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Abstract

A new lattice Boltzmann model for simulating ideal mixtures has been developed
by means of the multiple-relaxation-time (MRT) approach. If compared with the
previous single-relaxation-time (SRT) formulation of the same model, based on the
continuous kinetic theory, the new model offers the possibility to independently
tune the mutual diffusivity and the effects of cross collisions on the effective stress
tensor. The additional degrees of freedom, due to the increased set of relaxation time
constants used for modeling the cross collisions, allows us to match the experimental
data on macroscopic transport coefficients. Two different integration rules, i.e. the
forward Euler and the modified mid-point integration rule, were used in order to
numerically integrate the developed model. Unfortunately the simpler forward Euler
integration rule violates the mass conservation and there is no way to fix the problem
by changing the definition of the macroscopic velocity. On the other hand, a small
correction has been purposely designed for compensating this error by means of the
mid-point integration rule. Some numerical simulations are reported for proving
the effectiveness of the proposed corrective factor. For the considered application,
the asymptotic analysis, recently suggested as an effective tool for analyzing the
macroscopic equations corresponding to the lattice Boltzmann schemes, offers a
remarkable advantage in comparison with the classical Chapman-Enskog technique,
because it easily deals with leading terms in the distribution functions, which are
no more Maxwellian.

Key words: mixture modeling, cross collisions, lattice Boltzmann method,
asymptotic analysis

Email address: pietro.asinari@polito.it (Pietro Asinari).

Preprint submitted to Elsevier Science 15 May 2006



1 Introduction

In the last years, the lattice Boltzmann method (LBM) has become very pop-
ular among the discretization techniques for solving simplified kinetic models.
Starting from some pioneer works [1-3], the method has reached a more sys-
tematic fashion [4,5] by means of a better understanding of the connections
with the continuous kinetic theory [6,7] and by widening the set of applica-
tions, which can benefit from this numerical technique. When complex ge-
ometries are considered and the inter-particle interactions must be taken into
account, the discretized models derived by means of the lattice Boltzmann
method offer some computational advantages over continuum based models,
particularly for large parallel computing. A more complete and recent cov-
erage of various previous contributions on LBM is beyond the purposes of
the present paper, but can be found in some books [8-10] and some review
papers [11,12].

A promising application for lattice Boltzmann models seems to be the anal-
ysis of reactive mixtures in porous catalysts [13,14]. For this reason, a lot of
work has been performed in recent years in order to produce reliable lattice
Boltzmann models for multi-component fluids and, in particular, for mixtures
composed by miscible species. The problem is to find a proper way, within the
framework of a simplified kinetic model, for describing the interactions among
particles of different types, i.e. cross collisions. Once this milestone is defined,
the extension of the model to reactive flows is straightforward [15,16] and it
essentially involves additional source terms in the species equations according
to the reaction rate.

Unfortunately, most existing lattice Boltzmann models for mixtures are based
on pseudo-potential interactions [17-20] or heuristic free energies [21-24] in
order to realize the so-called single-fluid approach [25,26]. Essentially, the av-
eraged effect due to both self-collisions and cross-collisions is described by
means of a total BGK-like collisional operator. Considering some special kind
of mixture properties in the Maxwellian distribution function of the BGK-like
collisional operator, each species will be forced to evolve towards the mixture
equilibrium conditions. For almost a decade now, diffusions driven by con-
centrations, pressure, temperature and external forces have been studied by
this kind of models for arbitrary number of components with non-ideal in-
teractions. Even though the single-fluid approach proved to be an accurate
numerical tool for solving some macroscopic equations in a large number of
applications, it provides a mesoscopic picture of the phenomena which shows
some limits.

On the other hand, some models based on the two-fluid approach have been
proposed. According to this approach, each species relaxes towards its equilib-



rium configuration according to its specific relaxation time and some coupling
must be considered in order to describe the collisions among different species.
Some models [27,28] adopt a force coupling in the momentum equations, which
derives from a linearized kinetic term, while other models [29,30] adopt a wvis-
cous coupling, which is an additional coupling effect in the effective stress
tensor.

In particular, the Hamel model [31-33], originally developed within the frame-
work of the continuous kinetic theory, implies that cross collisions realize both
an internal coupling force, proportional to the diffusion velocity, and an ad-
ditional coupling effect in the effective stress tensor. For this reason, Hamel
model is the natural forerunner of all linearized models and allows us to de-
scribe mixtures at different limiting regimes consistently. An LB discrete for-
mulation of the continuous kinetic model proposed by Hamel has been recently
proposed [30]. Unfortunately in the original LB formulation, the macroscopic
mutual diffusivity and the mixture kinematic viscosity could not be indepen-
dently tuned because only a single cross-collision relaxation time was available.
Tuning strategies based on diffusivity or on mixture kinematic viscosity were
proposed, but it is worth pointing out that in that formulation the viscous
relaxation process and the diffusion process were inseparable.

