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Abstract The mass diffusion process inside a porous
medium is difficult for numerical simulation due to com-
plex and stochastic nature of its structure. Based on the
lattice Boltzmann method and reconstruction technology,
this article presents an approach for simulating mass dif-
fusion process and predicting the effective mass diffusivity
in porous media, which is validated by comparing theo-
retical and experimental data. The concentration distribu-
tion and effective mass diffusivity inside porous media can
be obtained.

1 Introduction

Different types of transport phenomena in porous media
play important roles in many fields such as petroleum
engineering, medicinal materials, agricultural and building
materials. For better understanding of transport mechanism
in these fields, the macroscopic effective transport prop-
erties of a porous medium such as permeability, conduc-
tivity and mass diffusivity have been studied for well over
100 years in both theory and experiment. There have been
many previous works about the heat and fluid flow inside a
porous medium [1-8], but few ones up to now are about the
mass diffusion process.

Recently, it is found that many building materials of
micro-porous structures emit volatile organic compounds
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(VOCs), which may cause sick building syndrome (SBS)
such as headache, eye irritation, nose or throat irritation,
dry cough, dizziness and nausea, even difficulty in con-
centrating and tiredness. For the purpose of establishing
friendly inhabitation, there has been growing interest in
studying mass transfer process inside building materials
which in fact are porous medium [9-11]. The effective
mass diffusivity is one of the most important parameters
characterizing the mass transport properties of a porous
medium and has been studied extensively by using both
theoretical and experimental approaches [12—17]. In the
former, the theoretical models are mainly proposed based
on the continuous governing equations at the representative
elementary volume (REV) scale and the physical para-
meters, especially diffusion coefficients involved in the
equations are usually obtained from experiment data or
some empirical equations. Most of these models ignore the
influence of the microstructures inside the porous medium
and therefore have some intrinsic limitations because the
microscopic feature may be very important for getting
insight into the heat and mass transfer in porous media.
Although the experimental data are valuable, it is difficult
to apply these results obtained from the test conditions to
those corresponding to other practical conditions and can
hardly reveal the transport mechanism in complex struc-
tures. To our knowledge up to now, investigation efforts on
direct simulation of the mass diffusion inside porous media
at pore scale and theoretical prediction of the effective
mass diffusivity of fluid or components inside porous
media without resorting to any experiment or empirical
parameters have appeared to be little.

The objective of this work is to develop a comprehen-
sive approach for the theoretical prediction of the effective
mass diffusivities of fluids inside porous media based on
analysis of mass transfer process at the pore scale of the
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porous media. With this approach, one can calculate the
effective mass diffusivities and investigate the mass
transfer process inside a variety of porous media such as
regular or random two- and three-dimensional porous
media at the pore scale. This approach is fully theoretical
without resorting to any empirical parameters of account-
ing for the possible effects of different factors on the mass
diffusion process inside porous media. For such purpose,
we will apply the lattice Boltzmann method to simulate
mass diffusion inside a porous medium by means of a
spatially varying relaxation time. Some types of “digital
porous media” are constructed with the reconstruction
technology for two- and three-dimensional porous media.
This theoretical approach will be validated by means of
some benchmark examples. Furthermore, comparison
between the presented approach and some existing equa-
tions such as Maxwell equation and Nield equation is
conducted. The effect of random structure of porous media
on the mass transport process is discussed to reveal dif-
ference between regular and random porous media. The
influence of the average granular diameter on the effective
mass diffusivity is also investigated. The work of this paper
provides a approach for mechanism analysis of mass dif-
fusion processes inside porous media such as the VOCs
problem.

2 Numerical method
2.1 Governing equation

The mass diffusion equation without homogeneous chem-
ical reactions is [18]

oC
E:DVZC (1)

where C is molar concentration, D is mass diffusion
coefficient (i.e., mass diffusivity).

