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Simulation of liquid penetration in paper
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Capillary penetration of a wetting liquid in a microtomographic image of paper board, whose linear dimen-
sion was close to the average length of wood fibers, was simulated by the lattice-Boltzmann method. In spite
of the size of the system not being large with respect to the size of structural inhomogeneities in the sample,
for unidirectional penetration the simulated behavior was described well by that of the Lucas-Washburn
equation, while for radial penetration a radial capillary equation described the behavior. In both cases the
average penetration depth of the liquid front as a function of time followed a power law over many orders of
magnitude. Capillary penetration of small droplets of liquid was also simulated in the same three-dimensional
image of paper. In this case the simulation results could be described by a generalized form of the radial-

penetration equation.
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I. INTRODUCTION

Penetration of fluid into small pores of a solid material is
a common phenomenon in nature, and it also appears in
many technological processes. Examples of such penetration
range from water transport in plants to applications in the
printing and textile industries. The basic equation used to
describe capillary penetration was introduced by Lucas and
Washburn almost a century ago [1,2], but its validity in vari-
ous experimental situations is still being analyzed [3-5].
Most experiments have been carried out at length scales
much larger than the structural inhomogeneities in the porous
materials analyzed. Thus one of the interesting remaining
questions is how well simple capillary models with grossly
simplified assumptions about the pore structure can describe
fluid transport in length scales close to and even below those
of structural variations.

Many fascinating phenomena are related, e.g., to imbibi-
tion in which a fluid penetrates a porous medium filled by
another fluid (for a recent review see, e.g., Ref. 6). Examples
of these phenomena include the roughening of an interface
between the two fluids [7], pinning of such an interface in-
duced by evaporation or by random inhomogeneities [8,9],
and other defect-induced effects on it [10]. A great deal of
recent interest has also been devoted to propagation of the
so-called precursor fronts that are formed when pores of con-
siderably different sizes (e.g., microrougheness at pore walls)
are interconnected in the medium [5,11,12].

The development of new and improvement of old tech-
niques for fluid-flow simulations has recently opened up new
possibilities in the study of complex multiphase flow phe-
nomena such as, e.g., imbibition. One of the new methods
applicable rather generally to multiphase flows is the lattice-
Boltzmann (LB) method [13-16]. This method has in fact
been found to be an efficient tool in simulating complex flow
problems. For instance, it has been successfully used to
simulate flows in porous media [17,18], multiphase flows
[19-25], and suspension flows [26-30]. Particularly interest-
ing properties of the LB method include its spatially local
updating rules, which make it suitable for parallel computing
[31-33], and easy handling of fluid-solid boundaries, which
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is advantageous when simulating flows in complex geom-
etries.

In this work we thus use the LB method to study capillary
penetration of a wetting liquid in paper board. Paper is an
interesting common material for this kind of study. In spite
of the fact that it has been used in many experimental studies
of liquid penetration (cf. Refs. [5,34-38]), the small-scale
dynamics of imbibition in paper is still largely unknown. It is
not known, in particular, whether capillary models can be
used to describe this dynamics as many of the simplifying
assumptions behind these models are not really valid. In ad-
dition, penetration of liquid into paper is of great practical
interest, not only in paper-making processes such as coating,
but also in printing or when using paper as an absorbing
material. We demonstrate here that results of ab initio LB
simulations for fluid transport in length scales up to the av-
erage length of the wood fibers that mainly constitute the
material are indeed in good agreement with predictions of
appropriate capillary models. It is evident that similar simu-
lations could be used to analyze related technological pro-
cesses.

