

in Fig. 4, the density profile when the f formulation is
employed exhibits fluctuations, while the scheme based
on the x formulations (5.7) and (5.13) recovers Eq. (5.25).
Our conclusion is in agreement with that presented in



Regime Kn Model Nye ot
Low Hydro H(2;3) x H(2;3) 9 5x107*
Mach 0.01 H(3;4) x H(2;3) 12 3x107®
0.1 HH(3;4) x H(2;3) 12 3x 1073

0.5 HH(4;12) x H(4;5) 120 3 x 1073

1 HH(4;16) x H(4;5) 160 2 x 1073

100 HH(4;40) x HH(2;3) 480 1073

Non- Hydro H(4;5) x H(4;5) 25 5x107*
negligible  0.02 HH(3;4) x H(4;5) 40 1073
Mach 0.1 HH(3;4) x H(4;5) 40 1073
1 HH(4;24) x H(4;11) 528 1073

10  HH(4;60) x HH(3;4) 480 5x 107*

oo HH(4;200) x HH(4;10) 8000 2 x 107°

TABLE III. Mixed quadrature LB models, corresponding to-
tal number of velocities Nyel and time step dt employed for the
simulations of the circular Couette flow presented in Figs. 7
and 17 (low Mach number), as well as in Figs. 8, 13, 14, and 15
(Non-negligible Mach number). In the hydrodynamic regime
(Figs. 7 and 8), the relaxation time 7 is given by Eq. (5.28)
with Kn = 0.001. Outside the hydrodynamic regime (Figs. 15
and 17), 7 is related to Kn through Eq. (5.65).

1.04 ‘ ‘ ‘
X-equidistant —&—
x-stretched —eo—
103 Fequidistant
f-stretched
1.02 [ 5
c 101} 1

0.99 ]

0.98 ! ! ! !
0 0.2 0.4 0.6 0.8 1

(R-Rin)/(Rout-Rin)

out

FIG. 4. Density profile n(R) for static cylinders having radii
Rin = 1 and Rout = 2. The numerical results were obtained
using the H(4;5) x H(4;5) model with 7 = Kn/n, where
Kn = 1073, In all cases, Ng = 16 nodes were used and the
stretching was performed according to 6 = 0.5 and A = 0.95.

Ref. [107]: the numerical fluxes associated to f’,/g and
f"\/g do not vanish, even when f" and f" are constant.
This leads to a spurious redistribution of f’ and f” due
to which the stationary state does not coincide with the
analytic solution.
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FIG. 5. Numerical results obtained using the H(4;5) x H(4; 5)
models for various values of the angular velocity €2 in the case
of the rigid rotation considered in Sec. V C3. (a) Density pro-
file compared to Eq. (5.27). (b) Azimuthal velocity compared
to the analytic solution u? = QR.

3. Rigid rotation

We now turn our attention to another trivial case in
which the two cylinders rotate at the same angular speed
Qin = Qout = Q. Assuming that the walls have equal
temperature Ty, = Touy = T, the analytic solution of
the Boltzmann equation (5.5) reads:

f'(R) =f“Vn(R),u? = QR,T,]
_ n(R) P} + (pp — mQR)?
“2rmT,, - omT,, » (5:26)
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FIG. 6. Comparison of the fand x formulations for 2 = 0.5,
using the H(4;5) x H(4;5) model.

and f”(R) = Ty, f'(R), while n(R) is given by [119]:

mQ? oxp | B (2R - R, - R,,)]

n(R) = Ntot
R P B2 (R2,, — R2)]

(5.27)
where Nio4 represents the total number of particles per
unit height between the two cylinders. The density nor-
malization is chosen such that Nyt = m(R2,, — R2).

It is worth emphasizing that Eq. (5.26) satisfies the
Boltzmann equation for all values of the relaxation time.
Fig. 5 shows that our models can successfully reproduce
both the velocity (top) and the density profile (bottom)
for all tested values of the angular velocity. The models
used are H(4;5) x H(4;5), the Knudsen number is Kn =
0.001, the time step is set to 6t = 5 x 10~* and Nr = 32
grid points are employed, stretched according to 6 = 0.5
and A = 0.95. In Fig. 6, we highlight the the tendency
of the density profile to bend upwards in the vicinity of
the wall when the fN formulation is employed, while the
x approach matches the analytic solution with very high

accuracy.

4. Summary

The simple tests considered in this Subsection high-
light two important drawbacks of the f formulation.
First, the trivial solution f’ = f” = const cannot be
fully recovered in this formulation, as shown in Fig. 4.
This is in agreement with the discussion in Ref. [107].
Second, spurious terms are induced in the density profile
in the vicinity of the boundaries. Even though the mag-
nitude of these terms is small, they are not present in the
x formulation.
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We thus conclude that the x formulation is superior
to the f one for the applications considered in this paper
and thus discard the f formulation from the analysis pre-
sented in the following Sections. It is worth emphasizing
that the conservation of the total number of particles is
retained in the x formulation, as highlighted in Ref. [113]
(see also Sec. IITD for more details).

D. Navier-Stokes regime

The hydrodynamic regime is achieved in kinetic theory
by taking the limit when the Knudsen number satisfies
Kn <« 1. In the BGK formulation of the collision opera-
tor, we set the relaxation time in the form:

Kn
T= (5.28)
where Kn is set to 1072 in order to achieve the hydro-
dynamic regime. The form (5.28) for the relaxation time
ensures that the viscosity p and heat conductivity s re-
main constant throughout the simulation, as implied by
Eq. (2.38c¢).

The analytic solution of the Navier-Stokes equations is
obtained in Subsec. VD 1. This solution is used in Sub-
secs. VD2 and VD 3 to validate our implementation in
the low and moderate Mach number regimes. The nu-
merical simulations were performed by fixing the inner
cylinder radius at R;, = 1, while the radius of the outer
cylinder is allowed to vary in order to check the sensitivity
of our implementation to curvature effects [53, 120, 121].
We thus set Rout € {2,4,8,16}, resulting in the radii
ratios 8 = Rin/Rous € {0.5,0.25,0.125,0.0625}. The
number of nodes employed is 64 and 96 for the low and
non-negligible values of the Mach number, respectively,
while the time step was set to §t = 5 x 10~%. Since in the
hydrodynamic regime, the flow is close to equilibrium,
the full-range Gauss-Hermite quadrature is employed on
all momentum space directions.

1. Analytic analysis

In order to obtain the analytic solution in the Navier-
Stokes regime, the constitutive equations (2.38a) and

(2.38b) are employed for the nonequilibrium parts §7°%°
and d¢% in Eq. (2.34), where the transport coefficients
and x are assumed to be constant. The cylinders are as-
sumed to have equal temperatures Ti, = Tous = T, the
outer cylinder is kept at rest (i.e. Qout = 0), while the
angular velocity i, of the inner cylinder is left arbitrary.
Noting that Vzu® = 0, the non-vanishing components of
the stress-tensor are:

THRE —T%¢ = 7% = P, (5.29a)

TR — _ uRi(R*1u¢).

e (5.29D)



Substituting Eq. (5.29b) into Eq. (5.16) gives the Navier-
Stokes solution for the velocity [122, 123]:

5 Q Qi R?
¢ _ p-l in _ indliy
! g R;lQ - Riz RRgut - Rizn,

out

(5.30)

where the conditions u?(R = Ri,) = QinRin and u? (R =
Rout) = 0 were imposed on the inner and outer cylinders,
respectively. The tangential stress 7% (5.16) reads:

0o oo R ro 24 R2
R R in R M3 din L6y
The = 7l R T = e (5.31)

Next, the temperature can be obtained by substituting
Eq. (2.38b) into Eq. (5.18):

po @
T=T,+5__""n
- K R;]Q - Rc?th
R 2_R2 ln(R/Rin)
m — 5.32
. R;]Q — R;uzt hl(Rout/Rin) ’ ( )

where the boundary conditions T(R = Ri,) = T(R =
Rout) = Ty were imposed. The heat flux ¢t = —kOrT
can be obtained as follows:

ok Q9

T _E]:ii_n2 - R(?u2t
2R2 1 ]
7 — . (5.33)
|:Rin2 — Rouzt hl(Rout/Rin)

while the constant @ in Eq. (5.18) is given by:

oL | (5.34)
Rin - R hl(Rout/Rln) Rout Rin

out

Q=

Finally, the equation for the pressure can be obtained
by substituting Eq. (5.29a) into Eq. (5.15a):
m(u®)?

RT

Orln P = (5.35)
To the best of our knowledge, the analytic solution of
this equation is not known. Thus, the density profile
n = P/T must be computed using numerical methods,
with the constraint that

- R12n)

Rout
21 / nRAR = 7(R? (5.36)

out
Rin

2. Low Mach flows

The low Mach regime of the circular Couette flow has
become a preferred benchmark test in the literature for
models which deal with curved boundaries [43, 45, 53].
Since in this regime, the flow is essentially incompressible
and isothermal, we only examine the azimuthal velocity
u?, which is represented in Fig. 7 for various values of
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FIG. 7. Azimuthal velocity profile u?(R) for the angular ve-
locity of the inner cylinder of 2, = 0.01. The curves cor-
respond to various values of 8 = Rin/Rout. Our numerical
results, obtained using the H(2;3) x H(2;3) model, are over-
lapped with the analytic solution (5.30).

B = Rin/Rout. In this regime, the analytic profiles can
be recovered using the H(2;3) x H(2;3) model (employ-
ing 3 x 3 = 9 velocities), which is just the equivalent of
the widely-used D2Q9 model employed in Refs. [45, 53].
However, the vielbein allows only one node to be used
in the ¢ direction, thus bringing an improvement in
the computational efficiency of several orders of mag-
nitude compared to the implementations presented in
Refs. [45, 53].

3. Non-negligible Mach flows

We now consider the case when the angular velocity of
the inner wall is Q, = 0.5, such that u{, = Qi Rin = 0.5.

Figure 8 shows a comparison between the results ob-
tained using the H(4;5) x H(4;5) model against the an-
alytical solution of the density n [computed numerically
using Eq. (5.35)], tangential velocity u® (5.30), tempera-
ture T (5.32) and radial heat flux ¢ (5.33). A very good
agreement is observed with the analytic solution for all
tested parameters. The temperature profile exhibits a

maximum when
21 ou in
R= %
Rin - Rout

The above curve is also represented in Fig. 8(c) and it
can be seen that the maximum is captured very well.
We note that the radial heat flow profiles are not well
recovered near the boundaries, where a deviation with re-
spect to the analytic profile can be seen. Figure 9 shows

(5.37)
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FIG. 8. Comparison between the numerical and analytic results for the profiles of (a) n [the theoretical value is computed
numerically by solving Eq. (5.35)]; (b) u® (5.30); (c) T (5.32), together with Eq. (5.37) giving the position of the maximum in
the temperature profile; (d) qR (5.33). The curves correspond to various values of 8 = Rin/Rout. The inner cylinder rotates
with Qin = 0.5, while the outer cylinder is kept at rest. The numerical results, obtained using the H(4;5) x H(4;5) model, are

overlapped with the analytic solutions.

the radial heat flux profile corresponding to equidistant
grids having Np € {32,64,128,256} nodes and 5 = 0.5.
It can be seen that this deviation occurs in the two points
which are nearest to the boundary. By increasing the res-
olution in the vicinity of the boundary, the amplitude of
the deviation of the numerical result compared to the
analytic prediction (5.33) is seen to decrease roughly as
(6R)?-58. Figure 10 shows the comparison of the f and y
formulations with stretched and equidistant grids using
Npr = 32 grid nodes. This plot clearly shows the ad-
vantage of using a stretched grid and the y formulation,
which appears to minimize the amplitude of the devia-

tions most efficiently out of the previously enumerated
approaches.

E. Free molecular flow regime

In the free molecular flow regime, the collision term in
the Boltzmann equation vanishes. The analytic solution
in this case was derived in Ref. [88] only for the distri-
bution function, density, azimuthal velocity and temper-
ature. For completeness, we present a similar derivation
for the distribution function and the macroscopic mo-
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FIG. 9. Effect of lattice spacing on the behavior of ¢* near the
wall when an equidistant grid is employed. The inset shows
that the amplitude of the deviation of ¢© with respect to the
expected analytic value (5.33) is proportional to (§R)°-55.

ments (including the stress tensor and heat fluxes which
are not derived in Ref. [88]), which are presented in Sub-
secs. VE 1 and V E 2, respectively. Our numerical scheme
is validated by comparison with these results in Sub-
sec. VE 3.
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FIG. 10. Comparison of the f (stretched and equidistant) and
X (stretched and equidistant) radial heat flux using Nr = 32
grid points.
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FIG. 11. Trajectory of a free-streaming particle originating
from the inner cylinder, which passes through point P at dis-
tance R from the symmetry axis with momentum p. Since
the particle travels downwards, § < 0 and ¢ > 0.

1. Boltzmann distribution function

Since there are no body forces present, the particles in
the free molecular flow regime stream freely between the
two bounding cylinders. Due to the symmetry of the flow
configuration, the solution is independent of the azimuth
. Let us consider a point P at a distance R — R;, from
the first cylinder, as shown in Fig. 11. The momentum of
a particle passing through this point has the components:
(5.38)

pR:pCOSQ, p? = psiné,

(p™)2 + (p%)? and 0 = arctan(p?/pF). Tt
is convenient to set the range of § € (—m,7) with 6 =0
corresponding to the radial direction towards the outer
cylinder. With this convention, the particles with 0| <
Omax = arcsin(Ry, /R) originate from the inner cylinder,
while those with O, < |0| < 7 are emitted by the outer
cylinder. The coordinate axis «x is aligned along the radial
direction passing through P, such that the radial and
azimuthal unit vectors at P are just ¢ and j.

