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Abstract

The Artificial Compressibility Method (ACM) for the incompressible Navier-
Stokes equations is (link-wise) reformulated (referred to as LW-ACM) by a finite set
of discrete directions (links) on a regular Cartesian mesh, in analogy with the Lattice
Boltzmann Method (LBM). The main advantage is the possibility of exploiting well
established technologies originally developed for LBM and classical computational
fluid dynamics, with special emphasis on finite differences (at least in the present
paper), at the cost of minor changes. For instance, wall boundaries not aligned with
the background Cartesian mesh can be taken into account by tracing the intersec-
tions of each link with the wall (analogously to LBM technology). LW-ACM requires
no high-order moments beyond hydrodynamics (often referred to as ghost moments)
and no kinetic expansion. Like finite difference schemes, only standard Taylor ex-
pansion is needed for analyzing consistency. Preliminary efforts towards optimal
implementations have shown that LW-ACM is capable of similar computational
speed as optimized (BGK-) LBM. In addition, the memory demand is significantly
smaller than (BGK-) LBM. Importantly, with an efficient implementation, this al-
gorithm may be one of the few which is compute-bound and not memory-bound.
Two- and three-dimensional benchmarks are investigated, and an extensive com-
parative study between the present approach and state of the art methods from the
literature is carried out. Numerical evidences suggest that LW-ACM represents an
excellent alternative in terms of simplicity, stability and accuracy.

Key words: artificial compressibility method (ACM); lattice Boltzmann method
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1" Corresponding author: pietro.asinari@polito.it (P. Asinari). Example codes can
be provided upon request to corresponding author.

Preprint submitted to Elsevier 30 January 2012



Contents

1 Introduction

2 Link-wise Artificial Compressibility Method
2.1  The main algorithm: Link-wise formulation . . . . . . ... .. ..
2.2 The main algorithm: Finite difference formulation . . . . ... ..
2.3 Physical and lattice units . . . . . . .. ... oL
2.4 Optimized computer implementation . . . . . . . .. ... ... ..
2.5 Simple boundary conditions . . . . . .. ... ...
2.5.1 Isothermal Couette flow . . . . .. ... ... ... ....
2.5.2  Generalized Green-Taylor vortex flow . . . . . .. ... ..
2.5.3  Minion & Brown flow . . . . .. ...
2.6 Link-wise wall boundary conditions . . . .. ... ... ... ...
2.6.1 2D lid driven cavity flow . . . . . . . .. ...
2.6.2 3D diagonally driven cavity flow . . . . . .. .. ... ..

2.6.3 Circular Couette flow . . . . . . . . ... ... ... .. ..

3 Conclusions

A Appendix: Equilibrium distribution functions

B Appendix: Asympthotic analysis
B.1 Diffusive scaling . . . . . . . .. ...
B.2 Acoustic scaling . . . .. .. ...
B.3 Forcing . . . . . . . .

B.4 Energy equation . . . .. .. .. ... Lo

C Appendix: Computing derivatives locally

11

13

15

18

18

19

20

23

26

34

37

46

47

49

o1

92

23

54

56



D Appendix: Equivalent finite-difference formulas

58



1 Introduction

Despite a large variety of mesh generation techniques for numerical solvers
of the fluid dynamics governing equations [1], addressing complex geometries
remains a difficult duty. To this aim, several approaches were proposed for
adapting computational grids to complex geometries by unstructured meshes.
Generating unstructured meshes of high quality though, is a challenging com-
putational task per se, which involves quite advanced algorithms (Rupperts
algorithm, Chews second algorithm, Delaunay triangulation, etc.) [1]. While
those approaches simplify the treatment of boundaries, in turn, each of them
introduces new difficulties such as extra terms in the equations, extra inter-
polations, larger computational molecules, and problems associated with the
transfer of information across grid interfaces. The added complexity makes
code development even more difficult and increases computation time [2], with
an additional risk that those algorithms may not lead to an acceptable solu-
tion.

An alternative approach which has attracted an increasing interest in recent
years makes use of Cartesian grids for all cells with the exception of those that
present intersections with boundaries, which are thus truncated according to
the shape of the boundary surface. The advantages of Cartesian grids can be
retained for all cells in the bulk fluid, and a special treatment is only reserved
to boundary cells. On the contrary, cells fully outside the flow can be simply
ignored during computations [2]. In the literature, this approach is typically
referred to as the “embedded boundary method”, the “Cartesian grid method”
or the “cut-cell method” [3, 4, 5, 6, 7]. Clearly, the challenging point is to make
the method accurate in dealing with curved and planar boundaries transversal
to the grid, even though such boundaries are conveniently approximated in a
staircase fashion. More specifically, after determining the intersection between
the Cartesian grid and a boundary, cells whose center lies in the fluid are
reshaped by discarding their part belonging to the solid wall, while pieces of
cut cells with the center in the solid are absorbed by neighboring cells [5]. This
results in the formation of control-volumes which are trapezoidal in shape.

(Classical approaches to the incompressible limit of Navier-Stokes equations re-
quire (a) dedicated techniques for solving a pressure Poisson equation in order
to take advantage of the underlying structured nature of the mesh and thus
speed-up convergence [5]. Moreover, (b) compact multi-dimensional polyno-
mial interpolating functions are used for obtaining a second-order accurate
approximation of the fluxes and gradients on the faces of the trapezoidal
boundary cells from available neighboring cell-center values [5]. Recent de-
velopments to this also follows a similar approach [6, 7].

Both (a) the need of a dedicated solver for the pressure Poisson equation and



(b) the use of compact multi-dimensional interpolations, can be overcome by
the lattice Boltzmann method (LBM) [8], while preserving the main features
of the Cartesian cut-cell method for mesh generation and boundary treatment.
However, this comes at a price of dealing with specific features inherited from
the kinetic theory of gases, which are unessential as far as the continuum
description of incompressible Navier-Stokes equations is the only concern.

For this reason, we propose a novel formulation of the artificial compressibility
method (ACM), which retains the convenient features of LBM, namely (a)
the artificial compressibility and (b) the link-wise formulation based on the
theory of characteristics, but concurrently gets rid of unessential heritages of
the kinetic theory of gases.

Similarities between LBM and ACM [9] are sometimes reminded in the litera-
ture. It is well known indeed that the Chapman-Enskog expansion of the LBM
updating rule delivers the governing equation of ACM: the artificial compress-
ibility equations (ACE). The latter consist of the same momentum equations
as the incompressible Navier-Stokes equations (INSE), in addition to an arti-
ficial continuity equation including pressure time derivative. ACE can be also
recovered by the more systematic expansion such as the Hilbert method under
diffusive scaling [10].

The lattice kinetic scheme (LKS) [11] (a variant of LBM) also shows similar-
ities with ACM at the level of computer programming, despite the fact that
the former deals with distribution functions of gas molecules, while the latter
only with hydrodynamic (macroscopic) variables.

For a special value of the relaxation parameter in the LBM updating rule,
an updated value of the distribution function depends only on the previous
equilibrium function at an arbitrary mesh point in the stencil. Since equilibria
are in turn function of macroscopic variables only, the LKS updating rule
can be immediately recognized as a kind of finite difference scheme, acting on
hydrodynamic variables. As a result, the moment system of LKS delivers a
variant of ACM. Recently, taking advantage of the similarities between LBM
and ACM, the latter was reformulated as a high order accurate numerical
method (fourth order in space and second order in time) [12].

Motivated by the common belief that an important reason of success of the
LBM (in particular MRT-LBM [13]) is its remarkable robustness for simulating
the various complex flows, the stability of the revived ACM has been further
enhanced [14].

In this paper, in an attempt of making ACM even more similar to LBM, we
propose yet a new formulation of ACM referred to as link-wise ACM (LW-
ACM) in the following text. For the sake of completeness, we summarize both
the main features of the revived ACM [12, 14], still valid for the present LW-



ACM, and the additional advantages due to a link-wise formulation.

(1)

ACM deals with macroscopic variables only, thus offering the opportu-
nity of exploiting all the pre-existing finite-difference (FD) technologies:
This is, for instance, a clear advantage when imposing inlet and outlet
boundary conditions. On the contrary, LBM needs to account for nonhy-
drodynamic quantities (sometimes called ghost quantities) which, though
may not have direct impact on the hydrodynamic behavior, they can
still be responsible of numerical instabilities [15]. Unfortunately, owing
to nonlinearities, there are no clear and general recipes yet, on how to
optimally design ghost quantities with desired stability properties. As
far as the popular compact stencils are concerned, such as D2Q9, D3Q15
and D3Q19 [16] with no special corrections, LBM ghost quantities remain
numerical artifacts: Positive effects of such quantities for enhancing sta-
bility of usual FD schemes are still far from being clearly demonstrated.
ACM fully overcomes this issue, focusing instead on the minimum set of
information for incompressible fluid dynamics.

Similarly to LBM, ACM posses the ability of computing transient solu-
tions of incompressible Navier-Stokes equations (INSE), without resorting
to a Poisson equation for pressure. The underlying idea, directly inspired
by the asymptotic analysis of LBM schemes, is to multiply the pressure
time derivative of artificial continuity equation by a mesh-dependent pa-
rameter. In this way, the numerical Mach number, which is a mere numer-
ical artifact for INSE (rigorously valid in the limit of vanishing Mach num-
ber) is linked to the mesh spacing. Higher accuracy than LBM schemes
can be also achieved by exploiting the asymptotic behavior of the solution
of the artificial compressibility equations for small Mach numbers [12].
ACM can use different meshing techniques. For example, it is possible to
use simple lattice structures, namely Cartesian structured meshes, even-
tually recursively refined like those also used by LBM, or it can be even
formulated in a finite-volume fashion including unstructured body-fitted
meshes. In the latter case, the same comments discussed at the beginning
of this section about the computational overhead for generating unstruc-
tured meshes hold as well. On the other hand, adopting simple lattice
structures is not so straightforward as in LBM: The wall treatment de-
pends on the dimensionality of the problem (namely the look-up table for
discriminating wall boundary conditions in 2D is different from the one in
3D). Previous problem can be overcome by LBM thanks to the link-wise
formulation. A “link” is a generic direction identified by a discrete veloc-
ity of the lattice and coincides with one of the characteristics along which
advection is performed (consistently with the method of characteristics —
MOC). Such a numerical scheme based on a finite set of links can cope
with a complex boundaries by (a) identifying the intersections of each
link with the wall and (b) updating the variable corresponding to such a
link by a local rule. The local rule is always the same and the intersec-



tions can be computed once for all during pre-processing. The previous
procedure easily applies to any orientations of the wall with respect to the
lattice, as well as to any dimensions. In this paper, the above advantages
of LBM are made available to ACM.
(4) ACM deals with the minimum number of fields describing incompressible
fluid dynamics: D41, where D is the physical dimension of the problem.
On the other hand, LBM deals with discrete distribution functions f;,
which are as many as the lattice velocities (. LBM has thus a memory
overhead due to: D+1<(Q. Between these two sets of variables, there is
a simple connection: Local equilibria fi(e) (Q variables) can be computed
by means of macroscopic quantities only (D+1 variables). Introducing
a larger set of variables fi(e) may seem a redundant and useless arti-
fact. However, this work aims at demonstrating that formulating ACM
in terms of fi(e) offers advantages as well. In particular, as far as the updat-
ing rule of the algorithm is similar to LBM, it is possible (eventually with
minor changes) to take advantage of most of LBM technology. For exam-
ple, link-wise ACM can also be formulated in terms of local equilibrium
fl-(e) and this enables a convenient treatment of complex moving bound-
aries typical of the LBM (see next). In conclusion, link-wise ACM has
two possible (and fully equivalent) formulations: (a) in terms of macro-
scopic variables like standard ACM (capable of exploiting pre-existing FD
technology) and (b) in terms of local equilibrium (capable of exploiting
pre-existing LBM technology).

This paper is organized in sections as follow. The link-wise artificial compress-
ibility algorithm for incompressible isothermal fluid dynamics is introduced In
Section 2.1, where some classical benchmarks are presented (isothermal Cou-
ette flow, generalized Green-Taylor vortex flow and Minion & Brown flow) as
well. In Section 2.6 the link-wise wall boundary conditions are discussed, in-
cluding moving and complex walls, and some numerical tests are presented (2D
lid driven cavity flow, 3D diagonally driven cavity flow and Circular Couette
flow). Finally, Section 3 reports some concluding remarks.

2 Link-wise Artificial Compressibility Method
2.1 The main algorithm: Link-wise formulation

The Boltzmann equation is the fundamental equation in kinetic theory of
gases, describing time evolution of the distribution function of gas molecules as
a function of time, space coordinates, and molecular velocity. The Bhatnagar-
Gross-Krook (BGK) model equation inherits the main features of the original
Boltzmann equation, with the fluid-dynamic description of the BGK solution



for small Knudsen numbers being much simpler to obtain. Hence, owing to a
remarkably less demanding effort, it come advantageous the employment of the
BGK equation at the heart of kinetic methods for solving INSE. A well known
drawback of the BGK equation is that the recovered Prandtl number is unity,
while the original Boltzmann equation yields a value near to 2/3. However,
since most of the LBM schemes do not consider the energy equation, the issue
of inaccurate thermal diffusivity can be often neglected. At the same time, it
is allowed to employ the isothermal BGK with a constant collision frequency
for this purpose [17]. Hence isothermal BGK will be our starting point in the
following derivation. A crucial ingredient of any lattice Boltzmann scheme is
a finite set of microscopic velocities, called lattice. The generic lattice velocity
is identified by the subscript i, where 0 < ¢ < @) — 1. The LBM simulates
the time evolution of a weakly compressible gas flow in nearly continuum
regime by solving a kinetic equation on the lattice and yields the solution
of the incompressible Navier-Stokes equation as its leading order. Hence, the
relaxation frequency in the BGK equation can be expressed as a function of
the kinematic viscosity v: In particular, the relaxation frequency is set equal
to ¢?/v, where c is the lattice sound speed. The dimensionless form of the
simplified BGK equation on a lattice takes the form

afz** -~ = Pk c? (e) *%
9 +vi- V[ :;<fz — /i )7 (1)

where X, t, and v; are the (dimensionless) space coordinates, time, and molec-

ular velocity components, respectively; f* is the distribution function of gas

molecules for the i-th velocity on the lattice; fl-(e) is the equilibrium distribution
function. The distribution function f;* is defined at a discrete set? of spatial
points x = x/Axz, where Az is the dimensionless mesh spacing, Az = Az'/L,
with Az’ the mesh spacing in physical units and L the characteristic length
scale of the flow field. Similarly, time levels are defined as ¢ = t/At, where
At is the dimensionless time step, At = At'/(L/U), with At’ the time step
in physical units and U a characteristic flow speed. The @) lattice velocities
v; are defined according to the considered scheme [16]. All points x form a
regular lattice such that x — v; belongs to the lattice, regardless of x and v;.