In these simulations paper was described by a three-
dimensional (3D) reconstruction of a sample of paper board,
based on high-resolution x-ray microtomography. In tomog-
raphic imaging a large number of 2D projections of the
sample are collected by passing radiation through it at differ-
ent angles. By Radon transformation [39] these shadow-
grams are transformed into 2D cross sections for the local
absorption coefficient of X rays, from which a 3D map of the
absorption coefficient can be constructed [40]. By segment-
ing the gray-scale values that describe the fiber material, the
structure of the original sample is recovered. An accurate
determination of the air-fiber boundary is, however, not
straightforward; see, e.g., Ref. [41]. Recent advancements in
the resolution of x-ray microtomography have made tomog-
raphic reconstructions rather realistic images of materials
such as paper; see, e.g., Refs. [42-44].

To begin with we review some capillary models that are
relevant to the liquid-penetration problem considered here.
Thereafter we briefly describe the single-component multi-
phase lattice-Boltzmann model used in the simulations. In
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the results section three different cases are considered: uni-
directional and radial penetration of liquid from an infinite
liquid source and penetration of a small liquid droplet. No-
tice that we also consider penetration of liquid in the thick-
ness direction of the paper sample, for which experimental
results are not available. Finally we draw some conclusions
based on the results reported.

II. CAPILLARY MODELS

Models that describe capillary penetration of a liquid in
porous materials are usually based on expressions for a
single-capillary tube. Although this is a major simplification
of the actual pore structure of most porous materials, these
models have often turned out to correctly describe the capil-
lary penetration if an effective pore radius is used to charac-
terize the material. Applying Newton’s second law on a col-
umn of a viscous and incompressible liquid rising in a
capillary tube and assuming that the flow is laminar and fully
developed (Poiseuille flow), one easily arrives at the equa-
tion

d*2 1(dz\*| 2ycos6 8uzdz
p =5 (1)

=5+ s
drr 2\ dr a a® dr

where z is the height of the column, a the radius of the tube,
p the density, vy the surface tension, @ the contact angle, and
w the viscosity of the liquid. We have neglected the effect of
gravity since in the simulations reported in Sec. IV we only
consider situations in which gravity is not present. The clas-
sical result of Lucas [1] and Washburn [2] is obtained from
Eq. (1) by neglecting the inertial terms. This leads to the
Lucas-Washburn equation

27y cos 0_8_,4/;zd_z=0‘ 2)

a a® dt

This simple equation refers to a quasi-steady-state process
where the driving capillary force is balanced by the viscous
drag. It can be integrated, and one finds for the time evolu-
tion of the height of the liquid column the result

aycos 6\'?
z(t)=<T> 2, (3)

Experimental results indicate that this model can be used to
describe the average large-scale time evolution of liquid pen-
etration also in more complex capillary systems and in po-
rous media such as paper [5,35,38].

It is also of interest to consider two-dimensional radial
penetration of liquid in a porous medium. Here we concen-
trate on the case in which penetration takes place from an
unlimited source of liquid. We derive an equation for two-
dimensional radial penetration starting from Darcy’s law,

o__kar W
A M or
where Q is the volumetric flow through a cross section of
area A, k is the permeability of the medium, and P is the
pressure. Since for the radial penetration A=2mrH, with H
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the thickness of the medium, integration of Eq. (4) yields

Opn R
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where P, is the capillary pressure, R the radius of the wetted
area, and R, that of the liquid source. Using the average
liquid velocity V=dR/dt, Eq. (5) becomes a differential
equation

R
Pc:ﬂln(
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, 6
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where ¢ is the porosity of the medium. This equation can
also be integrated, and we find that

(R)2< R 1) 1 2kP,
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Capillary pressure can be written as P.=2+y cos 6/a, and dif-
ferent models for permeability kK may be used. For example,
the permeability of a system that consists of capillary tubes
of radius a is found to be k=¢a®/24. More sophisticated
models of permeability of low-Reynolds-number flows
through porous materials can be found in, e.g., Ref. [45].

