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or from bound components forming compounds. We present a new lattice Boltzmann
model to account for the diffusive coupling between different chemical species. In this
model each coupling is added as an extra relaxation term in the collision operator. The

Ifaeft zznéiltzmann model is tested on a simple diffusion problem with two coupled components and is in
Diffusion excellent agreement with the results obtained through a finite difference method. Our
Multicomponent model is observed to be numerically very stable and unconditional stability is shown for
Coupling a class of diffusion matrices. We further develop the model to account for advection and
Advection show an example of application to flow in porous media in two dimensions and an example
Convection of convection due to salinity differences. We show that our model with advection loses the

unconditional stability, but offers a straight-forward approach to complicated two-dimen-
sional advection and coupled diffusion problems.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Diffusion processes play a major role in the transport of heat and chemical components in nature. They have been shown to
play an important role in the mass balance and element distribution in lakes and oceans [24,31] as well as the composition of
minerals at the crystal scale. When multiple chemical components diffuse simultaneously, coupling of each component can
arise because of local charge conservation for the case of ions or because the different components interact through bonds
to form larger diffusing compounds. Physical and numerical models for multicomponent diffusion must account for these
coupling effects. The multicomponent diffusion problem is usually described by a diffusion matrix where the non-diagonal
terms represent the coupling interaction between the different diffusing species. The determination of the non-diagonal terms
of the diffusion matrix is difficult as it depends on the collective behavior of all diffusing species present. The general approach
used to determine these coefficients is semi-empirical, where the theoretical basis is described by Onsager’s theory for non-
equilibrium thermodynamics [28,29,25-27]. The non-diagonal terms of the diffusion matrix can be related to Onsager’s
phenomenological coefficients, however explicit relationships require experimental measurements [26,16,17,8,9].

Various multicomponent transport models have been developed for a macroscopic description of the transport equations
using finite differences [8], finite volume and finite element methods [23]. However, these methods prove to be challenging
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when dealing with transport in complex geometries (porous media). Over the last two decades, the lattice Boltzmann (LB)
method has emerged as a powerful alternative to standard computational methods. The lattice Boltzmann method is an
extension of lattice gas automata [10] based on a mesoscale statistical description where the dynamics is reduced to the
propagation and collision of pseudo-particles [10,18,30]. Distributions of pseudo-particles relax to a local equilibrium de-
fined by the local macroscopic fields (concentration, density, velocity) through a collision operator and can be applied to
a wide range of applications such as for instance complex fluid dynamics, reaction-diffusion processes or wave propagation
[2,34]. The collision operator is generally simplified as a simple relaxation to a prescribed local equilibrium function depend-
ing on the conserved quantities. Single relaxation time models are commonly referred to as BGK dynamics [1,30]. Multi-
relaxation time models (MRT) have been developed to address some issues encountered with single relaxation BGK models.
For example, they offer additional free parameters that can be tuned to offer better stability, more accurate boundary con-
ditions and reduce numerical diffusion for advection-diffusion models [6,7,11-13]. Due to their statistical nature, lattice
Boltzmann methods offer the advantage of using simple local rules for liquid-solid boundaries (bounce-back of the local par-
ticle distribution functions) and are often very easily and efficiently parallelized. In addition LB models directly give the value
of the shear stress (hydrodynamics) or particle flux (diffusion processes) without the need to compute finite-differences.

In this study, we develop a new lattice Boltzmann approach for multicomponent diffusion based on a modification of the
standard BGK collision operator for one species. Although we do not present a version of our model with a multiple-relax-
ation time collision operator, our model can be generalized in a straight-forward way. In the next section, we introduce the
equation for multicomponent diffusion. We then present the modified BGK diffusion model to include the effect of coupling
between components. We show through a Chapman-Enskog expansion that the model converges to the correct set of mac-
roscopic equations. We then present an analysis of the stability and accuracy of the model. We modify the model further to
include the effects of advection of the supporting media (e.g. aqueous solution). The model for multicomponent diffusion in
the absence of flow is compared to the solutions obtained with a finite difference model. Finally, we present an application
for the advection-multicomponent diffusion in porous media that requires no subsequent modification of the presented
scheme to illustrate the versatility and simplicity of the method.

2. Multicomponent coupled diffusion

Multicomponent coupled diffusion is usually described in terms of a diffusion matrix representing the couplings between
the different chemical species. In one dimension, it is usually written as

aG; 9] dCy
5_;&{%5}’ (M
where the diagonal components of the matrix Dj, represent the self-diffusion coefficients and the non-diagonal terms rep-
resent the coupling between element j and k. Onsager’s theory predicts that the diffusion matrix has to be symmetric, how-
ever, owing to other constraints such as charge conservation, the diffusion matrix is usually not symmetric. We develop and
validate a new lattice Boltzmann model to incorporate the diffusion coupling between different chemical components under
the assumption that the elements of the diffusion matrix Djx are constants, i.e. Djx # Dj(C;, Ci). This limitation can easily be
avoided by adjusting the relaxation times of the BGK dynamics locally and/or at every time step [15].

3. Lattice Boltzmann scheme for coupled diffusion

The model we introduce here is based on the standard BGK collision scheme for diffusion [38,3], where the concentration
of species G, is described by the an evolution equation for particle distribution functions f!"

X+ Sce,t+6) = (1 — wn)f (X, t) + 0nfTO(X, 1), )

where the superscripts n=1,...,p refer to the species and index i labels the lattice velocities e;. These velocity vectors are
such that in one time step J,, the particles can hop from their initial position x to x + é.e;, still on the lattice.

Different lattices can be considered in the LB method. They are termed DdQq, where d is the space dimension and g the
number of velocity vectors. For instance the so-called D2Q5 lattice corresponds to a two-dimensional square lattice with five
velocities (rest, east, north, west and south).

For symmetry and isotropy reasons, the e; must obey

Z tie; =0, Z tiei@is = 20y, Z ti=1, (3)
i i i

where greek indices o and $ denote the spatial components of e;. The t;’'s and e? are positive constants which depend on the
chosen lattice. For instance, here we chose to=1/3, tixo = 1/6 and e? = 1/3 in the D2Q5 lattice.

