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Lattice Boltzmann methods are usually derived under the assumption of isotropy. In this work, we present a
derivation of a Lattice Boltzmann method for anisotropic fluid flow. Starting from an anisotropic equilibrium
distribution, we show a full derivation of the resulting lattice Boltzmann method. We ensure that our method
correctly reproduces macroscopic behavior via Chapman-Enskog analysis for a single-relaxation time collision
operator. As a result, we are able to show that a properly discretized anisotropic Maxwell-Boltzmann equilibrium
does macroscopically in fact lead to an anisotropic variation of the Navier-Stokes equations. All desired
properties of lattice Boltzmann methods, such as locality of the collision operator, isotropic discrete position
and velocity space, or mass and momentum conservation are retained. While it is explicitly shown in the context
of fluid flow, the presented scheme is straightforward to adopt to advection-diffusion problems.
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I. INTRODUCTION

Isotropy is a central assumption in the derivation of classi-
cal lattice Boltzmann methods [1]. Not only do the position
and velocity spaces have to be isotropic, the Maxwell-
Boltzmann equilibrium distribution itself is isotropic.

Anisotropic fluid flow, however, is not uncommon in
the rheology of complex fluids. One can think of polymer
emulsions [2], often containing one-dimensional (1D) or 2D
components [3], or liquid crystals [4], where the anisotropy
stems from the molecular shape itself. The hydrodynamics for
molecular liquids with anisotropic molecules is also relevant
for the interpretation of light scattering experiments [5,6].
Another application is anisotropic advection-diffusion, which
is a more common phenomenon since the diffusivity of many
materials has a directional dependence. Therefore, anisotropic
heat and mass transport can intrinsically not be described by
standard theory. This limits the application of the method in
the relevant fields of anisotropic heat conduction or diffusion
[7].

A very important application of high technical relevance is
flow in anisotropic porous media. The pore structure resulting,
for example, from irregular particle shapes can introduce sig-
nificant anisotropy in the resulting macroscopic flow field. In
homogenized models this effective anisotropic flow behavior
has to be treated accordingly to describe macroscopic flow
patterns.
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Other works related to anisotropic lattice Boltzmann mod-
els are often restricted by a very specific application, for
example crystal growth [8]. An existing general approach [9]
is limited to advection-diffusion problems. Moreover, multire-
laxation time (MRT) schemes [10] have been presented in the
literature, which can be used to create anisotropy in the re-
sulting macroscopic equations [11]. MRT schemes introduce
different relaxation time scales for the macroscopic moments
resulting in enough free parameters to relax isotropy assump-
tions. We are not aware of a framework, that introduces
anisotropy generically through the equilibrium distribution
without the need to specify a collision scheme. Not only is
it very natural to introduce the anisotropy through physical
properties of the particle distributions, deriving a consistent
model from first principles. In this way it is also applicable to a
wide range of collision schemes and straightforward to add to
existing code bases. The presented work addresses this gap by
deriving a universal lattice Boltzmann method for anisotropic
equilibrium distributions. We fully derive the discretization
in this new setting and compute the resulting macroscopic
laws through Chapman-Enskog theory for a single-relaxation
time collision operator. Consequently, we arrive at anisotropic
Navier-Stokes equations. The methodology is described in
detail allowing transfer of the scheme from flow to other
applications such as advection-diffusion problems or heat
transport. This is an important methodological development
and provides new possibilities for the simulation of complex
material behavior.

This article is structured as follows: In Sec. II we first
give a short introduction to the Boltzmann equation, before
introducing the anisotropic modification of the equilibrium
distribution and performing the discretization of the velocity
space. In Sec. III we perform the Chapman-Enskog analysis
via perturbation in orders of Knudsen numbers yielding the
governing macroscopic equations. As a numerical example we
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show the change of decay frequencies as a result of anisotropy
for Taylor-Green vortices in Sec. IV. We end with a short
conclusion and an outlook on possible future extensions in
Sec. V. For ease of reading, most of the required mathematical
background is given in the Appendixes.

II. METHODS

A. The Boltzmann equation

Lattice-Boltzmann methods (LBM) aim to numerically
solve the Boltzmann equation

df _

a = M

which expresses the time evolution of a particle distribution f
under the influence of interparticle collisions described by an
operator 2. In the most general sense a particle distribution
function f maps the density distribution of a large number
of noninteracting nonrelativistic particles as a function of the
microscopic particle velocities v, time ¢, and spatial position
x. The distribution is normalized such that the zeroth order
moment yields the mass density p and the first-order moment
the momentum density pu, as time-dependent fields, i.e.,

/Oo £, x, v)d% = p(z, x), )
/oo f(t, %, )ved% = p(t, X)ug (2, x). (3)

Throughout this work, Greek indices run over the d spatial
or velocity dimensions. Given enough time, interparticle col-
lisions will drive the system towards a local equilibrium state
described by an equilibrium distribution f°4 which depends
only on the first two macroscopic moments and the micro-
scopic particle velocities. The distribution will also yield the
same moments to first order, i.e.,

/wf“wJava=pmxx (4)
/wf%mwwwﬁv=pmm%am> (5)

In local equilibrium, the space-time dependence enters
only implicitly through the macroscopic fields. Here, and in
the following, we only consider an isothermal system, where
we can disregard the second-order moment related to energy.