When [0 < Omax, the distribution of particles at P
having momentum p along the direction given by 6 is
equal to the distribution of particles emitted from the
point located at Ri, and angle —5 < ¢ < § with respect
to the horizontal axis, as shown in Fig. 11. We use the
convention that the angle ¢ is positive when measured
trigonometrically from the horizontal axis and negative
otherwise. From Fig. 11 it can be seen that:

where p =

(p — muin)® = p* +p? + m*Q, Ry,
— 2mpQiy Riy, cos (g + ¢ — 9) , (5.39)

where i, = QinRin(—tsing + jcos¢). In the above,
it is understood that # and ¢ have opposite signs, i.e.
a particle travelling downwards (6 < 0) originates from
the upper half of the inner cylinder (¢ > 0), as shown in
Fig. 11. The cosine function in Eq. (5.39) can be evalu-



ated as follows:

cos (g +¢— 9) =sinf(cos ¢ — sin ¢ cot 0)

= sin 6,
in

(5.40)

where cos ¢ = (Ri, —0)/Rin, sin ¢ = £h/R;, and cot 6§ =
F(R— Rin+0)/h, where the upper sign refers to the case
when the particle is emitted from above the horizontal
axis.

Thus, at radial distance R from the axis of the inner
cylinder, the distribution function of particles travelling
at angle 6 with respect to the radial direction is:

f(R;0,p) =

Min 1 2 2
(2rmT,,)3/2 eXp{ ©2mT, "+

+ m202 R2, — 2mpQin Rsin 9)}, (5.41)

where the number density of emitted particles n;, will be
determined in Subsec. VE2, T, is the wall temperature
and |0| < Omax = arcsin(Ri,/R). Since the outer cylinder

14 (—1)*

M 273/2

SRyS¢ySz —

+1
omT,, 3(sr+se+sa) Sz
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is at rest, the distribution function of the emitted par-
ticles is isotropic, such that, when 0,.x < |0 < 7, the
distribution function is given by:

Tout exD | —
(27emT,,)3/? P

f(R;0,p) =

2 2
b “ﬂ (5.42)

2mT,

where the number density neo,t of the particles emitted
by the outer cylinder will be determined in the next Sub-
section.

2. Macroscopic moments

Let us introduce the following moments:

My s, / dp: / dpp, / dpy [ 00y P
=/ dp: p¥ / dp p*rteett
—o00 0

X /ﬂ df f (cos 0)°7 (sin 0)*

—T

(5.43)

Using the results (5.41) and (5.42), the above expression
can be written as:

. _E?H Rll) ~ o
L / d¢ ¢*ees” (1 — (2/R?)3(or—D) / de gorntsetle—(6-0°
0

Reetlt J_R,

1
+ Nout I [1 + 5(53—1-5@)]

where the changes of variables £ = p//2mT,, and { =
R sin 6 were performed. The notation

R = Qi R\/m/2T,

represents the square root of the ratio between the kinetic
energy 202 R? induced by the rigid rotation at R and
the thermal energy T,,, while R;, = RRi,/R.

Noting that pup = Mi 0,0, the macroscopic velocity
along the radial direction can be computed as:

(5.45)

Rin /mTy,
Up = oR ?(nin _nout)7

(5.46)

where the integration with respect to ¢ in Eq. (5.44) was
performed first. In order to ensure vanishing mass trans-
fer through the bounding cylinders, uz must vanish at

@ /9 : df (cos 0)°™ (sin 9)%}, (5.44)

R = R, and at R = Ry, requiring that:

Nin = Nout = Naw- (5.47)
In order to fix n,,, the particle number density n = Mjy g0
must be computed:

n(R) = dg € e €07

r 7R2/m /1 CQ/RQ/

+ Ny (1 = Oax/7), (5.48)
where Opax = arcsin(Ri,/R). Using the following iden-
tity:

| dggene 0 = 2 4 e s e,

0

(5.49)



the particle number density can be expressed as:

n(R) =ny,<1— _9max + e_Eizn _9max + IE(R) ,
™ ™ R\/E
(5.50)
where
2n+1 5
SRS S erf(. (5.51)

~ Rin
L.(R) = /O me

Since the radial integral in Eq. (5.36) cannot be per-
formed analytically, we resort to numerical methods to
find the value of n,,.

The macroscopic velocity along the ¢ direction can be
computed by noting that pu?® = My 1 o:

gdces
Rin A/ 1 <2/R2

2,-(6-0)?
x/o dg e . (5.52)

ouf =

111\/—/

Using the following property:

| ageree
0

— Ceic +

e~ (€07

N

5 (1+20)erf(Q), (5.53)

the azimuthal velocity can be written as:

uf =

mw in 2 7R12n arcsin & — Fin 1-— an
27m(R) R R?
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Noting that

Nz R R2
D5 2 2
Il i 39max Rln 1 n = n
47 R R2 R2
+0(Q), (5.55)

it can be seen that, in the small Qi limit, Eq. (5.54)
reduces to the expression in Refs. [43, 124]:

in Rin 1— R12n
R R R?

+0(9).

1
= —OQnR (arcsi
T

(5.56)
Finally, u* = 0 since M, 5,1 = 0 due to the [1 +
(—1)%2]/2 prefactor in Eq. (5.44).
For the computation of the stress tensor, it can be seen
that 7% = L Mg g 5 is given by:

T% = n(R)T,. (5.57)

Since TH* = LM o1 = 0 and LT9 = My, = 0, the
only non-vanishing non-diagonal component of the stress
tensor is TH% = %MI,LOZ

. R
= 2l R, / de ¢ / g gee.
0 R

7T]%2 —Llin
(5.58)
The above integrals can be performed analytically, yield-
ing:

TR —

Tch _ TRga R2 Tf%c[; _ anw
in R2 ) in ﬁ

where, as before, }NBin = QinRiny/m/2T,,. The above
expression is in agreement with the general result (5.16).
The last non-vanishing components of the stress-tensor

Rin, (5.59)

+ %—f[fo(fz) + 211(1?3)]}. (5.54)  are TRR = Ly oo and T%% = L Mg, o — p(u?)?, which
R have the following expressions:
RR wlw _B Ry oy
TRR _Twlw R, (4 + 2R2 — R?) cos max + ~ (4 R + YT [3R21 +(2R? - 3)I; — 212}
T 4R R3
emax i 291’118.)(
+ noTe <1 - o ) : (5.60a)
us 2
PO wTw — Rm
Tép _wlw —RY [ 4+ 2R2, + 3R?) cos Omax + — (4 + 3R%)Omax + \[ (31 + 212)}
T 1R R3
O sin 204 5
wlw (1 — —= ) — p(u)?. 5.60b
+n( ﬁ+2w)p<u) (5.60Db)
The temperature can be obtained as follows:
m, . nwTwR? _ = Riy, NZ3
T=T,— —u?)?+ =Y e B |Oax — — c0OSOmax Iy + 20|, 5.61
7 @ [ R " °‘+R(O+ 1)} (5.61)



where the number of dimensions d was kept explicitly to
allow the above formula to be applied when the momen-
tum space is two-dimensional.

Finally, the components of the heat flux can be written
as:

o _ M0+ M1,22,0 + Moz WPTR?
2m ’
4 _ Mo+ ]\;[0,32.,0 +Moi2 L PTPP
m
A S 5
2p( ) 5T (5.62)
Noting that M2 = 0, qR can be expressed as in
Eq. (5.18), with
w‘Rin/—T'g/2 5
Q= TP R, (5.63)
mw™m

where the notation Ry, is defined in Eq. (5.45). The
component ¢¥ can be obtained from Eq. (5.62) using:

M 1.0+ Mogso _ Nw W Re T ) (10+3§2)
2m2 . —Qm max

Rin S S
-5 (10 + 2RZ, + 3R?) cos Omax
2/7

+ ﬁ—:(?,lo F120 +41)|. (5.64)

as well as ﬁMO,Lg = %nTwu¢.

8. Numerical results

As also noted in Refs. [36, 43, 82], a sufficiently high
quadrature order must be employed at high values of the
relaxation time in order to avoid oscillations in the sta-
tionary state. Fig. 12 illustrates how increasing the radial
quadrature order quenches the oscillation amplitude. We
note that the quadrature order required to reduce the
oscillations below a detectable level increases with the
number of spatial grid points. Since we employ the fifth-
order WENO-5 scheme together with an appropriate grid
stretching, we are able to obtain accurate results with
only 16 grid points and a quadrature order of Qr = 200
[36].

We tested our models in the high-Mach regime by con-
sidering three values of the angular velocity of the inner
cylinder, namely €, € {1,2,3}. In this case, we kept
Rin = 1 and Rout = 2 fixed, such that 8 = Rin/Rout =
0.5. In order to ensure accuracy, we employed a number
of 16 nodes along the radial direction and our time step
was set to 0t = 2 x 107°. For these values of the pa-
rameters, we used the models HH(4; 200) x HH(4;10) to
ensure smooth profiles in the stationary state. Excellent
agreement is found between our simulation results for the
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FIG. 12. Effect of the quadrature order on the oscillations
in the stationary profile of the pressure and azimuthal veloc-
ity in the ballistic regime. The results were obtained with
the models HH(4; Qr) x HH(4; 10) and the curves correspond
to various values of Qr. The parameters employed in these
simulations are: Rin = 1, Rout = 2, Qin = 1.0, Qout = 0
and 6t = 2 x 107°. Our simulations reached the stationary
state after 500 000 iterations. We used Nr = 16 grid points
together with the stretching given by A = 0.95 and § = 0.75.
The thick continuous curve corresponds to the analytic solu-
tion (5.50).

profiles of P, u?, qR, q%, TRR, T%, TR and tempera-
ture T" and the corresponding analytic results derived in
Sec. VE2, as can be seen in Figs. 13 and 14.

Before ending this Section, it is worth emphasizing that
the formula (5.56) derived by Willis [124] is valid only in
the limit of low Mach number flows, as shown in Sub-
sec. VE 2. At higher values of the Mach number, the ra-
tio u® /u, no longer coincides with the profile predicted
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(a) P = nT

(5.50),(5.61); (b) u?/uf, (5.54); (c) ¢ (5.62); (d) ¢? (5.62). The radii of the inner and outer cylinders were Ri, = 1 and
Rout = 2, such that 8 = 0.5. The quadrature used was HH(4;200) x HH(4;10). The curves correspond to various values of
Qin. The analytic solution for u? reported by Willis [124] and reproduced in Eq. (5.56) is shown in (b) alongside the exact
expression (5.54). The time step was set to t = 2 x 10™° and the number of nodes was Nz = 16.

by Willis, since the non-linear terms in u% which appear
in the exact result (5.54) and are absent in the result
from Willis (5.56) become important. This discrepancy
is highlighted in Fig. 13(b).

F. Transition flow regime

To the best of our knowledge, there is no analytic so-
lution of the Boltzmann-BGK equation which is valid
for the circular Couette flow in the transition regime.
In order to validate our models in this regime, we com-

pared our simulation results with those obtained by Aoki
et al. [88] using a high-order Discrete Velocity Model
(DVM) for Kn € {0.02,0.1,1.0,10.0}, where the Knudsen
number is related to the relaxation time 7 via [88]:

Kn /m
T="\3 (5.65)
The angular velocity of the inner cylinder was set to
Qin = 0.5v/2, while Qo = 0. The radii of the inner and
outer cylinders were kept fixed at Ry, = 1 and Rous = 2.
In order to maintain good agreement between our sim-
ulation results and those reported in Ref. [88], the ra-
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FIG. 14. Same as Fig. 13 in the case of: (a) TRE (5.60a); (b) T%? (5.60b); (c) Th? (5.59); (d) T (5.61). The simulation

parameters are the same as in Fig. 13.

dial and azimuthal quadrature orders were increased as
Kn was increased, as summarized in Table IIT (the time
step employed is also shown therein). The simulation do-
main comprised Ng = 16 nodes stretched according to
Eq. (3.8) with A =0.95 and 6 = 0.5.

Figures 15(a), 15(b) and 15(c) show comparisons be-
tween the profiles of n, T and u? obtained using the
models summarized in Table III and those reported by
Aoki et al. [88]. A very good agreement can be seen.

In Figures 16 (a) and 16(b), the variation over Kn of

the constants @ (5.18) and T7% (5.16) is represented.
The simulation results match the analytic results in the

hydrodynamic and ballistic flow regimes. For TR“‘} our

in >

numerical results are compared with the analytic result

obtained by Willis [124] and a good match is observed at
high Knudsen numbers, close to the free molecular flow
regime.

Finally, we considered the low Mach number case stud-
ied in Ref. [43]. Our simulation results obtained using the
models summarized in Table IIT are shown in Fig. 17. An
excellent match with the LB results reported by Watari
in Ref. [43] can be observed.

G. Performance analysis

Let us now consider a comparison between the effi-
ciency of our method and that of previously published
methods. The lattice Boltzmann implementations em-
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FIG. 15. Comparison between our simulation results and those reported in Ref. [88]. (a) n(R); (b) T(R); (c) u?(R)/uf,. The
angular velocity of the inner cylinder was set to Qin = 0.5\/57 while the Knudsen number is related to the relaxation time
through Eq. (5.65). The models employed in these simulations are summarized in the Non-negligible Mach section of Table III.

ployed in Refs. [45, 53] are validated only in the hy-
drodynamic regime at small Mach numbers and employ
the D2Q9 model (employing 9 velocities). Our scheme is
capable of recovering this regime also with 9 velocities.
However, the implementations of Refs. [45, 53] do not
align the momentum space along the cylindrical coordi-
nate system unit vectors, such that the spatial grid em-
ployed therein is two-dimensional. Thus, our proposed
scheme is much more efficient, since our spatial grid is
always one-dimensional.