However, this simple model for permeability is mostly
enough for our purposes. In this case Eq. (7) takes the form

R \? R 1 1 ~vyacosé@
—J{In——=ZJ+-=""1 (8)
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This equation resembles the one derived by Marmur for ra-
dial penetration in a single radial capillary formed between
two infinite parallel plates with a cylindrical source of liquid
[46]. There is, however, a different numerical constant in that
case on the right-hand side of the equation. The qualitative
validity of an equation of this kind for planar capillary sys-
tems was verified experimentally by Borhan and Rungta [37]
and by Danino and Marmur [38]. Notice that also in these
experiments, only large-scale (over a scale of tens of centi-
meters) dynamics was considered.

III. LATTICE-BOLTZMANN METHOD AND
THE SHAN-CHEN MULTIPHASE MODEL

The lattice-Boltzmann method is a discrete kinetic-theory-
based method to simulate fluid flow [14,15]. Of the several
different LB methods that exist, we adopt here the one based
on the simple single-relaxation-time approximation for the
collision operator—i.e., the lattice Bhatnager-Gross-Krook
(BGK) model [47]). This method is based on the LB equa-
tion

filr+ ¢t + 1) =fi(r,0) + %_[ffq(r,t) - fir,0)], 9)

which governs the evolution of the single-particle distribu-
tion functions f; related to discrete velocities ¢; and the f77
are the corresponding equilibrium distributions towards
which the distribution functions are relaxed in collisions. The
collision processes are characterized by a relaxation time 7.
We use in our simulations the three-dimensional 19-velocity
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LB model D3Q19 [48]. In this model the possible discrete
velocities are zero for the rest particles, 6 velocities to the
nearest-neighbor lattice nodes of a cubic lattice and 12 ve-
locities to the next-nearest-neighbor lattice nodes. In the
D3Q19 model the equilibrium distribution function is of the
form

1 1
2 2
c -u)— u- |,
W= )

1
“I(r,t) = ti<1+—c~~u +—
fille,)=p cf( i) 2

(10)

where the weight factor #; has a value 1/2, 1/18, and 1/36
for the rest particles and for the particles moving to nearest
and next-nearest neighbors, respectively. The speed of sound
in this model is ¢;=1/+3, and the kinematic viscosity is v
=(27-1)/6. Mass and momentum densities are determined
from moments of the distribution functions such that, respec-
tively,

p(rst)zzfi(r’t) (11)

and

p(r,nu(r.n) = 2 fi(r.n)e. (12)

The no-slip boundary condition between the fluid and solid
phases is realized with the bounce-back rule for the (ficti-
tious) fluid particles.

In order to model a two-phase fluid, we utilize the single-
component multiphase model developed by Shan and Chen
[20]. This model, as well as LB models in general, is well
suited for porous-medium simulations as the solid bound-
aries are easily incorporated. It adopts an approach in which
simple mesoscopic interactions are included in the model,
and the macroscopic behavior of the system emerges from
these interactions.

The Shan-Chen model has been successfully used in pre-
vious studies of multicomponent and multiphase flows in
porous media [49,50]. In this model an attractive short-range
interaction force

Fo(r) == () 2 Gilr + ¢)c (13)

is included between the (fictitious) fluid particles. Here
#(r)=1-exp[-p(r)] and G;=2G, G, or 0 for velocity vectors
¢; of length \2, 1, or 0, respectively, and the parameter G is
used to adjust the strength of the surface tension. This force
gives rise to a spontaneous phase separation to liquid and
vapor phases and to surface tension. Adhesive forces be-
tween fluid nodes and wall nodes are realized by adding a
force

Fy/(r)=- lﬂ(r)E Wis(r +¢;)c;, (14)

where W;=2W, W, or 0 for velocity vectors of length \E, 1,
and 0, respectively, and s=0 (1) if the node r+c; is a fluid
(solid) node [49]. The parameter W is used to control the
wettability of the liquid. These forces are included in the
lattice-Boltzmann equation with a fluid velocity obtained
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from the first momentum of the distribution function at equi-
librium,

pu=2fi(l',t)c,-+ TFG+ TFw. (15)

More sophisticated methods have also been developed for
adding the forcing term in the LB method [51,52].