Usually, it is assumed that the interparticle collisions have
no preferred direction and will hence even out any angular
dependence of an initial state very rapidly, resulting in a
isotropic and isothermal equilibrium described by a Maxwell-
Boltzmann-type distribution

[, u,v)

exp (_ (Ve — ua(t,x)]t?;ﬂ[v,e — ug(t, x)]>’

1
= p(t,x)
Nora

(6)

where 8.4 is the Kronecker delta. Since we work in the
isothermal model, we choose units in which the temperature

constant is unity to simplify notation. This expression utilizes
Einstein’s summation convention where we sum over repeated
indices, which is applied throughout this work.

In the following, we derive an anisotropic LBM by skewing
this distribution. We will develop the whole discretization
framework based on this assumption and compute the gov-
erning macroscopic equations of a system described by this
type of equilibrium.

B. Expansion of an anisotropic equilibrium distribution

One of the simplest forms of a Maxwell-Boltzmann-
like isothermal equilibrium distribution which introduces
anisotropy can in suitable units and d dimensions be written
as

[ p,u,v)

CXP(— [Uot - ua(t’ x)]A;ﬁ[vﬂ - uﬂ(tvx)]).

1
= p(t,x)
Vo

N

Since we limit our investigation to the case where f°I remains
Boltzmann-like, the expression in the exponential remains a
quadratic form. Any quadratic form can be described by a
unique symmetric matrix, which we call A. To not pick up
extra normalization factors in all expressions, we additionally
require det A = 1. Physically, A describes the strength of the
directional dependence of the equilibrium velocity distribu-
tion.

The macroscopic moments of this new anisotropic equilib-
rium are still

/wf%%=pmm, 8)
/ F,d%v = p(t, X)uy (2, X), )

cf. Appendix A. The explicit treatment of a full exponential
makes the theory laborious and any simulations computation-
ally expensive. Since we only enforce to reproduce the first
two moments, our physical observables, correctly, it is suffi-
cient to approximate the equilibrium distribution. In this work,
we limit the discussion to the single-relaxation time collision
operator by Bhatnagar-Gross-Krook (BGK) [12-14], which
recovers macroscopically the Navier-Stokes equations (cf.
Appendix F) using an expansion up to second order in velocity
for the isotropic case. An anisotropic equilibrium, however,
benefits from third-order expansion, as will we shown in
Sec. III. Using only second order, the anisotropic Navier-
Stokes equations will include a discretization error depending
on the anisotropy, see also Appendix G.

To expand the exponential, LBM utilizes Hermite polyno-
mial expansion because the resulting distribution has suitable
properties for the following velocity space discretization. De-
tails can be found in Appendix B and Ref. [1]. Expanded to
third order, the equilibrium distribution can be approximated
as

3
1
FU@) = @) ) — (), H), (10)

n=0 "
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where w is the generator of the Hermite polynomials H ), cf.
Appendix B. The operation (-, -) is the full contraction of the
n-rank tensors H™ and a™. The expansion coefficients are

which, to third order, results in

3
o x vy =0®)) %(a“”(feq), H™)

n=0 "

projections onto the Hermite polynomials, i.e.,

a™(f) = f h FAH™ (v)dv, (11)

1
= a)(v)p(t7x)|:l + Uy Vo + z(uauﬁ +Kaﬁ)(vavﬁ - (Sotﬁ)

1
+ g(uau,guy + Kypu, + Kgy g + K,,auﬁ)(vav,gvy — Vglgy — Vgdya — vy8a,g):|, (12)

where u, = u,(t,x), which we suppressed for the sake of
readability. The matrix K is given by

Kup = ALy — Sup. (13)

Calculation of the first to moments confirms that truncation
does not change relevant macroscopic properties. We find

/ feodtv = / FAHO AN = a () =p,  (14)
—00 —00
oo [o¢]

/ Fv,ddv = / FAHMDA Y = aV (£ = puy, (15)
o .

cf. Eq. (11) and Eq. (B7) in Appendix B. It is not surpris-
ing that the relevant moments remain unchanged, since the
Hermite polynomials are orthogonal. To a certain degree, they
separate orders of velocity. Taking these integrals corresponds
to projecting out the expansion coefficients a™(£°9).

C. Discretization of the velocity space

For calculation of the macroscopic quantities Eqgs. (14),
and (15) we still have to compute the full velocity integrals to
get the macroscopic quantities as moments of the distribution
function. Just as in isotropic LBM, we can convert velocity
integrals into finite sums through Gaussian quadrature. Here,
we construct a weighted sum of orthogonal polynomials that
are evaluated at specific points, referred to as nodes or ab-
scissae. There are numerous variants of such quadratures and
the choice mostly depends on the range of the interval to be
evaluated. For the range (—o00, 0co0) the required method is
Gauss-Hermite quadrature. It shares its generator @ with the
Hermite polynomials and considerably simplifies the follow-
ing treatment of the integrals. An overview of the method is
available in Appendix C or Ref. [1].