In a LB approach, the standard physical quantities are given by the moments of the distribution functions f;. In diffusion
problems the density C, is computed as
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Co=S f (4)
i

In Eq. (2), f© are the so-called local equilibrium distribution functions defined as
f° = ;Cy.

The w,’s are the inverse of the relaxation time for species n and can be chosen [38,3] so as to impose the desired diffusion
constant, according to the relation D, = e25:(1/w, — 1/2). An interesting result is that, in the absence of an advecting velocity
field, the diffusive flux J, is found to satisfy

J, = (1——)Z(f —f™)e; = —D,VC,. (5)

The goal of this paper is to generalize Eq. (2) to the case of coupled diffusion among several species. The equation for J and
relation (1) suggest an approach to couple species by adding to Eq. (2) terms involving contributions from (f¥ — f}°), i.e.
terms containing the gradient of density C,. Thus, we introduce non-diagonal terms in the diffusion matrix as

frx+ o8 t+60) = (1— 0n)ff (X, 1) + onfX,t) = > on(fOX ) = fE(x, ). (6)
k#n

To simplify the notation, we omit position and time when possible and we focus on the one-way coupling of species C; with
species C, described, respectively by the particle distributions f; and g;. The evolution of these distributions is given by

f,'(X + 5tei7 t+ 5t) = (1 - wf) ,'(X, t) + wffio(x7 t) - wfg( ?(X, t) - gi(x7 t)) (7)

and

(X + o€y, L+ 0e) = (1 — wg)gi(X, 1) + g8l (X, 1) — g (fA(X, ) = fi(x, 1)) 8)
The equilibrium distributions are given, as before, by

in = tiCl and glO = tiCZ. (9)

We now show that, in the continuous limit (mesh size and time step going to zero), the two systems of Egs. (7) and (8) are
equivalent to Eq. (1). We use the multiscale Chapman-Enskog expansion (see for instance Frisch et al. [10], Chopard and Droz
[2] for more details).

Assuming that the f; are smooth functions, and that time and space scale diffusively (x*> ~ t), a second order Taylor expan-
sion in J, yields

52
+ 7[ einis0n Opfi(X, ) (10)
and similarly for g;. Here, 9,, denotes the derivative with respect to spatial coordinate o and 9, is the time derivative. We use
the summation convention over repeated greek indices.

The next step is to expand f; and g; in terms of the local equilibrium distribution. For the case of f;, we write

fi(X + 0c€i, £+ 0t) = fi(X, 1) + 8:0x80fi(X, 1) + 8:0:fi(X, 1)

fi=+ e, (11)
where fim is defined as the non-equilibrium part of the distribution and € is an expansion parameter (related to the Knudsen
number).

We expand the partial derivatives as

0 = €0, 9, =edl. (12)

Equating Eqs. (7) and (10) and doing the same for the distributions g;, we obtain, at order O(€), the following conditions for
the non-equilibrium part of the distribution f" and g!”
w d
6f( ) _ € fggl 648;1)61%07
o (13)
eg!! 7e—f —e—a e, g?.

From Eq. (7), the definition of the equilibrium distribution
Zfi=Zf,-o =Cy, Zgi=zg? =G (14)
i i i i

and using Eq. (10), we have (up to second order in €)
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0
0= lfix+e,t+1)—fix ) =€> e,d) ¥ +€ > {a;‘)e,m” +0Pf + jtc‘?;”a;f)ememﬂo . (15)
i i i

By the symmetry of the e;’s and the definition of f*', we have Y",e;,0{"f*’ = 0. Therefore, with C = (C;,(,), the symmetries of
the lattice equations (3) and (12), we obtain

2
oHC =Y [aﬁ”mf,‘”] - éf%ﬁvzc. (16)
i

o

We now define

XO - (flo > X(l) - (fl(l) )
B N U S B W O
8i g\

1 o ~10 (17)
M _ 23 I( _ ( f )
, ? :
—ar 1 0o - i
Eq. (13) then read
MXY = 5K e, X® or X" =M Ko enX\"”, (18)
provided that wpwg — wpwer 7 0. The first term of the right-hand side of Eq. (16) can thus be calculated as
€ Z Ve X" = 6,M 'K Z 90 eieX?, (19)
= e25;M'KV?C. (20)
Eq. (16) becomes
9C = —e25, <M’1K + %1) V’C=DV°C, (21)

where I is the identity matrix and D the diffusion matrix is

1 -2\ /1 1
D = e, “r (“” )-(2 > (22)
5 (— 1) o) N0y

For a single component, the diffusion matrix reduces to its usual LB scalar expression

o

D — e, (L _1). (23)

(O 2

The two-component model above can be easily extended to n components whose evolution is given by Eq. (6) provided the
determinant of M is not null. In this case the diffusion matrix is given by

_ oy _ o -1 1 1
1 2. o > 0o .. 10
=% 1 %= o L o0 .. o 1 o ..
D=eX || 2 o - 2 , (24)
— Om 1 1
o] 0 ... . & 0 ... .. 4

This equation can be inverted to calculate the ’s from a prescribed diffusion matrix. From Eq. (21)

KM= (] D+11 h (25)
-~ \ .2 2

and from the definitions of M and K we get
» wi, ifi=j
[—K M] = . (26)
ij —wy, otherwise.

If none of the diffusion matrix D eigenvalues are —(.e2/2), the matrix D/(5.e2) + 1/2 can be inverted and Egs. (25) and (26)
provide a direct relationship between the w;, wy and the diffusion matrix.
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3.1. Semi-analytical investigation of the stability and accuracy of the single and multicomponent methods

In Appendix A, we prove analytically the unconditional stability of the lattice Boltzmann single component diffusion mod-
el. This development has not yet been generalized to the multicomponent case. Therefore, here we investigate the stability
and accuracy of the LBGK for multiple components using a semi-analytical approach similar to that presented in Chopard
and Droz [2] and Ginzburg [11].