The goal of this paper is twofold:

(1) to extend the previous LB formulation of the Hamel model by means
of the multiple-relaxation-time [34,35] (MRT) approach in order to inde-
pendently tune both mutual diffusivity and mixture kinematic viscosity,
which, according to the experimental data, differs from the elementary
mass averaged kinematic viscosity;

(2) to prove that, for the considered application, the asymptotic analysis [36],
recently suggested as an effective tool for analyzing the macroscopic equa-
tions corresponding to LB schemes, offers some advantages if compared
with the classical Chapman-Enskog expansion.

Even though the MRT formulation represents a remarkable progress, the well-
known drawback of Hamel model of the Boltzmann system for gas mixtures
is the lack of differentiability. The indifferentiability principle [37] prescribes
that, if a BGK-like equation for each species is assumed, this set of equations
should reduce to a single BGK-like equation, when mechanically identical com-
ponents are considered. This essentially means that, when all the species are
identical, one should recover the equation governing the single component gas
dynamics. This principle can be considered one of the basic physical proper-
ties in the design of simplified kinetic models for mixture modeling [38]. From
the macroscopic point of view, the consequences due to the lack of differen-
tiability will be discussed (see Section 4 for details). However this paper still
considers the original formulation of the Hamel model. The development of an



MRT model for mixture modeling fully consistent with the indifferentiability
principle is discussed in another paper [39].

This paper is organized as follows. Section 2 summarizes the previous single-
relaxation-time formulation of the Hamel model. Section 3 generalizes the
previous formulation by means of the multiple-relaxation-time approach for
the continuous case. Section 4 recovers the macroscopic equations which corre-
spond to the continuous model by means of the asymptotic analysis. Section 5
recovers the macroscopic equations for the discrete model based on the forward
Euler integration rule. Since this simple implementation does not satisfy the
continuity equation, Section 6 discusses a modified integration scheme based
on the modified mid-point integration rule for ensuring the mass conservation.
Section 7 reports some numerical simulations for proving that the modified in-
tegration scheme is effective and, finally, Section 8 summarizes the conclusions
of this work.

2 Single-relaxation-time (SRT) formulation of the Hamel model
on the D2Q9 lattice

According to the Hamel model [31-33], the distribution function g, for the
generic species o satisfies the following equation,

atga 1 1
-V o — — — o — (gom — o) 1
5 TV VY Ta(gg g)+Tm(9m 9o) (1)

where ¢¢ = g¢(u,), g5,, = g¢(u) and ¢¢(u,) is defined as

gs(w,) = n%@/:ea)mexp l_(vz—;)j : (2)

In particular u, is the single species velocity and u is the barycentric velocity,
defined as the mass average of the single species velocities, i.e. u = Y, z,u,
where x, is the generic concentration. The relaxation time constants 7, and
T describe the equilibration process due to self collisions and cross collisions,
respectively. Introducing a proper two-dimensional lattice (D2Q9) for the mi-
croscopic velocity and considering the limiting case U/c < 1, where U is a
characteristic macroscopic flow speed and c is the lattice speed, yield to the
single-relaxation-time (SRT) formulation of the Hamel model [30], namely

0fs
ot

V= A (f5 = 1)+ A (f5 = 1) (3)



where f¢% = f¢i(u,) is the equilibrium distribution function centered on the
species velocity and f¢¢ = f¢i(u) is the equilibrium distribution function
centered on the barycentric velocity, defined as the mass average of the species
velocities.

It is possible to reformulate the previous equation in a more simple way,

ofs

2V VI =0+ ) (F = 13) (4)

where f¢' = (1 — a,)f¢" + a,f¢" and a, = \,/(As + Ap). The modified

om

equilibrium distribution function is defined as

ei i J(9—55,) 3 2 2
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for i =0,
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for 1 <i < 8 and s, = 3e,/c? The constants ¢ are the usual weight factors
for this lattice [5] and e, is the internal energy. The previous equations can
be written in vectorial form, namely

f
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where V is defined as

. |010-1 01-1-1 1
V' =c¢ : (8)
001 0-11 1-1-1

It is possible to consider an equivalent moment system of the previous model
by defining a proper set of moments. The lower-order moments are the con-
served hydrodynamic moments, but the higher-order non-hydrodynamic mo-
ments are unknown. Since the final goal of the moment formulation is to
decouple the different moments in order to differently relax them, it seems



natural to consider an orthogonalization procedure: in the following, the well-
known Graham-Schmidt procedure will be considered. For this procedure two
elements are needed: the generalized scalar product and the starting non-
orthogonal basis. Concerning the first issue, it has been shown that the scalar
product, which includes the weight factors, namely