J

CiaSa
2 4
c: 2¢y

e = w(ci)/)[l +

2 2 2
X (Ciaciﬂciy — CigCy 8/3)/ — CigCy 8)/01 — CiyCy 80‘/3)]'

(

In general, we encounter expressions including integrals
of the form of Eq. (11) for the macroscopic moments. Note
that in the following the function f°? can be considered the
truncated one without affecting the accuracy of the scheme.
Therefore, in the derivation below we refer to the truncated
equilibrium distribution just as £, if not otherwise specified.

We now utilize the relation of the Hermite expansion and
the Gauss-Hermite quadrature and split f°¢ [Eq. (19)] into
three parts: the normalization p, the generator function w, and
the remaining polynomial P which depends on v and u(¢, x).
This yields

oo

a™(f) = / oW)p(t, x)P @, w)H™ (v)d"v.  (16)
—00

The quadrature procedure converts these integrals into sums

by evaluating only a fixed set of points in the velocity space.

Hence, the continuous velocity space essentially becomes dis-

crete. The expansion coefficients are therefore given by

q
a® () =Y wip(t, X)P)HH" (v)), (17)
i=1
where g depends on the desired accuracy. Another convenient
property of the Gauss-Hermite quadrature in contrast to other
variants is that the expression remains exact for suitably large
q. The size of g depends on the order of the product PH ™.

To not stream off-lattice, spatial and velocity lattices need
to overlap. But the nodes or abscissae, v;, do not agree with
a spatial standard lattice using Ax = 1. It is hence standard

practice in LBM to rescale the velocities to
v,-:ﬁ, u:i. (18)

Cs Cs

The constant factor ¢; could also be absorbed into the units.

The updated equilibrium distribution reads

1 1
+—%%W+ﬁ&0@wm—ﬁ%ﬂ+aﬂ%%%+ﬁmwwwﬁmh+ﬁ&ﬁ@
S

19)
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Aiming for a clean notation, we define the discrete equilib-
rium function

Wi
—— (. x.¢), (20)
w(c;)

[ %) =

with the weights w; included and perform the quadrature,
Eq. (17), yielding the physically relevant macroscopic mo-
ments as sums in the discretized velocity space as

q
p =aO(f) = Zfieq’ 2D
i=1
and
q
g = a (G = 3 e @

i=1

Similarly, we can discretize the particle distribution func-
tion f. Without repeating all the steps we just note that since
we want to conserve mass and momentum, the distributions
yield the same moments up to first order, cf. Egs. (2) to (5).
From this follows that the first two expansion coefficients
must be identical, such that

q
p=d(f ==y f (23)
i=1
and
q
pug = aV(f) =aV(f) =" ficia, (24)
i=1

with f; defined analogously to Eq. (20).

Since the space-time discretization does not require modi-
fications compared to the isotropic case, we will skip it here
and refer the interested reader to Ref. [1] instead.

III. CHAPMAN-ENSKOG THEORY

The Chapman-Enskog [15] analysis will provide infor-
mation about the macroscopic physical equations that are
induced by the microscopic discrete formalism we developed
above. A detailed but palatable derivation for the isotropic
case can again be found in Ref. [1]. We will follow a similar
derivation in the procedure below.

We want to derive the behavior of the anisotropic equilib-
rium function under single-relaxation time collision (BGK)
[12—14], corresponding to the fully discrete Boltzmann equa-
tion

filt + At x4 ¢iAr) — fi(t,x) = =[£G, x) — fi(t,0)],

(25)

At
T

where t is the relaxation time. Here, we performed the time
discretization to first order only, since it is equivalent to
second order assuming a suitable redefinition of f;, compare
Appendix A.5 in Ref. [1].! Some details about the expected

'For BGK, it can be shown that there exists a distribution f; with
the same moments as f; and a corresponding relaxation time 7T =
T + At/2, with which the second-order time accurate scheme has
the same form as the first order Eq. (25).

form of the resulting Navier-Stokes equations for single-
relaxation time collisions and their anisotropic modification
are given in Appendix F.

Performing the analysis on this collision operator, we first
note that a general discrete distribution f; deviates from the
equilibrium by some amount A f;, i.e.,

=+ AL & Afi=fi— (26)

This can be understood as the collection of particles con-
sisting of an equilibrated part plus a (small) nonequilibrium
perturbation. The macroscopic dynamic properties of the fluid
fully depend on this perturbation. Similar to other perturbation
theories, the perturbation can be expanded in orders of some
ordering parameter, in our case the Knudsen number

Kn=—, 27

I 27

with A and L being the mean free path of fluid particles
and the characteristic physical length scale of the problem,

respectively.
We expand the distribution as

oo oo
fi — Z Ellfl_(ﬂ) — fi(O) + Z Eﬂfi(ﬂ)

n=0 n=1

)
=f,~eq+26nfi(n) (2__6) ﬁeq+Aﬁ, (28)

n=1

where powers of expansion coefficients € determine the order
in Kn, i.e.,

f(n)
fe
By combining Egs. (21) to (24) it follows that

=Y = Yap=0 G0

= O(Kn"). (29)

and
St =Y fiei & Y Afei=0. (D

The expansion in Eq. (28) makes Af; a polynomial in €.
By comparison of coefficients Egs. (30) and (31) imply even
stricter relations, namely