2.2 Lattice Boltzmann method

The lattice Boltzmann method (LBM) is intrinsically a
mesoscopic approach based on the evolution of statistical
distribution on lattices, which originates from the kinetic
Boltzmann equation and becomes popular over the past
few years. This method treats a fluid as an ensemble of
artificial particles and explores the microscopic features of
the fluid by using the collision effect among these particles.
It is proved that the lattice BGK method is consistent with
the Navier—Stokes equation for fluid flow through Chap-
man-Enskog expansion [19]. This method bridges the gap
between the microscopic world and the macroscopic phe-
nomena. It has attracted more and more attentions in
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simulating fluid flows and thermal processes as well as
associated transport phenomena. The most important
advantages of LBM are the easy implementation of mul-
tiple interparticle interactions and complex geometry
boundary conditions [19-23].

As a novel numerical approach, the lattice Boltzmann
method is introduced to investigate the diffusion mass
transfer process inside porous media in this paper. Gener-
ally, the discretized Boltzmann evolution equation without
any external force term is expressed as

——(f X, 1)

fu(X + €,0t, 1 + 0t) — f,(x, 1) —fL(x, 1))

(2)

where f, is the particle distribution function, d¢ is the time
step, T is the non-dimensional relaxation time, e, is the
discrete lattice velocity, and subscript 2 = 0, 1, 2, ..., b is
for the velocity direction The lattice velocities may have
different forms corresponding to the lattice structure of the
LB model such as D2Q9, D3Q7 and D3Q15.

For mass diffusion equation, the equilibrium distribution
function is expressed as [24]

fan =

) (3)

where the concentration C is given as
C= Zf o (4)
o

and (b + 1) is the number of the discrete lattice velocities.

Keep in mind that Eq. 1 is a pure diffusive equation
without containing convective term, it has been known that
90° rotational invariance of lattices is sufficient to yield full
isotropy for pure diffusive phenomena and a square or a
cubic lattice in two or three dimensions is enough,
respectively, without degrading the accuracy [25]. Thus,
the D2Q5 square lattice and D3Q7 cubic lattice LBM
models shown in Fig. 1 are introduced for 2D and 3D
simulations, respectively.

(a) b)

Fig. 1 Schematic of the velocity directions for the D2Q5 and D3Q7
models. a D2Q5 model, b D3Q7 model
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For 2D cases, the discrete velocities of D2Q5 model
become

0O ¢c 0 —c O

=10 0 ¢ 0 —cl| (3)

For 3D cases, the discrete velocities of D3Q7 model are
given by
0

e, = |0
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oo
oo

(6)

where ¢ is a lattice speed, defined as 9,/d,, where J, is a
lattice constant (i.e., the grid size), whose value can only
take any positive number to insure t to be within (0.5, 2)
[26, 27]. A larger ¢ may result in a more accurate con-
centration prediction near the boundaries but with higher
computational costs.

In order to ensure convergence of the solution of the
lattice Boltzmann model to that diffusion Eq. 1, the fol-
lowing relations between the macroscopic parameter (i.e.,
mass diffusivity) and the microscopic non-dimensional
relaxation time are obtained through Chapman-Enskog
expansion.

For D2Q5 model, the relation is

2
D= gcz(‘c —0.5)dt. (7)
For D3Q7 model, the relation is

D= %cz(‘c —0.5)01. (8)

3 Mass diffusion in porous media

The above-mentioned LB model is for a mass diffusion
problem inside homogeneous media (without solid matrix).
But for the mass diffusion process in a porous medium, the
pore structure and zigzag channel in the porous medium
make the mass diffusion more complicated. The known
structure feature is prerequisite for treating the mass dif-
fusion problem in the porous medium. The digital recon-
struction or imaging of a real porous medium is necessary
for numerical computation of mass transfer process in the
porous medium.

3.1 Reconstruction of porous media and mesh size

In order to investigate the mass diffusion process inside a
porous medium with the LBM at pore scale, one should
reconstruct porous media such as simple regular structure,
two- or three-dimensional random porous media for the
purpose of numerical computation.