8
<Xp,Xp >= Y 'l alb, (9)
=0

generates orthogonal basis clearly separating the terms in the distribution
function according to the power of macroscopic velocities [36]. Concerning
the starting non-orthogonal basis, it is essentially a matter of convenience:
for simplicity, a simple monomial basis will be considered {1,%,,7,,} and
2 A 52 5252

{f}m by, 02, 07, U 07, 0y 0F, 3 vy}, where 0, = v,/c and ¥, = v,/c. These as-

sumptions yield the following linear mapping

1 1 1 1 1 1 1 1 1
o 1 0 -1 0 1-1-1 1
o o0 1 0 -1 1 1-1-1
o 0 0 0 0 1-1 1-1
-1/3 2/3-1/3 2/3-1/32/32/32/32/3], (10)
—1/3 -1/3 2/3 -1/3 2/32/32/32/32/3

o -1 0 1 0 2-2-2 2

o 0 -1 0 1 2 2-2-2

1 -2 -2 -2 =2 4 4 4 4

M 4

which allows us to define the full set of equilibrium moments for self collisions

e __ e __ ~ ~ ~ ~
m, = MA fo‘ = Po [17u0x7u0y7uawuay7

T
(50 = 1)/3+ 02, (so —1)/3+d2,,0,0,1 = s,] ", (11)

oy’

and cross collisions

e __ e __ N S
m; = MufS = p, [1, Uy, Uy, Uylly,

(50— 1)/3+ 2, (5, — 1)/3+2,0,0,1 — 5,] . (12)



The same mapping M, can be used in order to define the generic non-
equilibrium moments, namely

~ A
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where all the previous quantities were rescaled by means of the lattice speed
in order to ensure that all the moments have the physical dimensions equal to
those of the density. Finally, the equivalent moment system corresponding to

Eq. (7) is

om,,
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where m¢, = (1 — a,) m¢ + a, m

e
m:*

These preliminary results, which are equivalent to those reported in the paper
discussing the SRT formulation of the Hamel model [30], will be generalized
in the following section.

3 Multiple-relaxation-time (MRT) formulation of the Hamel model
on the D2Q9 lattice

The previous vectorial equation (7) can be formally generalized as

of,
STV Vi = A, (£ £) A (f, £, (15)

where A, = MBID(,MD, A, = ME)IDmMD and Mp defines a proper or-
thonormal basis. In particular, D, and D,, are diagonal matrices,

diag(Dy)" = [0, AL, AL AL AL DG, AL AT ALY

ol o2
diag<Dm)T = P‘?n? )‘7Inv >‘7In> )‘ﬁla )‘;TnIZa )\57{37 >‘7[7{17 >‘7[7{Iv )\{n\/]’ (16)

collecting the generalized relaxation time constants for self and cross collisions.

In the equivalent moment space, the previous equation can be reformulated
as

om,

ot

+ M4V - (M Vm,) = E, (mg — m,) + B, (mj, —m,), (17)



where E, = 1\/[,4AO.1\/I;1 and E,, = MAAmMgl. The choice of Mp strongly
effects the coupling among the moments and the final system of macroscopic
equations. The easiest choice is obviously Mp = My, because in this case
E, = D, and E,, = D,,,. Unfortunately this choice does not allow one to
freely tune the bulk viscosity of the fluid, which can strongly effect the stabil-
ity of the calculation when the diffusion phenomena are considered. For this
reason, a slightly different choice was adopted and the practical consequences
will be discussed by the asymptotic analysis discussed in the next paragraph.

Assuming Mp as

01 1 1 1 1 1 1 1 1
o 1 0 -1 0 1-1-1 1
o 0 1 0 -1 1 1-1-1
o 0 0 0 0 1-1 1-1
Mp = 0 1/2-1/2 1/2-1/2 0 0 0 0
—2/3 —-1/6 —1/6 —1/6 —1/6 1/31/3 1/3 1/3
0o -1 0 1 0 2-2-2 2
o 0 -1 0 1 2 2-2-2
1 -2 2 -2 -2 4 4 4 4
implies
X 00 0 0 0 0 0 O]
0 0 0 0 0 0 0 0
00M 0 0 0 0 0 0
000X, O O O 0 O
Eo=1—p3mo 0 0 0 pgo pizme 0 0 0],
—t3mo 0 0 0 pzme pzpe 0 0 0
000 0 0O OMI 0 0
000 0 0 0 O0MNI ¢
| 000 0 0 0 0 0]

(19)

where piz;0 = ()‘{7[3 - )\g)/3, H3p2 = ()\(1713 + >‘(I;12)/2 and fizme = ()\(1;13 - )‘512)/2-
In order to reduce the truncation errors, some relaxation time constants will

be assumed equal to zero: A2 = A\l = 0 because m¢’

m! for i =0,1,2 and



N =0mE =m! for i = 0 respectively.