D=0 vaz1, (32)

l

and

Y fMei=0 Vn>1. (33)

i

Next, we expand the whole left-hand side of Eq. (25) into a
Taylor series up to second order, cf. Eq. (D2) in Appendix D,
and apply Eq. (26) to the right-hand side, which yields

Atr?
AL, + ciado) fi + (3 + Ciade)* fi + O(ALY)

=——Af;. (34)
T
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The treatment of a second derivative would be complicated.
To eliminate it, we apply the operator %(8, + Ciq 0y ) to both
sides of Eq. (34), i.e.,

At? ) 3 Ar?
T(at + Cia0a) fi + O(AL) = —?(@ + Cig0a) A fi,

(33)
and subtract the resulting Eq. (35) from Eq. (34), yielding

2

At At
At (0; + Ciaaa)ﬁ = _?Afl + __L_(at + Ciaaa)Afis (36)

where we neglected the O(A??) terms to simplify the expres-
sion.

The idea is to get a set of multiple equations, each corre-
sponding to the next correction when considering higher and
higher orders of Kn. The relevant order for the Navier-Stokes-
regime is O(Kn?) [1]. Hence, we expand the time derivative
in a similar fashion as A f; in Eq. (28) up to second order, i.e.,

afi = (e + *8) f. (37)

The spatial derivative is sufficient at first order, but we want
to introduce the corresponding notation

Ciada fi = €Ciady fi. (38)
Applying these definitions to Eq. (36) yields
At[(ea,(l) +€%07) + eciadPf;
Af2
Af, S (ea” +e29%) + ecid V] A S
(39)

Using Eq. (28) we expand A f; and f; to second order and split
the result into two equations, one for each order of ¢, yielding

(0 +cud )£t = ==, (40)
t
2@ pea <1 Z)(am D) £ e
(41

Again, the macroscopic behavior is determined by the first two
moments, zeroth and first order. And the second-order mo-
ment is essentially a correction term. From the Gauss-Hermite
quadrature we know that taking moments in the discrete ve-
locity space corresponds to multiplying expressions by power
of ¢; before summing over i. We can take moments of the full
equations by applying the operations to both sides. Consider-
ing Egs. (32) and (33), the zeroth moments of Egs. (40) and
(41) are

ed"p + €8V (puy) = 0, (42)
and
€20@p =0, (43)

respectively. Adding both equations and reversing the deriva-
tive expansions yields the governing equation for the zeroth-
order moment (mass), i.e., the continuity equation

9 p + o (pua) = 0. (44)

With moment tensors My, ,, defined analogously to Ap-
pendix E, the first order moments of Eqgs. (40) and (41) are

€0 (puq) + €0y Mo (f7) = 0 (45)

and
242) 24(1) At M
€ az (puy) + € aﬂ 1 - 21_ aﬁ (f ) 0, (46)

respectively. Again, adding these and recombining the expan-
sions yields the governing equation for the first-order moment
(momentum), i.e.,

A
a,<pua>+a,sMaﬁ(ﬁq)=—ea,s[<1 2;) a,s(f(]))}
(47)

The higher order moments of the equilibrium encountered in
this equation can be evaluated according to Appendix E. But
up to this point the second-order moment of the perturbation
fi(l) is unknown. However, taking the second-order moment
of Eq. (40) results in a defining equation for it, i.e.,

€0 Mup (£7%) + €0, Map (£7) = = Mup(£). (48)
This equation provides us with the unknown moment in terms
of second- and third-order moments of the equilibrium, which
we can compute. Corresponding calculations can be found in
Appendix G. The needed equilibrium moments can again be
found in Appendix E. Using Eq. (48), we find the perturbation
moment

Mo (f{V) =

Inserting the second-order moment of the perturbation into
Eq. (47) we arrive at

3 (pug) + 0sMap ()
= €dg| pc? r—ﬁ (A 0Ms, +A 00" sg) | (50)
S 2 By vy °o ay -y

After inserting the expression for the equilibrium moment and
reversing the derivative expansion we finally arrive at

—tpc (A5 00 s, + A0 sp). (49)

By v ay "y

0 (pse) + 0p (:OCgAaﬂ + Psozsﬂ)

=8,3|:,OC§<T—7)( S0y Sa + Ay, asﬂ)] (51)

By defining a shear viscosity
At
n= pcs(f - —> (52)
2
and applying the equation of state
p = pc;, (53)

where p is the pressure of the fluid, we are left with a more
familiar form of Eq. (51), i.e.,

0;(psg) + 05(0SaSp)
—A;;aﬁp+ ds[n (Aﬂya Sou +Agydysp)]- (54)

035307-5



KELLERS, WEINMILLER, LATZ, AND DANNER

PHYSICAL REVIEW E 114, 035307 (2026)

With our derivation, we imply that the bulk viscosity

2

£=3m (55)

hence, two terms otherwise present in the Navier-Stokes equa-
tions cancel for us.

Equation (54) is only in this form because we expanded
the equilibrium to third order in velocity. Otherwise a K-
dependent discretization error would remain. In the next
section we will demonstrate that the third-order expansion
is also strictly necessary when capturing phenomena that are
related to higher-order velocity excitations.