(a) (b)

Fig. 2 Calculation regular structures for the 2D case. a Staggered
square grains, b in-line square grains

3.1.1 Regular structure

For the sake of simplicity, the two-dimensional regular
porous media with square grains for both staggered and in-
line arrangements are first considered (as shown in Fig. 2).
With these simple structures, it may be a good test for this
present method to reveal some basic mechanism for the
mass diffusion inside porous media. Taking the geometric
periodicity into account, it is enough to consider a single
periodic module with the dimension of L x L. By con-
sidering the computational time and the precision, the
domain of L x L is divided into 201 x 201 for 2D case.

3.1.2 Random structure

To our best knowledge, most of real porous media in nature
have inherent random geometric properties such as grain or
pore shape and the random volumetric and topological
properties such as pore tortuosity and interconnectivity,
which are very important for describing the mass diffusion
process inside porous media. The quartet structure generation
set (QSGS) proposed by Wang and Chen [28] is introduced to
reconstruct random granular porous media with various
parameters such as porosity and particle diameter, which is
applicable and versatile for theoretical investigation. Figure 3
shows the reconstructed random porous media using our two-
and three-dimensional QSGS codes. In Fig. 3, ¢ is defined as
the granular fraction (i.e., solid matrix fraction) and the whole
domain L x L x L is set to be 60 x 60 x 60.

3.2 Governing equation for the mass diffusion problem
inside porous media

Consider a porous medium with either permeable or non-
permeable inclusions imposed with a constant concentra-
tion gradient as shown in Fig. 4, the mass transfer process
can be locally described by the following mass diffusion
equation [29]
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Fig. 3 Calculation random
structures. a Two-dimensional
(¢ = 0.3), b two-dimensional
(¢ = 0.6), c three-
dimensional (¢ = 0.3),

d three-dimensional (¢ = 0.6)
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Fig. 4 Schematic for prediction of effective mass diffusivity

% p,vy ©)
where y is the local molar concentration, and D,, is the local
molecular diffusivity being equal to D¢ in the pore phase
and Dy in the solid phase.

Generally, the average pore size is much smaller than
the typical length scale involved in describing the mass
diffusion problem. Hence, the mass transport in the whole
domain may be rewritten as the macroscopic diffusion
equation
oC

= = Dy V*C (10)
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where C is the macroscopic mean concentration and D, is
the effective mass diffusivity along the x direction. The
effective mass diffusivity is defined as follows:

*

w
Deff :WDC (11)

where the parameter w and w” are for the steady-state molar
flux across the homogeneous media (without solid matrix) and
the steady-state molar flux across the heterogeneous media
(with solid matrix), respectively. They are expressed as follows

w = Dc(ég — &)L /Ly (12)
w = [ Dyfoc/en),a (13)
0

There are two analytic approaches proposed by Maxwell
and Nield to predict the effective diffusion parameters
(such as mass diffusivity or thermal conductivity) to
account for the effect of inclusions in media, which are
given by the following expressions [30, 31].

Maxwell equation:

Dy 2Dc + Dy —2¢(Dc — Dy)
Dc  2Dc+D;+ ¢p(Dc—Dy)

(14)
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Nield equation:
Dy _ (Dr\*
D¢ Dc)

3.3 Special treatment for the solid matrix

3.3.1 Permeable solid matrix

The permeability of grains is very important to the mech-
anism of the effective mass diffusion and dispersion inside
porous media. If the grains are permeable, the mass species
may diffuse not only along the pores but also through the
grains, which simultaneously cause variation of the
apparent mass diffusivity of a whole porous medium. This
phenomenon exists in some practical applications such as
the surface diffusion for VOCs problem (i.e., the diffusion
coefficient of VOCs within solid matrix). It is meaningful
to investigate this phenomenon in which grains are treated
as another permeable phase with different diffusivity.

In this paper the two different diffusivities of the species
in pores and grains are determined by means of a spatially
varying relaxation time in the lattice Boltzmann model
according to Egs. 7 or 8. This treatment is simple and intu-
itive and can be conveniently extended to three phase or
more phase medium problems. Thus, the relationships
between the two different types of mass diffusivities and the
microscopic non-dimensional relaxation time are as follows.