As previously done for the SRT formulation, it is possible to search for a more
compact form. In particular, let us introduce the matrix X,, defined as

X, = M,y My XMy M, (20)

where XY is a diagonal matrix such as

diag<X2)T = [17 17 1a azlrllv a£127 04(1713, Oééll, OééII, aévL (21)

and af ; = X /(N5 +XE ) for k > 2. Tt is possible to prove that the following
equivalences hold

E, = (Ea + Em) (I - Xo)v (22)
E,=(E,+E,)X,. (23)

Introducing the previous relations in the Eq. (17) yields

om,

ot

+ M4V - (M, Vm,) = (B, + E,) (mf,, —m,), (24)

where m$,, = (I - X,)m¢ + X, m¢,. Coming back in the discrete velocity
space, the compact form becomes

of,
S TV Vi = AL(f 1), (25)

where A, = M ;' (E, + E,,) M4 and

fe = (T— Mp' X Mp) £ + Mp' X) M ff,. (26)

The matrix A, is singular, then a pseudo-inverse has been defined as

ATA, =A AT =1-Q, (27)

where @;; = 1/9. This definition differs from that reported in the paper by
Junk et al. [36], because the kernel of the generalized matrix A, is smaller,
since the single species momentum is not conserved (at least for A, > 0).

In the next paragraph, the asymptotic analysis will be applied in order to
recover the macroscopic equations, which derive from the generalized MRT
formulation of the Hamel model.



4 Asymptotic analysis of the MRT Hamel model by the diffusive
scaling

For most of the diffusion phenomena, the characteristic velocities are usually
much smaller than the sound speed. For this reason, the diffusive scaling [40]
can be properly applied.

There are three characteristic time scales in this system: the time scale T(,
which properly describes the collision phenomenon, i.e. O(7,/T¢) = 1; the
time scale T, which properly describes the particle dynamics on the lattice,
i.e. O[(L/c)/Tr| = 1 where L is the system size and, finally, the time scale T,
which properly describes the slow fluid dynamics, i.e. O[(L/U)/Ts] = 1. The
fast fluid dynamics (acoustic waves) was neglected. Since a lot of collisions
are needed in order to travel across the system, then T /T = €, where € is a
small number. Moreover since U/c < 1, then Tr/Ts = € and then consequently
Tc/Ts = €. Once the characteristic time scales are defined, the basic idea is
to express the previous equation in terms of some normalized quantities, in
order to analyze the slow fluid dynamics only. Applying the diffusive scaling
to Eq. (25) yields

of, . - A
TV Ve = AL(E - f,), (28)

62

where @ = /L, t = t/Ts, A, = Tc A, (which implies E, = T¢E, and
E,, =TcE,,) and V = V/c. Let us introduce the following regular expansion

f, = Z ek fék)7 (29)
k=0

and then consequently

m, =Y m. (30)
k=0

In particular, for the density and the momentum

=S o)
k=0

ja = Z ekjgk), (32>
k=0

10



where ja = ps U,. Consequently it is possible to define a regular expansion for
the velocity, namely

Po Y02, €F P p

(2

R PR o/ s ) O 1O o O b 2
u — + E—EW —I—O(E ) (33)

In the following, the coefficients of the regular expansion for the momentum jfﬁ
will be considered as functions of the coefficients of the regular expansions for
the density and the velocity, i.e. p® and @*). This means that the expansion
given by Eq. (32) means

jg:pgﬁg:<26k (k><26kﬁgk)>:z:ek {Z p(pﬁ ] (34)
k=0 k=0 P

+q=k

Introducing the previous expansions in the Eq. (28) yields

Of (k) NN
g +V. vfék—i—l) A feO (k+2) + A fel p((Tp)’ gq)
: e e
+A, Z £e? [p(p) u( 2 r} A, f(k+2 (35)

p+q+r=k+2

where the equilibrium distribution vector f¢ was split by grouping together
the same monomial terms with regards to the velocity, i.e. £¢ = £¢0 4 fel 4 f¢2,
In particular f¢/ = M;'m¢’ and

mio =p,[1,0,0,0, (s, —1)/3, (s, —1)/3,0,0, (1 — SU)]T, (36)
m¢' = p, [0, u,,u,,0,0,0,0,0,0]", (37)
_ . -
0
0
(1 — ) gy tpy + a2t u, u,
m;® = p, (1 = Bapa) U3, — Bama s, + Papo Uz + Pama vy | (38)
—Bama U2, + (1 - 53;;2) Uy, + B3ma U2 + Bsp2 Uy

0

0

0

11



where (3,0 = (alf, +all) /2 and (35,0 = (alf —all)) /2. Conventionally the de-
pendence on the single species velocity was explicitly reported, even when the
barycentric velocity appears in the previous expressions, because the barycen-
tric velocity is the mass average of the species velocity. Since U/c < 1, then
O(Ju|/c) = ¢ and consequently a) = 0. It has been proved [36] that the
expansion coefficients of the moments satisfy the following property

ngn—i-l) 0, ﬁgn) — 0’ (39)
for n > 0. Taking into account this property, Eq. (35) for & = —2 yields