The reader might also have expected an anisotropic trans-
formation acting on the macroscopic velocity s. This is in
fact the case, although not explicitly visible. By defining the
equilibrium as we have in Eq. (7), A is already applied to s,
hence s is already anisotropically skewed by definition and
requires no additional transformation.

IV. TAYLOR-GREEN-VORTEX DECAY

To demonstrate the behavior and properties of the
anisotropic BGK model, we investigate the decay of a Taylor-
Green vortex [16]. It is a common example to measure the
time accuracy of fluid flow solvers, since it has an analytical
time-dependent solution. For us the vortex itself is interesting
since it contains higher-order velocity terms, which are neces-
sary to highlight the importance of the third- order expansion
of the equilibrium distribution, Eq. (19). In two spatial dimen-
sions using coordinates x = (x, y), the problem can be stated
as follows [1]: A vortex-velocity field given by

—/ky/ky cos(kx) sin(kyy) 56)
ke Jky cos(kyy) sin(kex) )

will on a fully periodic domain of size [, x [, decay exponen-
tially with some characteristic decay frequency wq. Here, ky
are wave numbers, i.e., k, = 27 /l,, and un.x is the maximal
velocity magnitude. The decay of such a vortex field over time
t is hence given by

ux) = Mmax(

—/ky/ky cos(kex) sin(kyy)
u(t,Xx) = Unax exp(—wdt).
Vkx/ky cos(kyy) sin(k,x)
(57)

The pressure field will be

2 k. kx
p(t,x) = py — Plmax | By cos(2k.x) + — cos(2kyy)
4 |k, ky
X exp(—2wqt). (58)

We will use a quadratic simulation domain, /, = /. Usu-
ally, one investigates cross terms, for example in the stress
tensor o, by simulating a domain with /, # [, since otherwise
the stress tensor cross terms will be zero, i.e., 0y, = 0y, = 0.
With our anisotropic model, however, we will see the effects
of the velocity cross terms in the equilibrium distribution even
in quadratic domains.

For our setup, we chose to simulate the vortex decay
over 400 time steps on a I x I, = 64 x 64 domain. The
BGK relaxation time t is unity and um.x = 0.02. In isotropic

LBM, these parameters correspond to a kinematic viscosity
v = (2t — 1)/6. The analytical solution for the Taylor-Green
vortex predicts in this case a decay frequency of

2 (27\*
— 2 2\ _ _3
wg =v(k; + k) = 6(6_4> =3.21x10 (59)
in lattice units.

To describe the anisotropy, we define a matrix

- (A, A,
A — ~XX ~xy , 60
(Ayx Ayy) (©0)
which is proportional to A in Eq. (7), but not yet normalized,

meaning that the determinant is not necessarily unity. The
matrix A is then simply

1 .
—A. 61)
vdet A

Since we want to focus on the cross terms, we leave
the diagonals as unity for all simulations, i.e., A, = A,, =
1. For A,, =A,, we chose four different values, A,, =
0.0, 0.1, 0.2, 0.4, such that the first case corresponds to an
isotropic model with A = A = 1. We will compare the so-
lutions of the decay frequencies for simulations using the
third-order approximations of the equilibrium distributions
[Eq. (19)] with solutions simulated using equilibrium func-
tions up to approximated second order only. The domain
velocity is initialized with the Taylor-Green velocity field,
Eq. (57), at t = 0. The density depends on the pressure field,
Eq. (58), and is set to p(x) = 1 + 3p(t = 0, x).

As measure for the decay of the velocity field we calculate
the sum of absolute x components of the velocity vector over
the whole domain, i.e.,

Ut) =Y ult, x), (62)
{x}

A=

for 25 equally spaced time intervals. Since both compo-
nents decay with the same frequency in a quadratic domain,
Eq. (57), one of them is sufficient to determine wy.

The results are presented in Fig. 1. The left-hand side of the
figure gives simulation results using the second-order accurate
approximation of the equilibrium function. Data points at
time intervals were fitted with optimize.curve_fit from
the Python library SciPy [17] using the fit function F(¢) =
aexp(—wgqt). Simulations recover the characteristic decay
frequency for the isotropic case. However, the second-order
approximation is not sufficient to simulate the effect of in-
creasing off-diagonal elements Axy causing a change in decay
frequency. On the contrary, simulations using the proposed
third-order correction of the equilibrium function result in
a significant difference. The effect stems from higher-order
excitations present in the macroscopic fields. Increasing A,
results in a notably decreasing decay frequency.