To introduce our approach we first explain it in the case of the single component case. The evolution equation (2) is writ-
ten as an algebraic system of linear equations

fuut fm (27)

where for a single component, using a D2Q5 lattice,

out in
0 0 Loh i
) 1-2+%3, ifi=j,
fout _ -, i _ L= T T (28)
4, otherwise.
f[gut A{n

The distributions f can be written in terms of Fourier series

" (x,t) ZA" (t)exp(ik - X), (29)

where the vectors Ax have the same number of elements as the distribution vectors f for each wave vector k. On a two-
dimensional lattice, the wave vectors are defined by

k = (27nl/(Nox),2nm/(Nox)), Im=0,1,... N-1, (30)
where N is the number of grid nodes in each dimension and éx the grid spacing. With this notation, Eq. (2) becomes

ZTkAkt+6t)exp (ik - x) LZAk exp(ik - x), (31)

where T is a diagonal g x g matrix whose elements are

exp(ik-ep), if m=n,
Tl = " _ (32)
0, otherwise.
We can use the orthogonality of the basis exp (ik - X) to obtain
A(t + 6;) = Ty LA(t) = PLAk(0). (33)

If we write Ai(t) = ei“x'A,(0) we see that a solution to Eq. (33) exists provided that e« is an eigenvalue Jy of Py. The relation
el — ), specifies the dispersion relation between @y and the wave vector k.

Solving numerically for the eigenvalues of P, we can compare the dispersion relationship obtained for our scheme to the
dispersion obtained analytically from the diffusion equation

i =—k’D or e =eP (34)

where D is the diffusivity.

Fig. 1 shows the comparison between the dispersion relationship obtained from the eigenvalues of the operator Py and Eq.
(34) for a single component with two different relaxation time values.

The unconditional stability of the scheme requires that Py does not admit an eigenvalue bigger than one for every choice
of k and 7. Fig. 1(a) and (c) are representative of the main features observed with this analysis. Stability does not depend on
the choice of relaxation time (when t > 0.5) but the accuracy of the method depends both on the resolution (higher resolu-
tion at small k) and the choice of 7 (better for small 7). Fig. 1(b) and (d) show the order of accuracy of the LBGK method for
single component diffusion. The error on the dispersion equation grows as k* for any choice of 7, showing that the LB method
captures the second order derivatives correctly.

The multicomponent diffusion model can be analyzed in a similar way. For simplicity we investigate the case of two com-
ponents described, respectively, by the evolution equations (7) and (8). We define the post and pre-collision operators f°, f?
and the matrix L
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1=0.6
a b
0.99 |
0.9 | E
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0.97 | 0.8 b
0.96 07 L E
ZF 095 =
0.94 | 0.6 i
0.93 05 L i
0.92
0.4 e
0.91 |
09 03 1 1 1 1 1 1
0 0 0.2 0.4 0.6 0.8 1 1.2 14
kX
(o]

log(e)

28 1 1 1 1 1 1 1 -20 1 1 1 1 1 1 1
45 -4 85 -3 25 -2 150 A -0.5 4.5 -4 -35 -3 25 2 -1.5 -1 -0.5

log(ky) log(ky)

Fig. 1. Largest eigenvalue of the matrix P as function of the x-component of the wave vector k (k, = k. here) for the diffusion of a single component. For
comparison, the expected result obtained from the analytical expression of the dispersion equation is also plotted. (a) Case for t=0.6. (c) Error, i.e.
difference between the analytical result obtained from the dispersion equation and the results obtained from the numerical scheme. (b) and (d) same plots
for t=1.5.

fgut 6’n
out éut in in Ls.f Lfg
f = out |’ f = in |’ L= gf : (35)
&o 8o L¥ L,
g?;“‘ gif
The evolution of the distributions becomes
fout _ Lfi"_ (36)

The matrix L is now a 2q x 2q matrix (where q is defined by the D2Qq lattice used for the diffusion problem) and where the
diagonal blocks of size q x g are similar to the matrix L of Eq. (28) for each distribution. The elements of the off-diagonal
blocks are

L"y=q ", ™ . where m,n=f,g. (37)
—ak, otherwise,
A discrete Fourier transform leads to the same algebraic equations as for the single component case
Ay (t + ot) = PrAx(t). (38)
Py is defined by
P, =T.'L (39)

with Ty a 2q x 2q diagonal matrix repeating twice the matrix Ty of Eq. (32).



7962 C. Huber et al./Journal of Computational Physics 229 (2010) 7956-7976

Similar to the single component diffusion case, the eigenvalues of Py give the dispersion relation of the LB model and can
be used to check its ability to reproduce Eq. (1).

Calculating the Fourier transform in both space and time of Eq. (1) for two components, gives the following dispersion
relationship

D D
. 2 f fg _
det |iw + Kk (Dgf D, ) =0, (40)
N ——

D

where D is the diffusion matrix. The solutions to this dispersion equation are iw. = —k?/s, with . the eigenvalues of k*D

1
b=y (Df +Dy % /(Dy - Dy)? + 4ngDgf>. (41)

Note that for uncoupled diffusing species (Dg = Dgr= 0) the eigenvalues become 4. = Drand A_ = Dg, as expected. To compare
this dispersion relation with our lattice Boltzmann model, we compare

2
exp(i.) = exp {"2 (Df +Dg % /(D — Dy)? + 4ngDgf>

(42)

with the eigenvalues of Py, defined in Eq. (39).