Notice, finally, that typical experiments include liquid
(water) and air rather than liquid and vapor of that liquid.
Therefore it would be more correct to use a multicomponent
model (see, e.g., Refs. [19,20,53]) rather than a multiphase
model in the simulations. The most important factors con-
cerning the gas phase are, however, that it is in thermal and
mechanical (local) equilibrium with the liquid phase—i.e.,
that its temperature and pressure are the same as those in the
liquid phase in contact with it. To this end it is not important
that the gas phase in our simulations is vapor of the liquid
used. A possible effect that we cannot see in our simulations
is entrapping of air bubbles in pores. We do not expect this
effect to be important in the case of paper as air can quite
freely move away from the advancing liquid front. Another
problem that may arise from using a single-component mul-
tiphase model is a possible condensation of vapor. However,
as we shall see in the next section, this problem is not sig-
nificant in the present simulations as penetration of the liquid
is “slow:” it happens through capillary forces without any
external force. Furthermore, as there is no vapor reservoir in
the system considered, the amount of material is much less in
the vapor phase and its possible condensation cannot in prin-
ciple produce a significant effect. Notice also that a two-
component model would mean two sets of distribution func-
tions, and this would lead to a significant increase in both the
memory usage and the computational time needed.

IV. RESULTS

As already explained above, we simulated penetration of
a wetting liquid in paper using a realistic three-dimensional
x-ray tomographic reconstruction of a sample of paper board
as the simulation geometry. The sample used was a hand
sheet of a basis weight of 300 g/m?, and the image used in
the simulations was obtained with microtomographic tech-
niques [54]. The porosity of the sample was 0.43, its specific
surface area 1.68 X 10° m?, and the typical fiber length about
2 mm. The image was 460 X 460X 100 lattice units, and its
voxel size was approximately (2 wm)>. Smaller subsamples
were used in the simulations in order to keep the computa-
tional effort reasonable.

All simulations that are reported here were done using the
relaxation-time parameter 7=1.0 and the values G=-0.15
and W=-0.10 for the cohesion and adhesion parameters, re-
spectively. These values correspond to a surface tension of
0.85 (in lattice units) and a contact angle of 60°. The density
difference between the liquid and vapor phases was about 20.
Notice that the surface tension and contact angle cannot be
directly deduced from the parameters of the model, but can
be obtained numerically. The surface tension can be deter-
mined by simulating droplets of varying size and using then
the Laplace law [20,49,55]. The contact angle can be deter-
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FIG. 1. (Color) Two-dimensional cross section of a unidirec-
tional penetration of liquid. The liquid source is located at the upper
boundary. Blue, red, and cyan are used for solid, liquid, and vapor
phases, respectively.

mined either from the shape of the droplet in contact with the
solid material, which is typically not very reliable, or by
using a suitable benchmark case such as the capillary tube
simulation described below. Notice that the G and W param-
eters were chosen such that the capillary number was
small—i.e., that capillary forces dominated over the inertial
ones.

A. Unidirectional penetration

We first studied unidirectional penetration of liquid into
the sample with an unlimited source of liquid (see Fig. 1).
The liquid source was realized by imposing a pressure
boundary condition [56] on one of the boundaries. Pressure
was chosen such that the source did not cause any external
force on the penetrating liquid. Therefore, liquid penetrated
spontaneously into the sample because of capillary forces
alone. Penetration was realized in the transverse direction as
well as in the two in-plane directions of the sample. For
these simulations, subsamples of sizes of 230X 230X 100
and 230 X 100X 460 lattice units were used for penetration
in the transverse and in-plane directions, respectively.