Next, we consider a comparison with the LB imple-
mentation proposed by Watari in Ref. [43]. This scheme
is also restricted to low Mach number flows, however,
the whole range of the Knudsen number is explored. For

Kn < 0.5, Watari employed models with 40 velocities
in order to obtain accurate results. As Table III shows,
our implementation allows us to recover the same results
with 12 and 24 velocities at Kn = 0.01 and Kn = 0.1, re-
spectively, while at Kn = 0.5, we employed a model with
120 velocities. At Kn = 1, Watari employed 4 x 24 = 96
velocities, while we required a number of 160 velocities to
match the velocity profile. Finally, at Kn = 100, Watari
obtained good agreement with the free-streaming solu-
tion with 4 x 60 = 240 velocities, while we employed 480
velocities in this regime. We note that our implementa-
tion requires higher quadrature orders at Kn 2 0.5 due
to the inertial forces which act along the radial direction,
where the distribution function is discontinuous. This
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FIG. 16. Comparison of our simulation results for the con-
stants Q (a) and T;%? (b) against the analytic solutions given
in Egs. (5.34) and (5.31) in the hydrodynamic limit, as well as
in Egs. (5.63) and (5.59) in the free molecular flow limit. The
Knudsen number is related to the relaxation time through
Eq. (5.65). In (b), the analytic result reported by Willis [124]
is represented using a solid black line.

was also seen in the case of a rarefied gas between par-
allel plates under the effect of gravity [36]. Such forces
are not present in the implementation of Ref. [43], since
there the momentum space is not aligned to the cylindri-
cal coordinate system. The gain in efficiency at the level
of the momentum space compared to our scheme is lost
since the spatial grid is two dimensional. The number of
distribution functions required at Kn = 100 in Ref. [43]
is 240 velocities multiplied by 200 x 100 = 20000 spatial
grid points, resulting in 4 800 000 population updates per
time step. In our implementation, we only use 16 ra-
dial points, such that the number of population updates
per time step is just 16 x 480 = 7680, which is signifi-
cantly more efficient than the implementation presented
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FIG. 17. Velocity profile in the low Mach number regime
Qin = 0.01. Our simulation results are compared with the LB
results reported by Watari in Ref. [43]. The models employed
in these simulations are summarized in the Low Mach sec-
tion of Table III alongside the corresponding time step. The
number of grid points was Nr = 16, stretched according to
Eq. (3.8) with A =0.95 and § = 0.5.

in Ref. [43].

In the transition regime, Aoki et al. [88] employed a po-
lar decomposition of the momentum space using 48 shells
of equal momentum magnitude containing 272 directions,
resulting in a velocity set comprising 48 x 272 = 13.056
elements. As can be seen from Table III, the number of
velocities employed by our models is significantly lower
at Kn < 10, with 40 velocities for Kn € {0.02,0.1}, 528
velocities at Kn = 1, and 960 velocities at Kn = 10. As
Kn — oo, the number of velocities required to obtain
accurate results increases to 8 000, which is still lower
than the number of velocities employed in Ref. [88]. Fur-
thermore, the use of the WENO-5 scheme for the com-
putation of the numerical fluxes allows us to recover the
analytic solutions in the ballistic regime using only 16
nodes, compared with the 240 nodes employed in Ref. [88]
using the second order numerical scheme introduced in
Refs. [125-127]. Tt can thus be seen that, as the ballistic
regime is approached, the efficiency of our scheme de-
creases to that of standard DVM codes. However, in the
regime of moderate Knudsen numbers, our implementa-
tion is significantly more efficient, especially due to the
use of the half-range Gauss-Hermite quadrature on the
radial direction. This can be seen by looking at Fig. 18,
where the time required to achieve the steady state us-
ing the models benchmarked in Figs. 7, 8, 15 and 17 and
summarized in Table III is represented with respect to
Kn, for both the low and the high Mach regimes. It
can be seen that the lowest runtime is registered around
Kn ~ 0.1. For completeness, the methodology to deter-



mine this runtime is presented below.

In each of the simulations presented in Fig. 18, the time
to achieve the steady state is determined by comparing
the output of two successive cycles of duration At = 6
(the number of iterations per cycle is computed based on
the time step). At the end of cycle £ > 1, the following
L5 norms are computed:

51 1/2

Rout b _ P
u u
4 -1
/ dRR| L1 :
Rin U

L _
L2;u -

1/2

Rout n[ 2
L., = / dRR ( ~ 1) ,
’ Rin Ne—1

_ - - 571/2
Lg.T:/ dRR( ¢ —1)] :
’ |/ Rin Ty

where w,, is the angular velocity of the inner cylinder (the
outer cylinder is at rest), while R;, = 1 and Ry, = 2 are
the radii of the inner and outer cylinders. The integration
is performed using the rectangle method by switching to
the equidistant coordinate 7, as described below for an
arbitrary function f:

Rout Tlout
/ dRR}(R) = @(Rout — Rin)/ Mf(n)

2
Rin A me cosh™n

(5.66)

Ng

A
= XO(Rout - Rin) Z

s=1

Rsom

cosh? Ns far (5:67)
where the quantities bearing the subscript s are evaluated
at 1 = ns = nin + (s — 0.5)6n. We consider that the
steady state is achieved when all the Ly norms defined in
Eq. (5.66) decrease below the threshold 107°.

Let us now discuss the order of algorithmic complexity
of the main steps of our proposed algorithm, namely:

1. Computation of the macroscopic variables;
2. Relaxation;

3. Enforcing boundary conditions;

4. Applying the advection rule;

5. Applying the forcing terms.

The order of the above steps is arbitrary, since we use
a fully explicit algorithm and the new populations are
stored in a separate memory zone. The complexity of
steps 1, 2 and 4 is O(Nyel X Ng), where Nyol = 2QrQ,,
is the total number of velocities when the half-range
and full-range quadratures of orders Qg and @, are em-
ployed on the radial and azimuthal directions, while Np
is the number of nodes in the radial direction. Step 3
does not depend on the number of nodes (there are only
two sites where diffuse reflection is applied for the cir-
cular Couette problem), so the complexity of this step
is O(Nye1). Finally, step 5 involves the computation of
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the momentum space derivatives, which are performed
using the kernels introduced in Sec. IVC and in Ap-
pendix D. It can be seen that the complexity for this
step is O[(Qr + Q) X Nyel X Ng|. Thus, the time re-
quired to perform one iteration can be estimated via:

AT = (a1 + a2 + a4) Nyal Ng + a3 Ny

+a5(2Qr + Qu)NvaNr + ¢, (5.68)

where a; (1 <7 < 5) are constants corresponding to
the steps of the algorithm and the constant ¢ denotes
an overhead which is due to one-off operations, such as
memory allocations, input/output operations, etc.

We now consider a series of simulations in order to
validate Eq. (5.68). For simplicity, the number of nodes is
kept constant at Ng = 128, such that Eq. (5.68) becomes:

AT = aNyel + b(2Qr + Q) Nyel + ¢, (5.69)

where a, b and ¢ are constants. We now consider three
batches of simulations. In the first batch, the radial and
azimuthal quadrature orders are varied simultaneously,
such that Qr = Q, = @, where 4 < @ < 30. In this

case, @ = \/Nye1/2 and Eq. (5.69) reduces to:

3b
AT = aNyo + ﬁNfe/f +e.

The second batch corresponds to keeping Qr = 4 and
varying @, between 4 and 200, such that Q, = Nye/8
and Eq. (5.69) becomes:

(5.70)

(5.71)

N,
AT = aNyo) + bNyol (8 T 8e‘> .

Finally, in the third simulation batch, Q, = 4 is kept
fixed and Qr = Nyel/8 is varied between 4 and 200, while
AT (5.69) is given by:

NVC
AT = aNye, + bNyel <4 +— ‘> . (5.72)

The time per iteration AT can be used to compute the
number of million of sites updated per second (Msites/s),
which we denote by MS, being given by:

Ng

MS = To6A7

(5.73)

where AT is expressed in seconds. In order to validate
Eq. (5.69), MS is computed by measuring the total simu-
lation time T required to complete 32 000/ Ny, iterations
for a system with Nr = 128 nodes stretched according to
0 =0.5 and A = 0.95, with 7 = Kn/n, Kn = 0.001 and
time step taken as ¢t = 107° in order to satisfy the CFL
condition for all quadrature orders considered in these
simulations, by using the formula:

_ 0.32Ng
B chlT ,

MS (5.74)
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FIG. 18. Time (in seconds) required to achieve steady state
using the models summarized in Table III.

where T is given in seconds. Figure 19 shows the depen-
dence of MS with respect to Ny for the three batches
considered above. For each simulation batch, the corre-
sponding formula (5.70)—(5.72) is fitted to the numerical
values of MS in order to determine the coefficients a, b
and c. Taking the average between the three sets of val-
ues gives a ~ 424 us, b ~ 0.944 ps and ¢ ~ 198 pus.
The curves corresponding to Eqs. (5.70)—(5.72) with the
above values for a, b and ¢ are represented alongside the
numerical data and an excellent agreement can be seen.
This validates the algorithmic complexity proposed in
Eq. (5.68).

For consistency, all runtime results are calculated
for simulations performed on a single core of an
Intel©Core™ i7-4790 Processor.

H. Summary

In this Section, the circular Couette problem was con-
sidered at various values of the Knudsen number, in the
low and moderate Mach number regimes. Our numerical
results reproduced with high accuracy the analytic so-
lutions in the hydrodynamic and ballistic regimes, while
at intermediate relaxation times, we obtained excellent
agreement with the discrete velocity model (DVM) re-
sults reported in Ref. [88].

VI. FLOW THROUGH A GRADUALLY
EXPANDING CHANNEL

In this Section, the versatility of the vielbein formal-
ism is demonstrated in the case of a more complex geom-
etry. The implementation is validated for the case of the
gradually expanding channel problem initially proposed
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FIG. 19. Number of millions of site updates per second in the
context of the circular Couette flow for a system with Ngr =
128 nodes in the radial direction when the half-range and full-
range Gauss-Hermite quadratures of orders Qr and @, are
employed on the radial and azimuthal directions, respectively.
The total number of velocities is Nyel = 2QrQ,. The curves
correspond to the cases when Qr = Q,; when Qr = 4 is kept
fixed and @, is varied; and when @, = 4 is kept fixed and
Qr is varied. The simulation data are represented using lines
with points, while the solid lines correspond to Egs. (5.70),
(5.71) and (5.72), where the parameters a,b and ¢ are obtained
using a fitting routine.

in Ref. [100]. This type of channel has the advantage that
the transition from a narrow to a wide channel opening
is made gradually, without resorting to sharp corners.

Benchmark results were published in Ref. [101] for the
incompressible Navier-Stokes flow through this channel
at Reynolds number Re = 100 in the no-slip regime.
In this Section, we validate our implementation against
these benchmark results and further exploit the vielbein
formalism in order to study the properties of the flow
at non-negligible values of the Knudsen number Kn. In
particular, we consider flow regimes with Mach numbers
of order unity, as well as with Kn ~ 0.5.

In Subsec. VI'A, we introduce the vielbein for the gen-
eral case of channels with symmetric walls and show how
the momentum space can be aligned along them. The
case of the gradually expanding channel is presented in
Subsec. VIB, where the grid construction is discussed.
The inlet and outlet boundary conditions, as well as spec-
ular and diffuse reflection boundary conditions on the
channel centerline and channel walls, respectively, are
discussed in Subsec. VIC. Our implementation is vali-
dated in the incompressible hydrodynamic regime in Sub-
sec. VID and simulations in the compressible hydrody-
namic regime are presented in Subsec. VIE. To demon-
strate the capabilities of the vielbein approach coupled
with half-range quadratures, the flow through the grad-



ually expanding channel is considered for non-negligible
values of the Knudsen number in Subsec. VIF.

A. General formalism

Let us consider the general case of a channel exhibiting
a gradual symmetric modification of its exterior bound-
ary. Let the top boundary be given by the function
Zeop(y) = Z[1 + ¢(y)], while the bottom boundary is lo-
cated at Thottom (¥) = —Ztop(y). The normalized tangent

vector to the top boundary is:

H /. .
t— ﬂ, (6.1)
+(50)?

while the exterior normal can be obtained as:
i— —(b’
1+ (7¢/)

n=txk= (6.2)

The incoming flux from the fluid towards the boundary
is comprised of the particles for which
_H gy
pome T

1+(7¢/)

(6.3)

The above restriction cuts the momentum space in half
along a plane given by the equation p* = %d)’py, which is
point dependent due to the presence of ¢’. This has the
undesirable effect that it does not allow the construction
of a quadrature rule for the momentum space which is the
same throughout the fluid domain. In particular, the lat-
tice Boltzmann models based on half-range quadratures
are developed for the case when the boundary is orthog-
onal to one of the momentum space directions (e.g., p*),
such that the incoming and outgoing fluxes are obtained
as momentum space integrals of the distribution function
restricted to positive or negative values of the momentum
component along this direction [16, 18-36].

In order to make the condition (6.3) point-
independent, the following coordinates can be employed:

x

T 1+ 0(y)

while 2z remains unchanged. The boundaries are now
located at A = +H/2. The metric ds* = dz? + dy? + dz?
becomes:

ds? = {[1 + ¢(E)]dA + ¢/ (€)de}* + de? + d=2.