Figs. 2 and 3 show dispersion equation (42), together with the two largest eigenvalues of the evolution matrix (Py) of the
lattice Boltzmann model. Owing to the symmetry of the eigenvalues for k and 27 — k, we show only the first half of the wave
vector values in the left panels. In the right panels, only the first quarter of the wave vector values are shown. We observe

1 T 2.5 T T T T T T T T
- - 11=0.6
12=0.8
- - 112=20.0
121=20.0
@ - -
g g
5} - = -
l// ,‘/
- - % ” -
(0.034 oms) - L A (nm4 n.onx) .
D= . o D=
| 0.008 0.1 i | 0.008 0.1 i
0 1 1 1 1 1 1 1 1 1 205 S 1 1 1 1 1 1 1
0 5 -3.5 1
k log(k)
2.5 T T T T T T T J
- 11=0.6 -
12=0.8
L 112=200 i
121=20.0
3 - I -
= <]
Y k=kx, ky= g
3 =kx, ky=0 < -
- (0.034 u.ouzs) — (0.034 u.ouzs) —
D= D=
| 0008 0.1 i 0.008 0.1 i
0 | | | | | | | | | 215 | | | | | | | | |
0 32 -3.5 1
k log(k)

Fig. 2. Left: Comparison of the eigenvalues of the lattice Boltzmann model and the exponential of the dispersion relation of the coupled diffusion PDE.
Right: Error between the curves on the left, on a log-log scale. The dashed line of slope 4 shows that for both eigenvalues, the error grows as k* meaning that

first and second order derivatives are correctly computed in the LB model. The quantity k is defined as k = ‘/k,z( + kf,. In the upper plots, we chose ky = k, and
in the lower plots k, = 0.
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0 [
0 5 -3.5 1
k log(k)
1 T T T T T T T 1 0
g 1 5 T
< =
z I ] e r
(9] =0
.2 k=)
() — b ~ L
/’
- — - ’ —
2119 1714 -
- D: ( ) - L (Z.II‘) 1.714) -
1714 2119 D=
| | - 1714 2.119 _
0 1 1 1 1 23 1 1 1 1 1 1 1 1 1
0 5 -4.5 1
k log(k)

Fig. 3. Same as Fig. 2 but for other diffusion coefficients and for k. =k, in all cases.

that the two eigenvalues, which represent the mass conservation in the model, agree with dispersion relation (42) with an
error that grows as k*. The model is therefore in agreement with the partial differential equation up to second order, con-
sistent with our Chapman-Enskog development. As the diffusion coefficients increase, the range of k values for which the
error is “small” tends to decrease, therefore a larger lattice is required to avoid inaccuracy associated with small
wavelengths.

The stability of the model can be investigated with a similar approach. The two-component coupled diffusion equation
becomes ill-defined if the eigenvalues of D are negative. This necessary condition leads to the constraint

{(Df +Dy £ /(D - Dy)? + 4ngDg,>} > 0. (43)

The cross-diffusion coefficients must therefore be small enough compared to the diagonal terms.
In what follows we shall restrict ourselves to the case where Dy=Dg;=D and D, = D, Then condition (43) reduces to
D > |Dg|. This constraint can be translated to the space of the relaxation frequencies. From Egs. (25) and (26) we obtain

Dy/e? +1/2
(Dr/e2 +1/2)° — (Dg/e2)’

O = 0 = (44)

and
—Dy/e? )
(Dr/e2 +1/2)" — (Dg/e2)’

Since Dy is positive, the condition Dy > |Dy| ensures that the denominators of (44) and (45) are strictly positive. Therefore we
have

Wfg = Wgf = (45)

wp >0, > |l (46)
From Eq. (25), we can also obtain the inverse relations

w 1 w
Dy =e28|——~1— =), Dp=e25|—2—|. 47
(Il I<wf2wjgg 2)7 g = €50t wf27wf2g (47)
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Since wy> |wy,|, we have wf — w}, > 0 and the condition D> |Dp,| can be expressed in terms of wy and wy, as
F — 205 + 2| | — 0F, < 0. (48)
This relation can be easily solved for wyand we obtain the conditions

Wpe < W < 2 — Wrg, if Wy > 0,

. 49
— W < 0F <24 g, if i <0. (49)

Since wy> 0, condition (49) imposes that |wg| < 1. In the case where wy, = 0, we recover the general condition 0 < wy< 2. The
presence of the coupling between the two species therefore reduces the range of acceptable wy by |wy| on both sides of the
interval. The w-domain defined by Eq. (49) and representing the physical restriction Df> |Dg,| is illustrated in Fig. 4.

The numerical stability of the lattice Boltzmann algorithm was tested by scanning the region given by Eq. (49) for all per-
mitted values of wg and wy, with a resolution of 0.01 for wyand 0.1 for wy. For each of these values, the eigenvalues of Py
have been computed numerically, for all wave vectors with k = k, 0 < k, < 27. None of these eigenvalues have been found to
be greater than 1. This shows that for this particular choice of diffusion matrix, the lattice Boltzmann multicomponent dif-
fusion model is unconditionally stable.

To compare the stability field of the present LB method against finite-differences (FD), we discretize Eq. (1) to second or-
der in space, setting the timestep 6t and gridspacing éx to unity and simplifying the notation by omitting the spatial or tem-
poral dependence of the variable when not necessary. Eq. (1) becomes

(50)

Clt+1)-C() :D(G("“’”*C](X*175’)+C1(X7Y+1)+C1(x7y71)74C1>7

CZ(X+ 17y) +C2(X_ 17y) +C2(X'y+1) +C2(X7y_ l) _4C2

were C is a vector with two components, C; and C,. Taking the Fourier transform of this equation, we obtain the dispersion
relation for the FD scheme

exp(im.) = 1+ 2(cos(ky) + cos(ky) — 2) 1. (51)

J.are the eigenvalues of D given by Eq. (41).
The stability of the FD scheme requires —1 < exp(iw.) < 1, thus

1
i
The above relation introduces constraints on the possible values of the diffusion coefficients. For the case we consider here in
more detail, namely Dy= D, and Dy, = Dy, the stability of the FD scheme requires

0< /s < (52)

0<Dfing<4ll'

In order to compare this range of stability with that of our LB model, we express the limits (53) in the space of the relaxation
frequencies wyand wy, using Eqs. (44) and (45).

(53)

2 T T T @& T T T 1
L Unphysical region _|
L FD+LB -

stability

L B -
S1f .
L oA -
- LB Stability -
N Unphysical region I

0 | | | | 1 | | | |

-1 0 11
O,

g

Fig. 4. The stability region of the lattice Boltzmann (LB) method for a symmetric diffusion matrix D, with D11 = D2, > 0 and Dy, = Dy is shown in light gray
shaded area. It spans the entire physical domains of acceptable diffusion coefficients. The finite difference method (FD) is only stable in the dark gray region.
The white area is physically meaningless as it corresponds to a negative diffusion. Points A and B are: A = (0,4e2/(1+ 2e?)), B= (1/(1+2€?), (1 +4e?)/
(1+ 2€2)). In the figure, we choose e? = 1/3.
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The stability region (53) is shown as a dark shaded area on Fig. 4. Note that the stability of the FD scheme was tested
numerically and found to be in perfect agreement with Eq. (52). The FD scheme has a narrower region of stability than
our LB model, at least for this particular case. The stability regions of the two algorithms can be tested analogously for other
choices of diffusion matrices (non-symmetric ones and/or with Df# D,) but generalizing is beyond the scope of the present
study.