£0) = £0[p0] = p) 5y, where sg is defined as
0= [(1=5/950),55/9,50/9,55/9, 55/9, 55/36, 55/36, 5,/36, 5,/36]" ,(40)
and p® is unknown. In order to find what macroscopic equation the function

o9 must satisfy, the equivalent moment formulation with the diffusive scaling
will be considered, namely

om,
€ ——

o (leﬁma) =(E, +E,) (m{ —m,). (41)

In particular, introducing the usual expansions in the equations for the lower
order moments and separating the scales yields

Hpk)

g" +V Y pal =, (42)

¢ p+g=Fk+1

AY o 4 Vi ®) 50 _ @

VT =L Y P e —al], (43)
p+a=k+2

where the tensor T(k“) can be considered as the result of a proper operator
T working on f*+1) je T&*+D) =T {fék“)} where

T [f(k—&—l)} _ —o Ms; f(k+1 —o Mui f(kﬂ) (44)
T[S Ma g S Me g |

12



and

1 11 1 11 1 1 1
0 1 0 -1 01-1-1 1
0 0 1 0 -11 1-1-1
00 0 0 01-1 1-1
M=|0 1 0 1 01 1 1 1]. (45)
o0 1 0 11 1 1 1
01/21/2 1/2 1/21 1 1 1
01/2 0-1/2 01-1-1 1
0 01/2 0-1/21 1-1-1

According to the general property given by Egs. (39), the Egs. (42) for k =
—1,+1 are meaningless. For k£ = 0, 42, the same equation yields

9o

eV [pa] =0, (46)
opd .

%-FVJ((;’): . (47)

According to the general property given by Egs. (39), the Egs. (43) for k& =

—2,0 are meaningless. The equations for £k = —1, 41 can be recovered
VTR = A [ —al], (43)
9 [POa] + V- 7@ = 51 [ - §©)] (49)
at o g g m lea Y

Recalling the definition of £9), then T = s,/3 p® I and consequently

(e

$5/3Vp) = —AL pl0 w1, (50)

where w() = a(!) — @ is the diffusion velocity. Hence in general the leading
term of the density field is due to the sum of a constant value p? and a proper
field due to the diffusion velocity p? (%) satisfying the previous equation, i.e.
0) = 0 + pP(%). Egs. (35) for k = —1 yields

g

£0 = £ [p, a0 — ATV VY, (51)

13



and recalling the definition of £(*,

£ =3,0v. [S[ ® ﬁ(l)} —AlV. [so ® @pf,o)} : (52)

where s; is defined as

sy =[4/9,1/9,1/9,1/9,1/9,1/36,1/36,1/36,1/36]" . (53)
It is easy to prove that if s, = 1 then sy = s;. Applying Eq. (50) yields

. Moo
£ =3p0V - [s;@a] +3p0 ALV - [sg @ W], (54)
S

g

and consequently

£ =30V [s;@al]. (55)

g

This result is identical to that obtained by Junk et al [36]. Recalling Eq. (35)
for £ = 0 and taking into account the general property given by Eq. (39), the
last expansion coefficient can be recovered

L JOED e
£ = ps; + £ | pV, 0, 0l | — Al {a(; v Wfﬂ} | o

Assuming AL = M1 and M, = M yields

_ (0)
I AR Gl DT
3 3N+ ALL) ot
(1= al1) )0 u® @ ul) + ol Oy gy

g o g

1 y ) y 0 = ~
3L+ AL {V [0 a0 + v [ ] - V- [p0 al)] I}

+B3m1 Pffo) {[ﬁ(l)r — [ﬁgl)r} I (57)

where (3,1 = (alf, —alf)/2. In order to ensure the Galilean invariance of the

pressure, (3,1 = 0 is assumed and this implies

NI NI
- (59
)\0'1 )\03

The asymptotic analysis allows to define some constraints in the relaxation
time constants in order to ensure the desired structure of the macroscopic

14



equations. Taking into account these assumptions, the Eq. (49) explicitly be-
comes

[P980) +9 - [(1 - alh) o 60 © 60 +0l) )0 60 6 V]

S

. . . . T
+s, 3V =¥ {ﬁgm V[0 4] + 2y [0 V] }
~ ~ S ~
5 {7 - [p0 O]} 4 S i o) 59
{ o |} 3DU[J -9 (59)
where DU, Uy m and 7, are respectively the diffusivity, the kinematic viscosity

and the second coefficient of the kinematic viscosity for the generic species in
the mixture, defined as

D,=——, 60
5 (60)
1
Dy = ———————— (61)
3(AFL+ )
. 2— 5,4 1
Nom = —= i - — —. (62)