Visually this result can be confirmed by the resulting flow
patterns. Figure 2 shows the flow fields for each of the sim-
ulations at t = 100Az. Here, we can observe that only in the
case of third-order approximation of the equilibrium function
the flow fields appear as skewed, while using second-order
equilibrium results in all cases in visually isotropic flow fields.
From the form of Eq. (7) we expect a skewed field, because
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—— fit, wg = 3.214 x 10703 —— fit, wq = 2.923 x 1078
X Uy(t) for Ay = 0.40 X Uy(t) for Ayy = 0.40
o) 0.7 — fit,wg=3211x10"% | & 0.7 —— fit, wq = 2.185 x 10703
S S
el el
506 5 067
N Ny
0.5 0.5684 1 X 0.5
0.4 ] 05682 1 04
0.5680 - .
0.3 1 0.3 1
191 192 193
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
t/At t/At

FIG. 1. Exponential decay of the Taylor-Green vortex. Velocity U, as function of simulation time. The velocity is scaled to the highest
value at t=0, because it is a sum over the whole domain with an arbitrary numerical value which is captured by the prefactor a in the fit
function F(¢) = aexp(—wqt ). Left: second-order approximation of the equilibrium function. A zoom into the results using the second-order
approximation shows that the values vary in the fourth decimal only. Even the expected order from small to large values of A,, is produced
(compare with the zoomed inset). Right: third-order approximation of the equilibrium function. Velocity data splits up significantly and we
predict significantly different decay frequencies.

0.0 0.2 0.4 0.6 0.8 1.0
|u]/umax at t = 100AL

FIG. 2. Velocity fields for Taylor-Green-vortex decay. Top row: second-order equilibrium. Bottom row: third-order equilibrium. From left
toright: A,, = 0.0, 0.1, 0.2, and 0.4. Only with the third order the skewed nature of the velocity field becomes apparent.
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the introduction of A is somewhat equivalent to an affine
transformation of the coordinates.

Note, that in test cases without above mentioned higher or-
der excitations, e.g. regular Poiseuille flow through a channel,
both approximation orders would appear identical.

V. CONCLUSION AND OUTLOOK

We were able to derive a consistent lattice Boltzmann
framework for anisotropic flow problems using an anisotropic
equilibrium distribution. We provided the proof through
Chapman-Enskog theory that the governing macroscopic
equations are correctly derived as being an anisotropic version
of the Navier-Stokes equations. Important properties of LBM,
like locality of the collision operator or isotropy of the space
and velocity lattices are retained.

Depending on the problem under consideration, an expan-
sion of the equilibrium distribution to higher orders than usual
might be necessary to capture the relevant phenomena, as
we demonstrated with a Taylor-Green-vortex decay using an
anisotropic BGK model.

An interesting application of this model in future work
is a volume averaged [18,19] composite collision [20]
where BGK and bounce-back collision are combined in
an anisotropic scheme to model fluid flow in unresolved
anisotropic porous media. Additionally, the modification to
anisotropic advection-diffusion would come with interesting
applications and is relatively straightforward to perform. A
related topic is the anisotropic equilibrium distribution itself
and how it might be measured or computed. It will be worth
investigating how known LBM forcing schemes can be incor-
porated into the anisotropic model and if modifications are
necessary.

Other related questions that might be worth investigating in
the future are the incorporation of external forces, anisotropic
equilibrium distributions in more complex collision operators
like MRT, or anisotropic multiphase flow.
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APPENDIX A: USEFUL INTEGRAL IDENTITIES

The integrals in Sec. II can be solved with these helpful

identities:
fm exp (o — ug)Aap(vp — up) dly — /(27T)d’
oo 2 det A
(A1)
o0 a — Uy AO( - 2 d
/ exp —(U ta)Aap (Vg — Uup) vyddv = /ﬂuy,
oo 2 det A
(A2)
o a — Uy Aa -
/ exp <_(v Uo )Aap (Vg uﬁ))vyvgddv
oo 2
(Zn)d 1
= Y (Ay‘g + uyug), (A3)
and finally

*© a = Ya Aoc -
/ exp (_(v Ug) 2/3(1),3 uﬁ))vyvgvaddv
—00

@m)y —1 ~1
=\ Sera (AyE Uy + A U, + AU + Uyliely). (A4)

APPENDIX B: HERMITE POLYNOMIAL EXPANSION

Hermite polynomials of order n

="

H"(v) = —=
w(v

V@ (v). (B1)
are generated using the generating function 2

o) =

1 ( Vg Uy ) (B2)
exp (— .
27Td 2

The object V™ is a tensor of rank n which applies n
derivatives in the order of the indices, i.e.,

d 0

vw =v = ,
T Yy, vy,

(B3)

which makes H™ also a tensor of rank 7.
With this, any function g(v) can be expanded in the basis
of Hermite polynomial as

=1
g =0®) ) —{a"(e), H™). (B4)
n=0 "

The expansion coefficients a'(g) are found by projecting
g(v) onto the nth basis polynomial, i.e.,

oo
a”(g) = / gH" (v)d%v. (BS)
The operation (-, -) is the full contraction of the tensors, i.e.,
(@ (), H") = al’ , (QH , . (B6)

2This function is not unique and could vary from what the reader
might be familiar with. This variant generates the so-called proba-
bilist’s Hermite polynomials.
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From Eq. (B1) we compute the first four Hermite polyno-
mials
HO@w) =1,
HY () = va,
(B7)
H(z)(v) = VgV — (Sa/g,

H(3)(v) = VqUBVy — BepVy — 8gy Ve — 8,aVg.