4. Lattice Boltzmann model for advection and coupled diffusion

Advection-diffusion models developed with the lattice Boltzmann method have been used to solve a wide variety of
problems over the last decade, from thermo-hydrodynamics to reaction in porous media [21,19]. The method we use here
is based on the multiple distribution model [33,14,4], where the hydrodynamics is solved by a conventional BGK equation
[30] on a D2Q9 lattice with nine velocity vectors ¢; (connecting nearest and second nearest neighbors, and with ¢cg=0)

Skt €t +1) = (1 - wp)fi(x.£) + opf’ (%, ). (54)
The equilibrium distribution f? for the flow field is now given by [30]

2 2

where the weights are t; = 16/36, t; =4/36 fori=1,2,3,4 and t; =1/36 fori=5, 6, 7, 8 and p is the local value of the
density field. The density and momentum are obtained through the first two moments of the distribution f;

p= Zf = fo, pu= Zﬁ-ci = Zﬁ”ci. (56)

In this model, the kinematic viscosity v and pressure p are given by

1/1 1 1
V=§<af*§>7 P:§p- (37)

f,~°:pt:(1+3u-cf+9<u~ci)2—§“'“>’ >

The advection-diffusion equations for each of the p diffusing components are described by the set of p equations
g(x+et+1)=(1-m)g (X, t) + w,g (x,1). (58)

The multiple distribution method permits different lattice topologies for the different sets of distributions. While we use a
D2Q9 lattice for f;, a D2Q5 topology (with eq = 0) is sufficient for the gf. The distributions f; and g are coupled through the
equilibrium distribution g’f’o, which now becomes

g7 = Gpti(1+3u-e; + Ou?)). (59)

For D2Q5, the weights t; are again 1/3 and 1/6, respectively fori=0and i # 0, e = 1/3. The local concentration of component
p is Cp and u is the local velocity field, as obtained from Egs. (54) and (56). The choice of an equilibrium distribution depend-
ing linearly on the macroscopic field is common but introduces a numerical diffusivity that depends quadratically on the
velocity u [11,32,4]. In all following calculations, the Mach number is everywhere <1 so that this effect is expected to be

negligible.
As in the previous section, the diffusivity for component p is found to be
1/1 1
=3 (5, 2) >

We modify the BGK dynamics of Eq. (58) to include the extra non-diagonal diffusive terms in a procedure similar to that
presented in Section 3. The new BGK equations for the evolution of the distributions g/ become

gx+et+1)=(1—p)gl(x,t) + g’ (X, t) = > (8%, t) — gf(x, 1)), (61)
k#p
where the equilibrium distribution for the non-diagonal terms g° are given by the equilibrium distribution defined in Eq.
(9). It can be shown by a Chapman-Enskog expansion that, at low Mach number, Eqs. (61) and (54) lead to the following
set of macroscopic equations

ou, (u-Vyu= 71Vp+vvzu,

ot P

aC, ) ) (62)
L T VG =DpV Co+ Y DuV2Ci

k#p

with the diffusion matrix Dy, given by Eq. (24).
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The present LBGK model for multicomponent diffusion can be modified to incorporate some features that improve accu-
racy. Ginzburg [11] presents an approach based on the equilibrium distribution model (E-model). In the context of the two
relaxation time (TRT) collision operator, the two eigenvalues can be chosen to optimize the accuracy of the model, cancel
numerical diffusion and reduce higher order correction terms. However, for the D2Q5 lattice we use in this study, the lack
of diagonal velocity distribution does not allow us to cancel cross-diagonal terms of numerical diffusion [32]. Servan-Camas
and Tsai [32] showed, however, that using pseudo-velocities the numerical diffusivity of the scheme can be reduced from
first to second order in time. An in depth analysis of numerical diffusion is not within the scope of this study, but the
two approaches proposed by Ginzburg [11] and Servan-Camas and Tsai [32] can be implemented for any choice of collision
operator including the model presented here.

4.1. Boundary conditions

In the next section we will present some applications of our model. These applications require us to define proper bound-
ary conditions at the limit of the computational domain. For the sake of illustration, we have only implemented basic bound-
ary conditions that we briefly describe below. Our multicomponent diffusion LBGK model is compatible with more
sophisticated boundary conditions.

In Section 5.3, the upper boundary condition for the advected scalar fields is a prescribed concentration for sodium (Na).
We implement this Dirichlet boundary condition by setting the unknown distribution g4 at the boundary node

ga(wall) = C(wall) - ) " g;(wall). (63)
4
The constant flux V,J=0 normal to boundary at the inlet and outlet of the domain in Section 5.2 are set by a finite
difference approximation for the gradient of the concentration obtained by the non-equilibrium part of the distributions
g's (Eq. (5)).

Otherwise, we use a standard bounce-back condition at solid-liquid boundaries to ensure no-slip boundary conditions for
the hydrodynamic distributions f; and for the zero normal flux condition on solid boundaries for the diffusing species (g;).
This choice of boundary condition offers the advantage of simplicity, however it carries several disadvantages. First, it con-
strains the position of the solid-liquid interface to be halfway between the nodes, a condition that is not generally respected
in the case of boundaries not aligned with the axis of the lattice. The second issue associated with our choice of boundary
conditions (bounce-back for the zero normal flux for the scalar fields) is problematic for the tangential part of the flux. As
noted by Drazer and Koplik [5], Zhang et al. [39] and Ginzburg [12], the bounce-back of the incoming distribution at a bound-
ary results in a zero tangential flux condition which is not physical because of the allowed diffusive flux along the boundary.
Nevertheless, the bounce-back of a scalar field (for example temperature) has been used extensively for adiabatic boundary
conditions [22,36,37].