For D2Q5 model, the relation is

2 2
D¢ = gcz(rc —0.5)0t, D;= §cz(z, —0.5)61. (16)

For D3Q7 model, the relation is

2 2
Dc = §c2(rc —0.5)0t, D;= 5c2(11 —0.5)0t (17)
where t¢ and t; represents the non-dimensional relaxation
time for mass diffusion process in pores and grains,

respectively.
3.3.2 Non-permeable solid matrix

If the grains are non-permeable, the species diffuse only
along the pores. In such case, the area through which the
species diffuse is much smaller than the one in the
homogeneous media. Thus, the area change for diffusion
causes variation of the mass diffusivity. In this case, we
only need to use bounce-back scheme in the lattice
Boltzmann model to deal with the solid—pore interfaces.

3.4 Boundary condition

Boundary conditions play important roles in lattice Boltz-
mann methods, which they will influence the accuracy and

stability of the LBM. Considering there are too many
boundaries for the three-dimensional problem, for conve-
nience, a universal boundary condition must be introduced
here. Thus, we follow the nonequilibrium extrapolation
rule proposed by Guo et al. [32], which is of second order
and has better numerical stability

f“(Xb,[) :f;q(xbat) +f;eq(vat) (18)

where the subscripts b and f represent the node on the
boundary and the nearest neighbour fluid node of x,,
respectively. The nonequilibrium term f*?(xy, t) represents
the deviation from the equilibrium, which is defined as

(Xp 1) = fulXp, 1) — 79 (Xp, 1). (19)

Substituting Eq. 19 into Eq. 18, the particle distribution
function on the boundary node can be given as

fa(xmt) :f;q(xbvt) +f1<xf7 t) _f;q<xf7 t)'

If the concentration on the boundary node xb is known,
the equilibrium distribution function at the boundary
fL4(xp, 1) can be obtained easily by Eq. 3. Alternately, if
the concentration gradient is known on the boundary node
X,, an approximate concentration can be obtained by the
Fick’s law and then the treatment is the same as the
specified concentration boundary.

(20)

3.5 Statistic of molar flux in a porous medium

The steady-state molar flux can be calculated using Eq. 13,
but when considering the solid matrix in the medium, it is
not very convenient. A simpler method is that the molar
flux inside a porous medium can be obtained from the
particle distribution function of LBM directly, where
the volume thermal capacity pc,, is assumed to be 1 for the
mass diffusion problem, according to our previous paper
[33]. Thus, the statistical equation is defined as follows:

W Z eJan —-05

o Tp

(21
where 1, is the local non-dimensional relaxation time,
which is equal to 7¢ in the pore phase and 7; in the solid
phase.

4 Validation test

4.1 Existing theoretical solution for homogeneous
media

To validate the procedure described in the previous section

for LBM in a homogeneous media (without solid matrix),
a diffusion problem in stationary media with specified
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Fig. 5 Schematic of the problem

surface concentrations, shown in Fig. 5, is considered. The
walls, located at y = 0 and H, are non permeable boundary,
the other ones, located at x = 0 and L, are kept at constant
concentrations, &y and &, (&g > &£;) In this case, the prob-
lem can be reduced to one-dimensional diffusion process,
where there is a molar flux along the x direction because of
the constant concentration gradient.

The governing equation for this case is Eq. 1. Without
loss of generality, the dimensionless variables are used in
this simulation and the characteristic parameters are listed
in Table 1. Thus, the dimensionless governing equation for
this case is

6<p 2
—~ = Fo,,V* 22
a3 = FonV7 0 (22)
and the boundary conditions become

=1 x*=0
{o=5 v2 23)

where Fo,, = (Dty)/L?* is a dimensionless number.
The solution ¢ is given analytically by

¢=—x"+1. (24)

For Fo,, = 4.0, calculations are carried out with
41 x 41 and 101 x 101 square grids. The lattice speed is
fixed at 1,000. The convergent criteria is defined as

>Egt =g

U

2

i

<1.0x 107 (25)

n+1
&

where &7+

i is the concentration on the (i, j) node at the next
time and .f;; is the one at the current time.
Figure 6 shows an excellent agreement with the ana-

lytical solution with two different grid resolutions and

Table 1 Dimensionless variables and characteristic parameters

Variable Characteristic parameters
Length: x" = x/L L

Concentration: ¢ = (¢ — ¢)/(Cy — &) (Cu — C1)

Time: ¢ = 1/t fo
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Fig. 6 Concentration profiles along the x direction

provides a good test of our lattice Boltzmann model with
current boundary treatments.