Using the integral identities in Appendix A, the expansion
coefficients for f°4 as defined in Eq. (7) are

a®(f N =p,
a, (f*) = pua,

aC)(f) = plutatty + Kap), (B5)
al), () = p(uatipy + Kapity + Kpytto + Kyaltp),
where we define
Kup =Ayy — Sup. (B9)

APPENDIX C: GAUSS-HERMITE QUADRATURE

Lets assume we need to evaluate an integral over the whole
space in which the integrated function is a product of the Her-
mite generator w and an arbitrary 1D polynomial P™(x) of
order N. Such integrals can be approximated using a weighted
finite sum of the polynomial, such that

n

/ " o@PM(x0dx = > wiPM (). (C1)

i=1

The specific value of n depends on the desired accuracy. In
general N < 2n — 1. A nice property of the Gauss-Hermite
quadrature—which sets it apart from most of the other quadra-
ture variants—is that it becomes exact for sufficiently large n,
namely when N =2n — 1 or n = (N + 1)/2. The abscissae
x; are the roots of the nth order Hermite polynomial and the
weights can be computed from one order lower via

n!

= .[nH (n_ 1') (xi_)]2 . (CZ)

w;

For example, a polynomial of order N =5 requires n = 3
probing points. Hence, we need the third-order Hermite poly-
nomial H® to compute the abscissae and the second-order
polynomial H® for the weights. They can be derived from
Eq. (B1) by setting all the indices equal, such that

HPYx)=x*—3x, HPx) =x"—-1. (C3)

The roots of H® are
x1=0, x3==3, (C4)
and using Eq. (C2) yields the corresponding weights

2 ! (C5)
= , w = -
37 6

The extension to d dimensions is straightforward because
of the two following properties of the generator and an arbi-
trary polynomial of order N, P™):

d
o) = [ | o). (C6a)
a=1
d
PM@) = a [ [l (C6b)
k) o=l
where the multi-index k runs over the set {k} =

{(N1, ..., Ng) € N 13- Ny <N
That way, the d-dimensional expression only includes 1D
integrals, i.e.,

[o%] d 00
/ w@PV)dx =Y a ] / ()7 dxe, (C7)
o a=1Y "

B {k}

and the quadrature becomes

d d ny
Z [4)73 l_[ /OO a)(_Xa)x‘]xV“dxa — Z ay l_[ Z widxfzﬂ- (CS)
{k} a=1Y"® (k)

a=1i,=1

With the assumption that all dimensions are expanded to the
same degree, i.e., n, = n, one can immediately construct the
D2Q9 and D3Q27 lattices. Through symmetry arguments, cf.
Appendix in Ref. [22], one can reduce the lattice for d = 3 to
D3Q19 without loss of precision in the Navier-Stokes regime.
By mapping the products of weights to a single running index,
wi...Wig —> w;, one can rewrite Eq. (C8) with a single sum

00 q
/ o@PMxde =3 wPMe)  (©9)
- i=1

for the general lattice DdQgq.

APPENDIX D: SERIES EXPANSION OF THE DISCRETE
BOLTZMANN EQUATION

Let g: R — R an N-times continuously differentiable
function. Then
AN
80 +ho) = gxa) + ) 77 (hsd)'g0) + R,
=17

(D)

where R is a remainder of order N + 1. Note that the Sterm
is summed over because of the repeated index such that it
corresponds to a inner product. With the definitions g(x,) =
fit,x), xo = (t,x), and h, = (At, c;At) we can write the
discrete Boltzmann equation as

Jitt + At, x +¢;At) — fi(t, x)
Y A A

=> = O+ eipdp) St ¥) = . (D2)
=t

APPENDIX E: HIGHER-ORDER MOMENTS
OF THE EQUILIBRIUM

Although the physical observables are given by the
zeroth and first-order moments of the distribution func-
tion, the Chapman-Enskog analysis requires additionally the
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second- and third-order moments of the equilibrium function.
For the continuous case, those can be computed using the
integral identities in Appendix A and given by

o0
Map(f*9) = / [, u, v)v,vpd?v = (Al + uang),

(E1)
and
[0¢]
Mapy (F%) =/ S, u, v)vgvpvy,diu
—0oQ0
- '0( aﬁu)’ +Aﬂyua +A «UB + uau,gu),)
(E2)
In the discrete velocity space, we have
Maﬂ Zf VigVig = 'O(Aaﬁ + uauﬁ) (E3)

and

aﬁy Zf ViaVigViy

= p(Aaﬁuy + Aty + A up + Ugligity).
(E4)

Using the compatible velocity lattice, where v; = ¢;/cs and
u = s/cs, we find

Mas(f79) = p(ciAL; + sasp), (E5)

and

Magy (f59) = p(c2A aﬁ ,+c Aﬂysa +c; A oSp + SaSpsy).