The treatment of boundary conditions in a more sophisticated way to correct for the inaccuracy of the effective wall posi-
tion is independent of the scheme that we present here as the model can be used to implement any type of boundary con-
ditions. For instance, the model presented in this study (summarized in Eq. (6)) can be generalized to be compatible with the
multi-reflection condition for the anti-symmetric part of the equilibrium distributions developed by Ginzburg [12] to allow
for a better treatment of the tangential flux condition along a solid boundary. The implementation of the boundary condi-
tions presented in Ginzburg [12] does not depend on the choice of collision operator and therefore can be readily included in
the present multicomponent advection-diffusion model.

The scope of this study is to present a new, straight-forward algorithm to solve for multicomponent coupled diffusion.
The goal of Sections 5.2 and 5.3 is to illustrate the potential of the method for advection-diffusion problems.

5. Results
5.1. Diffusion coupling in one dimension

We first validate the results obtained with our lattice Boltzmann model without advection. We model the simple case
where two components C; and G, diffuse. C; is coupled to G, via a finite diffusivity D;, (D7 = 0). We compare our results
to those obtained with an explicit finite-difference code. We use a grid with 50 nodes, grid spacing dx = 1/50, time step
dt=1075. The left and right boundaries have fixed concentrations. An excellent agreement is found between the two
methods over a wide range of D, (see Fig. 5(a)-(c)). For example the two tests shown in Fig. 5(a) and (b) correspond
to ratios of maximum diagonal versus non-diagonal diffusivities (D™ /Dy, i+ j) of 0.5 and 10, respectively. Note that
when D, = 0, Eq. (41) shows that the two eigenvalues are D;; and D,, and then Eq. (52) does not set limits on the ratio
Dn/DU

The model was also tested successfully for the case where w;; < 0, to model an opposite coupling that can arise, for exam-
ple, in the case of the diffusion of two oppositely charged constituents under the requirement of local charge conservation
(see Fig. 5(c)).
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Fig. 5. Comparison between calculation with a simple explicit finite-difference scheme (FD) and the lattice Boltzmann model (LB) developed here. (a) The
non-diagonal term of the diffusion matrix is half the magnitude of the diagonal terms. (b) The non-diagonal term of the diffusion matrix is an order of
magnitude higher than the diagonal terms. (c) The non-diagonal term of the diffusion matrix D1, = —0.5 x D17 = —0.5 x D,,. (d) Same as for (c) but for two
different diffusion numbers A = D;,dt/dx?. Finite difference explicit methods are only stable for 4 < 1/4, our model has shown no instability for all the test
problems we have considered.

5.2. Coupled advection and diffusion in complex geometries

The problem of the flow of a solution along a reactive surface has a wide variety of applications especially in biology and
geosciences. In water, dissolved salts are found in the form of charged ions and their transport can be coupled because of
local charge conservation or because they diffuse as compounds. Felmy and Weare [8,9] studied the case of sodium diffusing
from a salt diapir into motionless seawater (no advection). They investigated the effects of the non-diagonal couplings of the
diffusion matrix for the system Na*, K*, Ca%*, Mg?* and SO2~, where they use the diffusivities listed in Table 1.

We illustrate the possibilities offered by this new lattice Boltzmann scheme with a simple example of coupled diffusion in
a porous medium in two dimensions.

We compare results for different Peclet numbers (upd/Dyge, Where up is the Darcy velocity, d is the diameter of the solid
particles in the porous medium) and show the conjugate effects of dispersion and coupled diffusion in the distribution of
ions from an initial circular source. Again, we neglect the dependence of the diffusivities on the concentration of the different

Table 1
Diffusion matrix for Na, K, Ca, Mg and SO, in seawater in 10~° cm?/s. J, represents the flux of component p. From Felmy and Weare [8,9], Ingebritsen and
Sanford [20].

VNa VK VCa VMg VS04
INa 1.398 0.015 0.729 0.805 —0.754
Jx 0.007 1.793 0.023 0.026 —0.037
Jea 0.007 0.002 0.604 0.023 —0.046
Jvg 0.023 0.008 0.076 0.575 —0.108

Jso, —-0.015 —0.026 -0.16 -0.113 0.833
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components. The problem we use is inspired from the problem studied by Felmy and Weare [8,9]. However, we allow sea-
water to flow (from left to right) because of a fixed pressure gradient. We initially set a circular pocket of a solution ten times
more concentrated in Na than the seawater at the center of the domain (same concentration for the other components). The
geometry of the problem is illustrated in Fig. 6.
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Fig. 6. Set-up for the advection-coupled diffusion calculations. The grid used in the calculations is 200 by 163.

Table 2
Molarities used for the calculations. From Felmy and Weare [8,9], Ingebritsen and Sanford [20].
Na K Ca Mg SO4
Na-rich solution 5.305 0.0106 0.0107 0.055 0.0293
Seawater 0.5 0.0106 0.0107 0.055 0.0293

K Ca Mg S04

0 ),
)
@

€
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Fig. 7. Concentration of the different ions for Pe = 0.322 at four different dimensionless times (0 = Dy,t/L?). See the text for more details.
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Fig. 8. Concentration of the different ions for Pe = 3.22 at four different dimensionless times (0 = Dy,t/L?). See the text for more details.
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Fig. 9. Magnitude of the velocity field (upper left), and Na concentrations (with superposed streamlines) for Pe = 0.322, 1.07 and 3.22 at dimensionless time
0=Dpat/L?=7.3 x 1074,
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The upper and lower boundary conditions are set to no-slip and no-flux with respect to concentration. The no-slip bound-
ary conditions on the solid matrix, upper and lower boundaries are obtained by a bounce-back of the density distributions.
The left and right boundaries are fixed to a constant flux with respect to concentrations. For the fluid, the right boundary
condition is a fixed pressure, lower than the left side to set up a small pressure gradient and consequently a flow from left
to right. The pressure gradient is set-up so that the Reynolds number (ratio of inertial forces over viscous forces) is smaller
than 1 (about 10! for the porous media flow). The initial concentrations are given in Table 2. The calculations are performed
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Fig. 10. Concentration profiles (averaged horizontally) of the different ions for Pe = 0.322, 1.07 and 3.22 at 6 = Dy,t/L?> =7.3 x 107, See the text for more
details.
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on a grid of 200 x 163 nodes. The results are shown in Fig. 7 for Pe = 0.322 and Fig. 8 for Pe = 3.22. The solid fraction in the
porous media is assumed to be inert with respect to diffusion reflecting the difference of timescales between diffusion in a
solid and in a solution (several orders of magnitude). Each column shows the concentration of a different ion at four different
dimensionless times 0 (where 0 = Dyot/L?, L is the horizontal length of the computational domain). As the initial Na-rich cir-
cular region and the seawater had the same initial concentrations for K, Ca, Mg and SO, the variations of concentration for
these ions are the consequence of the non-diagonal terms of the diffusion matrix (the coupling with Na). It is also important
to note that due to coupling, the distribution of every cation is positively correlated to Na and SO, is anti-correlated as ex-
pected from charge balance (element of diffusion matrix with opposite sign).