£=y, (6.4)

(6.5)

By writing ds® = gﬁdaﬁdwi, it can be seen that the non-
vanishing components g;7 of the metric tensor are given
by:

1+ N2[¢' ()],
g7z =1,

sx=[1+0@P  gz=

95 = 958 = ML+ ¢ (§), (6.6)
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while \/g = \/ge = 1+ #(£). Thus, the metric tensor
exhibits non-vanishing non-diagonal components.

The components of the momentum vector p with re-
spect to the coordinates A and & are:

px:% ””+g—;/\py=]%/\§w,
P = gi + 8219” =pY, (6.7)
while the inverse transformation gives
= (1+¢)p + A5, =05 (68)

It can be seen that at A = H/2, pX is proportional to
p - n, such that Eq. (6.3) reduces to:

p* > 0. (6.9)

The coordinate directions 9y and Og¢ are not orthogonal,
since 95E # 0. This implies that the momentum vectors

px and pg, corresponding to (px,pg) = (1,0) and (0,1),

respectively, are not orthogonal:

Pr-Pe = g5e = M1+ )¢ (6.10)

In order to construct an orthogonal momentum space
which retains the beauty of Eq. (6.9), it is convenient to
work with the following triad one-forms:

Wf = \)}%d)\ /T N2 de,

. 1 R
wh = id)\ w® =dz, (6.11)
V14 A2
and the associated triad vectors:
o \/1—1—/\2¢’2a _ by 5
AT T T Jiraegr ©
1
= ez = 0,. (6.12)

The connection between the hatted components p and
pg and the Cartesian components p® and pY of p = p’e it
pfe5 = p”i + pY7 is given through:

A N A

Ao A
=wip” + wips = , 6.13a
Pt =wip” + wzp ) (6.13a)
~ A~ A~ y“l‘A /T
Pt :wép)‘ + wfypg — P AP 2¢p . (6.13b)
1+ \2(¢/)?



The inverse relations are:

+ _ [90T % 8:65 ox 3 (’“)xgé
p‘(aAA 9¢ 5 >p+(8)\f 6% )P

:M (6.14a)
T+ 22(¢)7
9 x, 9y ¢ 9y x, 9y ¢
(- 3
P (aAk 96 A P+ { ghed 9e% )P
g _ /9
:w' (6.14b)
14 X2(¢)?
It can be seen that at A = H/2, P =p-n (6.13a).

Moreover, the triad vectors e and eg are orthogonal,
thus ensuring that the vectors p5 and pé corresponding

to (p pf) (1,0) and (0, 1) are orthogonal:

Pj\'szgi’iezj\eJé:%\é:O' (6.15)

Noting that the only non-vanishing commutator
les, €], gives rise to the following connection and Car-
tan coefficients:

Ad)//
Tsee =esee = (1 + A\24/2)3/2°
¢'[1+A2¢" — \2¢"(1+ ¢)]
1—‘5\5)\ =CREX T (1+¢)(1+)\2¢'2)3/2 , (6.16)
the Boltzmann equation (2.24) can be written as:
of V) | avey)
ot O Ox¢
1 o O 3 0(fp°
__Fj\éé (p5)2—A _ A(—A)
R PP CY N U167 0 | NS PR
STles [(P ) o o | —(f =7,
(6.17)

where homogeneity with respect to the z coordinate was
assumed and the following notation was introduced:

oy VIR
1+¢ m’
& AO'p A
VE—(14+ )L —22P g4 6.18
ot == Al (618)
while x¢ is defined through:
dx® = (1 + ¢)d¢. (6.19)

Since the channel is symmetric with respect to the cen-
tral line located at A = 0, the fluid flow is simulated only
in the upper half (0 < A < H/2). The fluid domain
is thus represented by the rectangle in the (£, \) space
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defined by &, < € < &ut and 0 < A < H/2. The non-
dimensionalization convention is such that H/2 = 1. The
A direction is further stretched towards the solid bound-
ary according to the coordinate transformation (3.8) with

Alett = 0, Aright = H/2 and 0 = 0, as follows:

H
An) = oA tanhn, (6.20)

where A = 0.95 for all simulations presented in this Sec-
tion. The resulting grid is shown in Figs. 20(a) and (b)
with respect to the (z,y) and (A, &) coordinates, respec-
tively, for the wall function ¢(¢) corresponding to the
gradually expanding channel, given in Eq. (6.24).

The fluid domain in the (1, &) variables is divided into
N, x N¢ equally sized cells (where N,, = N)) centered on
coordinates (As,&,), where Ay = A(1,) and 1 < s < Ny,
1 < p < Ng, while

—-0.5
arctanhA,
A

p—0.5 O 5
gp :gin

Ns =

(gout gin)' (621)

Inlet and outlet boundary conditions are imposed at £ =
&n and € = oy, respectively, while specular and diffuse
reflection boundary conditions are imposed at A = 0 and
A = H/2, respectively, as shown in Fig. 20(b).

In order to ensure that f = const is accepted as a nu-
merical solution, the connection coefficients in Eq. (6.16)
are implemented as follows:

1 1+ dpy1/2 T+ ¢p_1/2
(Cags)sp =3 5 - >
X IHNG e (1 N62
(1—‘ ) B \/1+)\S+1/2¢;2_\/1+A571/2¢p
AEE/SP T 5/\5(1 + (bp)
)\5 (b;,.:,_l/g(l + ¢p+1/2) ¢;_1/2(1 + ¢p—1/2)
: _
Oxar L+ 236,502 L+ A30,2 10
(6.22)

where 6)(;]0 = Xﬁ,erl/Q

— X§7p71/2 and 0As = Agp1/2 —
)\5—1/2'

For the remainder of this Section, we consider the
reduced form of Eq. (6.17), obtained by multiplying
Eq. (6.17) by 1 and (p*)?/m followed by an integra-
tion over the p® momentum space axis, as described in
Sec. IV A. The resulting equations for f' () are identi-
cal with Eq. (6.17), with f and f(°9 replaced by f’ (")
and f (eq) (f eq)) respectively. In order to ensure constant
transport coefficients, the relaxation time is implemented
as follows:

Kn
= —, 6.23
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FIG. 20. (a) Geometry of the gradually expanding channel
for Rec = 100. The vertical lines correspond to constant
values of £ chosen equidistantly between —10 and 40. The
horizontal lines are drawn at constant values of A which are
stretched towards the boundaries via Eq. (6.20). (b) Fluid
domain in (X, §) coordinates, corresponding to the upper half
of the channel.

B. Gradually expanding channel

We now turn to the particular case of the gradually
expanding channel proposed in Refs. [100, 101], for which
the function ¢(§) defining the position of the wall is given
as

1 30 2¢
o(&) = 5 {tanh(Q) tanh (2 Re. Hﬂ . (6.24)
The parameter Re, controls the steepness of the expand-
ing portion (i.e., its horizontal span). When Re, is equal
to the Reynolds number Re of the flow, the flow fea-
tures become independent of Re = Re. in the region
0 < 2¢/H < Re/3 as Re — oo. In particular, the
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FIG. 21. The orientation of the principal axes of the momen-
tum space expressed with respect to the vielbein. The vectors
p5 = e; and p; = ez can be regarded as unit vectors along
these axes. The vertical lines correspond to constant values
of &, while the horizontal lines represent lines of constant val-
ues of \. The geometry corresponds to setting Re. = 6 in
Eq. (6.24).

flow configuration at Re = Re, = 100 is a good approx-
imation for the Re — oo case [100]. In this Section,
Re. = 100 is employed for all simulations, even when the
Reynolds number of the flow Re differs from this value.
The resulting geometry is shown in Fig. 20(a). Integrat-
ing Eq. (6.19) gives the following expression for x*:

X = <1 N tanh2) - HRe, In cosh(2 — 60¢/HRe.)

2 120 cosh 2 ’

(6.25)

where the integration constant was fixed such that ¢ = 0
when £ = 0.

For all simulations performed in the gradually expand-

ing channel, we used a grid comprised of Ny x Ng =



30 x 200 nodes. The relevant flow domain is bounded by
¢ =0 and £ = Re./100 ~ 33.33. The inlet and outlet
boundary conditions are imposed at £ = &, = —10 and
& = &oue = 40, thus allowing some space for the flow to
adjust itself before entering the investigated region.

In order to better understand the effect of employing
the orthogonal triad, Fig. 21 shows the pair of vectors
(Ps,pe) = (e5,€¢) at fixed £ and for various values of A,
represented with respect to the (x,y) coordinate frame.
In order to maintain the same scale on the horizontal and
vertical axes, the figure is drawn for a channel with Re, =
6, for which the horizontal span of the expanding portion
of the channel is comparable to its vertical span. It can
be seen that the two vectors start from being parallel to
the x and y axes on the horizontal axis (A = 0) to being
aligned perpendicular to, and along, the upper boundary
for A\ = H/2.

The momentum space defined with respect to the viel-
bein is discretized on the £ and A directions separately us-
ing Q¢ x Q) velocities. On the £ direction, which is paral-
lel to the walls, the full-range Gauss-Hermite quadrature

is used, such that pé — p? (1 <7 < Q¢), where p? are

the roots of the Hermite polynomial Hg, (p®) of order Q.
On the A axis, the choice of quadrature depends on the
value of Kn. The momentum components are indexed as
pf‘, where 1 <1 < Q) and Q) = @, when the full-range
Gauss-Hermite quadrature of order @) is employed, while
9y = 2Q) for the case of the half-range Gauss-Hermite
quadrature of order @), as discussed in Sec. IVB. The
expansion orders are generally constrained by Eq. (4.23).
We find that increasing the expansion orders beyond 4
does not have a visible effect on the simulation results.
Thus, the expansion orders are computed using

Ny = min(Qy — 1,4), Ne = min(Qe — 1,4). (6.26)

The system at initial time is considered to be in ther-
mal equilibrium (f/ = f/(°9 and f” = f"(9) corre-
sponding to the temperature Tj, density ng and velocity
u = 0 (the fluid is at rest). The non-dimensionalization
convention used for the numerical simulations is such that
H/2 =1,Ty =1 and nyg = 1, while \/KpgTo/m =1 is
the reference speed.

C. Boundary conditions

This Subsection presents our strategy for the imple-
mentation of the inlet and outlet boundary conditions
compatible with the approach used in Refs. [100, 101],
as well as of the boundary conditions at the wall and
channel center.

1. Inlet boundary conditions

The problem initially proposed in Ref. [101] was
the simulation of the incompressible Navier-Stokes flow

34

.l (1+(E))
1 4
x 0

i —
N o ~(1+(E)

0 02 04 06 08 1
y/Le

FIG. 22. Streamlines for the flow through the gradually ex-
panding channel corresponding to Re. = 100, obtained for
Qo = 0.1 and Kn = 0.001 (Re = 100), corresponding to the
incompressible hydrodynamic limit.

through the gradually expanding channel introduced in
Subsec. VI B, subject to an inlet parabolic velocity profile
at & = 0 of the following form:

3ug 422 "
Uy—7<1_ﬁ>7 u” =0,
such that the particle flow rate through half of the chan-
nel cross section is Qp = %nouo, where ng is the fluid
particle number density throughout the channel. Equa-
tion (6.27) uses the property that ¢({ = 0) = 0. The
Reynolds number is then obtained as follows:

(6.27)

mQQo o
= —— = — 2
Re m Kn’ (6.28)
where H = 2, ng = 1 and ug = @y under the non-

dimensionalization employed in this Section, while the
viscosity p = ™T = Kn by virtue of Eq. (6.23). As
mentioned in Ref. [101], this inlet boundary condition
immediately raised the concern that at & = 0, the channel
already began its expansion, such that the inlet condition
u” = 0 is not realistic.

Even though the results presented in Ref. [101] used
Eq. (6.27) as the inlet boundary condition, we instead
impose the parabolic profile upstream from £ = 0, at a
value &, where ¢'(&yn) ~ 0. Thus, Eq. (6.27) can be
replaced by:

in — 3Q0 — 4I2
) = e | T A

—%@‘%)’

(6.29)



in

where the inlet particle flow rate Q!

of \ is computed as follows:
in o = [ dpfdp* 1
ﬂow( ) / p-ap f m

After the discretization of the spatial domain and of
the momentum space, the above expression can be com-
puted using the numerical flux F Eis.1/2:,) corresponding

to pij = (pi\,pg), as follows:

(M) at a given value

(6.30)

Y
i i Ps,1/2ii,5
Hz)w;s = Hz)w(/\s) = Z - m . ]:5571/2;1»7]», (631)
2%
where the labels of p¥ (6.14b) indicate its explicit coor-
dinate and momentum space dependence:

y B = A (&)

Pa1/2 T+ X2¢2(1)2)

As also remarked in Ref. [128], the inlet and outlet

boundary conditions can be imposed only at the level

of the distribution functions corresponding to velocities

which travel downstream from the inlet towards the fluid

domain (i.e., p¥ > 0). Thus, our strategy for imposing

Eq. (6.29) is the following. The distributions correspond-

ing to particles travelling upstream (p?¥ < 0) are extrap-
olated at zeroth order from the first fluid node:

/ . !/ . !
fs—1i5 = Fs05 = Fs g
1

A similar boundary condition is imposed for f7 ;..
The flux for pi”l/zi’j < 0 can be computed by noting
that o3 = 0 by virtue of Eq. (3.16), such that:

(6.32)

Pl <0, (6.33)

]:5;511/2;113' = f;11/2;i,j’ (pg,l/Q;i,j < 0)' (6'34)

The distribution functions for the particles travelling
downstream (p‘g’l/m’j > 0) are set using:

! ! ! !
Fs—2.5 =Fs,~1515 = Fs,0:.5 = Fleayingig

17 " e

— . /
s$,—23i,7 —Js,—1;4,5 — Js,054,5 — Tof(cq);in;i,j’ (635)

where f(o )i = f(’cq)‘ij(nisn,uisn,To) is the reduced
Maxwell-Boltzmann distribution (4.21), Ty is the initial
temperature and (ug, u¥) = (0, Qfpy,.,)- Since in this case

o1 = 0 by virtue of Eq. (3.16), the flux is given by:

Fes/2ig = f(/cq);in;iu'7 (pz,1/2;i,j >0).  (6.36)
The density n* is then obtained by imposing
Eq. (6.31):
in 1 / ?
flow;s = Z f17p?i7jpz,%;i,j
) Y g <0
= Po /250 (6.37)
/ in Y
m Z f(eQ);i,j(l’us ’To)ps,%;i,j

Yy
P 1y250,5>0

Setting the inlet boundary conditions as explained above
achieves the desired parabolic velocity profile shortly af-
ter the simulation is started.
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2. Qutlet boundary conditions

In order to prevent the build-up of particles inside the
flow domain, a similar parabolic profile is imposed at the
domain outlet (where & = £yut). The value of &,y is again
chosen sufficiently far downstream such that ¢’ (£out) =~ 0.
In this case, the equivalent of Eq. (6.29) becomes

out . 3Q0 4)\2
ow ) = T T (o] (1 - ﬁ) '

The construction of the outlet boundary conditions is
analogous to the procedure described for the inlet.