The quantities fi(e) are local functions of density p = >, f; and momentum
pu =Y, v,;f; computed at X and £, namely fi(e) = fi(e) (p,u) (see Appendix A
for some examples). The quantities fz-(e) are designed in order to recover the
incompressible isothermal fluid dynamics [16]. In particular, recovering in-
compressible Euler equations requires that >, fi(e) =pand >, V; fz-(e) = pu, i.e.
conservation of hydrodynamic moments, and Y, v;v; fz-(e) =TI = puu + p1,

2 If not evident otherwise, we use “hat” notation for lattice quantities expressed by
means of integer values and “prime” notation for quantities expressed in physical
units.



with p function of density only (isothermal case): p = ¢? p. Further constraints
can be found by asymptotic analysis (see Appendix B for details). However
consistency leaves some degrees of freedom in designing these functions, which
can be used for improving stability (one possible strategy is discussed in Ap-
pendix C). In the following, it will be convenient to consider separately the

odd parts of equilibria, namely the quantities fi(e’o), defined as

(59 (p,u) = £ (p, ). 2)

(e,o)
f’L (p7 u) 2

Let us suppose that v < 1: then it is possible to find an approximated solution
of (1) by singular regular expansion, where:

e v, — e
fz**:fz’()_gvi'vfi()“‘O(VQ)‘ (3>

Introducing the above approximation in the advection term of Eq. (1), it yields

Of" o &4
zA — lvz
5 v i+

Here, the goal is to derive an algorithm formulated in terms of only hydrody-
namic quantities, i.e. the statistical macroscopic moments of f/* corresponding
to microscopic quantities conserved by the collisional operator (right hand side

Y5 DR+ S (10— 1) 4008, @)

c2

of Eq. (1)). In particular, the local equilibrium fi(e) is defined such that it has
the same hydrodynamic quantities of f*. Hence, as far as the computation
of the hydrodynamic quantities is concerned, the collisional operator in (4) is
unessential. Removing the latter term determines a modification in the model
equation, though there is no effect on the hydrodynamic quantities. Let us
define a new model equation by removing the collisional term and neglect-
ing terms O(v?) in (4), which can be re-formulated with respect to the new
distribution function f; as follows:

Off _ o @ Yo 2@

o vi-Vf; +cg (Vi- V)7 (5)
Clearly the previous one is the Fokker-Planck equation, with drift coefficient
equal to 1 and diffusion coefficient equal to v/c?. The above model equation
(5) can be recast in the equivalent form

ofr
ot

= = (Vi VIO = (i VPO )i (9 VST = s/ (5 VRS
(6)

where the odd part of the equilibrium distribution function is defined by (2),

while the even part is £ = fe— £ n =, =1 and 03 = 4 = v/c%

Recalling that

~ - e,0/e 1 ~ - e,o/e e,0/e A eo/e)/~

Vi VA S (0 VPR e 0 k= v ) - [ D), ()

7 K3



we modify once more the model equation by setting n; = 2v/c¢* and ny, = 1/2
(while other parameters remain unchanged, namely 7, = 1 and 93 = v/c?).
By doing so, n4/n2 = n3/m = 1/2 which enables to use the approximation (7).
By means of the above set of parameters, Eq. (6) becomes

off
ot __(

ee)r~ e,e) /A A~ " v e,0)/~ €,0) /1~ A~ o
0G0 = (0% =00 ) =25 (A7) = [0 (k= v, 1).
(8)

As common in LBM, we apply the forward Euler rule for approximating first
order time derivatives:

frE41) = £ D— (£ & 8) = 1199 = %) -2 5 (£ ) — £ (% — v 1)) -

(9)
As far as the computation of hydrodynamic quantities is concerned, the first
term of the right hand side in (9) can be substituted by fi(e)(f(, t) (they
have same hydrodynamic moments). The final model equation can thus be
re-formulated in terms of the distribution function f; as follows

A7 e)rs ee)rn 7 ee)rn A~ 7 4 €,0) /s 1 eo)rs o~ 7
fil, 1) = [7G )= (776 1) = 9 & = i) =2 5 (A7) = 17 (k= 1))
(10)
or equivalently

fi i+ 1) = %= v+ (1-25) (A°76H - 97 - vi.d) . (1)

In order to fix ideas, let us consider a local equilibrium such that ¢ = 1/3 (see
Appendix A for details). Moreover, as common in LBM, the kinematic viscos-
ity can be expressed in terms of the relaxation frequency w of the numerical
scheme (see Appendix B for details), namely

1,1 1
—-(=-2). 12
’ 3(w 2) (12
Substituting Eq. (12) into Eq. (11) yields the Link-Wise re-formulation of the

Artificial Compressibility Method (LW-ACM) for the incompressible isother-
mal fluid dynamics, expressed by the following system of algebraic equations

w—1

fil i+ 1) = £ = ¥ d) 2 (=) (£ B = £ = 9 )
i=0,...,Q—1
(13)

where () is the number of lattice velocities.

A clear advantage of the above scheme is that all quantities appearing in
Egs. (13) and (2) only depends on known (equilibrium) functions at a mesh
node and its close neighbors. This introduces a significant simplification in the

10



treatment of boundary conditions, which can be directly borrowed from finite-
difference technology (see e.g. the isothermal Couette flow test case reported
in Section 2.5.1).

Similarly to LBM, the algebraic equations (13) can be implemented in three
subsequent steps (“pull” formulation), namely pre-combining, streaming and
post-combining,

R R —1 R
Fr&—,0) = fOR =95, 0) — 2 (“"(JJ) % =8, (14a)
fi**(fc,f—l— 1) = fz‘*(i_{h‘af% (14b)

R R —1 R
F+1) = £+ 1) +2 (S ) 290G, (14c)

Pre- and post-combining are local processes involving arithmetic operators,
whereas streaming alone takes care of data exchange among the nearest neigh-
bors of an arbitrary cell.

The implementation strategy given by Eqs. (14) admits a straightforward
inclusion of external forcing, by considering the additional step

frex, i+ 1) = fikE4 1)+ 197 (p(x, 1), 8(%,4)) (15)
where g = (g.,9,)" is the external acceleration. The previous correction is
local: Similarly to finite-difference schemes, the external forcing is applied
to the point where it is supposed to act. The functions fi(e’o) are used for
convenience (they are already known), for ensuring that the force only applies
to the momentum equations.

We notice that, the same simple procedure cannot be applied to the lattice
Boltzmann method, because a correction to the distribution function may af-
fect the dynamics of the higher order moments as well. Consistent treatment
of the forcing typically involves some special (non-trivial) techniques [18]. De-
tails on the effects due to the correction (15), by asymptotic analysis, are
reported in the Appendix B. Imposing a given physical acceleration g within
a flow, requires the tuning of numerical acceleration g, namely g = €3 g (in
case of diffusive scaling). The same approach can be adopted to implement
mass sources in the numerical scheme.

2.2 The main algorithm: Finite difference formulation

Since the right hand side of Eq. (13) only depends on the equilibrium condi-
tion, which is in turn a function of the macroscopic quantities, it is possible to
provide a finite difference formula, expressed in terms of macroscopic quanti-
ties, which is fully equivalent to (13). As commonly done in the finite-difference

11



literature, we denote by {P} the set of computational points surrounding a
generic point P (otherwise stated, the generic computational stencil). All the
quantities are intended computed at the generic time level ¢, while the su-
perscript “+” denotes a quantity at the next time level £ 4+ 1. The unknown
quantities are given by the velocity components u = (u,v)? and the pres-
sure p. Hence the equivalent finite-difference formulas must provide a way to
compute u}, v} and pj namely

up = fu (U{P},U{P},p{P};w) , (16a)
Uj‘g = fv (U{P}, V{P}, P{P}; UJ) ) (16b>
pp = Iy (U{P}, U{P}W{P}W) . (16¢)

See Appendix D for a complete example based on the D2Q9 lattice [16]. The
same finite-difference counterpart can be found for the Lattice Kinetic Scheme
(LKS) [11], recovered in case w = 1, but Eq. (13) is also valid for tunable w
and consequently tunable viscosity v (in particular, for high Reynolds number
flows). Moreover, the same derivation can be done for the FD-LKSv proposed
in [17], but Eq. (13) is formulated only along a particular lattice link and hence
it can also take advantage of most of LBM technology (which is link-wise).

(1) Availability of two alternative formulations of the same numerical scheme
is very convenient. For example, it is possible to commute (even dynami-
cally) between the formulation based on Eq. (13) and that based on Eqs.
(16), depending on the best option in dealing with the local boundary
conditions.

(2) Similarly to conventional ACM [17, 12, 14], the formulation based on Egs.
(16) can be improved by introducing a semi-implicit step for updating the
pressure field. Essentially the step in Eq. (16¢) can be substituted by

p]JS = fp (U?P}’U?P},p{];}; w) ) (17>

using the already updated velocity field.

(3) The finite-difference formulation allows to choose different relaxation pa-
rameters w for different (macroscopic) equations. Let us define w, the
relaxation frequency used in Eq. (16a) and (16b), while let us define
w, # w, the relaxation frequency used in Eq. (16¢). Consequently two
kinematic viscosities follow, namely v = v(w) and v, = v(w,), where the
function v = v(w) is given by Eq. (12). By introducing these relaxation
frequencies in Eqs. (16) and applying Taylor expansion to such novel
expressions (see Appendix B for details), the equivalent system of macro-
scopic equations can be recovered in the continuum limit (¢ — 0). The
momentum equation involves the kinematic viscosity v (as previously),
while the pseudo-compressibility term in the artificially compressible con-
tinuity equation, namely the first term in Eq. (B.16), becomes propor-

12



tional to €/v,, namely

P4 =0t ). (18)

For high Reynolds number flows, where v < 1, replacing v with v, in
the previous equation helps to improve the accuracy in recovering the
incompressible limit of Navier-Stokes equations. In fact v, can be chosen
larger than v such that the diverge-free condition for the velocity field
can be accurately satisfied even on moderately refined meshes, i.e. meshes
with moderately small grid spacing e.

2.8  Physical and lattice units

Table 1

Conversion table from lattice to physical units in case of diffusive scaling, i.e. Ax = €
and At = ¢ with ¢ = Az/L = 1/N and N the number of mesh points along one
axis. Quantities in lattice units are readily computed in the code, but they are
mesh-dependent. Corresponding quantities in physical units are mesh-independent
and can be computed during post-processing. In the text, in case of ambiguity,
quantities in physical units are denoted by over-bar.

Quantity Lattice units Physical units
Pressure p=1/3>,fi p=(p— po)/e2
Velocity u=> Vvifi/ > fi u=u/e
Force by Egs. (35, 36) F =3 ics ViDi AF = (F - Fo)/e
Torque by Egs. (46, 47) T =) ;cs (X —Xc) X Pi T=T
Temperature T=> .9 T=T

Let us assume Az = ¢ and At = ¢? (diffusive scaling), with ¢ = Az/L = 1/N
and N the number of mesh points. As reported in the Appendix B, asymptotic
analysis [10] of (13) and (2) shows that, in the limit of vanishing grid spacing,
€ < 1, the quantities p = (p—pg)/€*> = (p'—p})/U? and u = u/e = /U satisfy
the incompressible isothermal Navier-Stokes equations, with viscosity given by
Eq. (12). The subscript 0 denotes mean value over the whole computational
domain. Here, we stress that for a correct use of the proposed algorithm, it
is important to consider a proper post-processing of the numerical results. To
this respect, we notice that, for instance, the velocity field u = Y, v, f;/ >, f;
is mesh-dependent: u = u(¢), with u going to zero as the mesh spacing ¢
vanishes. As a result, u is not the proper choice for describing the velocity
field of incompressible flows: To this aim, instead, the quantity u = u/e is

13



adopted due to mesh-independence. Similar considerations apply also to other
fields. For consistency with the LBM literature, in this work, the units of
quantities directly based on f; are referred to lattice units, while units of the
corresponding mesh-independent quantities are termed physical units.

For the sake of clarity, the complete set of formulas for converting units of
all relevant variables are reported in Table 1. We stress that finite-difference
formulation of the proposed method can be carried out directly in physical
units, thus avoiding the above post-processing. Nevertheless, here we prefer
to keep the above post-processing for consistency with the Lattice Boltzmann
community.

Finally, for consistency, accurate solution of INSE requires €2/v < 1, which
is a criterion valid for the LBM as well (see Appendix B for details and the
following discussion about the Minion & Brown flow in Section 2.5.3). On the
other hand, for stability, numerical evidences suggest that LW-ACM is stable
for 1 < w < 2, which corresponds only to half of the stability range for the
relaxation frequency of the LBM. The attempts to overcome this limitation
by considering also the local equilibrium in the down-wind computational
node along the same link identified by the lattice velocity v;, i.e. X + v;,
did not succeed so far. The reason may be due to the fact that, as far as
only hydrodynamics is concerned, stability requires “up-wind” schemes, which
discretize hyperbolic partial differential equations by using differencing biased
in the direction of lattice velocities. In particular, the quantity f;(x, -) streams
along the link i-th with the lattice velocity v; and hence the corresponding
up-wind node is x — v;. Remarkably, Eq. (13) determines the dynamics of
the quantity f;(x,-) by only (equilibrium-based) information collected in the
generic node X and in the up-wind counterpart x — v;.