In Fig. 2 we show the location of the liquid front as a
function of time. The location of the front was deduced from
the total mass of the liquid penetrated in the system, as de-
termination of the local front position would be rather inac-
curate due to the fairly small penetration depths in the simu-
lations. However, as we know the porosity of the sample and
the densities of the liquid and vapor phases, a penetrated
mass can easily be converted into a penetration depth. For
the sake of clarity, results for only one of the in-plane direc-
tions are shown in Fig. 2, since the results for the other
direction were almost the same. The Lucas-Washburn equa-
tion (3) describes well the results obtained even though the
size of the sample is very small, of the order of one fiber
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FIG. 2. Depth of the liquid front as a function of time for uni-
directional penetration. The lower curve is for the transverse direc-
tion and the upper curve for the in-plane directions. Bending at the
end of the lower simulated curve indicates that liquid had pen-
etrated through the sample. Simulation results are marked with
circles and Lucas-Washburn fits with solid lines. Results are given
in dimensionless lattice units.

length. Power-law fits to the time evolution of the simulation
data gave the values 0.50, 0.47, and 0.47 (in the transverse
and in-plane directions, respectively) for the scaling expo-
nent, in good agreement with the Lucas-Washburn prediction
1/2.

Since all quantities in Eq. (3) are known except the con-
tact angle and the tube radius, we can use the above power-
law fits to determine an “effective capillary radius,” a,
=acos f. In the transverse direction we obtained a,;
=0.74 um and in the in-plane directions a,;=3.5 wm and
2.8 um. These values can be compared with the permeabili-
ties obtained by single-phase LB simulations for the same
sample [57]. As mentioned above, the permeability of a sys-
tem that consists of capillary tubes of radius a can be calcu-
lated, and one finds that k= ¢pa”/24. Using this equation, cap-
illary radii of 4.7 um in the transverse direction and 6.2 um
and 6.4 um in the in-plane directions are obtained from the
permeability simulations. Direct comparison is difficult since
the results of the Lucas-Washburn equation for a,, should be
divided by cos 6, which, however, is not known. To this end,
we studied the rise of a column of the same liquid in a
circular capillary tube in a gravitational field that was real-

FIG. 3. (Color) Two-dimensional cross section of a radial pen-
etration of liquid. The liquid source is located in the vertical hole in
the middle of the sample. Colors are as in Fig. 1.
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ized with a body force. After an equilibrium height for the
liquid column was reached, a static contact angle was ob-
tained from the equation

z.agAp
2y

where Ap is the density difference between the liquid and
vapor phases and z., is the height of the column.

In practice the LB fluid is weakly compressible. The ef-
fect of compressibility was excluded by determining the fac-
tor z,,Ap in Eq. (16) from a density integral along the center
line of the tube and along a vertical line far from the tube.

For the parameters used in our simulations, we found that,
in the static case, cos 6= 0.5. On the other hand, it is known
that for a moving contact line the dynamic contact angle is
larger than the static one (see, e.g., Refs. [58,59]). Taking
these facts into account, we can conclude that the pore size
obtained from our simulation agrees quite well with that ob-
tained from permeability simulations. It is evident, however,
that the results of single-phase and two-phase simulations for
the transverse directions differ somewhat more than for the
in-plane directions. This is most probably due to the simpli-
fied model we used for the permeability. For example, we did
not take into account the tortuosity that can noticeably affect
the permeability. For the paper-board sample used here, dif-
ferent tortuosities were indeed found for the transverse and
in-plane directions [57]. Furthermore, the same tomographic
image has also been analyzed by image analysis techniques
[54] with a comparable result for the typical pore size in the
system.

Notice that in experimental studies on samples of large
size, the Lucas-Washburn equation has been found to cor-
rectly describe the penetration of liquid into paper [5,35,38].

cos O, = (16)

B. Radial penetration

Let us consider two-dimensional radial penetration from
an unlimited cylindrical reservoir of liquid. The geometrical
setup of the simulation was the following: A cylindrical cav-
ity was created across the sample in the transverse direction,
and an unlimited source of liquid was placed in this cavity
(cf. Fig. 3). Again, the pressure of the source was chosen
such that penetration took place only due to capillary forces.
The size of the sample in this simulation was 230X230
X100 lattice units.