Fig. 8 shows the same temporal evolution for Pe = 3.22. The distribution of ions extends over a broader region and as ex-
pected from the increased contribution of advection, the approximate radial symmetry observed for Pe = 0.322 is broken.
Fig. 9 allows us to better appreciate the importance of the Peclet number in the distribution of Na, showing the flow field
and the Na concentrations at the same dimensionless time (0 = 7.3 x 10™) for three different Peclet numbers (0.322, 1.07
and 3.22). The streamlines of the flow field are superposed on the concentrations to show that the concentration becomes
better correlated with the flow field as the Peclet number increases.

Fig. 10 shows the horizontally-averaged vertical profiles of concentrations for each ion for Pe = 0.322, 1.07 and 3.22 at
0=7.3 x 107, Although the overall direction of the flow field set-up by the imposed pressure gradient is perpendicular
to the profiles, dispersion effects due to the tortuosity of the flow paths around the solid particles are responsible for the
wider distribution of Na observed for Pe = 3.22. SO, is again anti- correlated with the cations. The complexity of the profiles
is due to the complexity of the dispersion effect due to the solid particles, which act both as an insulating boundary condition
for the different ions and disturbs the flow field.

Na-rich, no—slip

periodic
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Fig. 11. Convection due to concentration differences. The upper plot illustrates the set-up of the simulation. As for the previous calculations, Na is the only
component with any initial gradient in concentration. The buoyancy force is linearly proportional to the amount of salt dissolved (see text for more details).
The evolution of the system is shown for four different dimensionless times 0 = Dyqt/L,, where L, is now the vertical dimension of the computational
domain.
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5.3. Coupled convection and diffusion

In the case of seawater in contact with a salt diapir (NaCl), the dissolution and transport of dissolved Na from the bound-
ary increases the density of the solution and can lead to compositional convection (where the buoyancy is due to composi-
tion differences). Here, we investigate the effect of coupled diffusion on haline convection and the evolution of the
distribution of different ions dissolved in seawater. As for the previous example, Na is the only ion with an initial gradient.
We set the composition of the salt diapir equal to the composition of the Na-rich pocket of solution, as in the previous section
(see Table 2). The fluid is initially at rest. The dissolution of NaCl and redistribution of ions lead to a buoyancy force

Apg = pog> m(Ce — G"), (64)
k

where pg is the density of seawater, g is the acceleration due to gravity, my is the molar mass fraction of the component k and
(Cx — C}") is the concentration difference of ion k between the solution and seawater. As Na* is the only ion with an initial
gradient, we define the Rayleigh number in this case by
ApNagL;
Rayg Dye (65)
Apng is the density difference due only to Na, L, is the vertical dimension of the computational domain, y is the dynamic
viscosity of seawater (here assumed constant) and Dy, the diagonal component of the diffusion matrix for Na.

Fig. 11 shows the set-up for the calculation (top) and the velocity and concentration distributions at four different dimension-
less times 0 = DNat/Li. The Rayleigh number for this calculation is about 2.9 x 10°. Again, diffusive coupling between the differ-
entions and Na is responsible for the redistribution of K, Ca, Mg and SO4. K, Ca and Mg are concentrated ahead of the Na diffusion
front, where Na gradients are the largest. The negative correlation between Na* and SO;~ is again clearly observable.

6. Conclusions

Multiple component diffusion is ubiquitous in most transport processes. When the different diffusing species interact
(through their charge for ions, or as compounds-molecules) the diffusion problem becomes more complicated because of
the coupling that arises between the different species. These couplings lead to non-diagonal terms in the diffusion matrix
that can be significant in the transport of components and properties of the diffusing media (rheology, electrical conductivity
to cite a few).

We present a new lattice Boltzmann (LB) method that includes the effect of diffusion coupling in both diffusion and advec-
tion-diffusion problems. We first analyzed this new model in a theoretical way, discussing its stability and accuracy. With both
a Chapman-Enskog expansion and an investigation of the eigenvalue of the LB evolution operator, we showed that, up to deriv-
atives of order higher than two, our model reproduces multicomponent diffusion. Unconditional numerical stability has been
demonstrated for a particular class of diffusion matrices. Numerical experiments suggests that stability is probably maintained
in more general situations. However, with advection we showed that we may no longer expect unconditional stability.

In a second step, we tested numerically the model for several applications. For the diffusion of two coupled components
in one dimension, we compared our results with an explicit finite difference code. The results are in excellent agreement for
a wide range of the ratio DJ*/Dj;, with (i # j).