In order to understand the consequences of the reduced stability range, let us
introduce the Reynolds number Re = LU/V/, namely

Ma/Kn

Re = s w12

(19)

where Kn = Az is the numerical Knudsen number, which is the dimensionless
grid spacing, and Ma = U/(Axz’/At’) is the numerical Mach number, which is
the parameter controlling the magnitude of the artificial compressibility (see
Appendix B for details). The Reynolds number is dictated by the physical
problem under investigation, while the right hand side of the previous expres-
sion involves only numerical parameters, namely w, Ma and Kn. In particular,
as done also in LBM, for high Reynolds number flows in LW-ACM, it is conve-
nient to chose w < 2 and Ma ~ Kn. On the other hand, the reduced stability
range, i.e. 1 < w < 2, induces a slight change in the parameters of LW-ACM
for low Reynolds number flows. In fact, for soft-matter systems and/or in
micro-scale flows solved by LW-ACM, it is convenient to chose w 2 1 and
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Ma < Kn (fine time stepping). However it is important to point out that this
drawback is a consequence of the link-wise formulation constraint: No such
limitation appears in the original ACM [12, 14].

2.4 Optimized computer implementation

In the following, we discuss a few strategies useful for reducing the computa-
tional time, thanks to an optimized implementation of the algorithm (14) and
(16). Similarly to LBM, the performance characteristics of single-processor
implementations depends on the effect of different data layouts [19] (multi-
processor optimization strategies are not considered in the present work, see
Ref. [20]).

First of all, the streaming step should not overwrite data required for updating
neighboring sites. A usual way to work around the resulting data dependencies
owing to the propagation step is the use of two arrays (one for the current and
the other for the next time step), and toggling between them [19]. It is also
possible (and even more efficient) using a single array, with proper ordering
of the sequence of streamed lattice directions, though this may become cum-
bersome when dealing with wall boundary conditions. The best data layout
requires that the distribution functions of the current cell are contiguously
located in memory (e.g. by using the first index in Fortran, which addresses
consecutive memory locations due to column major order [19]).

Secondly, to reduce the memory traffic, it is important that pre-combining,
streaming and post-combining are executed in a single loop and not indepen-
dently of each other in separate loops or routines, similarly to LBM [19]. This
goal can be easily accomplished by reformulating Eqs. (14) in term of f/: In
fact, the hydrodynamic moments of f are not exactly equal to the hydrody-
namic quantities, but the former are known functions of the latter. Hence it
is convenient to compute directly f’, which are ready to be streamed, and to
extract the hydrodynamic quantities from f;. This simplifies the implemen-
tation of a single updating loop through all computational sites at each time
step.

Finally, it is important to reduce as much as possible the number of floating
point operations and memory accesses per updated site. In LBM, the D3Q19
lattice (see Appendix A for details) with BGK collision operator requires about
180-200 floating point operations per cell and time step as well as reading
19 floating point values and writing to 19 different memory locations [19].
Roughly half of the floating point operations and half of the memory accesses
are required by the D2Q9 lattice.

Let us considering the D2Q9 lattice and the LBM-style formulation of LW-
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ACM, as dictated by Eqs. (14), with the optimization tricks reviewed above.
Such an implementation of LW-ACM requires 115 floating point operations
(+28% compared to BGK-LBM) and 26 memory accesses (+44%) per cell.
However, in the following, only the computational performances of LW-ACM
in the FD formulation are further investigated, and its superior capabilities
are demonstrated (compared to BGK-LBM). From a computational point

Table 2

Performance test of the link-wise ACM (by FD formulation) vs. BGK-LBM, based
on the Minion & Brown flow [22] with Re = 10, 000 in the time range ¢ € [0, 1], solved
by a mesh with 512 x 512 nodes/sites and performing 12,800 iterations (Ma = 0.04).
Both codes are serial and use double precision. The considered workstation has
Intel® Core™ i7-920 (Bloomfield, 4 physical cores, 8MB L3) with clock rate
2.67GHz (due to TurboMode™ actually running at 2.80 GHz) and 12 GB of DDR3
memory (1333 MHz). The used Fortran compiler is Intel®version 11.1up8 (opti-
mization level option “-03”) and the operative system is Ubuntu Linux i10.04 LTS
(64 bit). The million fluid lattice cell updates per second (MLUPS) are reported for
both methods.

Elementary stencil Link-wise ACM by FD formulation BGK-LBM
# of additions/subtractions 80 70

# of multiplications 60 40

# of floating point operations 140 110

# of actual data (t) 27 9

# of updated data (t + 1) 3 9
external size of the stencil 3x3x3 3x3%9
MLUPS 29.43 27.28

of view, it may appear that formulas (16) are not suitable for an efficient
implementation, since they involve many floating point operations. However,
because they are derived from Eq. (13), it is possible to simplify them using
(by-hand) common subexpression elimination (CSE) [20]. See Appendix D
for a complete example based on the D2Q9 lattice [16]. Moreover, the same
implementation tricks discussed above can be properly applied here.

First of all, the memory storage required by link-wise ACM is exactly one
third of that of BGK-LBM (only hydrodynamic variables are needed). At
each time step, it is enough to go through all computational cells/sites once
and this can be done straightforwardly, because updating formulas are al-
ready expressed in terms of hydrodynamic variables. Finally, for locating the
macroscopic quantities (p,u,v) contiguously in memory, it is possible to col-
lect them in a single array and to use the first index for addressing them. This
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leads to an optimized FD-style implementation of Egs. (16). On the D2Q9
lattice, a comparison between the FD-style implementation of link-wise ACM
and BGK-LBM is reported in Table 2. Link-wise ACM requires more floating
point operations but less memory accesses than BGK-LBM.

For clarity, let us analyze the updating process at each time. The external size
of the stencil of LW-ACM is smaller than the one of LBM (3x3x3 instead of
3x3x9 respectively, where 3x3 is due to the D2Q9 lattice, 3 is the number of
hydrodynamic quantities and 9 the number of discrete distribution functions).
During the generic updating process, if the cache is large enough to hold
3 “lines” (or 3 planes in 3D) of the computational domain, then updating
the hydrodynamic quantities in a cell requires the loading of only the actual
values of a further cell in the cache (3 loads). In the worst case, updating the
hydrodynamic quantities in a cell requires the loading of the actual values of
three additional cells in the cache: This amounts to 9 loads from actual array
(3 physical quantities from the current, previous and next “line”). In any case,
3 write-allocate transfers from main memory to cache and 3 stores to get the
updated array from cache back to main memory are always required. This
leads to 9-15 in total per nodal updates.

On the other hand, BGK-LBM requires 9 loads from the actual array (discrete
distribution function), 9 write-allocate transfers and 9 stores to the updated
array, leading to 27 memory transfers. For BGK-LBM, there is no reuse of data
from cache because every discrete distribution function is only used once. As
the number of memory transfers usually affects the performance more than
the number of floating point operations, the performance of link-wise ACM is
superior than that of BGK-LBM. Some performance data are reported in Table
2. FD-style implementation of link-wise ACM was able to achieve 29.43 million
fluid lattice cell updates per second (MLUPS), which is the standard way to
measure the performance of LBM implementations [19]. For the previous test,
this value is roughly 8% faster than BGK-LBM.

Remark: In our opinion, there is still room for improvement according to the
performance model (based on assuming either infinitely fast memory or in-
finitely fast compute units). For example, the numerical code for solving the
2D lid driven cavity test case achieved 32.3 MLUPS and this was essential for
simulating very high Reynolds number flows. Importantly, with an efficient im-
plementation, this algorithm may be one of the few which is compute-bound
and not memory-bound. The latter observation is of particular interest for
General-Purpose computing on Graphics Processing Units (GPGPU).
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2.5 Simple boundary conditions

For sake of simplicity, numerical tests with simple boundary conditions are
discussed first. Here, by simple boundary conditions, we mean either finite-
difference boundary conditions (isothermal Couette flow) or periodic (gen-
eralized Green-Taylor vortex flow and Minion & Brown flow). More general
boundary conditions taking advantage of the LBM technology will be discussed
in Section 2.6.

2.5.1 Isothermal Couette flow

In this section, we consider the plane Couette flow where a viscous fluid is
confined in a gap between two parallel plates, with the one moving in its own
plane with respect to the other. Here, two configurations are simulated by
the present LW-ACM method on several meshes: Couette flow without wall
injection (referred to as Test 1), and Couette flow with wall injection (referred
to as Test 2). In the latter configuration (Test 2) fluid is injected from the
bottom wall into the gap and extracted from the top wall with a constant
orthogonal velocity vg. At the stationary condition, the above configurations
admit the following exact solutions:

u(y) = ;QL (1 + %) + o <1 — g;) ) (Test 1), (20)
u(y) = g (eXS)EiJ)(RRee/)L—)I 1) ; (Test 2), (21)

where the Reynolds number Re is the main control parameter, L is a character-
istic length depending on the considered test and v is the kinematic viscosity.

For Test 1, L is half the gap height, while 4y represents a velocity based on
the imposed pressure gradient Vp:

_ L*Vp

Ug =

2pv
uy, is the velocity of the top wall u;, = u(y = L) and p is the density. The
bottom wall is assumed stationary: u(y = —L) = 0.

In case of wall injection (Test 2), L is the gap height, the Reynolds number Re
in (20) is defined on the basis of the injection velocity 7y, namely Re = oL /v.
Velocities at the top and bottom walls are: u(y = L) = uy and u(y = 0) = 0,
respectively. In all simulations, no-slip boundary conditions are applied along
the wall by simply imposing the local equilibrium with the desired velocity,
while periodic boundary conditions are adopted at the inlet and outlet.
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Table 3
Convergence analysis for Couette flow without (Test 1) and with (Test 2) wall
injection in case of both diffusive and acoustic scaling.

At o< Ax? (diffusive scaling)

Error L2[u]
e=Ax Ma x At/Ax v o< Re™! Test 1 Test 2
1/10 3.0 x 1072 3.0x 1072 1.74 x 1073 4.59 x 10~*
1/20 1.5 x 1072 3.0x 1072 449 x107* 121 x107*
1/40 7.5 x 1073 30x 1072 1.20x107* 3.11 x107°
At < Az (acoustic scaling)
Error L2[u]
e=Az Mao At/Azx =const. v o Re™! Test 1 Test 2
1/10 3.0x 107t 3.0x 1072 427 x 1072 1.05 x 1072
1/20 3.0x 107! 1.5x 1073 276 x 1072 5.19 x 1073
1/40 3.0x 107! 75x107* 154 x 1072 2.66 x 103

First of all, diffusive scaling is considered: This strategy consists in scaling
the velocity field on different meshes, keeping fixed the relaxation frequency
(see Appendix B for details). This scaling ensures second order convergence
in the accuracy, as reported in upper part of Table 3, where the L? norm of
deviation of numerical results from exact solution (20) is shown. In addition,
acoustic scaling is considered. This strategy consists in tuning the relaxation
frequency on different meshes in order to keep constant the computed velocity
field (see Appendix B for details). This scaling ensures first order convergence
in the accuracy, as reported in the lower part of Table 3.

2.5.2  Generalized Green-Taylor vortex flow

In this section, some numerical results of the Taylor-Green vortex flow are
reported. The latter problem is widely employed as a benchmark for vari-
ous incompressible Navier-Stokes solvers, owing to the existence of a simple
analytical solution. The original problem is characterized by the exponential
decay in time due to viscous dissipation. However, here the original problem is
modified such that it becomes periodic in time by the introduction of a proper
external acceleration g = (gz, g,)" to Eq. (B.12), where

Gz(t, z,y) = sin(x — ugt) cos(y — vot)(2v cost — sint),

22
gy(t,z,y) = — cos(x — upt) sin(y — vpt)(2v cost — sint), (22)
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with @y and vy being constants aiming at preventing that the advection term
balances with the pressure gradient. The modified problem admits the follow-
ing analytical solution

u(t, z,y) = up + sin(x — upt) cos(y — vot) cost,
o(t,xz,y) = vy — cos(x — upt) sin(y — vpt) cost, (23)

1
p(t,x,y) = z[cos 2(x — tgt) + cos 2(y — Dot)] cos® ¢.

We solve the above modified problem numerically in the domain Q = [0
x < 27| x [0 < y < 27| using periodic boundary condition, and (g, 0p)
(0.3,0.6). The kinematic viscosity is v = 0.1. Diffusive scaling is adopted for
all simulations, namely Ma = 27 Kn or equivalently At = Axz? (see Appendix
B for details).

I IA

The L' error data are reported in Table 4 at t = 60 for link-wise ACM, link-
wise ACM with semi-implicit formulation (see the end of Section 2.1 where
this formulation is presented), standard (second-order) ACM and multiple-
relaxation-time (MRT) LBM. The standard ACM is described in Ref. [12].
In the MRT-LBM [13, 21], the consistent treatment of forcing is based on
Ref. [18]. The time step employed in the LBM computation is the same as
the one of ACM, i.e. Ma = 27 Kn or equivalently At = €2, and the tuning
parameters of MRT are s; = s4 = s¢(= 7,71 = 7;7!) =0, s2(= 7.7') =
1.63, s3(= 7.7 1) = 1.14, s5 = s7z(= 7,7') = 1.92 (see Refs. [21, 18]). All
methods show nearly second-order convergence. Link-wise ACM shows larger
numerical errors than ACM and MRT-LBM. However it must be stressed
that the implementation of forcing in link-wise ACM is straightforward, while
the consistent treatment of forcing in LBM is much more complicated [18].
Moreover in link-wise ACM, spatial operators (gradient and Laplace operator)
do not need to be discretized individually (unlike ACM) but it is enough
to discretize along the generic lattice direction: This makes much easier the
treatment of three-dimensional cases.

2.5.8  Minion & Brown flow

LW-ACM and LBM are characterized by different values of artificial com-
pressibility, leading to a different robustness with respect to under-resolved
simulations. By referring to the pseudo-continuity equation for LW-ACM (see
Eq. (B.16) in the Appendix B), it follows that accurate solution of divergence-
free condition for the velocity field requires: €2/v < 1. This is even a more
severe condition than the one of LBM, in case of high Reynolds number flows.
In the following, we further explore this issue, by means of the Minion &
Brown flow.
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Table 4
The L' norm of the error versus ¢ = Az = Ma/2m at t = 60 in the problem of the
generalized Taylor-Green vortex problem for v = 0.1.

