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Effect of capillary condensation on gas transport properties in porous media
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We investigate the effect of capillary condensation on gas diffusivity in porous media composed of randomly
packed spheres with moderate wettability. To simulate capillary phenomena at the pore scale while retaining
complex pore networks of the porous media, we employ density functional theory (DFT) for coarse-grained lattice
gas models. The lattice DFT simulations reveal that capillary condensations preferentially occur at confined pores
surrounded by solid walls, leading to the occlusion of narrow pores. Consequently, the characteristic lengths of
the partially wet structures are larger than those of the corresponding dry structures with the same porosities.
Subsequent gas diffusion simulations exploiting the mean-square displacement method indicate that while the
effective diffusion coefficients significantly decrease in the presence of partially condensed liquids, they are
larger than those in the dry structures with the same porosities. Moreover, we find that the ratio of the porosity
to the tortuosity factor, which is a crucial parameter that determines an effective diffusion coefficient, can be
reasonably related to the porosity even for the partially wet porous media.
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I. INTRODUCTION

Gas diffusion in porous media is an important phenomenon
for the design of adsorbents [1,2], permeation membranes
[3.4], and fuel cell electrodes [5—7] with the complex void
labyrinths of porous media significantly hindering internal
gas diffusion. Typically, effective diffusion coefficients inside
porous media can be measured using countercurrent gas
diffusion in the Wicke-Kallenbach or Graham’s diffusion
cell [8,9]. Nevertheless, detailed information about the pore
space is required to relate the microscopic features of the
porous media to the effective diffusivity, which serves as the
guiding parameter for the design of porous media. To obtain
such information, imaging techniques such as x-ray computer
tomography [5,10-12] and scanning electron microscopy
combined with focused ion beam milling [7,13—-15] have been
widely utilized to reconstruct porous media based on real
structures. Although these experimental methods can success-
fully elucidate the microscopic features of realistic porous
media, they intrinsically require time-consuming processes
such as preparation and destruction of the observation objects,
followed by image processing prior to the reconstruction. In
silico structural reconstruction of a porous medium combined
with subsequent gas diffusion simulation is a promising alter-
native choice to perform extensive studies of the relationship
between the microscopic features of the pore network and
the effective diffusivity. Indeed, a number of researchers have
studied gas diffusions in the numerically constructed porous
media composed of randomly packed spheres [6,16—18] or
random fiber structures [19,20]. One of the important findings
for the porous media composed of randomly packed spheres is
that the tortuosity factor, which represents the tortuous nature
of a pore network and determines effective diffusivity, can
be well defined as a purely structural parameter as long as
the porosity is higher than 0.1 and the characteristic length is
appropriately chosen [17,18].
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From a practical point of view, gas diffusion in the presence
of partially condensed liquids is a common phenomenon in
porous media. For example, a catalyst layer of a polymer elec-
trolyte fuel cell during high-power operation inevitably suffers
from water-flooding issues due to capillary condensation of
water vapor that results in a significant increase in the oxy-
gen diffusion resistance [21,22]. Experimentally, radiography
techniques employing neutrons [23], synchrotron x rays [24],
and soft x rays [25] have been utilized for in situ visualization
of water distribution in a porous medium. However, the finest
available resolution, achieved using the soft x-ray radiography
technique, is at the submicron scale, which is insufficient
for characterizing capillary phenomena in microporous and
mesoporous materials. Meanwhile, a number of simulation
studies have been dedicated to capillary phenomena in porous
media [26-28]; however, little attention has been paid to the
effects of these phenomena on gas diffusivity [29,30]. There-
fore, the present study aims to numerically elucidate the effect
of capillary condensation on gas transport properties in porous
media. We should note that the classical density functional
theory (DFT) [31-37] and molecular simulation techniques
[38—40] are useful for understanding the thermodynamics and
phase behavior of confined fluids, but cannot be applied to
large-scale porous media with complex pore networks due
to their high computational costs. Alternatively, we employ
the lattice DFT [28,41-44] to simulate capillary condensation
inside porous media composed of randomly packed spheres.
The lattice DFT is a coarse-grained version of the conventional
DFT, thus allowing for the simulation of capillary phenomena
at the pore scale while retaining the complex pore networks
of the porous media. Subsequently, gas diffusion in the
presence of partially condensed liquids is evaluated using the
mean-square displacement method [45,46]. Finally, we discuss
the ratio of the porosity ¢ to the tortuosity factor r, which
is a crucial parameter that determines effective diffusivity in
porous media.