(6.38)

3. Specular reflection boundary conditions

Taking advantage of the symmetry of the channel, the
simulation domain can be restricted to its upper half
when specular boundary conditions are imposed at the
centerline. This amounts to populating the nodes with
s € {0,—1, -2} as follows:

fé,p;i,j :f{,p;i,j’
/ Y
J1pig =Fopags

f/—Zp;i,j :fé,p;i,jv (6.39)
and similarly for f , ., where the notation 7 refers to

the index corresponding to the momentum component
p? which satisfies:

A

PR =—p; (6.40)

4. Diffuse reflection boundary conditions

Diffuse reflection boundary conditions are imple-
mented on the top boundary. Since the vielbein is con-
structed such that the pf‘ component of the momentum
is always perpendicular to the top wall, the procedure
described in Sec. IIT F applies unchanged to this case. In
particular, the values of the distributions in the ghost
nodes are populated for the particles travelling back to-

wards the fluid domain (p < 0) following Eq. (3.30):

Tt = It = [Nt
= f/ (nw;pauw = 07 Tw = TQ),

(ca)ii, (6.41)
while for the particles travelling towards the boundary,
the second-order extrapolation given in Eq. (3.32) is em-
ployed. Since the wall is at rest, we have uy, = 0, while
the temperature Ty = 1 is that of the initial state. The

wall density n.., is obtained using Eq. (3.34), as follows:

. A .
Zp;\>0 Zj VNA+1/2,p;i,j]:>\;NA+1/27p;i7j

Nwip = — - A ’
2opi<0 25 fleg (= 1,0, TO)VNA+1/2,p;E,j |
6.42

where ]—'X;erl/lp;i is the flux along the X\ direction cor-
(6.18).

responding to the velocity V]\>}>\+1/2 vy
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FIG. 23. Simulation results for the flow through the gradually
expanding channel with Re. = 100, Qo = 0.1 and Kn = 0.001.
(a) Normalized wall pressure AP, (6.49) with respect to the
normalized coordinate y/L. = 3y/Re. along the channel, val-
idated against the results reported by Cliffe [129]. (b) Nor-
malized streamwise velocity u¥/Qo at & = 100/12 ~ 8.33,
validated against the results reported by Roache [100].

D. Hydrodynamic regime: validation

In this Section, our implementation is validated against
results obtained in the incompressible limit of the Navier-
Stokes equations, in the case when Re = Re, = 100. In
order to achieve the incompressible Navier-Stokes regime,
we set ug = Qo = 0.1 and Kn = 103, which corresponds
to Re = 100 according to Eq. (6.28). The results reported
in this section are obtained using the H(2;3) x H(2;3)
model, employing 3 x 3 = 9 velocities.

In the incompressible (low Ma) regime, the continuity
equation reduces to V - u = 0, which allows the fluid

36

velocity in planar flows to be determined from the vector
potential Wi, = ki, through u = V x ¥y, such
that u, = Oytine and u, = —0yYine [122]. However,
V -u = 0 holds only approximately in gas flows. In
the kinetic theory approach, the fluid always presents
some degree of compressibility. Thus, the correct stream
function is computed by noting that in the stationary
limit, the continuity equation entails:

V- (pu) = 0. (6.43)
The above equation allows the product pu to be written
as the curl of the vector potential ¥ = ki:

pu=VYx ¥, (6.44)

such that [122]:

pug = Oy, Py = —09. (6.45)

The stream function 1 can be constructed starting from
puy = —0z1p. Setting ¢ = 0 on the channel centerline
(s = 1/2), 1 can be integrated along each line of constant
¢ as follows:

1/}.9-1—1/2,;) = 1Z)s—l/Z,p - ps,pug,p(As-i—l/Zp - )\5—1/2,;))5
(6.46)
where the Cartesian components u” and u are obtained

from the vielbein components u* and ué using:

R 2. (Y N e Y (3 LA
1+ A2¢/2(€) ’ 14+ A2¢72(€) ' '

The streamlines corresponding to the gradually ex-
panding channel with Re. = 100 obtained from a sim-
ulation performed with the H(2;3) x H(2;3) model (em-
ploying 9 velocities) are shown in Fig. 22 and a good
agreement can be seen with the results obtained using
the D2Q9 LB model in Ref. [46]. The inlet and out-
let boundary conditions were imposed at &, = —10 and
&out = 40, respectively, and Ny x Ng = 30 x 200 nodes
were employed.

We first consider the validation of our numerical re-
sults by considering the pressure on the channel wall
Py.p = PN, 41/2;p, Which is obtained via linear extrap-
olation along the A direction from the inner nodes:

P o (xw_xNxfl)PNA-,P_(IW_INX)PNA*LZD
wip ’

' TNy, — TNy—1
(6.48)

where x,, = Ty, y1/2 is the wall coordinate. The value
Py.. of the wall pressure at the center of the channel
(where & = Re./6 ~ 16.67) is further subtracted from
Py, and the result is divided by pou? in order to conform
with the non-dimensionalization conventions employed in
Ref. [129]:

Pw;p _Pw;c

Bl =07

(6.49)
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FIG. 24. Streamlines for the flow through the gradually ex-
panding channel corresponding to Re. = 100, obtained for
(Qo,Kn) € {(0.1,0.001); (0.5,0.005); (1.2,0.012)}, such that
Re = 100, highlighting the outermost contour of the vortex.
Only the region around the vortex in the upper half of the
channel is represented.

It can be seen in Fig. 23(a) that our numerical results for
APy, are in very good agreement with the benchmark
data reported by Cliffe [129].

Figure 23(b) validates our results for the normalized
downstream velocity u¥/Qq (6.47) at £ = Re./12 ~ 8.33,
by comparing with the results reported by Roache [100].
An excellent agreement can be seen.

E. Compressibility effects

In order to probe the compressible, variable temper-
ature regime of the Navier-Stokes equations, we con-
sider three values for the inlet particle flow rate, namely
Qo = 0.1,0.5,1 and 1.2. The value of the Reynolds
number is kept at Re = 100, such that the Knudsen
number Kn is increased, taking the values 0.001, 0.005,
0.01 and 0.012 by virtue of Eq. (6.28). The simulation
corresponding to Kn = 0.001 was performed using the
H(2;3) x H(2;3) model, while for Kn = 0.005,0.01 and
0.012, the HH(3;4) x H(4;5) model was employed.

Using Eq. (6.46) to compute the stream function 1,
its isocontours of the stream function v corresponding to
the outermost closed loops of the vortices corresponding
to Qo = 0.1, 0.5 and 1.2 are represented in Fig. 24 with
purple, green and cyan, respectively. It can be seen that
as Qo is increased, the vortex is enlarged.

The profile of the normalized local particle flow rate
Q(z)/Qo at & = Re./12 is shown in Fig. 25(a). It can be
seen that, for the values of Kn considered in this Subsec-
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Kn Model  Nye ot
0.001 H(2;3) x H(2;3) 9 1073
0.002 H(4;5) x H(4;5) 25 1073
0.005 HH(3;4) x H(4;5) 40 2x107®

0.01 HH(3;4) x H(4;5) 40 2x1078
0.05 HH(4;8) x H(4;5) 80 1073

0.1  HH(4;12) x H(4;5) 120 1073

0.2  HH(4;20) x H(4;5) 200 5x107*

0.5  HH(4;40) x H(4;5) 400 5x107*

TABLE IV. Mixed quadrature LB models, total number of
velocities Ny and time step dt employed for the study of
rarefaction effects in the expanding channel in Subsec. VIF.
The inlet half-channel mass flow rate is kept at Qo = 0.1.

tion, Q(z)/Qo is independent of Kn and @y, as long as
Re = 100 is kept constant. Thus, the flow remains in the
hydrodynamic regime even for Kn = 0.012. The temper-
ature profile shown in Fig. 25(b) has a non-monotonic be-
haviour with respect to x, exhibiting a point of maximum
around & =~ Xyop /2, where zop ~ 1.718. Finally, the nor-
malized pressure difference AP, is shown in Fig. 25(c).
It can be seen that AP, increases at the onset of the
expansion (around & = 0), as well as towards the outlet.

F. Rarefaction effects

In this Subsection, the capabilities of our models to
capture non-equilibrium flows are highlighted by per-
forming simulations at fixed mass flow rate Qg = 0.1 for
various values of the Knudsen number, taken between
0.001 < Kn < 0.5. The models employed in order to
conduct these simulations are summarized in Table IV.
The aim of this Subsection is to highlight the transi-
tion from the hydrodynamic to the rarefied regime as the
Knudsen layer develops at the diffuse reflective boundary.
Even though Re decreases as Kn is increased according to
Eq. (6.28), the simulations are performed in the channel
corresponding to Re. = 100.

We begin this Section with a discussion of the pressure.
In the limit when the inlet and outlet are positioned suf-
ficiently far away, the flow configuration is comprised of
two pressure-driven Poiseuille flow regions separated by
the expanding portion between them.

Around the expanding portion and for Kn < 0.01, the
pressure profile exhibits a non-monotonic behaviour, as
shown in Fig. 26(a). This kind of behaviour was also
observed in simulations of the micro-orifice flow per-
formed using the Direct Simulation Monte Carlo (DSMC)
and the Gas-Kinetic Unified Algorithm (GKUA) in
Refs. [134] and [135], respectively. As Kn is increased,
the effect of the expanding portion becomes negligible
and the pressure profiles decrease monotonically with &,
as shown in Fig. 26(b).

Far from the expanding region, the pressure decreases
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FIG. 25. Numerical results for the gradually expanding channel flow for (a) normalized local particle flow rate Q(z)/Qo and
(b) temperature T" across the channel at £ = Re./12, as well as (c) the normalized wall pressure difference AP,, (6.49) against
the normalized streamwise coordinate y/L. = 3y/Rec, at various values of Kn. The particle flow rate is varied according to

Qo = 100 Kn in order to maintain Re = 100 for all simulations.

linearly with respect to the streamwise coordinate y. In
the hydrodynamic regime, the pressure gradient is given
by [123]:

AP 12uQuer _

3Qo
— = K
dy né3 "

(1403

(6.50)

where Qot = 2Q) is the particle flow rate through the full
channel width ¢ = H(1 4+ ¢), while ¢(y < 0) ~ —0.018
and ¢(y > 0) ~ 0.982 in the upstream and downstream
regions from the expanding portion. Outside the hydro-
dynamic regime, the relation between the pressure gra-
dient and the Knudsen number is more complicated. In-

troducing the notation:

dPi mQotvo o
dy 022Gy

Qo
V2(1+ ¢)2Gy

where vg = /2KpTo/m = /2 is the most probable
speed and £ = H(1 + ¢) = 2(1 + ¢) is the channel width,
the dependence of the pressure gradient on the Knud-
sen number is contained in the Poiseuille coefficient G
[11]. In the linearized limit of the slip regime, G} can be
written as:

(6.51)

1)
Gi;:—-i-Up,

: (6.52)

where the rarefaction parameter § depends on the local
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FIG. 26. Gradually expanding channel flow results for AP, (6.49) in the hydrodynamic (a) and slip flow (b) regimes with respect
to the normalized downstream coordinate y/L. = 3y/Rec, as well as for —dP/dy in the upstream (y/L. < 0) and downstream
(y/Lc > 0.5) regions. The hydrodynamic limit curves —dP/dy ~ 0.317 Kn (upstream, ¢ ~ —0.018) and —dP/dy ~ 0.0385 Kn
(downstream, ¢ ~ 0.982) are obtained from Eq. (6.50). The linearized Boltzmann-BGK results for the pressure-driven Poiseuille
flow are represented with red dotted lines and are computed using Eq. (6.51) using the values for G reported in Refs. [131, 133].