Link-wise ACM

e=Axr  Error L'[u] Error L![7] Error L'[p]

/16 1.69262 x 1072 1.96356 x 1072  3.45590 x 102
7/32  4.38763 x 1073 4.70793 x 1072 7.91104 x 1073
7/64  1.41952 x 1072  1.50330 x 1073 2.21013 x 1073

Link-wise ACM (semi-implicit, see Section 2.1)

e=Az  Error L'[q] Error L[] Error L'[p]
/16 1.70353 x 1072 2.02203 x 1072  3.09165 x 102
7/32  4.41348 x 1073 4.70412 x 10 6.11065 x 1073
7/64  1.41906 x 1073  1.50227 x 10~3  1.73786 x 103

ACM
e=Ax  Error L'[u] Error L'[7] Error L'[p]

7/16  8.03750 x 1072 1.00313 x 1072  9.70682 x 103
7/32  1.92844 x 1073 2.47186 x 103 1.93893 x 103
7/64  5.64682 x 107*  6.61285 x 10~*  4.34911 x 10~*

MRT-LBM

e=Axr  Error L'[u] Error L![7] Error L'[p]

/16 7.67964 x 1073  8.90307 x 103  1.67526 x 102
7/32  1.84928 x 1073  2.17164 x 1073  3.63345 x 1073
7/64  6.12810 x 10~*  6.81060 x 10~* 1.11633 x 1073

Minion & Brown [22] studied the performance of various numerical schemes
for under-resolved simulations of the 2D incompressible NavierStokes equa-
tions. The relevance of this flow for testing robustness and accuracy of LBM
schemes was first pointed out by Dellar [23]. Minion & Brown considered initial
conditions corresponding to the perturbed shear layer

altz.y) = tanh(k(y — 1/4)), vy <1/2, (24)
tanh(k(3/4 —y)), y>1/2,

o(t,x,y)=0sin(27(z + 1/4)), (25)
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in the periodic domain Q = [0 < 2 < 1]x[0 < y < 1]. The parameter k controls
the shear layer width, while 0 the magnitude of the initial perturbation. The
shear layer is expected to roll up due to Kelvin-Helmholtz instability. With
k = 80, 6 = 0.05, and Reynolds number Re = 1/v = 10000, the thinning shear
layer between the two rolling up vortices becomes under-resolved on a 128 x 128
grid. Minion & Brown [22] found that conventional numerical schemes using
centered differences became unstable for this under-resolved flow, whereas
“robust” or “upwind” schemes that actively suppress grid-scale oscillations all
produce two spurious secondary vortices at the thinnest points of the two shear
layers at t = 1. Dellar [23] found that, even though it is stable on the previous
mesh, two spurious vortices are generated by the BGK LBM scheme based
on the D2Q9 lattice and with unmodified bulk viscosity. The same author
proposed a way to increase the bulk viscosity for overcoming this problem,
and verified that the same result can be achieved by using MRT-LBM. Along
the same idea, alternative formulations for modifying the dissipation of the
LBM schemes have been proposed [24, 25].

Link-wise ACM is stable for the previous test, but the velocity field is not
accurate enough due to numerical viscosity. For e = 1/128 and v = 1/10000,
indeed, the term that multiply the pressure time derivative in the pseudo-
continuity equation (Eq. (B.16) in the Appendix B), namely €?/v, reaches
the value of 0.61, thus preventing an accurate fulfillment of the diverge-free
condition for the velocity field. In the following, two improvements are worked
out for circumventing the above problem.

First, we apply the strategy discussed at the end of Section 2.2, introducing
a numerical fictitious viscosity v, = 170 v, with the corresponding relaxation
frequency w, computed by means of (12). The relaxation frequency w, is used
in the macroscopic updating rule (16¢). Hence, the pseudo-compressibility
term in the continuity equation, namely the first term in Eq. (B.16), becomes
proportional to €%/1, = 0.0036 < €*/v and this improves the quality of the
solution. The vorticity at t = 1 is reported in Figure 1, where the velocity field
looks much better, but the two spurious secondary vortices at the thinnest
points of the two shear layers are still present (similarly to BGK-LBM).

The second improvement follows the idea to increase the bulk viscosity &, as
suggested by Dellar [15]. As discussed in Appendix C, instead of the standard

£ (see Eq. (A.1) in the Appendix A) in Eq. (13), we consider a modified

set of functions, namely f(* = £“(y), where v is a free parameter related

to the bulk viscosity &: & = 2pov (1 + 27). This strategy enables to increase
the bulk viscosity and represents a valuable example, showing how to use
moments of the updated distribution function for the local computation of
derivatives (see the Appendix C for details). The above argument is a further
confirmation that the present LW-ACM can easily incorporate technologies

originally developed for LBM.
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Fig. 1. Contours of vorticity at ¢ = 1 from the link-wise ACM with the first im-
provement (v, = 170v, see Section 2.1) on a 128 x 128 grid with Ma = 0.04 and
Re = 10000. See also Fig. 8 in [22].

As a concluding remark, it is worth to point out that, even though LW-ACM
can solve this under-resolved test case by means of previously discussed im-
provements, the average and peak values of the velocity field divergence remain
slightly larger than those computed by MRT-LBM. For sake of completeness,
optimized ACM [14] yields much smaller values of velocity field divergence
than those of MRT-LBM. However, it is important to keep in mind that the
Minion & Brown flow is a very severe test due to the small initial perturbation
0, which realizes a very sharp boundary layer. Hence this test is a multi-scale
problem and some of the regularity assumptions used in deriving the numerical
schemes may not hold completely.

2.6 Link-wise wall boundary conditions

The link-wise formulation of the proposed method offers significant advantages
when dealing with wall boundary conditions. First, let us consider simple
structured boundaries, where walls are aligned along the mesh (for general
cases, the reader can refer to the next section). In particular, let us suppose
that walls are located halfway between two consecutive nodes in an ideal step-
wise geometry. Instead of using Eqs. (14), it proves convenient focusing on the
quantities fF (after pre-combining) streaming out of a single point x (“push”
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Fig. 2. Contours of vorticity at ¢ = 1 from the link-wise ACM with the both sug-
gested improvements (v, = 170 v, see Section 2.1, and v = 0.4, see Section C) on a
128 x 128 grid with Ma = 0.04 and Re = 10000.

formulation)
fro) = 100 —2 () 0 ), (26)

Let us suppose that x is a fluid node close to a complex wall boundary at rest
such that x+v; is a wall node. In an ideal step-wise geometry, the wall location
is assumed halfway between x and x + v;. Hence, during the streaming step,
the information stored in the discrete distribution function pointing towards
the wall are reflected along the same link by the wall (according to the popular
bounce-back rule), namely

BB( )(X t + 1) fz*(ﬁa f)? (27>

where BB(i) is the bounce-back operator giving the lattice link opposite to i-
th. Finally the post-combining step can be performed in the usual way, namely

~ 7 2 w—1 €,0 N
Foi (% E+1) = fipe (0 +1) +2 (w) o0 (&0, (28)
Considering that v; = —vpp;) and f(eo = — féeg()i), the combination of pre-

vious steps yields

fosw, i+ 1) = f9(%, £)+< )Qf”) (%, ). (29)
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In case of moving complex boundary with velocity u,,, the procedure reported
in [26] (here reformulated in terms of féejgo()i)) suggests the inclusion of the
additional term

0 Frn0)(p0: W) = 2f 550 (Pos ). (30)

where f ](Seg()i) is given by Eq. (2) and py is the averaged density over the whole
computational domain (see Appendix B for details). For sake of simplicity, let
us consider the diffusive scaling: Ax = ¢ < 1, At = €. Hence, the incom-
pressible limit implies p(X) = py + O(e?). Moreover, the point x is only €/2
away from the moving wall. Combining the previous conditions, the following
approximation holds u(x) = u,, + O(€?) and

i G, t) = firit (po. ) + O(€2),

meaning that the rightmost term of Eq. (29) produces a similar effect to the
correction (30). Hence, the suggested correction for LBM will be multiplied
by a scaling factor (complement to one of the factor multiplying the last term
in Eq. (29)) in link-wise ACM, namely

. . 2 2
ng(i) (Xat+ 1) = fBB(Z') (th + 1) + <w - 1) 5fBB(i)(p0’ uw)? (31)
where f"é’B(i) is the proper boundary condition in case of moving boundary.

Link-wise formulation is also very useful in computing hydrodynamical forces
acting on bodies. A popular approach in LBM literature is based on the so-
called momentum exchange algorithm (MEA), originally proposed in [27] and
lately improved in [28] (see [29] for a complete discussion). In LBM, at every
time step, the momentum

Dr = 3P &, 1) — Vi f (5, + 1) = 9 [ 5, )+ fp (%84 1)]

(32)
is transferred from the fluid to the solid body (fP*" is the post-collisional
distribution function). For sake of simplicity, here we restrict ourselves on
bodies at rest. In link-wise ACM, the quantity fP° is purposely defined in
order to get rid of the last term in the post-combining step, namely

ost /s~ 7 YRS w—1 e,0 A7
£ ) = 1B 2 () flsi ) (3)
Introducing the previous definition in Eq. (32) yields
pi = Vi [£7 (%, 0) + fiuw & E+1)] . (34)
The previous expression for link-wise ACM is general. In case of step-wise

geometries (as those considered in this section), the expression (27) holds and
Eq. (34) can be recast as: p; = 2v;f(X,t). The force exerted on a body is
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computed by a summation of the contributions (34) over all the boundary
links surrounding its surface:

F=> pi (35)

i€S

where S is the set of links starting from all surrounding nodes intersecting the
body.

Conversion of the force (35) from lattice units to physical units requires sub-
straction of the hydrostatic component Fy generated by the averaged density
field po (see also the Appendix B for details). Computing the hydrostatic force
on partial boundaries of a body by Eq. (35 and 34) can be accomplished after
exclusion of the velocity-dependent components of f and fgp ;. If the force
is computed on the entire body surface, the hydrostatic force is null. The re-
maining quantity F — Fy scales as the second order tensor: in case of diffusive
scaling F — Fy ~ €. However the number of points in the set S increases pro-
portionally to 1/e. Consequently the following scaling holds (see also Table

1)
AF = (F - Fo)/é = (—.7—"0/6 + 3 pi) Je. (36)

i€S(1/e)

2.6.1 2D lid driven cavity flow

In this section, the effective enhanced stability of the present LW-ACM method
is tested by means of the classical two-dimensional (2D) lid driven cavity
problem (see also [30, 31, 32]). Such a benchmark has been considered owing
to a singularity of the pressure in the lid corners, which makes it a severe test
for robustness of numerical schemes, especially starting from moderately high
Reynolds numbers. In all simulations, we consider a square domain (x,y) €
0, L] x [0, L], with L = 1. Such a domain is discretized by uniform collocated
grid with N x N points. The boundaries are located half-cell away from the
computational nodes. Let us denote x; the generic boundary computational
node. In all inner nodes (x # X;), Eq. (13) holds for any lattice velocity v;.
In an arbitrary boundary node %,, Eq. (13) holds for any lattice velocity v;
such that x, + v; is still a computational node. In case x; + v; falls out of
the computational grid, the boundary condition (31) is applied, with u,, being
the boundary velocity (imposed half-cell away from the boundary node xy).
In the following numerical simulations, u,, = (uz,0)? at the lid wall, where
uy, is the lid velocity, and u,, = 0 for all the other walls. At the lid corners,
the lid velocity is imposed, while for other corners the boundary conditions
(31) are adopted.

In Figs. 3 and 4, numerical results corresponding to several grids and methods
are reported for Reynolds number Re = uyL/v = 5000. In this case, it is
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Fig. 3. Streamlines for the lid driven cavity flow with Re = 5000. Different numerical
methods and different meshes are compared. The location of the four minima of the
stream-function is denoted by filled circles.

known that the flow is characterized by four main vortexes, whose actual
centers can be found by searching for local extrema of the stream function v
defined as:

o o

u = ) - )
dy Ox
with u and v being the horizontal and vertical component of the velocity field,
respectively.

(37)

For standard Lattice Boltzmann method [16] with BGK collisional operator
and D29 lattice, the coarsest grid which ensures numerical stability was
found to be 250 x 250. On the other hand, the present LW-ACM method
can be safely adopted with 125 x 125 grid, and reasonably accurate results
are found as reported in Figs. 3 and 4. In addition, LW-ACM shows stability
even with 50 x 50 grid (1/25 the total number of nodes needed by BGK-LBM
method), where LW-ACM is still able to describe the main features of the 2D

27



[EN

y[-]
y[-]

0.4f

o

| @ LW-ACM 250 x 250

@) BGK 250 x 250
0 (©es NN 0 7Y
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x[] x[]
1 1

Y

y[-]

.

| @ LW-ACM 125 125 %
. ‘LV\.I—ACM 50x 50 7\

0 DN
06 08 1 0 02 04 06 08 1

0 0.2 0.4 .
x [-] x [-]

Fig. 4. Pressure contours for the lid driven cavity flow with Re = 5000. Different
numerical methods and different meshes are compared.

cavity flow at Re = 5000.

In Fig. 4 the pressure contours for the same test are reported. As visible in the
upper-left part of Fig. 4 the BGK solution shows some checkerboard pressure
distribution at the top corners of the cavity. The mesh resolution is still enough
to overcome the checkerboard instability mechanism: however this comes at
the price of a very large computational domain (larger than 250 x 250). On
the other hand, no such a problem was noticed with LW-ACM, even for quite
coarse grids (down to 50 x 50). The absence of spurious oscillations in the
numerical solutions by the artificial compressibility method (ACM) for this
test case has been already pointed out [12]. Hence, the previous numerical
evidences demonstrate that also the present link-wise formulation of ACM
inherits the same feature.

It is worth stressing that numerical stability on coarse grids, yet with poor
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Fig. 5. Comparison of the velocity field for the lid driven cavity flow at Re = 5000
with 128 x 128 grids: horizontal component u and vertical component v are reported
on the left and right hand side, respectively. Thin and bold lines denote the present
LW-ACM (with v, = v) and optimized ACM solution [12], respectively. The lat-
ter method is based on a second order accurate scheme in time, and fourth order
accurate scheme in space (bulk fluid).
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Fig. 6. Comparison of the pressure field for the lid driven cavity flow at Re = 5000
with 128 x 128 grids. Thin and bold lines denote the present LW-ACM (with v, = v)
and optimized ACM solution [12], respectively. The latter method is based on a
second order accurate scheme in time, and fourth order accurate scheme in space
(bulk fluid).

accuracy, is a highly desirable feature in several engineering problems, e.g.
where a loose grid resolution of details of no interest (for the overall flow
phenomena) should not prevent global convergence of the code.