The remainder of this paper is organized as follows. In
Sec. II, we describe in detail the methods for the construction
of model porous media, thereby simulating capillary conden-
sation using the lattice DFT. We then describe the procedure for
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obtaining effective diffusion coefficients and tortuosity factors
of the porous media. Section III presents the obtained results
and the discussion, where a special emphasis is placed on
the differences between the dry and partially wet structures
to highlight the effect of capillary condensation. Concluding
remarks are presented in Sec. IV.

II. METHODS

A. Numerical construction of porous media

Model porous media are constructed using the drop-and-roll
algorithm [6,16—18]. The domain size is 160Lx 160Lx600L
with periodic boundary conditions in horizontal (xy) direc-
tions, where L corresponds to a side length of the cubic lattice
in the lattice DFT simulation described in Sec. II B. The sphere
diameter is 10L. At each trial, the initial horizontal position
located at 0 <x < 160L and 0 <y < 160L is randomly
assigned to a single sphere using the uniform random numbers.
Then the sphere is dropped far from the top of the domain in
the z direction. When the incoming sphere contacts an already
packed sphere(s), it rotates around the contacting sphere(s).
This process is repeated until the incoming sphere hits the
floor (z = 0) or is placed at a stable position, where it is
supported by three other spheres and the projection of its center
on the horizontal plane is located within the triangle formed
by the projections of three contacting points. The next trial
starts after the incoming sphere settles into a stable position.
This drop-and-roll process is repeated until the z coordinate
of the center of the topmost sphere exceeds the top of the
domain (z = 600L). Then the bottom (0 < z < 60L) and the
top (540L < z < 600L) regions are removed from the domain
to eliminate the effects of the floor and top layer. Finally, we
obtain the model porous medium with the domain size of
160Lx 160Lx480L, as displayed in Fig. 1.

FIG. 1. Representative porous medium constructed using the
drop-and-roll algorithm with the sphere diameter 10L. Domain
dimensions are 160Lx160Lx480L with the periodic boundary
conditions in the horizontal directions. The origin of the coordinates
is located at a vertex of the bottom plane. The contact angle and
porosity are 0° and 0.42.
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FIG. 2. (a) Definition of contact angle 6 between two contacting
spheres. The contact angle is spanned by the two lines, one of which
connects the sphere center with the center of the contact area, and
the other with the circumference of the contact area. (b) Porosity as
a function of the contact angle. The error bars of each marker are
standard deviations obtained using five different structures.

The porosity of the porous medium can be tuned using the
contact angle between two contacting spheres [6], as displayed
in Fig. 2(a). The contact angle is kept constant throughout the
construction process. The porosity is obtained by randomly
dropping 200N test points inside the domain, where N is the
number of spheres, and then calculating the fraction of the test
points in a void space. The porosity is shown as a function of
the contact angle in Fig. 2(b). The porosity decreases with the
increasing contact angle, indicating good agreement with the
results obtained in a previous study [6]. The error bars of each
marker are obtained from five different structures and exhibit
negligibly small fluctuations. In the present study, we focus
on the porous media with porosities higher than 0.1, where
the tortuosity factor shows little dependence on the Knudsen
number Kn = £ /d [17,18]. Here £ is the mean free path of the
gas molecules and d is the characteristic length of the porous
medium.