4.2 Experiment data for porous media

The existing theoretical solution for the diffusion problem
in a porous medium can hardly be obtained. In order to
validate our LBM for mass diffusion problem in a porous
medium, some experiment data must be introduced.
However, we can hardly find some better and simpler
experiment results about the effective mass diffusivity in a
porous medium in previous papers, fortunately, the results
about the effective conductivity are reasonable and because
of the similarity between the conduction equation and the
mass diffusion equation, here, we can choose the effective
conductivity as the experiment benchmark to test our dif-
fusion LB model in porous media in this paper.

Figure 7 shows the two-dimensional porous structure
truncated at two perpendicular cross directions of a poly-
urethane foam [34]. In each figure, the white part is the
pore and the dark part represents the solid polyurethane.
Measured data for this material are given in Ref. [34]. By
the technology of the imagine analysis, these structures
were transferred to 242 x 242 pixels matrices and then
used for simulations. The results listed in Table 2 show that

Fig. 7 Given structures of the polyurethane foam. a Along the foam
growing direction, b across the foam growing direction
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Table 2 Comparisons between present results and experimental data
for given structures

Along the foam growing direction

Prediction (W/mK) 0.0255

Experiment (W/mK) 0.0220

Deviation (%) 159
Across the foam growing direction

Prediction (W/mK) 0.0286

Experiment (W/mK) 0.0245

Deviation (%) 9.3

the deviations of the predict effective conductivities are no
>16%, which is encouraging. It is expected that more
finely matrices and improved experimental measurements
would lead to closer agreements.

5 Results and discussion

After validation by some theoretical solution and some
experiment data, the proposed LBM is used to investigate
mass diffusion process and predict the effective mass dif-
fusivity in some complicate structures, such as 2D regular
porous media, 2D or 3D random porous media. Further-
more, some meaningful results are obtained.

5.1 2D regular porous media

In 2D simulation, the effective mass diffusivity for regular
porous structures consisting of either permeable or non-
permeable grains are estimated and compared with the
Maxwell equation. Calculations are carried out for species
across a bank of square cylinders in staggered or in-line
arrangement (see Fig. 2). Figure 8a shows the effective
mass diffusivities for permeable grains versus the granular
fraction.

1.0 T T T T
0.8 a DL/DI*Z.O i
@)
]
. 0.6 1 B
i % D /D=4.0
QN 0.4 - = square cyl. staggered © 4
o square cyl. in-line
— Maxwell
0.2 B
0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
¢
@

The results for two values of D/D;, namely 2.0 and
4.0 show that the effective mass diffusivities decrease
with the grains fraction monotonically. The whole trends
agree with the Maxwell equation. But the values for every
granular fraction agree less favorably with it and the
discrepancy increases with increasing D/D,. For fixed
D¢/Dy, the discrepancy increases with increasing ¢ when
the granular fraction is smaller than 0.5 and decreases
when the granular fraction is larger than 0.5. This may be
attributed to that when ¢ is very small (close to 0), there
are few grains in the domain and the influence of the
granular shape or structure is very small, but when ¢
increases (<0.5), it may influence the predictions very
much. When ¢ is larger than 0.5, the whole domain is
mainly occupied by solid matrix. Especially, when ¢ is
close to 1, the whole domain is filled with grains, then if
we increase ¢, the influence is very small. That is why the
discrepancy reaches the maximal value at ¢ = 0.5 and
becomes very small when ¢ is very larger or small. This
phenomenon illustrates that the micro-structures of a
porous medium can influence the mass diffusion process
evidently and the Maxwell equation, which only consider
the granular fraction is not exact when ¢ is not very small
or larger.