Clearly the numerical schemes should be compared in terms of the actual
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Fig. 7. Comparison of the velocity field for the lid driven cavity flow at Re = 5000
with 256 x 256 grids: horizontal component u and vertical component v are reported
on the left and right hand side, respectively. Thin and bold lines denote the present
LW-ACM (with v, = v) and ACM solution [12], respectively. The latter method is
based on a second order accurate scheme in time, and fourth order accurate scheme
in space.
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Fig. 8. Comparison of the pressure field for the lid driven cavity flow at Re = 5000
with 256 x 256 grids. Thin and bold lines denote the present LW-ACM (with v, = v)
and ACM solution [12], respectively. The latter method is based on a second order
accurate scheme in time, and fourth order accurate scheme in space.

accuracy as well. From the very beginning, it is worth to point out that all
considered methods (i.e. BGK-LBM, MRT-LBM, ACM, LW-ACM) are based
on artificial compressibility and even steady state solutions depend on the
numerical Mach number (in particular, the pressure gradients depend on the
Mach number, as well as the number of time steps). In particular, reducing
the numerical Mach number improves the quality of the results. See Appendix
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B for details. Hence a fair comparison among different methods requires using
the same numerical Mach number.

The flow fields of a 2D lid-driven cavity problem with Re = 5000 and 128 x 128
grid, as predicted by the optimized ACM method [12] and the present LW-
ACM (with Mach number Ma = 0.2 and v, = v), have been compared. Here
optimized ACM means that (a) high wave numbers are damped for the sup-
pression of the checkerboard instability and (b) the Richardson extrapolation
in the Mach number (except around top singular corners) is employed [12]. As
reported in Figs. 5 and 6, LW-ACM shows both a smoother and more accurate
behavior (see also Table 5), beside a remarkably simpler implementation.

Moreover, in Figs. 7 and 8, we report the flow fields of a 2D lid-driven cavity
problem with Re = 5000 and 256 x 256 grid as predicted by the optimized ACM
[12] and the present LW-ACM (with Mach number Ma = 0.2 and v, = v),
where a small mismatch between the two solutions is observed. This time the
optimized ACM method is able to reproduce the reference results [30] with
excellent accuracy (despite the use of a much coarser grid: 2562 vs. 2048%),
although minor pressure oscillations are still visible at the lid corners and this
affects, e.g., the prediction of entrophy (see Eq. (38) and Table 5). Differences
between ACM and LW-ACM are mainly due to: 1)different accuracy of the two
schemes (second and first order accuracy in time for ACM and the present LW-
ACM respectively, whereas fourth and second order accuracy in space for ACM
and the present LW-ACM respectively), and 2) slightly different treatment of
boundaries. ACM imposes boundary conditions on the computational nodes,
while in LW-ACM, analogously to LBM, the wall boundary conditions are
imposed half cell away from the computational node. This allows one to avoid
singularities, which appear in the top corners for this test case. Despite all
this, it is fair to say that the agreement between the above two solutions is
quite good.

In Figs. 9 and 10, the flow field computed by the LW-ACM with Re = 5000
and 256 x 256 grid is compared to a reference solution from the literature [30],
where a state of the art code based on finite differences is used with a remark-
ably fine grid (2048 x 2048). Despite a significant disparity in the number of
computational nodes (LW-ACM makes use of 1/64 the nodes adopted for the
reference solution), an excellent agreement is found. It is worth stressing that,
the above problem was also simulated by the multiple relaxation time lattice
Boltzmann method (MRT-LBM) with 256 x 256 grid. Comparison between
MRT-LBM and the reference solution is also very good, however the issue of
spurious pressure oscillations in the upper-left corner of the cavity could not be
avoided. Further comparisons between the LW-ACM and other methods are
proposed in Table 5. Here, coordinates of the primary vortex center (z,,y,),
coordinates of the lower-right vortex center (x;.,y.), total kinetic energy E
and enstrophy Z are reported for several schemes and grids, where the latter
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Fig. 9. Comparison of the velocity field for the lid driven cavity flow at Re = 5000:
horizontal component u and vertical component v are reported on the left and right
hand side, respectively. Thin and bold lines denote the present LW-ACM (256 x 256
grid, with v, = v) and the reference solution [30] (2048 x 2048 grid), respectively.
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Fig. 10. Comparison of the pressure field for the lid driven cavity flow at Re = 5000.
Thin and bold lines denote the present LW-ACM (256 x 256 grid) and the reference
solution [30] (2048 x 2048 grid), respectively.

two quantities are computed as follows:

1 1
B= 5 [, Il a2~ Saeay S (u; +of),
Q 1 i] (38)
2 1) 2
7 = 5/9 lw|” d2 ~ 2A93Ay;%w

with w = 0,v — dyu, Az and Ay being the vorticity and the grid spacings re-
spectively. In our study, we notice that one consequence of spurious pressure
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oscillations in the solution of classical lattice Boltzmann schemes is that both
BGK-LBM and MRT-LBM show remarkable inaccuracy in recovering the en-
strophy value predicted by the reference [30], whereas the present LW-ACM
overcomes the above issue.

Finally, based on Figs. 3, 4, 5,6, 7, 8, 9, 10, on comparisons of local and global
quantities proposed in Table 5, we can conclude that LW-ACM represents an
excellent alternative in terms of simplicity, stability and accuracy.

Table 5

2D lid driven cavity flow at Re = 5000: Comparison between the present LW-ACM
(with Mach number Ma = 0.2, v = v,,) and alternative solvers for INSE from lit-
erature [12, 30, 13]. In artificial compressibility methods (LW-ACM, BGK-LBM,
MRT-LBM), even steady state solutions depend on the numerical Mach number:
Hence a fair comparison among different methods requires using the same numer-
ical Mach number (Ma = 0.2 in this case). This is the optimized version of the
ACM method proposed in [12] where (a) high wave numbers are damped for the
suppression of the checkerboard instability and (b) the Richardson extrapolation
in the Mach number (except around top singular corners) is employed. *Owing to
both the accuracy of the scheme and the size of meshes adopted, these results are
considered as a reference for the present study. However, since enstrophy Z for 2D
lid-driven cavity goes to infinity as the grid spacing goes to zero [30], a meaningful
comparison for Z is among similar grids.

Scheme Grid (@p, Yp) (1, Yir) Energy  Enstrophy
Present 128 x 128  (0.51652,0.53754) (0.81081,0.079079) 0.039845 29.247
[12] 128 x 128 (0.52052,0.53954) (0.82883,0.071071) 0.027430 41.249
[12]7 128 x 128 (0.51652,0.53854)  (0.80981,0.072072) 0.038371 37.704
BGK-LBM 128 x 128 unstable unstable unstable  unstable
MRT-LBM 128 x 128  (0.51652,0.53554) (0.80881,0.075075) 0.043600 37.404
[30]* 128 x 128  (0.51562,0.53906) (0.80469,0.070313)  0.043566 30.861
Present 256 x 256 (0.51552,0.53554) (0.80581,0.074074) 0.044391 34.821
[12] 256 x 256 (0.51652,0.53654) (0.80881,0.072072) 0.040896 43.198
[12]f 256 x 256 (0.51451,0.53654) (0.80380,0.072072) 0.048114 42.290
BGK-LBM 250 x 250  (0.51752,0.54054) (0.80781,0.074074) 0.041614 40.455
MRT-LBM 256 x 256  (0.51552,0.53554) (0.80681,0.074074) 0.045222 40.833
[30]* 256 x 256 (0.51562,0.53516) (0.80859,0.074219) 0.046204 34.368
[30]* 2048 x 2048 (0.51465,0.53516)  (0.80566,0.073242)  0.047290 40.261

Remark-In this study, towards the end of making an extensive comparison
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among state of the art INSE solvers, simulations are performed by different
methods and grids as reported in Table 5. Since boundaries may be located
differently for different methods (e.g. unlike ACM [12] where boundaries co-
incide with computational nodes, in LW-ACM boundaries are half cell away
from computational nodes), upon convergence, all the fields are first interpo-
lated (by cubic spline interpolation) on a shifted grid (same size as the one
used for fluid dynamic computations) having the boundaries located on the
computational nodes. The values of global kinetic energy and enstrophy given
by Eq. (38) are based on the latter shifted grids.

Moreover, if one performs the calculation of streamlines and vortex locations
on the basis of the same nodes of the fluid dynamic grid, the final accuracy
will depends on both the accuracy of the numerical solution and the grid it-
self. Hence, results on coarse grids are penalized twice. Therefore, towards
the end of computing the coordinates (x,,y,) and (x;., y;-), all the hydrody-
namic fields (as computed by the several schemes and different meshes) are
first interpolated (by cubic spline interpolation) on a larger mesh, and there-
after the stream function and the vortex locations are computed. The latter
post-processing procedure is composed of the following subsequent steps: 1)
interpolation of the results on fixed fine grid (10002 in Table 5); 2) computation
of the stream function and its local extrema denoting the vortex centers.

2.6.2 3D diagonally driven cavity flow

One of the main advantage of the proposed link-wise formulation of ACM
consists in its independence on the space dimensionality (as far as the con-
sidered equilibrium satisfies the constraints required by the target equations:
see Appendix B for details). As a result, the extension of LW-ACM to three-
dimensional flows is straightforward. In the following calculations, the D3Q19
lattice [16] will be used: even though that is not a Hermitian lattice (such as
D3Q27), the former lattice allows to satisfy the constraints required by the
Navier-Stokes equations (in particular Eq. (B.10)).

Here, we have chosen the three-dimensional (3D) diagonally lid-driven cavity
flow, which is a classical benchmark for numerical solvers of the incompressible
Navier-Stokes equations (see also [33, 34, 35]). The cavity is a cubic box with
unit edge as schematically sketched in Fig. 11. The boundary condition at the
top plane (z,%,1) is uy = (v/2,/2,0)/2 so that uy = ||uz| = 1, whereas the
remaining five walls are subject to no-slip boundary conditions. The computa-
tional domain is discretized by a uniform collocated grid with N3 nodes, with
boundaries located half-cell away from the computational nodes. Towards the
end of making a comparison with data from literature, calculations have been
performed by the LW-ACM at two Reynolds numbers studied in [33, 35] and
[34] (Re = 700, Re = 2000), and two grids: N = 48 and N = 60. Let us de-
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Fig. 11. Cavity flow with the lid moving along its diagonal. Velocity components
along axes x, y and z are denoted u, v and w respectively.

note X,, the generic boundary computational node. In all inner computational
nodes (x # x,,), Eq. (13) holds for any lattice velocity v;.

In this test case, numerical stability is significantly affected by boundary con-
ditions. For that reason, in Ref. [34], Authors suggest to use equilibrium-based
boundary conditions for the sliding wall at relatively high Reynolds numbers
on small computational grids. Nevertheless, as pointed out [34], this imple-
mentation imposes an incorrect constant pressure at the boundary, with the
momentum transfer significantly weakened in the direction perpendicular to
the lid. Moreover, in Ref. [34], the “node” bounce-back boundary conditions
are applied to the remaining five walls for imposing no-slip boundary condi-
tions. Although such an approach reduces oscillations caused by the parity in-
variance and thus enhances the numerical stability, the several simplifications
discussed above were necessary to simulate the 3D cavity flow with Re = 2000,
D3Q15 lattice and 523 grid.

On the contrary, the present LW-ACM method does not need to resort to

the above simplifications any longer. At an arbitrary boundary node %X, Eq.
(31) holds, with u,, being the boundary velocity (imposed half-cell away from
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the boundary computational node x,,). This increases the accuracy in treat-
ing the boundaries (compared to [34]) and, most importantly, it makes prob-
lems in three-dimensions just a straightforward extension of the ones in two-
dimensions (see previous section).

In Figs. 12, 13 and 14 we report a comparison between the velocity fields (in
the MP, CP and PP planes of Fig. 11) by both the commercial code FLUENT
(non-uniform 68° grid) [33, 35], here considered as a reference, and the present
LW-ACM (60? uniform grid) at Reynolds Re = 700: All the flow structures
are correctly reproduced by LW-ACM. Due to a lack of local quantities in Ref.
[33] for Re = 2000, we solved the latter case by the commercial code FLUENT
on our own and we included these results as well in the following comparison.
It is important to point out (as reported in Ref. [33]) that commercial code
FLUENT did not converge with uniform mesh, i.e. without wall mesh refine-
ment. On the other hand, no such problem was found by LW-ACM. Based
on a comparison of local quantities in Fig. 15 for Re = 700, in Fig. 16 for
Re = 2000 and parallel/perpendicular global momenta M, M, :

1 1
MH = 7/ (u + w)ZdV =~ *Al’AyAZ Z (ui’j’k + wi,j,k)Q s
2 v 2 igk
1 1 , (39)
M, = f/ (u — w)?dV ~ *AZEAZ/AZZ (Wijk — Wijk)
2 V 2 ithg 2 s
reported in Table 6, we can conclude that the present LW-ACM is indeed able
to recover the reference solution with significant accuracy.

In Fig. 17, results of the 3D lid-driven cavity flow at higher Reynolds number,
Re = 2000, are reported. It is worth stressing that, here all the main structures
of the flow are correctly described by LW-ACM even with grids coarser than
the one adopted in the reference solution [33, 35]. We stress that, describing
secondary vortexes in this case is known to be a severe test for numerical
schemes (in particular catching top-left and bottom-right secondary vortexes).

For the sake of completeness, we also notice as the Reynolds number increases
larger deviations of the LW-ACM solution from the reference are observed in
terms of the parallel/perpendicular global momenta M), M, (see Table 6).

Finally, in Fig. 18 the numerical results obtained by both LW-ACM and the
MRT-LBM [34] are shown. These two simulations are not perfectly compara-
ble each other. In fact, Authors in Ref. [34] were forced by stability issues to
implement some simplifications when dealing with the boundary conditions
(mainly, equilibrium-based boundary conditions for imposing the lid velocity
and “node” bounce-back for the no-slip boundary conditions). Those simpli-
fications reduce the accuracy with regards to that recovered by Eq. (31).