Finally, the model porous media are discretized into cubic
lattices with the side length L to be utilized in the subsequent
lattice DFT simulations of capillary condensation. It should
be noted that the porosities of discretized structures are
almost identical to those of the original structures, exhibiting
deviations of at most 0.1% only. Hereafter, the length scale is
expressed in units of L (i.e., L = 1).

B. Simulation of capillary condensation based on the
lattice density functional theory

Lattice DFT is based on the mean-field lattice gas model
[28,41-44] and can be viewed as a coarse-grained version of
the conventional DFT [31-37]. In the lattice DFT scheme, the
system of interest is discretized into lattices that correspond
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to either a solid or a fluid site, where both the fluid-fluid and
solid-fluid interactions are treated for the nearest neighbor
sites, thus enabling a far larger simulation scale than that of
the conventional DFT. The density distribution { p } is obtained
by minimizing the grand potential of the system with respect
to the density p;, where i denotes the position vector of each
fluid site and p; varies from O to 1. The grand potential 2({p})
is given by

Qlp)) = ksT Y [piln pi + (1 = p) In (1 — pp)]

—% Z ;Pipi+a + ;Pi(‘pi —w, (D

where kg is the Boltzmann constant, 7T is the thermodynamic
temperature, &g is the fluid-fluid interaction parameter, a is the
vector from site i to the nearest neighbor, and u is the chemical
potential. ¢j is the external field exerted on the fluid site i from
the nearest solid site and is given by

gi=—Y x(aesg, )

where &g is the solid-fluid interaction parameter, and x = 1
if i+a) is a solid site and y = 0 otherwise. Then the
equilibrium density distribution is obtained by

o .
— =0 for Vi. 3)
301/ 1, g1, 1
Substitution of Eq. (1) into Eq. (3) yields
Pi .
kBTln<1 — i) _Eff;pi_',a—i_(pi —u=0 for Vi.
“)
This equation can be further reformulated into
G .
= 1+;»Ci for Vi, 5)
where
7
A= — ], 6
exp ( kBT) (6)

1
Ci = exp |:_kB_T<‘Pi_ZPi+a>:|~ @)

Here, the activity A is uniform throughout the system at
equilibrium. Therefore, once the chemical potential is spec-
ified, the equilibrium density distribution can be obtained by
iteratively solving Eqgs. (5) and (7) until converged solutions
are attained. Practically, by gradually changing A, the density
distribution for the previous A can be utilized as an initial guess
for the current A, allowing for fast convergence. Hereafter,
we introduce the relative activity A/Xg, where Ao is the
activity at bulk saturation given by Ay = exp(—3eg/kgT) in
the lattice gas model [28,47]. We note that the relative activity
is essentially equivalent to the relative pressure apart from the
effect of gas imperfection.

The phase behavior of the lattice DFT system is char-
acterized by the reduced temperature 7" = kgT /&g and the
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FIG. 3. Lattice DFT simulation system. The porous medium with
the contact angle 0° is immersed in the system with the volume of
320Lx320Lx960L, where the side length of each cubic lattice is L.
Periodic boundary conditions (PBCs) are imposed in all directions.

wettability parameter o = ey/eg. In the present study, we
set T* = 1 and o = 1, corresponding to moderate wettability
between the fluid and solid phases. The simulation system
is shown in Fig. 3. The porous medium with the contact
angle of 0° is immersed in the system with the dimensions
of 320Lx320L x960L, ensuring a sufficiently large bulk fluid
region. Here, L is the side length of each cubic lattice. The
adsorption process is simulated by gradually increasing the
relative activity from O to 1.0 and vice versa for the desorption
process.

C. Calculation of effective diffusion coefficients
and porosity-to-tortuosity ratios

The effective diffusion coefficient D, in a porous medium
has been often represented by [17,18]

D(Kn) = %D()(Kn), 8)

where ¢ is the porosity and t is the tortuosity factor. Dy is the
diffusion coefficient obtained for a nonporous structure and is
given by [48]

9

1)1 Dy Dx

1
DoKn) = —+—) = - .
dn)(m+m I+Kn 1+Kn!

The bulk diffusion coefficient Dy is &v/3 and the
Knudsen diffusion coefficient Dk is dv/3, where v denotes
the mean thermal velocity of the gas molecules. Note that
Dy(Kn — 0) = Dy, and Dy(Kn — o0) = Dg.