We show in Fig. 4 the radius of the wetted area as a
function of time. Again, instead of estimating the penetration
radius from the location of the liquid front, we use an effec-
tive radius determined from the total amount of liquid pen-
etrated into the system. Also shown in this figure is a fit by
Eq. (8) of the simulation data, and an excellent agreement is
found. From the fit, we can estimate an effective radius for
the average capillary in the system, which in this case is
4.32 um. This value is close to those obtained for unidirec-
tional penetration, especially the ones in the in-plane direc-
tions.

In their experimental study on radial penetration of liquid
from an unlimited reservoir, Danino and Marmur found that
the time evolution of the squared radius of a wetted area
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FIG. 4. Radial penetration of liquid. Simulation results (circles)
are compared to Eq. (8) (solid line). Results are given in dimension-
less lattice units.

could well be described by a power law, with an exponent
varying between 0.85 and 0.88 [38]. In Fig. 5 we show in a
log-log plot the effective radius squared of the wetted area as
a function of time, as given by our simulation. It is evident
that also these data can well be described by a power law,
with an exponent in this case of 0.73. So far there is no
explanation of the small deviation of this exponent from the
experimental value of Danino and Marmur.

C. Droplet penetration

Finally we studied the penetration of a small droplet into
the same sample of paper board. In this simulation the size of
the sample was 300X 300X 100 lattice units, whereas the
size of the whole simulation domain was 300 X 300 X 260
lattice units, including a droplet with an initial diameter of
about 95 lattice units. Initially the droplet was positioned just

10° =
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£ r ]
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= ]

104 = 3

Lol cooooood o paond s ol L
10°
10 10° 10° 10 10°
Time

FIG. 5. Volume of penetrated liquid versus time in radial pen-
etration. Circles mark simulation results and solid line a power-law
fit to these results. Results are given in dimensionless lattice units.
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FIG. 6. (Color) Droplet penetration. Snapshots from four differ-
ent stages of the penetration process.

above the sample surface and no initial velocity was given to
it. Thus the Weber number (i.e., the ratio of the inertial and
capillary forces) was small and no splashing of liquid oc-
curred [60]. Capillary forces were then the only driving force
that caused penetration of liquid into the sample.

Figure 6 shows the droplet at four different stages of pen-
etration. To analyze the penetration kinetics, we measured
the basal radius and the volume of the droplet above the
sample surface as a function of time. The simulation result
was compared with that obtained from the radial capillary
model derived above. We used Eq. (6) such that it was inte-
grated numerically, with R, in this case the time-dependent
basal radius of the droplet. As is evident from Fig. 7, excel-
lent qualitative agreement between this capillary model and
the LB simulation was found. Notice that only those data
related to capillary penetration were fitted by the capillary
model. The mechanical phase, including oscillations of the
droplet at the initial stages of the process, was excluded.

We observed a small discrepancy between the effective
capillary radii for droplet penetration and unidirectional or
radial penetration: For droplet penetration the effective cap-
illary radius was 16.9 wm. There are several factors that may
have contributed to this discrepancy. The droplet considered
here was quite small. Typically, when penetration of droplets

— T T T T T T 7 T 7 T T 1
L] 4
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L o J
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L ° J
3 — o —
g | -
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I3 L —
P 2
1 — —
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FIG. 7. Volume of liquid above the sample shown as a function
of time. Simulation results (circles) are compared to the capillary
model (solid line). Results are given in dimensionless lattice units.

PHYSICAL REVIEW E 73, 036705 (2006)

into paper has been studied experimentally (see, e.g., Refs.
[34,36-38]), the droplets used have been large enough so
that the assumption of instantaneous saturation of the sample
in the transverse direction has been reasonable. Although in
our case the droplet penetrates not only in the in-plane direc-
tions but also in the transverse direction in the course of the
simulation, we found that the liquid mostly stayed close to
the initial surface. In other words, penetration in the trans-
verse direction was much slower than in the in-plane direc-
tions.