Other minor difference is that [34] and the present study were obtained by the
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D3Q15 lattice with 523 grid, and D3Q19 lattice with 483 grid respectively. We
notice that, in this case, MRT-LBM makes use of a larger number of degrees of
freedom compared to LW-ACM: 523 x 15 > 483 x 19. In spite of this, it is quite
clear by Fig. 18 that the pressure field recovered by the present LW-ACM is
remarkably smoother than the one obtained by MRT-LBM. More specifically,
a crucial difference is that LW-ACM predicts smooth pressure increase at
the top-right corner, while the MRT-LBM results are affected by oscillations
around the imposed constant pressure at the top plane.
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Fig. 12. Flow in the middle plane z = 0.5 of the 3D diagonally driven cavity (MP
plane in Fig. 11) at Re = 700. Comparison between the LW-ACM with 60% grid
(left) and a reference solution [33] obtained by the commercial code FLUENT (right)
with 683 total number of grid nodes.

Table 6

3D diagonally driven cavity: Volume integral of momentum flux. Comparisons are
carried out between the present LW-ACM method and the reference solution in [33]
adopting 603 and 683 total number of grid nodes, respectively.

Present, Re = 700 [33, 35|, Re =700 Present, Re = 2000 [33, 35|, Re = 2000

v M 0.203 x 10~ 0.216 x 107" 0.134 x 1071 0.163 x 10~
Jy My 0.232x10°2 0.283 x 102 0.174 x 1072 0.239 x 1072

2.6.3  Circular Couette flow

Dealing with moving complex boundaries is very important in many applica-
tions: for example, particle suspensions, granular flows and active (bio-)agents
immersed in the flow. In these cases, the essential issue is to reduce as much
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Fig. 13. Flow in the plane perpendicular to the direction of the lid (CP plane in Fig.
11) at Re = 700. Comparison between the LW-ACM with 603 Cartesian grid (top)
and a reference solution [33] obtained by the commercial code FLUENT (bottom)
with 682 total number of grid nodes. At the centerline, a stagnation point is observed
at z = 0.68 (present), and z = 0.74 (FLUENT).

as possible the computational demand by avoiding re-meshing every time that
the considered objects move in the flow. Taking into account moving objects
is also complicated by the need of re-initializing the portions of the flow field
which are filled again by the fluid after the motion of the objects. The lat-
ter feature is neglected here, because it is a general issue, not peculiar of the
link-wise methods.

First of all, we extend the wall boundary treatment discussed in the previous
sections. Let us suppose that x is a fluid node close to a complex wall boundary
at rest such that x+v; is a wall node. Let us focus on the intersection between
the 2-th lattice link and the wall. The distance between the latter intersection
and the fluid node, divided by the mesh spacing Az, gives the normalized
distance 0 < ¢ <1 (above we considered only the case: ¢ = 1/2). In this case,
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Fig. 14. Flow in the plane parallel to the direction of the lid (PP plane in Fig. 11)
at Re = 700. Comparison between the LW-ACM with 60 Cartesian grid (top) and
a reference solution [33] obtained by the commercial code FLUENT (bottom) with
683 total number of grid nodes.

the streaming step can be performed following the same procedure provided
for LBM in [26] (instead of using Eq. (28)), namely

X 2qfF(%,1) + (1 —2q) f#(x —evy, 1), g < 1/2,
P qaf; (%) + (1 —2q) f7 ( ), g <1/

LfGd)+ (1 £) fhpn & D), g>1/2

>

() (

where BB(i) is the bounce-back operator giving the lattice link opposite to i-

th. Finally the post-combining step can be performed in the usual way, namely
by means of Eq. (28).

In case of moving complex boundary with velocity u,,, the procedure reported
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Fig. 15. Velocity profile along the line ML (left) and the line RL (right) at Re = 700
(see also Fig. 11). Comparison between the present LW-ACM with uniform 603
Cartesian grid and a reference solution (consistent with [33]) obtained by the com-
mercial code FLUENT with non-uniform 68> total number of grid nodes.
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Fig. 16. Velocity profile along the line ML (left) and the line RL (right) at Re = 2000
(see also Fig. 11). Comparison between the present LW-ACM with uniform 603

Cartesian grid and a reference solution obtained

by the commercial code FLUENT

with non-uniform 68% total number of grid nodes.

in [26] suggests to consider an additional term, namely

6fBB(i)(p07 uw) =

40

2f(BejBO()i)(p07uw>7 qg < 1/27
% gg()i)(pg,uw), q> 1/2,
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Fig. 17. Flow in the middle plane z = 0.5 of the 3D diagonally driven cavity (MP
plane in Fig. 11) at Re = 2000. a) LW-ACM with 483 uniform grid. b) LW-ACM
with 60% uniform grid. ¢) LW-ACM with 682 uniform grid. d) Reference solution by
the commercial code FLUENT with 68% non-uniform grid [35].

where f éeg()i) is given by Eq. (2) and py is the average value of the density over
the whole computational domain (see Appendix B for details). Similarly to
what we did in the previous sections, in case of diffusive scaling, the suggested
correction for LBM will be multiplied by a scaling factor in link-wise ACM.
Hence ng(i) given by Eq. (31) is the proper boundary condition in case of
moving complex boundary.

In this section, numerical results are reported for the circular Couette flow,
where a viscous fluid is confined in the gap between two concentric rotating
cylinders. In our study, we assume the inner cylinder (with radius r;) at rest
while the outer cylinder (with radius r.) rotates at a constant angular velocity
1/r.. The latter flow admits the following exact solution:

41



{’K{
-5
b
=
T
3
=

) .
GRHITN

\
\—/// ——— \\§§\—/ : = <
— /////%///7? W S <>OC>
0.4 4 0.6 0.8 1

x[-] ' x[-]

Fig. 18. Pressure contours for the diagonally driven cavity flow for Re = 2000 at
the lateral mid-plane (y = 0.5): Solution obtained by present LW-ACM with 483
uniform grid and D3Q19 lattice (left), and MRT-LBM method with 523 uniform
grid and D3Q15 lattice [34] (right).

Table 7
The L' norm of the error versus € = Az = Ma at t = 20 in the problem of the
circular Couette flow for v = 0.07.

Link-wise ACM
e=Axr  Error L'[uy] Error L'[p] Error L'[|T]]
1/20  1.53627 x 1072 8.81208 x 10~ 4.20562 x 10~*
1/40  3.50537 x 107*  3.58432 x 1074 1.98687 x 10~*
1/80  1.77257 x 10~*  1.97650 x 10™*  9.13289 x 107°
1/160  3.42570 x 107> 6.16474 x 107> 3.66160 x 10~°

MRT-LBM

e=Az  Error L'fug] Error L'[p] Error L'[|T]]
1/20  4.66795 x 1073 2.52316 x 102  7.58091 x 10~°
1/40  1.52864 x 1073 8.47929 x 10~*  1.39351 x 104
1/80  3.08607 x 107%  2.99584 x 10~* 6.98541 x 10~°
1/160  7.99695 x 107°  1.09817 x 10=%  3.39760 x 10~°

u(t,r,0)=—-C (: - 7;}) sin(6), (41)
o(t,r,0)=C (r - T’) cos(0), (42)
r; r
r? C? (r? r?

T =4rCuvry, (44)



cylinder at rest rotating cylinder

Fig. 19. Set-up of the circular Couette flow, where one quarter of the domain is
reported. For the sake of clarity, a significantly coarse grid is represented.

where

B 1

Te/Ti = 1ifTe
Here, %, 0, p and T denote horizontal velocity, vertical velocity, pressure and
the torque on the inner cylinder respectively, with € being the angle between
radial direction and the horizontal axis. A schematic representation of this
setup is reported in Figure 19. Diffusive scaling is considered for this test
case, where the velocity field is scaled on meshes with different sizes, keeping
fixed the relaxation frequency (see Appendix B for details). The latter scaling
ensures second order convergence in the accuracy, as reported in Table 7.

(45)

Moreover, the torque exerted by the fluid on the inner cylinder is computed.
To this end, Eq. (34) is applied in combination with the boundary conditions
provided by (40). The computation of 7 was finally performed by a summation
of the contributions (34) over all the boundary links around its surface, namely

T =) (X=%)xpi (46)
i€s

where %, is the center of the cylinders and S is the set of links starting from
all nodes surrounding the body and intersecting the body itself. Similarly to
what has been done for scaling the force exerted on a body, the above torque
(assumed acting on the whole inner cylinder) must be converted from lattice
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units to physical units (see Table 1 for details). More specifically, the formula
is the following

T= Y (&-%)xp. (47)

1€S(1/e)
because |x —x.| ~ 1/e and this automatically takes into account the force
scaling reported in Eq. (36).
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Fig. 20. Circular Couette flow: Pressure error (absolute value of the discrepancy
with respect to the analytical solution) of the pressure solution interpolated on
the inner cylinder surface as a function of the intersection angle (in the interval
6 € [0,7/2]), between the versor normal to the inner cylinder (radial direction) and
the horizontal axis of the Cartesian grid.

In Table 7, the numerical results for the circular Couette flow are reported.
As expected, the numerical solution in terms of velocity and pressure shows
almost second order convergence rate. On the other hand, the modified MEA
for link-wise ACM in computing ‘7_" shows first order convergence rate (sim-
ilarly to the original MEA for LBM). The torque is a global quantity and
hence it may hide some error compensation. In order to report a quantitative
and detailed assessment of the local stresses, we consider the local wall shear
stress on the inner cylinder surface, namely

dﬂ
dr

_ T (48)

2 r?’

7_'i:I/

7
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Fig. 21. Circular Couette flow: Wall shear stress error (absolute value of the dis-
crepancy with regards to the analytical solution) calculated by means of the local
solution gradient on the inner cylinder surface as a function of the intersection angle
(in the interval § € [0, 7/2]), between the versor normal to the inner cylinder (radial
direction) and the horizontal axis of the Cartesian grid.

where w = vu? + v2. In particular, in Figs. 20 and 21 the pressure and the
wall shear stress absolute error are reported respectively, as a function of the
intersection angle (in the interval § € [0,7/2]) between the versor normal
to the inner cylinder (radial direction) and the horizontal axis of the Carte-
sian grid. In both cases, the errors are computed by the absolute value of the
discrepancy between the computed quantities and the analytical solutions.
Different meshes are considered, namely ¢ = 1/40, 1/80 and 1/160. The nu-
merical results show that, for both pressure values and wall shear stresses, the
LW-ACM produces numerical results which are systematically more accurate
than those by LBM, even though the two methods are using the same bound-
ary conditions. On finer meshes, the numerical errors are more scattered due
to amplification by the logarithmic scale.

In this section, we reported evidences about the possibility to use boundary
conditions, originally formulated for LBM, also in the context of LW-ACM.
The drawback is that these boundary conditions are less intuitive than those
commonly used in FD and this is particularly strident for LW-ACM, which has
a FD formulation indeed. As a concluding remark, it is important to recall that
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the formulation of the boundary condition is very transparent in the original
ACM, e.g. no slip wall velocity and zero pressure gradient normal to the wall.
Moreover, by taking into account the curvature correctly (e.g. by finite-volume
ACM using body-fitted cell system), the accuracy is dramatically improved.
The reason is that, in link-wise ACM and in LBM, the boundary condition
for curved wall is based on one dimensional interpolation, but this method is
not very accurate for computing stresses (depending on local spatial deriva-
tives). Hence for accurate solving boundary layers, the finite-volume ACM
using body-fitted cell system is preferable. However, in the present paper, we
used link-wise boundary conditions because they are extremely simple to be
generalized in three dimensions and they have potential when dealing with
moving complex objects (e.g. particles).

3 Conclusions

In the present work, a novel method for low Mach number fluid dynamic sim-
ulations is proposed, taking inspiration from the best features of both the
Lattice Boltzmann Method (LBM) and more classical computational fluid
dynamic (CFD) techniques such as the Artificial Compressibility Method
(ACM). The main advantage is the possibility of exploiting well established
technologies originally developed for LBM and classical CFD, with special
emphasis on finite differences (at least in the present paper), at the cost of
minor changes. For instance, like LBM, it is possible to use simple Cartesian
structured meshes, eventually recursively refined in the vicinity of solid walls,
and there is no need of solving Poisson equations for pressure. On the other
hand, any boundary condition designed for finite difference schemes can be
easily included.

As far as solving incompressible Navier-Stokes equations - INSE - (by mini-
mal amount of unknowns) is the only concern, the pseudo-kinetic heritages of
LBM represent a severe limitation to several aspects such as designing flexible
boundary conditions, introducing tunable forcing terms and analyzing consis-
tency of the numerical scheme (asymptotics). On the contrary, the suggested
method has no such pseudo-kinetic heritages. Or in other words, following the
standard LBM nomenclature, the present LW-ACM requires no high-order
moments beyond hydrodynamics (often referred to as ghost moments) and no
kinetic expansion such as Chapman-Enskog, Hilbert, van Kampen. Like finite
difference schemes, only standard Taylor expansion is needed for analyzing
consistency. Beside the above aspects, numerical evidences reported in this
work suggest that LW-ACM represents an excellent alternative in terms of
simplicity, stability and accuracy. Hence, in this framework (solving INSE by
minimal amount of unknowns), the utility of high-order moments is question-
able.
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Finally, preliminary efforts towards optimal implementations have shown that
LW-ACM is capable of similar computational speed as optimized (BGK-)
LBM. In addition, the memory demand is significantly smaller than (BGK-)
LBM. In our opinion, there is still room for improvement according to the per-
formance model (based on assuming either infinitely fast memory or infinitely
fast compute units). Importantly, with an efficient implementation, this algo-
rithm may be one of the few which is compute-bound and not memory-bound.

The latter observation is of particular interest for General-Purpose computing
on Graphics Processing Units (GPGPU).
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A Appendix: Equilibrium distribution functions

The quantities fi(e) are designed in order to recover the incompressible isother-
mal fluid dynamics. For sake of completeness, we report here the explicit ex-
pressions of the equilibrium functions for some popular lattices.