In principle, the tortuosity factor t is a structural parameter
that characterizes the nature of the void network such as
twists and turns, and should not be dependent on the flow
regime. For the porous media composed of randomly packed
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spheres with porosities >0.1, it has been reported that the
tortuosity factors can be well defined as purely structural
parameters independent of the Knudsen number Kn as long as
the characteristic length d is appropriately chosen according

to [17,18]
d= UZ) - B (10)
\2)? P I

where (I) is the mean of the chord length distribution, (/%)
is the mean of the second moment of the distribution, and 8
represents the redirection effect of free molecules colliding
only with the pore wall [49-52]. More specifically, g is
given by

B=- Z (cos )/m>, (11)
m=1

where (cos y,,) is the mean value of the cosine of the angle y,,
between the two trajectories separated by m wall collisions.
Equation (8) indicates that the ratio of the porosity to the
tortuosity factor, /7, is a crucial parameter that determines the
effective diffusion coefficient in a porous medium. To evaluate
the ratio ¢ /T from Eq. (8), we calculate the effective diffusion
coefficients in the Knudsen flow regime, D.(Kn — 00), using
the mean-square displacement (MSD) method [45,46]. The
effective diffusion coefficient D, can be obtained by
2
D. =& lim (T —rOF)

t— 00 6t

12)

where r(¢) is the position of a gas molecule at time z.
To calculate the MSD, 10000 test molecules are randomly
inserted into the void space of the porous medium with a
volume of 160L x 160L x480L and subsequently allowed to fly
inside the pore network and reflect at the pore walls following
the Knudsen cosine law [53,54]. Periodic boundary conditions
are imposed in the x and y directions, whereas a mirror
boundary condition is imposed in the z direction. Since the
mirror boundary condition may slightly affect the MSD [6],
the molecules are initially dropped into a central portion of the
structure (160L < z < 320L) to alleviate the effects of the top
and bottom boundaries. Unless otherwise stated, the molecules
are allowed to fly for a cumulative distance 625 times as large
as the side length of the simulation domain in the horizontal
direction, 160L, ensuring that sufficiently large regions are
explored by the test molecules. Hereafter, the time unit is
chosen as L/v.

III. RESULTS AND DISCUSSION

A. Capillary condensation in the porous medium

Figure 4 shows the adsorption and desorption isotherms for
the porous medium with & = 0° obtained from the lattice DFT
simulations. In the adsorption process, the mean density of
fluid sites increases with the relative activity A /A, exhibiting
an especially sharp increase around A/Ag = 0.6—0.8. In the
desorption process, the mean density decreases slightly prior
to the abrupt decrease at A/Ag ~ 0.66, showing a different
path from the adsorption isotherm. This hysteresis loop is very
similar to the H2(a)-type hysteresis, typical of many silica
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FIG. 4. Adsorption and desorption isotherms for the porous
medium with & = 0°. Left axis shows the mean density of fluid sites
in the structure. Right axis shows the apparent porosity during the
adsorption process calculated on the assumption that the fluid sites
with the densities >0.5 are occluded by condensed liquids.

gels, some porous glasses, and some ordered mesoporous
materials with pore diameters in the range of 2-50 nm [55]. The
very steep desorption branch can be attributed either to pore
blocking or percolation in narrow pore necks or to cavitation-
induced evaporation. The right axis of Fig. 4 displays the
apparent porosity during the adsorption process calculated on
the assumption that the fluid sites with densities >0.5 are
occluded by the condensed liquids. The apparent porosity
decreases sharply around A /A9 = 0.6—0.8 in accordance with
the increase in the mean fluid density and becomes almost 0
at A/Ao = 1.0. Strictly speaking, the appropriate threshold of
fluid density for defining the gas and liquid phases is not well
defined in confined systems. However, it should be noted that
in the lattice gas model, a bulk fluid is a liquid if the density is
more than 0.5 and is a gas otherwise [56].