This anisotropy in droplet penetration is similar to the one
we found in unidirectional penetration, which was much
slower in the transverse direction than in the in-plane direc-
tions. This means that the assumption of purely two-
dimensional penetration in the vicinity of paper surface is not
at all unreasonable, although penetration occurs also in the
transverse direction. The small size of the droplet also means
that the assumption of an unlimited source of liquid is not
valid. In their experiments Borhan and Rungta [37] observed
that the penetration of a large droplet could well be described
by a capillary model with an unlimited source of liquid, at
least qualitatively. What we have demonstrated above is that
the penetration of a small droplet can also be described
qualitatively by a rather similar model with, however, a
rather obvious generalization that takes into account its finite
size.

V. CONCLUSIONS

In conclusion, we studied penetration of a wetting liquid
into a sample of paper board in three different situations
using the LB method together with the Shan-Chen multi-
phase model. The sample used was a three-dimensional re-
construction of a real paper board obtained with high-
resolution x-ray microtomography. We first simulated a
unidirectional capillary penetration of liquid into the sample.
In spite of the small size of the sample in comparison with
the scale of structural heterogeneities of paper, our simula-
tion results could be well described by the Lucas-Washburn
equation, whose validity has previously been verified experi-
mentally for large system sizes.

We then studied two-dimensional radial penetration of the
liquid from an unlimited source. We demonstrated that in this
case our simulation results could be explained with a radial
capillary model. Thus, an appropriate capillary model was
again able to describe the small-scale dynamics of the phe-
nomenon. In this case as well as in the case of unidirectional
penetration, the time evolution of the advancing liquid front
followed a power law, albeit with a different scaling expo-
nent. This exponent was 0.73 for radial penetration and 0.5
for unidirectional penetration.

Finally, we demonstrated the capability of the simulation
method used to analyze the penetration of small droplets of
liquid into paper. Furthermore, we showed that for this kind
of penetration process, a generalized form of the radial cap-
illary model described qualitatively the penetration dynam-
ics. Basically one had to account for the fact that there is
only a finite amount of liquid in the droplet. All these results
indicate that somehow capillary type of models are more
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general than expected on the basis of their simple assump-
tions concerning the pore structure. The simplified nature of
the pore space of the material assumed in these capillary
models means, however, that the effective pore size is, to
some extent, a model-dependent parameter. Comparison of
effective pore sizes can thus be made only at a qualitative
level.

It would be of some interest to know how the leading
front of the penetrating liquid proceeds in paper. For mainly
technical reasons the quantitative properties of the front were
difficult to determine. It was, however, evident that penetra-
tion was much faster along the plane of the sample than in
the transverse direction. One could thus tentatively conclude
that the leading front preferably proceeds along fibers, espe-
cially along contacts between two fibers, as then there is
more liquid-solid interface available. In paper the fibers are
mostly aligned in the planar directions.

PHYSICAL REVIEW E 73, 036705 (2006)

In our simulations no swelling of the solid phase (fibers)
due to the intruding liquid was present. Most of the experi-
mental studies have also been done with such liquids that do
not affect the fibers. One should, however, keep in mind that
in many natural phenomena and technological processes, the
penetrating liquid also enters the solid phase and causes its
swelling while penetration proceeds in the pore network.

Our simulations show that the LB method together with
the Shan-Chen multiphase model captures well the essential
physics of capillary penetration. It has been reported previ-
ously in connection with a study of a single-capillary tube
[59] that rather large tube radii are needed for a correct de-
scription of capillary rise. In the case of a porous material,
the smallest pores are inevitably quite poorly discretized. We
do not seem to find detectable effects related to this problem,
however. Most probably the smallest pores give only a small
contribution to the penetration process.
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