The D2Q9 lattice [16], suitable for two dimensional problems (D = 2), consists
of the following discrete velocities (@ = 9): vo = (0, 0), ¥v; = (%1, 0) and
(0, 1), for i = 1-4, and v; = (&1, +1), for i = 5-8, where the i-th equilibrium
distribution function f reads

9 3
79 = w1439 u D (v w? - D] (A1)
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with p the fluid density, and w; the weights

More explicitly, the complete set of equilibria takes the form:

f(e) —

4/9  i=0,

wi=1{ 1/9 i=14,
1/36 i=53.

4/9p —2/3 pu? —2/3 pv?,
1/9p+1/3 pu+1/3 pu® — 1/6 pv?,
1/9p+1/3 pv +1/3 pv? — 1/6 pu?,
1/9p—1/3 pu+1/3 pu® — 1/6 pv?,
1/9p—1/3 pv+1/3 pv* —1/6 pu?,

1/36 p+1/12 p(u+v) + 1/8 p(u + v)* — 1/24 p(u? + v?),
1/36 p—1/12 p(u — v) + 1/8 p(—u + v)? — 1/24 p(u? + v?),
1/36 p—1/12 p(u +v) + 1/8 p(—u — v)* — 1/24 p(u® + v?),

| 1/36 p+1/12 p(u —v) +1/8 p(u — v)* — 1/24 p(u® + v?) |

(A.2)

where u and v are the velocity components, i.e. (u,v)? = u, with pressure
being p = p/3. The above equations (A.1) and (A.3) can be generalized as

follows [36]

f(g) (mev Hyy) =

p(1—1Ly) (1 —1,),
p (ag + u) (1 —1Ly) /2,
p gy —u) (1= 1Ly,) /2,
p (1= 1op) (I 4 0) /2,
p (1 —1Ia) (Iyy — v) /2,
p (I, + ) (1L, +v) /4,
p ey — w) (Hyy +v) /4,
p oz — ) (I, —v) /4,
p (ao +u) (Iyy —v) /4,

with the equation (A.1) being a special case of (A.3): If one assumes II,, =
1/3 +u? and 11, = 1/3 + 02, then f (1/3+u? 1/3 +v?) = f© (if third
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order terms with respect to velocity components are neglected). However, it
is possible to introduce more involved functions depending on additional pa-
rameters. For instance, a quasi-equilibrium function which is useful for tuning
bulk viscosity of both lattice Boltzmann and link-wise ACM schemes can be
expressed as

(A4)

2 9 2, .2
f(qe)(p,u,Tr):f(g) (Tr—l—u —v?2 Tr—u?+v >’

2 ’ 2

where Tr is an additional tunable parameter (usually corresponding to the
trace of the second order tensor IT = 3, v;V;f; normalized by density (see
also the Appendix C).

The D3Q19 lattice, which is suitable for three dimensional problems (D = 3),
consists of the following discrete velocities (Q = 19): vo = (0, 0, 0); v; =
(£1, 0, 0) and (0, £1, 0) and (0, 0, £1), for i = 1-6; v; = (£1, £1, 0) and
(£1, 0, 1) and (0, &1, £1), for 7 = 7-18. Here, the the i-th function £ s
formally identical to (A.1), with the following weights

1/3 =0,
w; =4 1/18 i=16, (A.5)
1/36 i =T7-18.

B Appendix: Asympthotic analysis

In (13), with x = x/Axz and £ = t/At, both At and Az must approach zero,
though it is not clear the value of the limit: lima,_,o At/Az. In order to clarify
this point, we apply Taylor expansion to (13)

Az?

filt+ A = 19— Axv; - V9 + (3, V)2 D - S, VP

2
A$2 (,0) Ax3

2
+ (2 _ w) (Ax G VIO = S VRO 4 S (3 )

where all the quantities are computed in the same point x and hence this is
no more explicitly reported. A summation of Egs. (B.1) over i yields:
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ap+<2_1>Mv.(pu)+1<5_1>A$3(V.)3Q(e):

ot w At 6 At
Az? 9 Azt
) (e) A211®)
2At(V)H +O<At(V)H ),(B.z)

with Q) = ¥, v v, v; fi(e). In the rightmost term of the above expression (B.2),
we rely upon the fact that spatial derivatives of the fourth-order moments
have the same growth rate of spatial derivatives of the second-order moments.
Moreover, the diverge is raised to a power which is selected for consistency with
the units of other terms. This is unessential, as far as the order of magnitude
of the term is concerned. Multiplying (B.1) by v; and summing over 4, it yields

d(pu) Ax

Av oy A?
Ry v Ly v

2 3
~5 (g (Srv ) oo

Similar considerations as Eq. (B.2) apply to the rightmost term in the above
equation (B.3). Concerning the relationship between At and Az, (B.3) sug-
gests two possible strategies:

At x Az, acoustic scaling, (B.4a)
At oc Az?, diffusive scaling. (B.4b)

Sometimes, the dimensionless mesh spacing Az = Az’/L is referred to as spac-
ing (Ax = h) in the literature on finite difference method or even numerical
Knudsen number (Az = Kn) in the Lattice Boltzmann literature. Similarly,
it is possible to introduce a numerical Mach number: Ma = U/(Az'/At’). In
this way, the dimensionless time step At = At'/(L/U) can be expressed as
At = Kn Ma. Hence, the acoustic scaling corresponds to constant Ma, while
the diffusive scaling to Ma oc Az.

Regardless of the adopted strategy, the numerical scheme must converge to-
wards the physical solution of the incompressible Navier-Stokes equations. The
physical solution is identified by the Reynolds number, which is the recipro-
cal of the factor multiplying the second-order spatial derivatives in Eq. (B.3),

namely )

Az /1 1 1

a0 2) *me (B.5)
Hence, according to (B.5), in acoustic scaling w needs to be tuned in order
to guarantee a constant Reynolds number, while in diffusive scaling a fixed w
already ensures a constant Reynolds number. Moreover, in acoustic scaling,
the smaller Az the smaller w for keeping fixed the Reynolds number. The
latter case can be problematic in the present LW-ACM due to the heuristic
stability domain, 1 < w < 2, thus diffusive scaling is generally preferable.

Similarly to standard LBM, in LW-ACM, the definition of At and Az is
implicit (and this is sometimes a source of confusion). In fact, the end-user
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can select both Kn o 1/N (with N the number of mesh points along the
flow characteristic length) and Ma by a scaling factor for the velocity field.
Hence, the acoustic scaling requires the tuning of the relaxation frequency
w on different meshes, keeping constant the computed velocity field. On the
other hand, the diffusive scaling corresponds to a scaling of the velocity field
(see also the section below) on different meshes, keeping fixed the relaxation
frequency.

B.1 Diffusive scaling
Substituting Az = ¢ < 1 and At = €% into (B.3), it yields
1 1

o (- ) o). mo

Due to the presence of a mesh-dependent parameter in (B.6), upon conver-
gence, all moments need to be scaled via the following post-process:

= (u—up)/e, I = (11 — II,) /€2, Q¥ = (Q¥ — Q) /e, (B.7)

where ug, Ily and Qg are constants, with the odd quantities ug and Qg equal
to zero. On the contrary, the even quantity ITy = poI, where pq is the average
pressure over the whole computational domain (the average even moment 1
over the whole computational domain depends mainly on the amount of mass
and only slightly on the flow field).

As a result, the normalized pressure field is defined as p = (p —pg)/e* and the
normalized density field as p = (p — pg)/€* or equivalently p = py + € p. Upon
substitution of the latter quantities into (B.2), it follows

V-i=0(). (B.8)

Recalling that II¢® = puu + pI and introducing the scaled quantities, we

obtain - -
u —

pQE -+ pol_l -Vu + V]j = (w - 2) (V)QQ(E) + 0(62). (Bg)
In order to recover the incompressible isothermal fluid dynamics, the quantities

£ are designed [16] such that

(2

ngl)c - g (widjk + w0k + urdij) - (B.10)
Consequently
~ 2
VV-Q© = %v%—l + %v Vit o) = %v?a +O(P),  (B.I1)
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where the last result is due to Eq. (B.8). Introducing the previous assumption
in Eq. (B.9), it yields

Ou +u-Vua+ iVp: V2 + O(€). (B.12)
ot Po

where

,,:1<1_1>, (B.13)

w 2
Introducing the previous expression into Eq. (B.2), it yields

€ 0p €2 ( 1 >
— L 46vV-u=—V-|(a-Va+ —Vp| +O(). B.14
PN 5 VP (") (B.14)

Taking into account the new definition given by (B.13), Eq. (B.8) should be
expressed more rigorously as V - 1 = O(e?/v). Combining the latter equation
and Eq. (B.12), it follows

V- (u Vi + :Vp) = 0(e*/v). (B.15)

Introducing the above expression into Eq. (B.14), it yields

L4+ V-u= 0. (B.16)

The divergence-free condition for the velocity field requires that €?/v < 1,
which is consistent with (B.12) as well.

B.2  Acoustic scaling
Assuming Az = e < 1 and At = ¢, Eq. (B.3) yields

9(pu)
ot

VLTI — e (i _ ;) (V-2Q© + O(e2). (B.17)

This time, there is no need to scale all the moments and a proper tuning of w is
sufficient instead (see below). Leaving the moments unscaled and substituting
the above assumptions in Eq. (B.2), we obtain

dp

2 (z_l) V- (pu) = O(e). (B.18)

The above equation (B.18) proves that acoustic scaling should not be used
in link-wise ACM, when dealing with transient simulations, while for steady
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state flows we get:
V- (pu) = O(e/v), (B.19)

showing that, if the density (pressure) gradients are small (consistently with
the incompressible limit), the above equation provides indeed an accurate
divergence-free velocity field. However, in acoustic (unlike diffusive scaling)
the compressibility error cannot be reduced by mesh refinement. Taking into
account Eq. (B.10) and Eq. (B.19), we get

V-V Q¥ = ;Vz(,ou) +O(e/v), (B.20)

hence

d(pu)
ot

where 7 = ev. If the density (and pressure) gradients are small, the solution
to the system formed by (B.19) and (B.21) provides a reasonable approxima-
tion of the Navier-Stokes solution in the incompressible limit. However, the
latter system does not asymptotically converge towards the incompressible
Navier-Stokes solution, as the mesh get finer and finer (at least, as far as the
discretization error is smaller than the compressibility error). This is the main
reason why the diffusive scaling is preferred in this work.

+ V- (puu) + Vp = vV?(pu) + O(e), (B.21)

B.3  Forcing

Let us consider the forcing step described by Eq. (15), with Az = ¢ < 1,
At = #+1 (or equivalently Ma = Kn”) where f is a free parameter (3 = 0
and $ = 1 denote acoustic and diffusive scaling, respectively). The correction
due to (15) leads to an additional term in (B.3):

d(pu) Ax © Ax? <1 1> 2 (e) Az © 1
o Tar Y= a (G T (VAT F VI g e
(B.22)

From the definition At = Kn Ma and u = Mau (see the previous section), the
proper scaling for the forcing term follows:

_ 1 1
B K2 8 T @ & (B29)
A certain physical acceleration g (fixed for a given problem), can be imposed

in the numerical code through the mesh-dependent acceleration g = ¢! g.

53



B.4  Energy equation

Under the assumption of negligible viscous heating and conservation of internal
energy, in the incompressible limit, the temperature field is governed by an
advection-diffusion equation. Let us call T" the normalized temperature field
such that 7" < 1 in all the domain of interest, with the quantities fl-(e) defined
such that p = pT'/3.

There were a number of suggestions aiming at enabling thermal fluid-dynamic
simulations with the lattice Boltzmann method [37]. Among the most interest-
ing ones, we remind: (a) Increase of the number of velocities and inclusion of
higher-order nonlinear terms (in flow velocity) in the equilibrium distribution
functions; (b) inclusion of finite difference corrections aiming at the fulfill-
ment of energy conservation on standard lattices [38] and, (c) use of two sets
of distribution functions for particle number density (f;), and energy density
(g:), doubling the number of discrete velocities. Even though the first and the
second approaches are preferable from the theoretical point of view, the last
one is characterized by a much simpler implementation. When dealing with
the incompressible limit, the pressure field is characterized by small variations.
However, cases may be experienced where large temperature and density gra-
dients compensate each other. If both pressure gradients and temperature gra-
dients are small, a weak coupling between fluid dynamic and energy equations
is realized and the simplified approach (c) discussed above can be adopted.
This approach will be further extended below in the framework of the present
LW-ACM. Extensions of the approach (b) in the framework of LW-ACM are

currently under investigation as well.

The LW-ACM approach for (weak) thermal fluid dynamic simulations makes
use of the following system of algebraic equations

- e)/n o~ 7 wp — 1 ee)/n 7 ee)rn o~ 7
(5, 11) = g7 G, D42 () (61, ) — 9l (k= ¥ D)) L (B24)
t

fori =0,...,Q¢ — 1 (the number of lattice velocities for solving the thermal

field can be different from that used for solving the velocity field, i.e. Q; # Q).
(e)

7

are local functions of T'= Y, ¢; and Tu = }_, v;g; at the
same point x and time £. The quantities gi(e) are designed in order to recover the
advection-diffusion equation, according to the constraints discussed below. In

particular, recovering the advection-diffusion equation requires : 3, gge) =T

The quantities g

and >, \7'1-91(6) = T, i.e. the conservation of hydrodynamic moments, and

5, viv;0'? = II'® = uu+T/31. On the other hand, the even parts of equilibria

¢ are defined as

g (T0) = 5 (N(Tow) + g7 —w)). (B:25)

DO | —
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Eq. (B.24) is formulated in terms of X = x/Ax and = t/At. In the following,
let us consider the diffusive scaling, namely Az = e < 1 and At = €2 (see the

Appendix B for further details on diffusive scaling). Taylor expansion of Eq.
(B.24) yields

2
git+ ) =g —ev; - Vgl + %“’i V)2

2 N ee 62 ~ e,e

+ (2— ) <evi-vg§ ) (v V)2 )> +..., (B.26)
Wt 2

where all the quantities are computed in the same point x and time ¢ and

hence this is no more explicitly reported. Summation over i of the equations

(B.26) yields

Tolvemw s Sorg = (LoD o (@),

ot € w2
(B.27)
with Q' = ¥, v;%;%;¢'”. In the rightmost term of the expression (B.27),
we rely upon the fact that spatial derivatives of the fourth-order moments
have the same growth rate of spatial derivatives of the second-order moments.
Moreover, in the same term, the diverge is raised to a power which is selected
for consistency with the units of other terms. This is unessential, as far as the

order of magnitude of the term is concerned.