The half-channel particle flow rate is taken as Qo = 0.1.

channel width and Knudsen number Kn through:

_ Lt V2
_Kn\/i_Kn

The value of op in Eq. (6.52) depends on the particle-
wall interaction, having the value op ~ 1.0162 for diffuse
reflection [11, 130-132]. In the transition and free molec-
ular flow regimes, the values of G} can be computed
numerically or semianalytically and are tabulated in a
variety of papers, of which we recall [11, 131-133], where
the linearized limit of the Boltzmann-BGK equation is

[1+o(y)]- (6.53)

considered. The values of —dP/dy obtained from our nu-
merical results far upstream and far downstream from the
expanding portion are compared with the hydrodynamic
limit (6.50) and the general formula (6.51) in Fig. 26(c),
where the values of G correspond to the linearized limit
of the pressure-driven Poiseuille flow and are taken from
Refs. [131, 133]. It can be seen that the increase of the
absolute value of the pressure gradient —dP/dy is linear
in Kn for Kn < 0.05, while for Kn 2 0.05, —dP/dy in-
creases at a much slower rate, in good agreement with
the behaviour predicted in Refs. [11, 131-133]. This is
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FIG. 27. Numerical results for the normalized local parti-
cle flow rate Q(z)/Qo across the channel at £ ~ 8.33 in the
hydrodynamic (a) and slip flow (b) regimes for the gradu-
ally expanding channel flow corresponding to Re. = 100 in
Eq. (6.24). The half-channel particle flow rate is taken as
Qo = 0.1 for various values of Kn, such that the resulting
Reynolds number decreases as Kn is increased.

the first indication that at Kn 2 0.05, the rarefaction
effects become important.

The normalized local particle flow rate profile at y =
Re./12 is shown in Fig. 27 for various values of Kn. The
presence of the vortex in the Kn = 0.001 simulation (cor-
responding to Re = 100 for the flow) is highlighted by the
negative values attained by u¥ close to the boundary. For
Kn 2 0.002, Re is significantly decreased, the vortex no
longer forms and uY decreases monotonically from the
channel centerline towards the boundary. In the hydro-
dynamic flow regime shown in Fig. 27(a) (Kn < 0.01),
the particle flow rate regains a parabolic profile as Kn
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FIG. 28. Numerical results for the normalized vorticity
—w/Qo as a function of (a) z; and (b) d (6.58), taken at
y = Re./16 ~ 8.33, where Re. = 100 defines the channel
geometry through Eq. (6.24). The half-channel particle flow
rate is taken as Qo = 0.1 for various values of Kn, such that
the resulting Reynolds number of the flow decreases as Kn is
increased.

is increased, while the velocity slip at the wall remains
negligible. Figure 27(b) shows that the slip velocity be-
comes non-negligible as Kn 2 0.05, when the rarefaction
effects become important, as also noted in the previous
paragraph regarding the pressure profile.

The previous discussion of the particle flow rate profile
clearly highlights the development of the Knudsen layer
as Kn is increased above ~ 0.05. In order to better as-
sess the capability of our models to capture the physics
of the Knudsen layer, we note that the velocity receives
contributions of the form dIn d inside the Knudsen layer,



where d measures the distance from the wall [17, 136
139]. While this term is difficult to highlight when dis-
cussing the velocity profile, it becomes dominant in the
profile of the vorticity w = 0yu, — Oyu,, which can be
written as:

ou® 1 ouY o ou”
Y= "% Tirag oy M09

The derivatives with respect to £ are computed using cen-
tered differences and the second order forward or back-
ward Euler scheme at the inlet and outlet nodes, respec-
tively. For the derivatives with the non-equidistantly dis-
tributed A coordinate, we used the following scheme for
bulk nodes (1 < s < Ny):

(6.54)

<ﬁ> o (/\s - /\571)f5+1,p
22 s,p B (/\s+l - /\S)(/\S-H - /\s—l)
(Ast1 — 20 + As—1) fsp
()‘S-ﬁ-l - /\s)(/\s - /\s—l)
(Ast1 = As) fom1p

Qs = A1) (s — A1) (6.55)

In the first node (s = 1), the following formula is used:

<ﬁ> _ (At A —2M) fip
o), e A)0s - M)
L Qs )Py
(A2 = A1)(As = Az)
The derivative in the last node (s = N,) is computed
using:

(g) _ (2AN)\ - )\N)\_l - )‘NA—Q)meP
a)\ N>\.,p ()\NA - )\Nkfl)(ANA - A]\7>\72)

(AN)\ - )\N)\_Q)fN)\—l,p
()\NA - )‘Nxfl)(/\]\b\fl - )\NA72)
(AN)\ - /\Nx—l)fofzﬁﬂ

+ . (6.57
()\N)\ - )\N)\_Q)(AN)\_l - /\NA—Q) ( )

Due to the logarithmic singularity of the gradient of
the velocity, the vorticity cannot be defined on the dif-
fuse reflective boundary. The logarithmic divergence of
the vorticity is highlighted in Fig. 28 with respect to
(a) the distance x from the channel center and (b) the
non-dimensionalized distance d to the top wall, defined
through:

(A2 — A1) fsp
(A3 = A1) (A3 = A2)

(6.56)

2x

d=1+¢(y)—H

(6.58)
At Kn = 0.002, no evidence of the Knudsen layer can be
seen. This is due to the fact that the point which is clos-
est to the boundary is at a non-dimensionalized distance
d ~ 0.0055 from the boundary, while at Kn = 0.002, the
Knudsen layer is localized closer to the boundary. When
Kn 2 0.01, the Knudsen layer becomes visible especially
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FIG. 29. Numerical results for the temperature 7'(a) and nor-
malized vorticity —w/Qo(b) across the channel at £ ~ 33 slip
flow regime for the gradually expanding channel flow corre-
sponding to Re. = 100 in Eq. (6.24). The half-channel par-
ticle flow rate is taken as Qo = 0.1 for various values of Kn,
such that the resulting Reynolds number decreases as Kn is
increased.

in Fig. 28(a), where the rapid increase of —w in the vicin-
ity of the wall can be clearly seen. At Kn = 0.5, —w in-
creases roughly linearly with respect to —Ind, except for
the last few nodes, which may be affected by numerical
effects caused by our formulation of the diffuse reflection
boundary conditions.

We finally consider the analysis of the flow far down-
stream from the expanding region. At y = Re/3, the
flow enters the regime of the Poiseuille flow. At non-
negligible values of Kn, the temperature profile for the
Poiseuille flow between parallel plates can be written as



35, 140, 141]:

T(z) = Tp + az® + B, (6.59)
where T} is the temperature on the centerline. The bi-
modal profile for the temperature occurs as a rarefac-
tion effect and was shown in Ref. [142] to be accounted
for only at super-Burnett level. After fitting Ty, o and
B to the numerical data, it can be seen in Fig. 29(a)
that the fluid temperature falls below the temperature
of the channel wall. This effect was also observed in
Refs. [6, 142-144] and is due to fact that the viscous
heating is superseded by the gas expansion [143]. In the
hydrodynamic regime, the streamwise velocity uY is ap-
proximately given by an expression similar to Eq. (6.27),
such that the vorticity becomes:

Supx
WPois = =735 -
xtop

(6.60)

It can be seen in Fig. 29(b) that the results correspond-
ing to Kn = 0.002 and 0.01 agree very well with the
hydrodynamic prediction (6.60), except for the last few
nodes which may receive errors from our formulation of
the boundary conditions. At Kn = 0.1, the effects of the
Knudsen layer become visible as the magnitude of the
vorticity —w increases almost linearly with —Ind.

G. Cartesian decomposition of the momentum
space

Let us now analyze the case when the momentum space
is discretized with respect to its Cartesian degrees of free-
dom (p*,p¥). Making the coordinate change from (z,y)
to (X, €), the Boltzmann equation becomes:

P of

of  p of
of e

ot + N (6.61)

e e
[ - 1)

where pX and pg are given in Eq. (6.7). Equation (6.61)
can be put in conservative form as follows:

af d(VAf) [ aVES) 1 (eq)

- =_—_[f—f° .62
N i W A N ()

where x¢ is defined in Eq. (6.19) and

p* — A’ pY

A
Ve m(l+ @)’

VE=(1+ aﬁ)%y- (6.63)

The advantage of the Boltzmann equation (6.62) writ-
ten with respect to the original Cartesian components
(p®,pY) of the momentum space is that the force terms
appearing in the vielbein equivalent (6.17) are absent.
Thus, the coefficient a5 corresponding to the computa-
tion of the force term can be set to 0 in the runtime
estimate given by Eq. (5.68). However, we anticipate
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that this apparent improvement of the runtime is com-
pensated by increased quadrature orders, as will be dis-
cussed below.

The drawback when the vielbein formalism is not em-
ployed is that the diffuse reflection boundary conditions
must be implemented judging by the sign of a linear com-
bination of p” and pY. Considering that the momentum
space is discretized using Gauss quadratures of orders
Q. and @, with respect to p, and p,, respectively, the
density n,, required to construct the wall populations is
computed using:

E : ‘FA;NA+1/27P§Z'7J'

A
VN/\+1/2,p:i,j>0

Z f(/eq)(” = 1507T0)V]©A+1/2,p;i,j

A
VR +1/2,p50,5 <0

)

(6.64)
where the discretization of the spatial grid is performed
as discussed in Subsec. VIA. In the regions where ¢’
is non-negligible, n,, must be computed by integrating
over regions of the momentum space which are position-
dependent.

We now consider the flow through the gradually
expanding channel corresponding to Re. = 100 in
Eq. (6.24). As before, the flow region of interest is be-
tween £ = 0 and £ = Re./3 ~ 33.33. The inlet and
outlet are positioned at &, = —10 and &, = 40, thus
giving enough space for the flow to adjust itself before
entering the region of interest. For definiteness, we con-
sider @y = 0.1 and Kn = 0.2 for the remainder of this
Subsection. The channel is discretized using N¢ = 200
equidistant points along the ¢ axis and Ny = 30 points
along the A direction, which are stretched according to
Eq. (6.20) with A = 0.95.

It can be expected that the differences between the
vielbein-based lattice Boltzmann (VLB) and Cartesian
split-based lattice Boltzmann (CLB) implementations
will be most significant in the expanding region of the
channel. Moreover, we expect that the VLB implemen-
tation will be more accurate within the Knudsen layer.
In Fig. 30, the normalized wall pressure AP, (6.49) ob-
tained using the VLB and CLB implementations at simi-
lar quadrature orders is shown. It can be seen that there
are no visible discrepancies at the level of the wall pres-
sure. Next, Fig. 31 shows a comparison of the VLB and
CLB results for the normalized flow rate Q/Qq and vor-
ticity —w/Qo around the expansion region, along lines of
constant A. In Fig. 31(a), it can be seen that the flow rate
results are in general in good agreement, apart from along
the line which is closest to the wall (A = 0.997), where
a small discrepancy can be seen in the expanding re-
gion (around y/L. ~ 0.1). Also in the expanding region,
Fig. 31(b) shows that the CLB results for the vorticity
profile present oscillations with respect to y/L., which
become more pronounced as the wall is approached. On
the other hand, the VLB results vary smoothly with re-
spect to y/ Le.
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FIG. 30. Comparison of the simulation results for the nor-
malized wall pressure AP, (6.49) obtained using the VLB
model HH(4;6) x H(4;5) (solid line) and the CLB model
HH(4;6) x HH(4;6) (line and points). The results are over-
lapped.

The amplitude of the oscillations observed in the vor-
ticity profile obtained using the CLB approach decrease
as the quadrature order increases. Similarly, the results
obtained using the VLB approach exhibit a convergence
trend as the quadrature order is increased. For the study
of the quadrature order dependence of w, we consider the
transverse vorticity profile at fixed values of y/L. inside
the expansion region.

In Fig. 32, the typical convergence trend of the vor-
ticity profile obtained using the VLB implementation is
shown at y/L. = 0.25 by varying @y at fixed Q¢ = 5
(a) and by varying Q¢ at fixed @ = 16 (b). The half-
range and full-range Gauss Hermite quadratures are used
on the A and £ directions, respectively. From Fig. 32(a),
it can be seen that convergence with respect to @, is
achieved faster for the nodes closer to the channel center
than for the nodes in the vicinity of the wall. Figure 32(b)
demonstrates the remarkable property that the VLB re-
sults for the vorticity corresponding to a fixed value of
Q) are overlapped for all values of Q¢ > 3. A similar
property is also observed in the context of the Couette
[34] and Poiseuille [35] flows between parallel plates. It is

shared by the VLB implementation because the p¢ mo-
mentum space direction is always parallel to the wall. We
note that Q¢ = 3 is insufficient to capture the tempera-
ture profile shown in Fig. 29(a). For small Mach number
flows, Q¢ = 4 is in general sufficient to obtain accurate
results, even for the temperature profile. When the Mach
number is non-negligible (i.e., as considered in Fig. 25),
Q¢ = 5 must be used. Our simulations indicate that
further increasing the value of ()¢ does not affect the ac-
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FIG. 31. Comparison of (a) the normalized mass flow rate
Q/Qo and (b) the normalized vorticity —w/Qo at A =
{0.997, 0.982, 0.963, 0.939, 0.910} obtained using the VLB
model HH(4;6) x H(4;5) (solid lines) and the CLB model
HH(4;6) x HH(4;6) (lines and points).

curacy of the numerical results for all the flow parameters
considered in this section.

In order to study the convergence trend of the CLB
results, the transverse w profile is represented in Fig. 33
at selected values of y/L.. According to Eq. (6.64), the
computation of the density n,, of the populations emerg-
ing from the wall back into the fluid requires the recovery
of integrals over the half of the (p®,p¥) plane for which
p* — MA@’ (y)pY, such that the integration range does not
cover the full (—oo, 00) interval on either p® or p¥. Thus,
the momentum space is discretized using the half-range
Gauss-Hermite quadrature for both the p* and the p¥



degrees of freedom. Figure 33(a) shows that increasing
Q. = @, simultaneously brings the CLB results towards
the VLB results obtained using @y = 20 and Q¢ = 5,
confirming that at high quadrature orders, the VLB and
CLB implementations yield similar results. However,
Fig. 33(b) shows that the accuracy of the CLB results
depends strongly on @),. Thus, contrary to the case of
the VLB implementation, the accuracy of the CLB re-
sults also depends on the value of @,. The results in
Figs. 33(a) and 33(b) are represented at y/L. ~ 0.041
and y/L. ~ 0.154, respectively.