The results for non-permeable grains are shown in
Fig. 8b. Unlike in the cases of permeable grains, they are in
less agreement with Maxwell equation. The results for
various cases are seen to coalesce when the granular
fraction is very small, which is like in the cases of per-
meable grains. However, they start to deviate from one
another as ¢ increases. Especially, the case for the stag-
gered square grains deviates early since the flow passage is
blocked rapidly when ¢ is close to 0.5. The corresponding
concentration fields are presented in Fig. 9. The granular
fractions for these two cases are 0.2475, 0.4851 for in-line,
and 0.3288, 0.4901 for staggered, respectively. The spaced

1.0 T T T T
—s— square cyl. staggered
0.8 —o— square cyl. in-line B
— Maxwell
. 0.6 B
Q
N
Q044 g
0.2 4
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
¢
(b)

Fig. 8 Effective mass diffusivity for 2D regular media. a Permeable grains, b non-permeable grains
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Fig. 9 Concentration
distribution for 2D regular case.
a In-line, b staggered
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. . | 1 - Nield ’
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© " T Q 64 4
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(a) (b)

Fig. 10 Effective mass diffusivity for 2D random media. a D./D; > 1.0, b D/D; < 1.0

contours indicate that the concentration varies rapidly as 5.2 2D random porous media

the flow passage becomes narrow for both in-line and

staggered case. But for the staggered case, the flow passage =~ The calculations for 2D random structures are carried out
decreases very quickly with increasing ¢ and the effective ~ with the same parameters as 2D regular cases above. The
mass diffusivity may deviate sharply from the in-line case  cases for Dc/D; > 1 and Dc/D; < 1 are both considered in
as is seen in Fig. 8b. this simulation. The results are shown in Fig. 10.
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Unlike in case of regular structure, the results are in
much less agreement with Maxwell equation, but much
closer to the Nield equation, which indicates that the
Nield equation is more applicable for predicting the
effective mass diffusivity than the Maxwell equation.
This may be attributed to the random effect of grain or
pore shape and topological properties. Especially, the
results for non-permeable grains (Do/D; = o0) decrease
much quicker than the case for regular structures. It may
indicate that the flow passage is blocked seriously as ¢
increases and when ¢ is close to 0.5, the effective mass
diffusivity becomes zero immediately, which is similar to
the regular case.

The corresponding concentration fields are shown in
Fig. 11. The granular fractions for these two cases are
0.4 and 0.7. The spacial contours indicate that the
solid—pore interfaces are treated well with the present
bounce-back scheme for non-permeable grains and the
flow passage decreases very quickly with increasing ¢.
When the granular fraction is larger than 0.5, the flow
passage is blocked completely. So we can predict that
for a random porous medium with non-permeable
grains, the granular fraction ¢ = 0.5 is a critical value
for the mass diffusion and the effective mass diffusivity
may becomes very small (close to zero) when ¢ > 0.5.
This phenomenon can be found in some practical
application, such as VOCs problem. According to Ref.
[17], for the medium-density board with granular frac-
tion around 53%, the calculated effective mass diffusion
coefficient is on the order of 10~'' m? s™' and Fick
diffusion coefficients of the formaldehyde or the acet-
aldehyde are on the order of 107> m? s7!, so for the
structure in Ref. [17], the D.4/D. is on the order of
10_6, which is very small and consistent with our
analysis. Thus, this is encouraging. So the Nield equa-
tion is more suitable to estimate the effective mass
diffusivities for VOCs problem.

Fig. 11 Concentration
distribution for 2D random
cases. a ¢ =04,b ¢ =07

5.3 3D random porous media

The effective mass diffusivity for 3D random porous media
is very important and practical, because of their similarity
to the real porous media. Hence, both the influence of
granular fraction and granular diameter are investigated in
the following simulation.

5.3.1 Granular fraction effect

In this paper, the cases for Do/D; > 1 and Dc/D; < 1 are
also both considered. The results are shown in Fig. 12. The
correlations of Maxwell are included in the figure for
comparison.