We then apply the advection-diffusion model to the problem of flow in a porous medium where we introduce a circular
Na-rich region in the solution (seawater). Although the solution (seawater) and the Na-rich region are initially at equilibrium
with respect to the other diffusing species, their coupling with Na drives them out of equilibrium and results in regions with
high concentrations in K, Ca, Mg and SO4. The SO, anion has an opposite charge and because of charge conservation (negative
coupling), its distribution becomes anti-correlated with the distribution of the other ions. This example illustrates the poten-
tial of this model to solve coupled diffusion problems with fluid flow in complex geometries in a straight-forward way.
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Appendix A. Stability of the single component diffusion model - “Energy” approach

In this section we prove the stability of the lattice Boltzmann BGK model (LBGK) for the diffusion of a single component.
Our approach is based on the conservation of a positive-defined function reminiscent of an energy. To simplify the notation,
we rewrite Eq. (2) as

ﬁ“:ﬁ+%mm—ﬁ, (A1)
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where f°“* denotes the post collision distribution functions and f= f" the pre-collision ones, 7 = 1/w and

fil=tC, C=> F (A2)
i
The lattice weights are positive and obey again
Z ti=1, Z tiVia Uip = C20yp. (A3)
i i
It is well known that the LBGK diffusion model predicts a diffusion coefficient

1
—sc2(r—2
D_b[cs(r 2).

Using Eq. (A.2), the LBGK equation reads

fre=ficy (1 - %)f (A4)
We assume that the lattice weights are all identical for i = 0
ti=t ifi#0. (A.5)
Therefore we have
dti=to+zt=1, (A.6)
i

where z is the lattice coordination number, i.e. the number of non-zero velocities.
We define an “energy” E as

o) + L), ifto#0,
E— i=1 (A.7)
S (), if to=0.

i1
From Eq. (A.4) we can now compute (for the case ty # 0)

Fout :é Oaut)z + Z (fiout)z

i1

|8 St 1 1\,
E[?C +2?<1—E)Cfo+<1—?> f +Z

i>1

2 , 2t 1 1\,
FC +7<1—;>Cfi+<1—;>ff

ORI LSl L P NP SR P P Y (A8)
- 1) |60 & 2 72 T T)70T 4T T) e :
Recalling that
> fi=C—f,
i=1
we can write
N, t t 1 t 1
out __ _ 2 in e _ 2 s - I _ 2
E _<1 T)E + 5t +2t+2T-2)C +2T<1 T)Cfo 21<1 T)Cfo. (A9)
With to + zt = 1 we finally obtain
po_ (1o E o Lo e (A10)
= = . .

Eq. (A.10) is also satisfied in a model without a rest population, when to =0 and fy = 0.
We also observe that

2
1-— 1_1 -1— 1_%+l :%_lzﬁ.
T T T2 T T2 T2

Therefore Eq. (A.10) becomes
1 2
17<17) cz}. (A11)

EM = (1 7%)25"“ +t
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Since C is conserved by the collision rule, we have

Cout _ Cin
and Eq. (A.11) can be written as
1\? ; 1%
Sout = Eout _ t(cout)z _ (1 _E> [Em _ t(cm)2] = (1 _?> sm. (A]Z)

We note that the conservation law (A.12) is only obeyed for a lattice satisfying Eq. (A.6).
For 1/2 < 7 < oo, we have

(1 ”>2 <1. (A13)

Below we will show that S cannot be negative, for any values of the f;'s. For now let us assume that S > 0. Then Eqgs. (A.12)
and (A.13) impose
Eour _ tCZ < Ein _ tCz.

Thus E°** < E™ and the fs are bound and the method is unconditionally stable for every choice of relaxation time 7> 1/2.
Let us now show that

SEE—tCZ:%fg—&-ZﬁZ—tZﬂijO, (A.14)

i~0 i
for all values of f. We consider the case with and without rest particles.

A.1. Lattices with no rest particles

For lattice topologies with no rest velocity (such as D2Q4, for example), we have t = 1/z and S reduces to

S=Y R -0 5 (A15)

ij=1

For any real values f; and f;, we have

(i-f)? =0 (A.16)
and then
fifi < % (f,»2 +sz)~ (A17)

Summing over all velocities twice (for i and j) we get

EZ fifi <E EZ 2+ EZ ]j-z . (A.18)
2
i-1 =1

ij=1

Therefore,
1 2
— f. < ; .
Z;M\Zﬁ (A19)
and, with t = 1/z, this shows that S > 0.

A.2. Lattices with rest particles

Eq. (A.14) can be written as S = f’TAf, where the matrix A is
%— 1 -1 ... -1

A=t t " (A.20)

and the vectors f and f” are respectively the vector containing the z + 1 velocity distributions and its transpose. If A is a po-
sitive semi-definite matrix, i.e. f’Af > 0 for all choices of fs, then S > 0 and the method is unconditionally stable for t > 1/2.



C. Huber et al./Journal of Computational Physics 229 (2010) 7956-7976 7975

Since A is real and symmetric, it can be diagonalized and the condition S > 0 reduces to having all the eigenvalues of
Alyq = 0.
For D2Q3, D2Q5, D2Q9 and D3Q7, the eigenvalues of A are found to be

1 =1 with multiplicity z — 1,

, t+to— (z+ Dtty £ \/(t+ to — (z + 1)tto)* — 4to(—t + zt? + tto) (A21)
ly = 2t0 .

Using tp=1 — zt, A_ reduces to 0 and /. to

t
lp=1+——(z+ 1t
to
To show that /. is always positive we have to show that

1+l>z+1
t to ’

This is true because we always have t < 1/zand ty < 1. Then, 1/t > zand 1/t, > 1 and we prove the unconditional stability of the
single component LBGK diffusion model.

Appendix B. Loss of unconditional stability of the single component advection-diffusion model - “Energy” approach

The stability conditions for the single component advection-diffusion scheme have been investigated by Suga [35], Ser-
van-Camas and Tsai [32]. In the following section, in the context of Appendix A, we illustrate the loss of unconditional sta-
bility. In this case, the different equilibrium distribution leads to an “energy” conservation equation with additional terms
(compared to Eq. (A.12))

out 2 1 ? in 2 t 2 1
E™" —tC _<17E> (E —tC)+T—C52p[pu +2 I—E)u-J]. (B.1)

The last two terms of Eq. (B.1) cancel for u = 0 and the stability condition reduces to the case of pure diffusion as expected. In
Eq. (B.1) the flux of component C is given by

J=-DVC+uC. (B.2)

Eq. (B.1) shows the loss of unconditional stability for the advection-diffusion scheme, even for a single component, as the
velocity field can be such that E°** > E"™ locally.
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