Fluid density distributions during the adsorption process
are indicated in Fig. 5. As the relative activity increases,
capillary condensations preferentially occur at confined pores
surrounded by the solid walls, leading to the occlusion of
narrow pores. A further increase in the relative activity induces
the formation of liquid bridges between condensed liquids,
giving rise to the liquid network.

B. Structural characterizations of partially wet structures

In the partially wet porous media through the adsorption
process, the fluid sites with densities >0.5 are regarded as
condensed liquids that inhibit gas diffusion and are hereafter
treated in the same manner as the solid sites. Chord length
distributions of the dry and partially wet structures are calcu-
lated by randomly drawing 6 000 000 lines and extracting the
segments located in void spaces [57], as shown in Fig. 6. Both
chord length distributions exhibit spikes at the chord length /
equal to integer values due to the lattice discretization of the
structures. The frequency around 1 </ < 3.5forA/1y = 0.74
is smaller than that for /Ao = 0, indicating the occlusions of
narrow pores due to capillary condensations.

To further highlight the effect of capillary condensation on
the structural properties, we compare chord length distribu-
tions between the partially wet structures and dry structures
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FIG. 5. Fluid density distributions in the plane of z = 240L during the adsorption process. Gray regions correspond to solids. (a) Relative
activity A/Ao = 0 and apparent porosity &, = 0.42, (b) /Ay = 0.50 and &, = 0.35, (c) A/Ao = 0.60 and e, = 0.30, (d) 1/1o = 0.66 and
&, = 0.25,(e) A/Ay = 0.70 and &, = 0.20, and (f) A/Ao = 0.74 and ¢, = 0.14.

with the same porosities. The partially wet structures for
A/ho = 0.50, 0.60, 0.66, 0.70, and 0.74 correspond to the dry
structures with 6 = 15.8°, 21°, 25.2°, 28.8°, and 33°, where
the porosities are 0.35, 0.30, 0.25, 0.20, and 0.14, respectively.
Figure 7 shows examples of the chord length distributions of
the dry and partially wet structures with the same porosities.
Clearly, small pores in the partially wet structures are occluded
by capillary condensations, resulting in the lower frequencies

of the narrow pores (/ < 3) and the higher frequencies of the
large pores (I > 3) compared to the dry structures.

Figure 8 summarizes the structural parameters of the dry
and partially wet structures. The mean chord length of the dry
structure with ¢ = 0.42 is about 3.5L as shown in Fig. 8(a).
Interestingly, the mean chord lengths of the partially wet
structures show little dependence on A /A, exhibiting a slight
increase from A/1y = 0(e = 0.42) to 1/Ao = 0.50(e = 0.35)
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FIG. 6. Chord length distributions of the dry (A/Ao = 0) and
partially wet (L/Ao = 0.74) structures with 6 = 0°.