BN+ Als) 3L+ AL

The following simplifications yield

~

I
V[0 8] = o0 ) 30 8 a0 w2 )0 el ()

g

. 5 M
V[0 80 = o090 30 )

because the neglected terms are of the same order of magnitude of the inertial
terms and the latter are much smaller than the velocity gradients in the low
Mach number limit. Collecting the previous results yields

Qaa P+ AP eV [eplad + ] <o, (©3)

8 ~
—l—esg/SV{ +e€ p( ]—EV{ ) o €V - eﬁg}
0) 5 (1 T
+eV- p(7 ygmeVeu + pe y(,m eVeu
0 g — H0) ¢ g 4 3363) _ 333 66
5 P e P el + €] Jg} (66)
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Coming back to the original quantities expressed in physical units, it is easy to
verify that, if terms O(e?) are neglected, then g, = p» +¢% p? and @1, = eulV)
satisfy the Navier-Stokes system of equations, namely

0po o

LAV (prty) = 0, (67)

Q. . Lo Lo
5 (Poliy) +V - [(1 —all)) po iy ® 0, + ol pgu®u}
= 50 /3V s + VY (P o V - T1,)

+V. [ﬁayamvﬁg + Po Vom (VﬁU)T}
So

- ﬁ ﬁa (ﬁa - ﬁ) ) (68)

where D, = T 2 Dy, Vo = T 2 Dy and 1gm = T ¢ flgm.

From the macroscopic point of view, the consequences due to the lack of
differentiability of the Hamel model are evident in Eq. (68). As a matter of
fact, if one sums over the single species momentum equations, then the mixture
momentum equation is not recovered. This is due to the additional quadratic
term appearing in the left hand side of Eq. (68), which depends on the single
species velocities. Sometimes this undesired feature of the Hamel model (and
consequently of the Sirovich model) is omitted by considering this additional
quadratic term negligible in comparison with that depending on the mixture
velocity [41]: however, this is clearly not correct by taking into account the
considerations discussed in the asymptotic analysis. The development of an
MRT model for mixture modeling fully consistent with the indifferentiability
principle is discussed in another paper [39)].

In the next paragraph, some integration rules will be compared in order to

analyze the performance of the numerical implementations of the previous
model.

5 Asymptotic analysis of the MRT Hamel model integrated by the
forward Euler integration rule

The easiest way to integrate the previous model is by means of the forward
Euler integration rule. According to this technique, the operative formula is

£,(f+ €, X + V) = £,(£,X) = A, [f(£,X) — £,(£,X)] . (69)
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The difference in the left hand side is transformed in differential operators by
means of the Taylor expansion, namely

o0

Z Ek Dk(a/afa v ’ @) fa = A* (ff - fa) ) (70)
k=1

where Dy(zq,z3) are polynomials defined as

% b
Dk(xl,azg) = Z 1 2. (71)

| p!
2atb—k>1 & !

Introducing the previous expansions in the Eq. (70) yields

S DN D <A [ A S e e

p+q=k+2 p+q=k+2
A Y 2 a0, a0 - AL, (72)
p+q+r=k+2

or explicitly

f(k—i—? _ feO { k+2)} + Z fel {pa ’ﬁ( )}
p+qg=k+2
+ Y 20l el - AL > D,(0/0E V- V)ED. (73)

p+gt+r=k+2 p+q=k+2

Even though we are using the simple forward Euler integration rule, the same
expansion coefficients are recovered for £{¥) and f), while for the £?) the
following relation holds

| NN NN
(%) = £ - SAIV-V [V V£ (74)

In the moment space, the system of equations becomes
o

> M4 D(0/0, V- V)My'm, = (E, + E,) (m¢ — m,), (75)

k=1

Introducing the usual expansions in the equations for the lower order mo-
ments and separating the scales yields that for £k = 0 the contribution to the
continuity equation is

dp)
ot

+ V- [p0a] + 22 SV =0, (76)
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and for k£ = —1 the contribution to the momentum equation is identical to
that given by Eq. (48). Unfortunately this means that the continuity equation
is no more satisfied. In order to solve this problem, a modified vector m¢}, and
consequently f¢, can be introduced, where

m®) = p, [0, U, + dwy o, u, + dw,,,0,0,0,0,0,0]". (77)

*

The reason to choose such modification is due to the undesired term appearing
in Eq. (76). This additional term is the divergence of the density gradient, but
the last gradient is proportional to the diffusion velocity w,. Hence it is rea-
sonable to try to delete the undesired term by modifying the definition of the
macroscopic momentum, since this quantity will appear in the divergence part
of the continuity equation. Moreover this correction should be proportional to
the diffusion velocity for producing a term identical to that we want to delete.