(E6)

The reader should note that the moments of a full and
truncated equilibrium distributions will be identical up to the
order of expansion. Since we expanded [ to third order,
all the above moments remain identical. If we had expanded
only to second order, the third moment of the second-order
equilibrium f%q would lack the anisotropic correction and
would therefore read

Mapy (£%9;) = 0(c38apsy + €285y Sa + C28yaSp + Suspsy).
(E7)
APPENDIX F: NAVIER-STOKES EQUATIONS FOR
SINGLE-RELAXATION TIME COLLISIONS

The force-free isotropic Navier-Stokes equations for a fluid
of density p and a macroscopic velocity # under pressure p
can be written as

0; (pue ) + 0g(puqlig)

2
= —0y,p+ g |:T}(3/3bta + Oqtg) + &w({ — )3 uy:|

(F1)

We introduced the shear viscosity n and the bulk or volume
viscosity ¢. The Kronecker delta hints at the fact that the
viscosities are actually not scalars but tensor quantities. Since

we investigate the single-relaxation time (BGK) collision un-
der isothermal assumption, the viscosities cannot be varied
independently. The isentropic equation of state for pressure

p and density p is
¥
P
P=Do <—) , (F2)
L0

where we introduced the adiabatic index y. In general, the
viscosities are related through

5
§=n(§—y>. (F3)

The isothermal limit imposed by the equilibrium distribution
Eq. (7), however, is characterized by y = 1, such that

2
£=3m (F4)

This relation sets the last term in Eq. (F1) to zero, and the
isothermal Navier-Stokes equations read

0 (pua) + 0p(puattp) = —8up + 9p[n(dpute + daup)]. (F5)

The shear viscosity was already identified as a tensor.
But the single-relaxation time collision leads to the relations
n o p and p « p, and hence, n o p. We, therefore, assume
that not only n but also p is implicitly a tensor that carries
the anisotropy. We hence assume to arrive at Navier-Stokes
equations where p and n both are anisotropic tensors, i.e.,

0; (pute ) + 0g(puqug)
= —0g(Copp) + 08[1n(Cpy 0y ttq + Cop 0, ug)],  (FO)

where C is a tensor related to A. The Chapman-Enskog anal-
ysis in Sec. III shows that this is indeed the case, and that
CoAl

More details on the thermodynamic relations can be found
in Ref. [1] and the cited references therein.

APPENDIX G: EXPLICIT EXPRESSION
FOR THE PERTURBATION MOMENT

During the Chapman-Enskog analysis we encounter the
equation

X At
3 (pute) + Mo () = —e(l - E)aﬁMaﬁ(fim). (G1)
and
€0 Map () + €0{Mup, (77%) = =M (£"). (G2)

which we want to compute here as an explicit expression of
the observables p and u = s/cs. The steps are provided in
Ref. [1] and require only slight modifications.
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Using the expression we found in Appendix E, we write out
the time derivative of the second-order equilibrium moment,
ie.,

M (£59) = 0 (A0 + suspp). (G3)
The second term on the right-hand side needs to be rewritten
using a variation of the product rule. For some functions f,
g, and h with a generic derivative of f denoted as f’, we can
write

(fgh) = f(gh) + ghf', (G4
and since
hf' = (fh)y — fH, (G5)
we can write the first expression as
(fgh) = f(gh) +g(fh) — fgl'. (G6)

Applying the rule to Eq. (G3), we find
0 "Mup (f7) = AL 50" p + a0, (spp) + 550 (54 0)
— sasﬁat(l)p. (G7)

Next, we rewrite the first-order balance equations for mass and
momentum, Egs. (42) and (45) as

100 = —0(s00). (G8)
and
3 (sup) = =05 (c2AL40 + saspp), (G9)

and plug them into Eq. (G7) to eliminate some time deriva-
tives, i.€.,

0" Map () = —cA305) (s, p) — 540"
x (c2Ag) 0 + sps,p)
= 5p0y (€ALy P + 5usy p)

+ 545505 (sy ). (G10)

This can be rewritten as
1 _ _
0" Mup (£79) = —c2A,400 (s p) — sac2A5 00

af Ty By "~y
—spcAL 08" p + 54550 (s, 0)

— 5405 (sps, p) — 550 (sasyp),  (G11)

to apply the product rule in Eq. (G6) in reverse to the second
line, such that

1 — _
81( )Maﬁ (fieq) = _chaéa;(/l)(sz) - CgA,g;Sa

— AL sp0s p — 0 (saspsy p).  (G12)

20

Fortunately, the expression for the third-order moment re-
quires less effort and can be computed directly as
0 Mag, (f) = 050 (c2A 45y p + C2A; ) Sup
+ c?A;;sﬂp + Sa585y D). (G13)
Going back to Eq. (G2) we now found
Mg (fi(l)) = tch;é 8)(,1)(syp) + tchE;sa

+ rcfA;;sﬂa)(/l)p + 18}(,1)(sas,3sy,o)

2D

— V(AL sy P + CAL sup + CTAL S5

+ sas,gsyp), (G14)
which, using the regular product rule, simplifies to
Mg (") = —t[Ag) (3" (sup) — 50" p)
+ AL (0 (sp0) — 5505 p) ]
= —1pc[Ag 0 sy + AL 0 s5].  (G15)

N. B.: This final expression is only that simple if we expand
the equilibrium to the third order. Only then Mg, also carries
the A~!-terms, cf. Appendix E and compare Eq. (E6) with
Eq. (E7). With a second-order equilibrium the mixed order
sum of equilibrium moments in Eq. (G2) will include K terms
[Eq. (13)] as discretization errors. Additionally, we would see
a O(u®) discretization error, which is also present in second-
order isotropic LBM and usually neglected.
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