and almost the same values for A /Ay > 0.50, even though the
porosity decreases with increasing A/Xq. This is in contrast
to the cases for the dry structures, where a decrease in the
porosity accompanied by increasing 6 significantly affects the
mean chord length. The main reason for this difference is
that occlusions of narrow pores in the partially wet structures
lead to the low frequencies of the narrow pores and thus the
relatively higher frequencies of the large pores, as discussed
above. Figure 8(b) shows the ratio (/%) /2(1 )2 which appears
in Eq. (10). Although (/%) /2(1)* shows a slight dependence on
the porosity for the dry structures, it is almost unity for all
dry structures, implying that their chord length distributions
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FIG. 7. Comparison of chord length distributions between the
dry and partially wet structures with the same porosities. (a) Dry
structure with & = 21° and partially wet structure with 8 = 0° and
A/Ao = 0.60, both of which have ¢ = 0.30; (b) dry structure with
0 = 33° and the partially wet structure with & = 0° and A /Ay = 0.74,
both of which have ¢ = 0.14.
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are close to an exponential distribution [17,58]. By contrast,
(%) 2(1)* of the partially wet structures differs from unity
more remarkably, indicating that the chord length distributions
of the partially wet structures show greater deviations from
the exponential distribution as A/} increases. In addition,
following Ref. [17], the parameters § of all structures are
calculated using the first 12 terms of Eq. (11), where (cos y;,,)
is obtained from the Knudsen diffusion simulations presented
in Sec. III C. Figure 8(c) indicates that 8 values of the partially
wet and dry structures are almost identical and are larger than
the theoretical value of 4/13 for the Knudsen cosine law in
random packings of monodisperse spheres [17]. The latter
tendency is typical of lattice discretized structures and has
also been reported in a previous study [18].

Eventually, we can obtain the characteristic lengths d for the
corresponding structures via Eq. (10) with the above structural
parameters, as shown in Fig. 8(d). Notably, while the d values
of the dry structures decrease sharply with decreasing porosity,
those of the partially wet structures show a more moderate
dependence on the apparent porosity. This is mainly due to
the differences of the mean chord lengths between the dry
and partially wet structures, as shown in Fig. 8(a). As a
consequence, the d values of the partially wet structures are
significantly larger than those of the dry structures, especially
for the lower porosities.

C. Effective diffusion coefficients and
porosity-to-tortuosity ratios

The MSDs in the dry (A /A9 = 0) and partially wet (A /A9 =
0.60, 0.70, and 0.74) structures with & = 0° are indicated in
Fig. 9. Since an increase in A/Ao hinders the gas diffusion
significantly, it takes a longer time for the gas molecules to
reach normal diffusions, where the MSDs are proportional to
time 7. Especially for A /Ao = 0.74 corresponding to ¢ = 0.14,
it is necessary to run the simulations for as long as ¢ = 10°
to obtain the normal diffusion [see Fig. 10(b)]. Accordingly,
we extract the normal diffusion regimes from t = 8 x 10* to
1 x 10% for e = 0.20—0.42, and from ¢t = 8 x 10° to 1 x 10°
for ¢ = 0.14 to obtain diffusion coefficients.

To further investigate the effect of capillary condensation
on gas diffusivity, we compare MSDs of the partially wet
structures and those of dry structures with the same porosities,
as shown in Fig. 10. Even for the same porosities, the gas
diffusivities in the partially wet structures are larger than those
in the dry structures. This tendency becomes more pronounced
as the porosity decreases as shown in Fig. 11(a) where the
effective diffusion coefficients in the dry and partially wet
structures with the same porosities are presented. Finally,
Fig. 11(b) compares the ratio of the porosity to the tortuosity
factor, ¢/t, of the dry and partially wet structures with the
same porosities based on Eq. (8). Notably, the ¢/t values show
little dependence on whether the structure is dry or partially
wet, and can be reasonably related to the porosity, although a
slight difference between the dry and partially wet structures
is observed at ¢ = 0.14. This is because while the effective
diffusion coefficients in the partially wet structures are larger
than those in the dry structures as shown in Fig. 11(a), the
diffusion coefficients Do(Kn — 00) = Dx = dv/3 defined by
Eq. (9) are also larger for the partially wet structures as shown
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FIG. 8. Structural parameters of the dry and partially wet structures. Contact angle 6 is varied for the dry structures, while 6 is kept at 0°
and A/ is varied for all partially wet structures. (a) Mean chord length (I}, (b) the ratio (/?)/2(1)* in Eq. (10) with the theoretical value 1 for
an exponential chord length distribution indicated by a dashed line, (c) 8 given by Eq. (11) with the theoretical value 4/13 for the Knudsen
cosine law in random packings of monodisperse spheres indicated by a dashed line, and (d) characteristic length d given by Eq. (10).

in Fig. 8(d), thus resulting in almost identical values of ¢/t
for the dry and partially wet structures.