For this reason, the second expansion coefficient will be modified

o

frd = £ [p 0] — ALV - Ve, (78)

and then consequently

A — £ [p0,a]} = -V Ve, (79)

Calculating the zero-order moment of the previous expression yields

$e/3Vp) = =L (1 —d) pl Wb, (80)

which generalizes the Eq. (50). Introducing Eq. (80) into Eq. (76) yields

op0 . . Ss & Sy &
g‘; + V- [pPaW 4+ dp®wh — v Vo | + 5 V2l =0, (81)

which is equivalent to Eq. (76). There is no way to tune d, in such a way to
restore the continuity equation.

For this reason, in the next paragraph a proper corrective factor will be dis-
cussed.
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6 Asymptotic analysis of the MRT Hamel model integrated by the
modified mid-point integration rule

Let us suppose to modify the operative formula due to the forward Euler
integration rule by adding a proper corrective factor. Recalling the Eq. (73),
it is easy to prove that any corrective factor taken from the kernel of AI does
not effect the expansion coefficients of the discrete models. A generic vector
from the kernel of Ai is proportional to

s;;=10,1/6,1/6,1/6,1/6,1/12,1/12,1/12, 1/12]T. (82)
When the definition of the moments are considered, the generic vector s;;

produces an unit source term in the continuity equation and a zero source in
the momentum equation. The corrected equation will be

£+, X+eV)—£,((,X)=¢€ %” VW s+ A, (f —1,). (83)

Taking into account the following property

st V-V [V vEO]) = %" V20, (84)

where sj;7 is

s = 1[3,3/2,3/2,3/2,3/2,0,0,0,0]" (85)

it is possible to express the Eq. (83) in terms of the discrete distribution
function

£+ X+eV)—£,(6X) =

sy sy V-V [V VEO]} 4 AL (R 1), (36)

Finally, neglecting the terms O(€*) yields

f,(f+ ¢ X +eV) =£,({, X) + A, (f — £,)
+1/2s @ sy [£,(5 X + V) = 2£,(£,X) + £,(£,X = e V)] . (87)

The modified scheme satisfies Eq. (46), as the continuous model does. The
contribution to the continuity equation for £k = 42 can be expressed by means
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of the following operator j**) = j [fék“)}, where

8 ) My, fOH

s [e(k+1)] _ o1
it = (88)
L o Mai £
In particular, the discrete flux is
I8 =39 +5{12v VI + of D)0l + 1/6V -V (V- VED)
+1/24V -V [V V (V- VEO) ]} (89)

Summing the contributions for £ = 0 and k£ = +2 to the continuity equation,
an expression similar to Eq. (65), but involving the discrete flux, is recovered.
Since the discrete flux produces some terms O(e?), it can be neglected and
this ensures that the continuity equation is satisfied with second order spatial
accuracy.

The contribution to the momentum equation for k = —1 is identical to that of
the continuous model, given by Eq. (50). This means that if the terms O(e?)
are neglected, the discrete model produces a diffusion velocity which is pro-
portional to the concentration gradient by means of the diffusion coefficient.
The contribution to the momentum equation for £ = +1 can be expressed by
means of a modified tensor Tfi)i, namely

TV = TP+ T{-1/2A1V - V[V VEO] +1/2V - V£V + 0f" /0k
1/6V-V[V- Vi ]}, (90)

After some simple algebra, the final expression is recovered

T =10 4+ £V (1 20,) o0 80 — L3, 0w 1
A

+ A)‘—m {@ [p(o) W(l)} +V [p(O) vAv(l)}T Y. {p(o) wu)] I}
DVASER SRR (i o
1 (e 1
L AV A RO RO (owl)}

+6{{p"u“ g mPr Vo
R 1. T

Y [ - i e] o)

Summing over all the species and assuming that the mixture velocity based on
the volumetric concentration [}, eg,oaﬁ(l)] />4 €spo does not differ too much
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from the barycentric velocity, i.e. [¥, eopo0M]/ S, €0pp ~ 01 = 3z 00

yields

PO S ) 5 ey (1_2230:50) [0 a0 1
+é{wp0>a<l}w[p0>ﬁ<l>] 3

and consequently

ZSUP( ) N v [p(o) ﬁ(l)] I
+Z[ (0) ()®u()_|_a P() (1)®u(1)}
b {@ [pw) a®] + v [0 ﬁu)f} 7

where 7, 4 and 7,4 are defined as

ﬁmdzzﬁom_la
anm_ (1_22801:0')'

Collecting the previous results, the final system of equation is

0Py B
WWLV (o 0,) =0,

ﬁcf Wo— = _-DO' Vﬁm

i)+ V- Z[(l—a 1) fo e ® T, + 0y pr A @ 11

=—1/3V (. $efo) + V (p11ma V - 1)

8
6

+V - [pVma Vi + prma (V)]

where vy, g = T ¢ U and 0y g = To ¢ fima.