As shown in Fig. 12, when the difference between D¢
and Dy is small irrespective of their ratio being greater or
smaller than 1, the present predictions agree well with
Maxwell equation. For Dc/D; > 1 case, as D becomes
much larger than D;, Maxwell equation is found to over-
estimate the effective mass diffusivity, otherwise, as D;
becomes much larger than D, Maxwell equation is found
to underestimate the effective mass diffusivity. One may
conclude that Maxwell equation can be used to predict the
effective mass diffusivity almost exactly not only for
D¢/Dy > 1, but also for Do/D; < 1, when the difference
between D; and D¢ as well as the granular fraction ¢ is
quite small. But it is found that the calculated results are in
much better agreement with Nield equation in the both
cases for Do/D; < 1 and Do/D; > 1. In the former, Nield
equation is found to underestimate the effective mass dif-
fusivity a little, but in the case for D/D; > 1, it is in good
agreement with the calculated data in a porous medium
whose constituents have moderately different mass diffu-
sivities. Generally, Nield equation is better than the Max-
well equation to estimate the effective mass diffusivity of a
3D random porous medium. Comparisons with the results
for 2D regular media show that the effective mass
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Fig. 12 Effective mass diffusivity for 3D random media. a D./D; > 1.0, b D./D; < 1.0

diffusivity depends considerably on the granular shape, the
random volumetric and topological properties such as pore
tortuosity and interconnectivity. Hence, Maxwell equation
is not quite well for the estimation of the effective mass
diffusivity for 3D random porous media.

For D¢/D; < 1, the existing equations are found to
underestimate the effective mass diffusivity, so a new
empirical correlation is obtained by using a quadratic
polynomial as following:

Dy

=co+c1¢ + g’ (22)

D¢
When ¢ = 0 and 1, the corresponding %Cf is 1 and g—é,
respectively. We can obtain that ¢y = 1.0 and

cL+c = g—é — 1. Considering the influence of the ratio

of the two diffusivities and fitting the data of Fig. 12b in a
least-squares sense, ¢, and ¢, are finally determined as

Comparisons between the above correlation and the
results for 3D random porous medium are shown in
Fig. 13. The correlation is in better agreement with the data
of 3D random porous medium and when the difference
between D¢ and D, becomes larger, the data of 3D random
porous medium are located between the present cor-
relation and the Nield’s equation, yet closer to our new
correlation.

The concentration field, where the concentration equals
0.3 inside the porous media with two different porosities at
D.D; = 0.1 is shown in Fig. 14. The results show that
because of the micro-structure of the porous medium, the
surfaces are rough and as ¢ increases, they become more
smooth. It indicates that the influence of the pore or
granular structure is considered in our LBM model.

5.3.2 Granular diameter effect

2
D D . . . . .
a = —0.019 + 0.4598=" — 0.0421 ( =~ (23) Figure 15 shows the Calculat.ed. efféctlve mass dl.ffu51v1t.y
D¢ D, versus the average characteristic diameter of solid parti-
D D2 cles, which is defined as the sphere diameter of the average
a, = —0.981 + 0.5402D—I+ 0.0421 <ITI) . (24) volume of a particle. For the QSGS method, the average
C c
Fig. 13 Comparisons among 10 ——— —
the resent correlation, Maxwell
equation, Nield equation, and . .
the data of LBM 3 » 3DLEM by 0',]-_"" 1
Maxwell Y
— - Nield ¥ i
Qb_‘ ----- present correlation n
Q ¥
- D D025
1.‘
LIs
24 w2 feid
00 0.2 ) 1?.‘4 t;{» l;“ 1.0
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(b)

Fig. 14 The surfaces inside the 3D random media with an equal
concentration (C = 0.3).a ¢ = 0.3, b ¢ = 0.9

volume of a particle is calculated by the following equation
[28].

Vo =(1=¢)V/(n-Ca) (25)

where V represents the total volume of the system, # is the
total grid number, and C,; is the core distribution
probability.