Similarly to the fluid dynamic equations (see the Appendix B), we apply the
following post-processing for scaling all moments (arbitrary constants have
been already omitted):

a=ufe, ILY=11" QY =Q{/% (B.28)

One possibility for automatic implementation of the latter scaling is to assume
(o 1 B )

(Qi(f ))ijk =3 (W01 + Uil + Urdyj) (B.29)

similarly to Eq. (B.10), because thus all terms in Q,EE) become proportional to
the velocity field (and they are automatically scaled by means of the first of
the above scalings).

Moreover, taking into account the second scaling and the definition of Hﬁe)
reported in the main text, we conclude that I\ = e2au + T/31, where T
does not need to be scaled (or equivalently T'= T). Substituting the previous
scalings into (B.26), and taking into account (B.8), we obtain

%Z +1-VT = aV?T + O(e?), (B.30)
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where

o= ; (1 - 1) . (B.31)

Table B.1
Convergence analysis for thermal Couette flow in case of diffusive scaling, with
Prandtl number Pr = 0.71.

Link-wise ACM

e=Ar Maox At/Ar v oxRe? axPe™!  Error L?[u] Error L2[T]

1/5 .11 x 1072 555 x 1072 1.11x 1072 3.10x 1073 1.61 x 10~°
1/10 555 x 1072 555x 1072 1.11x 1072 8.25x 107% 4.28 x 1077
/20 278 x 1073 555 x 1072 1.11x 1072 2.12x107* 1.01 x 1077

Here, a few numerical results are reported for the thermal Couette problem,
which is realized by confining a viscous fluid in a gap between two parallel
plates. Assuming that the one plate (hot wall located at y = 0 and with
temperature Ty) moves in its own plane, whereas the other (cold wall located
at y = 2L and with temperature Ts) is at rest, the controlling parameters
are the Prandtl number Pr = v/a (measuring the momentum diffusivity:
v, to heat diffusivity: a) and the Eckert number Ec = 4%/c,AT (measuring
the kinetic energy: pii?/2, to internal energy: pc,AT). Thermal Couette flow
admits the following analytical solution of the temperature field:

(B.32)

— — y .- BrAT y ( Y )
T(y)=Ts+ AT —(1- =
W) =Ts+ 58T+ ——5p 1731 )
with AT = (TN — T5>, and the Brinkman number Br = Pr Ec.

Diffusive scaling was considered in our simulations, where the velocity field is
scaled on meshes with different sizes, keeping fixed the relaxation frequency
(see the Appendix B for details). Some preliminary numerical results are re-
ported in Table B.1 for Pr = v/a = 0.71.

C Appendix: Computing derivatives locally

LW-ACM allows a straightforward local computation of spatial derivatives. In
this respect, a good example is provided by the following strategy for tuning
bulk viscosity. Since the LW-ACM (like LBM and ACM) is an artificial com-
pressibility scheme, bulk viscosity can be regarded as a free parameter (if the
incompressible limit is the only concern).
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One possible strategy for tuning the bulk viscosity is described below. Instead
of standard f° (see Eq. (A.1) in Appendix A) in Eq. (13), we consider a

modified set of functions, namely fl-(e*), defined as
fi(e*) _ fi(qe) (p’ u, Tl"(e) + 0l (TI'(+) _ Tr(e))> , (Cl)

where 49 (p,u, Tr) is given by Eq. (C.1), 7 is a free parameter, Tr'® is the
trace of the tensor IT® normalized by the density and Tr™") is the trace of
the tensor ITH) = 3, v;¥, fi(t + At) normalized again by the density. Let us
consider the two dimensional case (D = 2): by definition, Tr'® = 2/3 + u?.
Substituting the latter into Eq. (C.1) and taking into account the definition
of fi(qe) given by Eq. (A.4), it is possible to compute the second order tensor
of £ namely

T — 1) 4 % (Tr™ — Tr) 1. (C.2)

At the leading order, the modified equilibrium differs from the standard one
only due to even moments.

In order to simplify the last term of the Eq. (C.2), by Egs. (B.1), we compute
the following quantities

I =11 — 60 Az V- Q) + 0 (Ax?(V-)*I), (C.3)
where TIH) = 32, ¥, v, fi(t + At). Recalling the definition in (B.10), it yields

) =119 — 20 Az (V(pu) + V(pw)" + V- (pu)T) + O (Aa?(V-)*TT9).
(C.4)

with its trace taking the form:
e = Trl® —8v Az V - (pu) + O (Aa:Q(V-)QH(e)) : (C.5)

Considering the diffusive scaling, namely Az = ¢ < 1 and At = € (see
Appendix B for further details about the diffusive scaling), the previous ex-
pression can be recast as:

T =T —8pr V- + O(é?). (C.6)

Introducing the previous expression into Eq. (C.2) and applying the scaling
to the remaining terms, it reads:

) =TI — 4povyV-al+ O(e2). (C.7)

Substituting T1¢*) instead of 1) into Eq. (B.9) and taking into account Eq.
(B.11), it yields
ou _ _ _ 2~ — 2
poa%—pou-Vu—{—Vp:l/Vu+fVV-u+O(e), (C.8)
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where £ = 2pgv (1+27) is related to the bulk viscosity. The previous equation
is consistent with Eq. (B.12), because the gradient of the divergence of the
velocity field is as large as the leading error (hence it is not spoiling the
consistency). However, the range v > 0 is usually beneficial to numerical
stability. This strategy enables to increase the bulk viscosity by using the
updated distribution function for computing locally all required derivatives
(involved in the divergence of the velocity field).

D Appendix: Equivalent finite-difference formulas

Here, we provide some finite-difference formulas fully equivalent to Eq. (13) for
a chosen lattice. Let us consider the popular D2Q9 lattice [16] for two dimen-
sional problems (D = 2), and consisting of nine discrete velocities (Q = 9).
The quantities fi(e) can be explicitly defined for this lattice [16]. They allow
to recover the incompressible Euler equations (with p = p/3), and they are
consistent with the property given by (B.11), which is essential for recover-
ing Navier-Stokes equations. The numerical algorithm is fully defined, upon
substitution of £\ into the Bq. (13).

According to the finite-difference literature, we define the generic computa-
tional stencil by means of cardinal directions. The generic point P with a
position vector X = (n,m)? (the superscript 7" denotes transposition) is iden-
tified by a pair of integers n and m. By means of the subscripts £ and W, we
denote the neighboring points (n & 1,m)T, respectively. Similarly, by means
of the subscripts N and S, we mean the neighboring points (n,m £ 1)T, re-
spectively. Two types of subscripts may be used concurrently for identifying
the diagonal points.

Concerning time levels, if not otherwise stated, all quantities are intended as
computed at the generic time level ¢, with the superscript “+” meaning a
quantity at the new time level # 4+ 1. The unknown quantities are given by
the velocity components u = (u,v)? and the pressure p (the density for this
model is given by p = 3p). Hence the equivalent finite-difference formulas
must provide a way to compute u}, v and pp.

Applying the definitions of hydrodynamic quantities to Eq. (13), it follows:
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phup=pp(—6uy + 6ug + 3v% — 2)/18 + py (6usy, + 6uy — 3v3, +2)/18
—pne(3ui g + Unpvne — une + 3vi g — Sune + 1)/36
+onw (Buiy — Qunwunw + Suyw + 3vay — Sunw + 1)/36
_pSE(Su?S‘E — guSEUSE — SUSE + 3U§'E + 3USE + 1)/36
+psw (3uzy, + Mswvsw + Susw + 3vay + Svsw + 1)/36
+2/3(1/w — 1) [prpur — 3ppup + pwuw
+(pnEUNE + PNwUunw + Pseuse + pswusw ) /4
+(pNEUNE — PNWUNW — PSEVSE + pSWUSW)/4] ) (D-l)

ppvp =pn(3uy — 6v3 + 6uy — 2)/18 + ps(—3uz + 6v% + 6vs + 2)/18
—pnE(Buig + unpune — Sung + 3vag — 3une + 1)/36
—pyw (3uiy — Qunwonw + Sunw + 3y — Sunw + 1)/36
+pse(3uby — uspvse — Suse + 3v5E + 3vse + 1)/36
+psw (Bugy + Mswvsw + Susw + 3vEy, + 3vsw + 1)/36
2/3(1/w — 1) [pnvn — 3ppup + psvs
+(PNEUNE — PNWUNW — PSEUSE + Pswisw)/4
+(PNEVNE + DPNWUNW + PsEUsE + Pswusw) /4] . (D.2)

ph=—2pp(3up + 3v3 — 2)/9
—pE(—6u3, + 6ug + 3vy — 2)/18 + pw (6udy + 6uy — 3vy, +2)/18
—pn(3u3, — 6v% + 6oy — 2)/18 + pg(—3u% + 6v% + 6vg +2)/18
+pnE(3ui g + unpune — ung + 3vi g — Sune +1)/36
+pnw (Buaw — unwonw + Sunw + 3viy — Suvw + 1)/36
+psp(3udy — Mspvse — Susy + 3v5, + 3vse + 1)/36
+psw(3ugw + 9USW'USW + 3USW + 3'U§W + 3'USW + 1)/36
+2/3(1/w — 1) [~ppug + psvs + pwuw — PNUN
+(pswusw + PNwUNW — PNEUNE — PSEUSE)/4
+(pswvsw — PNwUNW — DNEUNE + PsEVsE) /4] (D.3)

It is important to stress that the above expressions (D.1), (D.2), (D.3) for the
considered lattice model are fully equivalent to (13) up to machine precision,
since no asymptotic analysis is requested in their derivation.

From a computational perspective, optimal implementation requires that the
number of floating point operations are reduced as much as possible by com-
mon subexpression elimination (CSE) [20]. Moreover, for locating the macro-
scopic quantities (p, u,v) contiguously in the memory, it is possible to collect
them in a single array and to use the first index for addressing them, namely
M(1:3,1:Ny1:Ny) where N, x N, is the generic mesh. This leads to an
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optimized FD-style implementation. First of all, let us compute the following
auxiliary quantities

pup=M(1,i,j) M(2,i,]), pYup = 2pup,
pvp =M(1,i,j) M(3,i,]), wup = 2pup,
poy =M(1,i,j+1)M(3,i,j+ 1), pvs = M(1,i,j — 1) M(3,i,j — 1),
pup=M(1,i+1,j) M(2,i+ 1,)), puw = M(1,i —1,j) M(2,i —1,j),
punp=M(1,i+1,j+ 1) M(2, i+1,j—|—1),
punw =M(1,i—1,j+1)M(2, )
pUSE:M(1I+1J—1>M< )
pusw =M(1,i—1,j—1)M(2, )
pong=M(1,i+1,j+ 1) M(3, |+1J+1),
poyw =M(1,i —1,j+ 1) M(3, )
vaE:M(1|+1J—1)I\/I(3 )
(1 )M(3, )

pusw =M(1,i—1,j—1

and

¢1=pug (—M(2,i+ 1, J)+1)+M(1 |+1 i) (M(3,i+1,))%/2 = r13),
do=puw (M(2,i = 1,j) + 1) = M(L,i = 1,j) (M(3,i = 1,j)*/2 = r13),
¢3:pUN (_M(37|7J + 1) + 1) + M(L |>J + 1) (M(2,|,J + 1)2/2 - 7“13),
ds=pvs (M(3,i,j — 1) +1) = M(1,i,j — 1) (M(2,i,j — 1)%/2 — r13),
¢s=punp (M(2,i+1,j+1)+3M@3,i+1,j+1)—1)+...

ot poye M3+ 1,j+1) = 1) + M(1,i+1,j+ 1) 73,
ds=punw (M(2,i —1,j+1) =3M@3,i—1,j+1)+1)+...

s puww MBI —1,j+1) = 1) + M(1,i — 1,j+ 1) 73,
dr=pusg (M(2,i+1,j—1) —=3M@3,i+1,j—1)—1)+...

ot puge (MB,i4+1,j— 1)+ 1) + M(1,i4+1,j — 1) 7y,
ps=pusw (M(2,i—1,j—1)+3M3,i—1,j—1)+1)+...

ot pugw (M(3,i—1,j— 1)+ 1) +M(1,i — 1,j — 1) 73, (D.5)

where 713 = 1/3. By means of the quantities (D.4) and (D.5), it is possible to
compute the following additional quantities

¢pp = pup + pup, ®pm = pup — pup,

®NEp = PUNE + PUNE, Gswp = pusw + PUsw,
ONWm = PUNW — DUNW $SEm = PUSE — DUSE,
Oye = ONEp — PPps Qs = dpp — Gswp,
Oy = ONwm — PPm; Csp = Opm — PSEm,
O ywse = Pvw — PsE, Oypsw = Pne — Psw. (D.6)
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Finally, auxiliary quantities are used in computing the updating formulas:

P;:M(LLDM?) — pup M(2,i,j) — pup M(3,i,]) + 2 — o1 + s — P53 + . ..
oot (s + s+ O+ ¢s) /4 — by (Pvw + Psp — Pye — Psw) + - .-
-+ +b(pug — puw + pun — pug),

PE=MY(LL]) = b3, (0.7)
up =M1 (2,1,)) = (1 + ¢ + (6 — P5 — b7 + ) /4 + ...

< —a(pug — pup + puw) — by (Pypsw + Pnwse))/ph, (D.8)
vp =MT(3,1,)) = (3 + s + (7 + s — b5 — ) /4 + . ..

~—a(poy — pup + pug) — ay (Pnpsw — Pnwse))/ph, (D.9)

where ry3 = 4/3, b = 2 —2/w, ay = a/4, b = 2 — 2/w, and by = b/4.
The previous optimized formulas are consistent with Egs. (D.1-D.3) in case
wp = w, b = a and by = a4. Kinematic viscosity is controlled via the parameter
w according to (12), whereas the parameter w, is responsible of the artificial
compressibility. In particular, if w, # w, the first term in Eq. (B.16) becomes
proportional to €?/v,, where v, is the value obtained by using w, in Eq. (12).
Without additional computational costs, a proper choice of v, > v allows to
reduce the compressibility error in case of under-resolved simulations.
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