(92)

(96)

(97)

(98)

In the next paragraph, some numerical results are reported in order to prove
that the modified integration scheme is effective for ensuring the mass conser-

vation.
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7 Numerical simulations

In this section, some numerical results are reported for the suggested dis-
crete lattice model. Some carefully conducted benchmarking computations
were performed in order to verify the transport coefficients of the proposed
lattice Boltzmann model and to verify the mass conservation.

The transient method [18] is a very popular method for measuring the effective
numerical diffusivity. Essentially by combining Eq. (97) and Eq. (96), the
following equation can be recovered
0po
ot

+ V(P 0) = Dy V7. (99)

Let us consider a one dimensional concentration field. In the case 4, is a
constant and D,, is a constant as well, a solution of the Eq. (99), describing a
decaying sine wave flowing along in the x direction with velocity u,, is given
as

pole.t] = PG + (P, — o) exp [~k* D t] sin[k (v — 1, t)], (100)

where p? is the constant averaged density of the o species, p/, is the maximum
value of the initial perturbation applied to the density and 1/k is the wave
length of the perturbation. Since periodic boundary conditions were used, the
ratio between the computational domain length along = axis and the wave
length was an integer. Assuming @, = 0 (this can be done by starting with a
proper initial concentration field), the numerical diffusivity can be measured
by considering the sine wave maximum decay, namely

DyT _ i In {ﬁU[ﬂ-/(Q k),O] — ﬁg} (101>

R pelm/(2K). 1] — 05

This is not the only way to numerically measure the actual diffusivity. Another
way is to directly apply the definition, namely

_ﬁo- (ﬂlo—x_ux) _ ﬁo’a0'$

0po/0x  Opg/0x’

DME — (102)

The previous numerical experiments allow us to appreciate the limits of the
forward Euler integration rule for the present application. The key point is
that it is always possible to tune d in Eq. (81) in such a way that DMT
recovers the theoretical result, i.e. DMT = D,. However this implies DM £
D, and consequently the mass is not conserved. A numerical implementation
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will satisfy the desired transport coefficient and the mass conservation, if and
only if DMT = DMF — D _ at the same time.

The results of the numerical simulations are reported in Fig. 1 and Fig. 2 for
the transient technique [18] and for the direct application of flux definition,
respectively. The modified mid-point integration rule proves to be an effective
way to ensure both the desired transport coefficient D, and the mass con-
servation. In particular, satisfying the condition given by Eq. (102) is more
difficult, particularly for small \! | i.e. for decoupled species dynamics. This
is consistent with the previous analysis which assumed that O(A\! ) = 1 and
this is no more valid for small \! .

9x 10—, : 1 T 1
e Measured diffusivity (sc=1 .0)
81| _ Theoretical diffusivity (sc=1.0) P
; m Measured diffusivity (sc=0.5)
- Theoretical diffusivity (s =0.5) e
26 ’
~N
E /
£ 5
§Db /
= 4 /
é /./ ------------ ‘
e e i e S i
2 / - L
1 / L
i
@
o=
0 1 2 3 4 5 6 7 8 9 10 11

St/ [

Fig. 1. Comparison between numerically measured diffusivity, obtained by means
of the transient technique given by Eq. (101), and the theoretical diffusivity, given
by Eq. (60).

8 Conclusions

In this paper, a new lattice Boltzmann model for simulating ideal mixtures has
been developed by means of the multiple-relaxation-time (MRT) approach. If
compared with the previous single-relaxation-time (SRT) formulation of the
same model, based on the Hamel work, the new model offers the possibility
to independently tune the mutual diffusivity, driven by the relaxation param-
eter A | and the effects of cross collisions on the effective stress tensor, in
terms of additional kinematic viscosity v, ,, — v, and additional bulk viscosity
(Vom + Nom) — (Vs + 10y), driven by the relaxation parameter A/, and A1,
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Fig. 2. Comparison between numerically measured diffusivity, obtained by means
of the direct application of flux definition given by Eq. (102), and the theoretical
diffusivity, given by Eq. (60).

respectively. However an additional constraint, given by Eq. (58), must be
taken into account in order to ensure the Galilean invariance.

For the considered application, the asymptotic analysis [36], recently suggested
as an effective tool for analyzing the macroscopic equations corresponding to
LB schemes, offers the possibility to easily deal with leading terms in the dis-
tribution functions, which are no more Maxwellian. This represents a remark-
able advantage in comparison with the classical Chapman-Enskog technique.
In fact the Chapman-Enskog approach can be generalized for the present ap-
plication [30], by using some heuristic assumption about the fact that, if the
leading terms are no more Maxwellian, higher order terms of the expansion
only effect the conserved quantities in order to ensure the conservation laws.
The results obtained by the asymptotic analysis does not seem to confirm
this assumption. In fact the higher order terms of the expansion effect the
conserved quantities in order to ensure the conservation laws, as recovered
for the expansion coefficient (") given by Egs. (54, 55), but they also effect
the non-conserved quantities like the stress tensor components, as proved by
Eq. (56).
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