Without losing universality, we introduce a dimension-
less average characteristic diameter A, which can be related to
the average characteristic diameter d as A = d/d,, where d, is
defined as d, = L/M, where L represents the length of the
reconstruction system, M the grid number in one direction.

From above we obtain that
Enidy) = (1= o)V /(n-Co) (26)

Finally, from Eqs.25 and 26, the dimensionless
characteristic diameter A can be related to C; as

0.7 T T T T T T T T
D/D;=2.0
0.6 4 b
o 3DLBM
fit line

Ci= 6:;8) R %3(178). Considering the constraint that

C;<(1 —¢), the lower limit of A is 1.24 (i.e., A > 1.24).

Here, the dimensionless average characteristic diameter
changes from 1.5 to 9.3 by varying C,; from 0.3395 to
0.0014 in the present simulations and other parameter is
¢ = 0.4. The cases for Dc/D; > 1 and Do/D; < 1 are also
both considered. The results show that whether D/D; > 1
or Do/D; < 1, when the difference between D and Dy is
small irrespective of their ratio being greater or smaller
than 1, the change of the effective mass diffusivity for 3D
random structure versus the average characteristic diameter
of solid particles is very small, but when the difference
increases, the effective mass diffusivity increases evidently
as 4 increases. Comparing Fig. 15a with Fig. 15b, we can
conclude that the rate of the effective mass diffusivity
increasing with the average characteristic diameter in the
case for Do/D; > 1 is smaller than the case for D/D; < 1.
Because of the stochastic characteristics for the 3D random
porous medium, two trials were performed for each
dimensionless average characteristic diameter, but the
calculated effective mass diffusivities did not exactly fall
into a same value. For a given porous medium and a D/Dy,
a smaller dimensionless average characteristic diameter
leads to a smaller fluctuation around the average result.
Furthermore, these statistic fluctuations increases evi-
dently, when the difference between D¢ and D; increases.
For the present simulations in Fig. 15, the statistical fluc-
tuation is smaller than 4%.

6 Conclusions

In this paper, the effective mass diffusivity through the
porous medium is successfully predicted by the lattice
Boltzmann method. The results that have been obtained

for various 2D and 3D structures are compared with the

5.0 T T T T T T T T

(b)

Fig. 15 The effective mass diffusivity versus average characteristic diameter of solid particles. a D./D; > 1.0, b D/D; < 1.0
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existing analytic equations. The results, generally, are in
good agreement with the existing analytical equation of
Maxwell equation and Nield equation in some specially
situation. The Maxwell equation is suitable for 2D regular,
2D random and 3D random porous medium for permeable
grains, whose diffusivity is not much different from that of
the species inside the pores. When the difference between
the diffusivity of grains and fluid becomes larger, the
Maxwell equation is not applicable and for the 3D random
medium, the effect of the grain or pore shape, the random
volumetric and topological properties such as pore tortu-
osity and interconnectivity becomes significant and the
results deviate rather sharply from Maxwell equation. But
the Nield equation seems much more comprehensive.
Especially, for a 3D random porous medium, the results
calculated by the Nield equation are much closer to our
present data. Thus, for the VOCs problem, Nield equation
can be used to evaluate the effective mass diffusivity.
Furthermore, for non-permeable grains with moderate
granular fraction, the analytical solution of Maxwell is not
adequate in estimating the effective mass diffusivity well.
This may be due to that the flow passage becomes narrow
and decreases very quickly with increasing granular frac-
tion and this may be very serious for 2D random medium.
Generally, the present full numerical set is quite suitable
for analyses of mass diffusion in the porous media. The
results and methodology in this contribution may be of
great significance for improving our understandings of
mass transport mechanisms in various porous media. Yet, it
can provide some meaningful data and theoretical analysis
to some practice application, such as the VOCs. According
to our results above, we can know the influence of the
granular fraction, random structures, random granular
shape and the average granular diameter on the mass dif-
fusion in a porous media, which can guide us to control
volatilization of the organic compounds in VOCs problem.
Future work will focus on the influence of the thermal
effect on the mass diffusion inside a porous medium.
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