It is worth remarking that the profiles of the pressure
P and flow rate Q can be recovered with much smaller
quadrature orders compared to the profile of the vortic-
ity w, even at non-negligible values of Kn. Moreover,
Figs. 31(b) and 30 show that the fluctuations in the pro-
files of @@ and P are almost negligible, even when the
model HH(4;6) x HH(4;6) is employed.

We end this section with a comparative analysis of
the performance of the CLB and VLB implementations.
Since the primary difference of these implementations is
in the way the momentum space is discretized, it is rea-
sonable to compare their performance on the same spatial
grid, comprised of Ny x Ng = 30 x 200 = 6 000 nodes. In
the VLB implementation, the full-range Gauss-Hermite
quadrature of order Q)¢ = 5 can be employed along
the flow direction, while the half-range Gauss-Hermite
quadrature of order @) = @ is employed along the di-
rection which is perpendicular to the boundary. In or-
der to ensure the same degree of accuracy between the
VLB and CLB implementations, the half-range Gauss-
Hermite quadrature must be employed on both axes in
the CLB implementation, with quadrature orders equal
to the one employed in the VLB implementation, namely
Qs = @, = Q. The total number of velocities in the
VLB implementation is NYiB = 10Q, while in the CLB
implementation, Nng = 4Q? velocities are employed.
The time AT required to perform one iteration can be
estimated as in Eq. (5.68) (after minor adjustments to
account for a two-dimensional grid). In the case of the
VLB implementation, AT can be estimated through:

ATVLB = 1OCLVQ + 10bv(2Q + 5)Q + Cy, (665)

while in the case of the CLB implementation, the force
term is absent (b, = 0):

ATcrp = 4a.Q* + ce. (6.66)

Formally, the algorithmic complexity of the VLB and
CLB implementations is similar. At large values of @Q,
ATyip/ATcLp ~ bby/ac, where b, and a,. are the values
of the coefficients b and a corresponding to the VLB and
CLB implementations, respectively. In the context of the
circular Couette flow, the analysis in Sec. V G shows that
5b/a ~ 0.11, thus it can be expected that the VLB imple-
mentation is roughly one order of magnitude faster than
the CLB implementation.

In order to quantitatively assess the computational
performance of the VLB and CLB implementations, we
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FIG. 32. Convergence study of the normalized vorticity with
respect to quadrature order @ (a) and Q¢ (b) for the VLB
implementation at y/L. ~ 0.25.

evaluate the number of million of sites updated per sec-
ond (Msites/s) MS (5.73), which in the case of the grad-
ually expanding channel reads:

~ Nax Ne  0.006
MS=gar = AT

(6.67)

where AT is expressed in seconds. In order to account
for runtime fluctuations, we perform for each value of @ a
series of simulations with total number of iterations Nier
varying between 5 < Njter < 15. For each simulation, the
value of MS is computed using the formula:

0.006 Niger

MS(Niter) = Wu

(6.68)
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FIG. 33. Comparison of the VLB and CLB implementa-
tions. Convergence study of the normalized vorticity for the
CLB implementation with respect to quadrature order by
(a) steadily increasing the quadrature order on both axes at
y/Le ~ 0.041 and (b) keeping Q. fixed and varying Q, at
y/Le ~ 0.154.

where T'(Niter) is the total runtime to complete Nige, it-
erations, expressed in seconds. The value of MS corre-
sponding to a given quadrature order ) is computed by
averaging over the values MS(Niger).

Figure 34 shows the dependence of MS with respect
to @ for the VLB (lines and circles) and CLB (lines and
squares) implementations. The solid lines correspond to
the best fits of Egs. (6.65) and (6.66) to the numerical
data. The results of the numerical fits for the particular
case of a grid comprised of Ny x N¢ = 30 x 200 = 6000
nodes are a, ~ 4.97 ms, b, ~ 0.071 ms, a. ~ 4.12 ms,
while the free coefficient ¢ appears to be negligible in both
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FIG. 34. Number of millions of site updates per second in
the context of the gradually expanding channel Couette flow
for a system with N)x x Ng¢ = 30 x 200 nodes when the
VLB HHLB(4; Q) x HLB(4;5) (lines and squares) and CLB
HHLB(4; Q) x HHLB(4; Q) (lines and circles) models are em-
ployed. The solid lines correspond to Egs. (6.65) and (6.66),
where the parameters a, b and ¢ are obtained using a fitting
routine.

implementations. Thus, at large quadrature orders @, it
can be expected that time per iteration ratio between
the VLB and CLB implementations is 5by/a. ~ 0.086.
For low Mach number flows, Q¢ can be decreased below
the value Q¢ = 5 considered above such that the time
per iteration ratio becomes Q¢by/ac ~ 0.0172Q)¢. Thus,
it can be expected that the VLB implementation is in
general at least one order of magnitude faster than the
CLB implementation at the same level of accuracy.

H. Summary

In this Section, the vielbein formalism was employed
to study flows through channels with non-planar walls.
In particular, we considered the case of the gradually
expanding channel, for which the expanding Section is
governed by a hyperbolic tangent. Adapting the coor-
dinate system to the channel boundary induces a non-
diagonal metric. Our choice for the vielbein field allows
the momentum space to be aligned along the boundary,
such that the diffuse reflection boundary conditions can
be implemented just like in the case of planar walls.

Our implementation is validated in the incompressible
hydrodynamics limit, where our results obtained using
the H(2;3) x H(2;3) model (employing 9 velocities) are
successfully compared with computational fluid dynam-
ics (CFD) results. We further presented results for the



compressible hydrodynamics case, when the temperature
is no longer a constant. Our analysis of the flow through
the gradually expanding channel ends with an analysis
of rarefaction effects. In particular, we highlight the de-
viations from the hydrodynamic solution of the pressure-
driven flow in the case when the pressure gradient is no
longer proportional to Kn. We further validate the re-
sults for the temperature profile by successfully fitting a
quartic function of the distance from the channel center
to the numerical data. The ability of our implementation
to capture rarefaction effects was demonstrated by high-
lighting the logarithmic divergence of the vorticity inside
the Knudsen layer.

Finally, we discuss the advantages of using the vielbein
formalism (VLB) in contrast with the case when the mo-
mentum space is discretized with respect to its Cartesian
degrees of freedom (p*,p¥) (CLB). In the context of the
gradually expanding channel, the flow domain cannot be
reduced to one dimension. However, the VLB formal-
ism allows the momentum space to be factorized such
that one component is always perpendicular to the wall.
Our analysis shows that this allows a full-range Gauss-
Hermite quadrature of low order to be employed on the
direction which remains parallel to the wall, while the
accuracy of the simulation depends only on the quadra-
ture along the direction which is perpendicular to the
wall. In the CLB implementation, the momentum space
directions are always parallel to the (fixed) x and y axes.
Accurate simulation results of the flow inside the expand-
ing portion of the channel can be obtained only when
the half-range Gauss-Hermite quadrature is employed on
both axes, at equally high order. Moreover, the vorticity
profile obtained in the CLB formulation exhibits oscilla-
tions near the wall (inside the Knudsen layer), which are
not present when the VLB implementation is used. An
analysis of the runtime of the CLB and VLB implemen-
tations at the same level of accuracy (same values for
the half-range Gauss-Hermite quadratures) shows that,
at large values of the quadrature order, the VLB imple-
mentation is one order of magnitude faster than the CLB
implementation.

VII. CONCLUSION

In this paper, the Boltzmann equation with respect
to curvilinear coordinates was considered, written with
respect to orthonormal vielbein fields (triads in 3D), ex-
tending the formalism introduced in Ref. [48] for the rel-
ativistic Boltzmann equation to the non-relativistic case.
The vielbein can be used to align the momentum space
along the coordinate directions, while also decoupling
the dependence of (p —mu)? appearing in the Maxwell-
Boltzmann equilibrium distribution on the induced met-
ric tensor. Our formalism allows the Boltzmann equation
to be obtained in conservative form for any choice of co-
ordinates using elementary differential geometry.

Choosing a coordinate system adapted to the bound-
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ary of the fluid domain allows the momentum space to be
aligned such that the incoming and outgoing fluxes are
described by conditions of the form p® > 0 and p® < 0,
respectively. The separation of incoming and outgoing
particles is directly amenable to discretizations of the mo-
mentum space based on half-range quadratures. In the
case when the flow shares the symmetries of the curvilin-
ear grid, aligning the momentum space to the coordinate
grid results in a phase space which preserves the symme-
tries of the flow, allowing the spatial dimensions along
which the flow is homogeneous to be suppressed.

To illustrate the advantages of this methodology, we
considered two applications, namely the circular Couette
flow between coaxial cylinders and the flow through a
gradually expanding channel. In the first case, the use
of vielbeins in the momentum space allows a one dimen-
sional spatial grid to be employed. In the second case,
the vielbeins allow the momentum space degrees of free-
dom to be aligned along the boundary, making the im-
plementation of diffuse reflection using half-range Gauss-
Hermite quadratures identical to the case of Cartesian
geometries.

The validation of our scheme in the context of the
circular Couette flow was performed by comparing our
simulation results with the analytic solutions in the hy-
drodynamic and ballistic regimes and with the transi-
tion regime results reported in Ref. [88], which were ob-
tained using high-order Discrete Velocity Models. We
performed simulations in the incompressible (low-Mach
number) regime, as well as in the non-negligible Mach
number regime. In the latter case, we were able to suc-
cessfully recover the temperature, stress-tensor and heat
flux fields. Thus, we conclude that our resulting scheme
is applicable for the simulation of the circular Couette
flow of a compressible gas obeying the Boltzmann-BGK
equation for all degrees of rarefaction.

In the context of the gradually expanding channel, our
numerical results were validated in the incompressible
limit of the Navier-Stokes regime by comparison with the
benchmark CED solutions reported in Refs. [100, 129] for
the case when the Reynolds number is Re = 100, achieved
by setting the inlet debit at @y = 0.1 and a Knudsen
number of Kn = 0.001. Maintaining Re = 100 while in-
creasing the viscosity ¢ = Kn brings the flow in the com-
pressible, non-isothermal regime, where we highlighted
the temperature variation in the transverse direction, as
well as the enhancement of the vortex dimensions with
the increase of the debit at the inlet. Finally we explored
the rarefaction effects by keeping Q9 = 0.1 for increasing
values of Kn. We were able to highlight deviations from
the Hagen-Poiseuille law for the pressure gradient, as well
as the formation of a Knudsen layer where the vorticity
diverges logarithmically with the distance to the bound-
ary.

Since our quadrature-based lattice Boltzmann models
are off-lattice, we employed high-order finite-difference
methods such as the total variation diminishing third-
order Runge-Kutta (TVD RK-3) method developed



in Ref. [84] for the time-stepping procedure, together
with the fifth-order weighted essentially non-oscillatory
(WENO-5) method for the computation of the numer-
ical fluxes. Noting that the non-trivial features of the
flow form predominantly near the domain boundaries,
we employed a grid stretching method inspired from
Refs. [40, 65]. We were thus able to obtain accurate
simulation results with a comparatively small number of
grid nodes, ranging from 96 points to 16 points in the
hydrodynamic and ballistic regimes for the circular Cou-
ette flow and 30 x 200 = 6000 nodes for the gradually
expanding channel.

During the analysis of the circular Couette flow, we
considered two formulations of the Boltzmann equation,
namely the f and y formulations. We found that apply-
ing the TVD RK-3 and WENO-5 schemes to solve the
Boltzmann equation in the f formulation could not re-
cover the simple solution f = constant in the case when
both cylinders were kept at rest and at the same tem-
perature. We further demonstrated that in the f for-
mulation, the macroscopic variables (number density n,

temperature 7 and radial and tangential heat fluxes ¢*
and ¢?) develop sharp jumps near the boundaries, as
well as non-physical oscillations when the lattice spacing
is coarse. With our implementation of the x formula-
tion of the Boltzmann equation, we were able to repro-
duce the exact solution f = constant in the stationary
case, and in the case when the cylinders undergo rota-
tion, the resulting stationary profiles of n, T, u® and ¢%
are smooth. However, the radial heat flux still exhibits
jumps which are formed in the two nodes which are near-
est to the boundaries. These jumps were visible only in
the hydrodynamic regime, while at larger values of the
relaxation time (i.e. for 7 = 0.01), the stationary profile

of ¢ became smooth. We found that the effects of these
irregularities on the bulk profiles were greatly diminished
by applying the grid stretching technique to increase the
resolution near the boundaries, while maintaining a con-
siderably coarser resolution within the bulk of the flow.
The gain in performance is evident, since we were able to
obtain the same level of accuracy with a stretched grid
comprised of 32 points per unit radial length as with the
unstretched grid employing 128 points per unit radial
length.

We finally draw some conclusions regarding the effi-
ciency of our implementation. Since the dynamics along
the vertical axis in the flows considered in this paper is
trivial, we integrated out the p* degree of freedom of the
momentum space and introduced two sets of reduced dis-
tributions in order to solve the 2D Boltzmann equation.

In the incompressible limit of the Navier-Stokes
regime, we recovered the analytic solution in the circular
Couette flow problem, as well as the benchmark solutions
of Refs. [100, 129] for the flow through the gradually ex-
panding channel using the H(2;3) x H(2;3) model (i.e.,
the 3rd order full-range Gauss-Hermite quadrature on
both axes) employing 3 x 3 = 9 velocities. While the
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number of velocities is the same as that employed by the
popular D2Q9 lattice Boltzmann model, the efficiency of
our implementation with respect to, e.g., Refs. [45, 53], is
immediately obvious in the context of the circular Cou-
ette flow, since the vielbein approach allows us to employ
a one-dimensional discretization of the spatial grid (i.e.
only along the radial direction).