From the practical point of view, the present study implies
the possibility of estimating the value of ¢ /7 of a partially wet
porous medium with certain apparent porosity measured ex-
perimentally using volumetric or gravimetric methods [59,60],
according to the available value of ¢ /7 of a dry porous medium
with the same material and porosity. However, for a definitive
conclusion, further studies exploiting other types of porous
media [19,20] are required in future. In addition, since all
porous media in the present study are discretized into cubic
lattices for the lattice DFT simulations, the values of ¢/t differ
from those of nonlattice structures. Nevertheless, the fact that
the values of ¢/t are almost the same between dry and partially
wet structures may also hold for the nonlattice structures.
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FIG. 9. MSDs (on a log-log scale) in the dry (A/A¢ = 0) and
partially wet (/Ao = 0.60, 0.70, and 0.74) structures with 6 = 0°.
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FIG. 10. Comparison of the MSDs (on a log-log scale) between
the dry and partially wet structures with the same porosities. (a) Dry
structure with & = 21° and the partially wet structure with 6 = 0°
and A /Ay = 0.60, both of which have ¢ = 0.30; (b) dry structure with
6 = 33° and the partially wet structure with & = 0° and A /Aq = 0.74,
both of which have ¢ = 0.14.
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FIG. 11. Effective diffusion coefficients obtained from the slopes
of the MSDs based on Eq. (12) (a) and the ratio of a porosity ¢ to the
tortuosity factor t (b) of the dry and partially wet structures with the
same porosities. Contact angle 6 is varied for the dry structures, while
0 is kept at 0° and A /A is varied for all the partially wet structures.

It should also be noted that to estimate an effective diffusion
coefficient D.(Kn) for certain Kn via Egs. (8) and (9), the
correct evaluation of Kn is important and requires a proper
value of the characteristic length d. However, unlike the ¢/t
ratio, the characteristic length cannot be related solely to the
porosity as indicated in Fig. 8(d).

Finally, the present study deals with gas diffusivities and
porosity-to-tortuosity ratios for the dry and partially wet
porous media with the same apparent porosities. Although
the lattice DFT generally provides a qualitative description
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of capillary phenomena, we believe that the above-mentioned
comparison is feasible as long as the void fractions are identical
for the dry and partially wet structures, since the lattice
gas model is able to represent how capillary condensation
proceeds from smaller pores to larger ones, appropriately
describing variations of void networks. For instance, Zeidman
et al. investigated liquid adsorption in porous media using on-
lattice coarse-grained Monte Carlo and found that calculated
soil-water retention curves, which relate the soil suction to
the volumetric liquid content, show good agreement with
experimental counterparts [27].

IV. CONCLUSIONS

We have investigated the effect of capillary condensation on
gas diffusivity in porous media composed of randomly packed
spheres with moderate wettability. The lattice DFT simulations
successfully reproduce the realistic adsorption/desorption
isotherms and provide the fluid density distributions inside the
porous media. We have found that capillary condensations lead
to the occlusion of narrow pores because they preferentially
occur at confined spaces surrounded by the solid walls. This
tendency results in the larger values of the characteristic
lengths d of the partially wet structures compared to those
of the corresponding dry structures with the same porosities.
Furthermore, the MSD simulations indicate that the effective
diffusion coefficients are significantly suppressed by the par-
tially condensed liquid; however, they are larger than those in
the dry structures with the same porosities. Most importantly,
we find that the ratio of the porosity to the tortuosity factor,
&/t, which is a crucial parameter that determines the effective
diffusion coefficient, can be reasonably related to the porosity
even for the partially wet porous media. This finding is of
great significance because it may enable the estimation of the
value of ¢/7 in the presence of capillary condensed liquid by
referring to the corresponding value of a dry porous medium
with the same material and porosity.
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