In the slip-flow and transition regimes of the circular
Couette flow, our models employ a number of velocities
similar to that used in the implementation presented in
Ref. [43], which is based on a Cartesian split of the mo-
mentum space. Since the latter approach does not pre-
serve the symmetries of the geometry, a 2D spatial grid
is required, which makes our implementation more effi-
cient by at least two orders of magnitude. Furthermore,
the number of velocities employed in Ref. [88], where the
cylindrical symmetry in the momentum space is retained
(allowing a one-dimensional spatial grid to be used) is
significantly larger than the one employed in our models,
mainly due to the fact that our models employ the half-
range Gauss-Hermite quadrature in order to implement
the boundary conditions. Thus, our implementation is at
least two orders of magnitude faster than that employed
in Ref. [88] for Kn < 10. Tt is worth mentioning that at
larger values of Kn, the number of velocities required for
our models increases dramatically, becoming of the same
order of magnitude to the number of velocities employed
in Ref. [88].

The versatility of our models to probe rarefaction ef-
fects in non-Cartesian geometries is demonstrated by our
simulations performed in the context of the gradually
expanding channel for values of Kn up to 0.5, highlight-
ing the formation of a Knudsen layer where the vorticity
presents a logarithmic divergence with respect to the dis-
tance to the channel wall. To the best of our knowledge,
our results represent the first account for rarefaction ef-
fects in the gradually expanding channel geometry. Our
investigations show that the simulation of rarefied flows
in the geometry of the gradually expanding channel is
around one order of magnitude faster in the vielbein ap-
proach than when a Cartesian decomposition of the mo-
mentum space is employed.
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Appendix A: Boltzmann equation with respect to
general coordinates

It is easy to check that Eq. (2.4) is in covariant form,
i.e. that its form remains unchanged under a change of
coordinate system from {2} to some new coordinates

{z'}. Also, it can be checked that Eq. (2.4) reduces
to the Boltzmann equation (2.1) when Cartesian coor-
dinates are employed.

For completeness, this appendix presents a derivation
of the form in Eq. (2.4) without the use of the tools of
differential geometry. The first step in writing the Boltz-
mann equation with respect to the new coordinates is to
consider the differential of f:

of of 8f

df = Er —dt+ ((%i)p dz’ + oy (Ala)
_of of 7, Of 3
=9 —=dt + <8:107) . dz' + 6p7dp , (Alb)

where the notation (8f/9z"),s refers to the derivative of
f with respect to x* while keeping p’ constant. In order
to replace the derivatives occurring in Eq. (Ala) with
those occurring in Eq. (Alb), the following results can
be used:

~37

ort 927
d 7 k
v oxJ

j j
oxd '+ OxkozI du
(A2)

da? dp’ =

Thus, the Boltzmann equation takes the form:

of p* of 1 9% .\ of
2y Fty — J — = . (A
8t+m8 oa * m 923 0k’ Op* TIfl- (A3)
Writing:
0?xt ., Ox) 0xF 9% i
——P'p" = p’p*
Oxd Oxk T 07 §gk OxIOxk
8x 32 4 o~
=- —plp" A4
92 9ol P (Ad)

the identification (2.6) can be made on the last line above,
such that Eq. (A3) reduces to (2.4).

Appendix B: Boltzmann equation with respect to
orthonormal triads

The same methodology as in appendix A can be ap-
plied in the case when orthonormal triads are employed:

_of af af
_of of af a
=>pdt+ (af)p da’ + 07 (B1b)
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In this case, it is possible to express dp® as follows:

a

dp” = d(wip") = widp’ +p' ;}1 da’. (B2)
Thus, the Boltzmann equation becomes:
of | "z 0f
ot m "ozt A
+ {F‘i + %pfp'f <‘;‘;; - wgr%ﬂ g ];fa = J[f]. (B3)

Noting that the connection coefficients F&Be are related
to the covariant derivative of w? through:

R,
Vs = a“;; — wiTh;
—w~Vcw~
= I Wbl (B4)

The above result is sufficient to render Eq. (B3) in the
form of Eq. (2.20).

Appendix C: Boltzmann equation in conservative
form

Starting from Eq. (2.20), it is possible to arrive at
Eq. (3.1) by forcing a g~/ factor in front of each term
on the left hand side, as follows:

HA2 s (o)

i (7wl )
b

B () - ) 2] -
(1)

The only step required to arrive at Eq. (3.1) is to show
that the last term in the left hand side of Eq. (C1) van-
ishes.

First, we use the following property:

f o= ( af) = Vyel. (C2)

We note that in the above, the covariant derivative refers
only to the coordinate 7. Since the covariant derivative
V7 transforms as a tensor with respect to changes of co-
ordinates, it is possible to express Eq. (C2) in terms of a
covariant derivative in the tetrad index l;, as follows:

Viel = wlV;el. (C3)



The covariant derivative of e} with respect to b can be
written, by definition, using the connection coefficients
I,;, as follows:

(C4)

Noting that, by construction, wfef: = 5?’@, the following

result is obtalned

%% (62\/5) = PE&B'

With the above result, the last term in the left hand side
of Eq. (C1) reduces to:

(C5)

p_bf_Ffl P
m ab

p* 1 0 /5 i a b
Eﬁaaﬁ (6&\/5) - (F ab T T bd) m
(C6)

Expression (2.24) is obtained after noting that ' ;; = 0
due to the antisymmetry of the connection coefficients in
the first pair of indices.

Appendix D: Projection of the force term onto the
space of orthogonal polynomials

In this Section of the appendix, the implementation
of the momentum space derivatives 9, f and 9. (fp?)
of the distribution function f (or its reduced versions
f" and f” introduced in Sec. IVA) in the LB models
employed in this paper is reviewed for the cases when
the full-range and half-range Gauss-Hermite quadratures
are employed. We consider that the momentum space
is two-dimensional, since in the applications considered
in this paper, the third dimension is reduced by analytic
integration, as described in Sec. IV A. It is understood
that all instances of f can be replaced directly by the
reduced distributions f’ and f”.

1. Projection on the space of full-range Hermite
polynomials

a. Projection of Of /Op®

The projection of df/dp® onto the space of full-range
Hermite polynomials has been discussed in the context of
the LB models employed in this paper in Refs. [35, 36].
For completeness, we include in this Subsection a brief
review of the results presented therein.

Let us consider the expansion of the distribution func-
tion f with respect to the momentum component p® in
terms of full-range Hermite polynomials:

/2 &

Z g!ﬂH‘Z

epa

(D1)
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The expansion coefficients F; can be obtained using:

Fo= / Tt f ), (D2)

— 00

where the following orthogonality relation of the Hermite
polynomials was used:

< d
/ —xeixz/zH[(I)Hzl (I) e 6!5&@. (D3)
oo V2T
The derivative of f with respect to p® is given by:
of _ e —pi/2 2
~ FeH , D4
o7 \/—Zé, tHopa(p") (D4)
where the relation 9yl /2Hy(z)] = —e " /2Hyy1(2)

was used.
For definiteness, let us consider a quadrature @i
along the first momentum space direction, such that

pi takes the discrete values p; (i = Ql) satis-
fying Hg, (p;) = 0. The other component p? = {pJ}

(j =1,2,... Q) is also discretized according to an arbi-
trary quadrature, such that Eq. (D1) is replaced by:
Qi1—1 1 .
fig=wll Y E}—z;sz(p%), (D5)
£=0
where w!’ is the full-range Gauss-Hermite quadrature

weight defined in Eq. (4.10). The above definition of f;;
allows the integral in Eq. (D2) to be exactly recovered
using the full-range Gauss-Hermite quadrature formula
[37, 38]:

@ )
Fug =y fiHe(;):

i=1

(D6)

Truncating Eq. (D4) following the above recipe gives:

Q1
af iH
(8_1)1> Z/C”, firgs

i'=1

(D7)

where the elements of the @ x Q1 matrix /Cllz{{ are given
in Eq. (4.15).

b.  Projection of O(fp®)/op®

Starting from the expansion (D1) of f with respect to
p®, a similar expansion for 9(fp®)/dp® can be assumed:

2/2 o
ofp*) _ e Zw}'@Hg (DS)

op°

The coeflicients }'é can be obtained by multiplying
Eq. (D8) by Hy(p®) and integrating with respect to p®:

fé:_/; d f aaHl( )7 (Dg)



where integration by parts was used to arrive at the above
result. Using the property xH)(z) = (He(x) + ((¢ —
1)H¢_2(x), the integral in Eq. (D9) can be performed
in terms of the coefficients Fy:

Fp=—LFr =Ll =1)Fpa. (D10)

We now assume that a represents the first momentum
space direction and p! — p! (i = 1,2,...Q1) according
to a full-range Gauss-Hermite quadrature of order @)1. In
this case, F, can be written as:

@ ) )
Fiy=— > fultHi(ph) + € = 1) Hos(p})]. (D11)

=1

Thus, 8(fpi)/8pi (D8) can be written as a linear com-
bination of f;;:

(D12)

a(fph)
opt
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ij
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where the elements of the Q1 X ()1 matrix l%:f are given
in Eq. (4.18).

2. Projection on the space of half-range Hermite
polynomials

a. Projection of df/0p®

The construction of the derivative df/dp® in the frame
of LB models based on the half-range Gauss-Hermite
quadrature was presented in Ref. [36]. In this Subsec-
tion, the construction procedure and the main results
are briefly reviewed.

The idea behind LB models based on half-range Gauss-
Hermite quadratures is to acknowledge that the wall in-
teraction induces a discontinuity in the distribution func-
tion, since the distribution of particles emitted by the
diffuse reflective boundary has in general a different func-
tional form compared to that of the distribution of the
incident particles. Thus, it is natural to separate the
space of incoming and outgoing particles as follows:

F(%) = 0" (") + 0(—p") f~ ().

Taking the derivative of Eq. (D13) with respect to p®
gives:

o~ 007 ( 5f)++e<—p@> (5%) - ©w

op® op? aph

(D13)

where

+ +
(5;) :‘ZJ;& +o(p")fT(0) - f7(0).  (D15)
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The Dirac delta function is obtained as the derivative of
the Heaviside step functions:

§(z) = +0,0(+x).

In obtaining Eq. (D15), we used §(p*) — o(p*)[0(p”) +
0(—p?)], while f*(0) are defined through:

[RO)= lim f(p*),  f7(0)= lm f(p"). (D17)
p*—0+ p*—0—

(D16)

In general, f7(0) # f~(0) due to the interaction with
the boundary.

Let us now consider the expansion of f*(p) with re-
spect to the half-range Hermite polynomials [34, 36]:

2 [e'e]

L el + a

= F , D18

f \/% ; 14 hl(|p |) ( )

where the expansion coefficients ]-"gi are given as:
oo . . 0 R R
Fo= [t st = [t ral-s)

0 —00

(D19)

The expansion of (9f/9p®)* (D15) was obtained in
Ref. [36]:

af + ie*:ﬂg/Q
(81)&) Vo
0 0 s.0he, 1 a
=0 s={+1 ’

_; S + — - a
on l;(fé + 7 )f)e,o] l; Bs,0bs(|p |)] },
(D20)

where the notation b s is defined in Eq. (4.13).

Let us now consider that a refers to the first momen-
tum space direction and p! is discretized using p}(i =
1,2,...2Q,) according to the half-range Gauss-Hermite
quadrature, as described in Eq. (4.6). Considering also

that p2 — p? according to an arbitrary quadrature
method, the equivalent of Eq. (D5) becomes:

Q1—1 1 .
fig =w) Y E]:Z;_jhf(pzl)a
=0

Q1—1

1 R
fiJrth :’LU? Z E‘Fg;jhl(pzl)v (D21)
=0

where i = 1,2,...Q1 and the expansion on the second
line corresponds to the negative momentum semi-axis.
The expansion coefficients }'th can be obtained using the
following quadrature sums:

Q A
Foy =Y Firquibe(0)).

@ )

Fii = Zfijf)e(p%),
=1 =1

(D22)



Truncating Eq. (D20) following the above recipe gives:

2Q1
( ) ZIsz’fZ.P

i'=1

(D23)

where the elements of the 2Q; x 2()1; matrix ICllzl? are
given in Eq. (4.16).

b.  Projection of O(fp®)/op®

Since the product p®f vanishes at p® = 0, the § term
appearing in the expression of 9f/0p®* does not appear
in this case, such that 9(p®f)/Ip® can be expanded as:

g?p:f 6_ Z]_-a O'h | a|

where, 0 = +1 when £p® > 0. The coefficients F&* can
be obtained by virtue of the orthogonality of the half-
range Hermite polynomials using integration by parts:

(D24)

Fit=— / dp f (%),
0

~ 0 ~ ~ ~
Fo== [ wt i o)

— 00
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The product xzh)(x) appearing above can be written as
[34]:

2 + 2
ahy(z) = lhe(z) + Mhmm

ag_1\/27T
1
—bhy_a(x). (D26
———bia(a). (D26)

Substituting the above result into Eq. (D25) and using
Eq. (D19) yields:

2 2
bro+ hé—l,o]_-i

]_-i
ay—1V 2 =2

Fit=— [ef} - —
Ag—1a¢—2

(D27)

Let us now consider that the a direction corresponds
to the first direction of the momentum space and p!
is discretized according to the half-range Gauss-Hermite
quadrature of order @1, such that Eq. (D24) takes the

form:

(D28)

2Qq
[ ] ZICZ 1’f1/7J7
j

=1

where the elements of the 2Q); x 2(Q)1 matrix ,%11:2 are
given in Eq. (4.19).
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