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a b s t r a c t

Slow evaporation of a liquid is studied in a two-dimensional pore square network of aspect ratio 1 with
three sides insulated and one side exposed to air for drying. In this study, the external transfer resistance
and liquid-film effects are ignored while the capillary effects dominate viscous and gravity forces in the
hydrophilic network. The square domain is divided into two layers with distinct porosities and particle
sizes such that the two layers are exposed to drying alternately. A 100 � 100 network simulation of
two cases of the exposed larger-pore layer shielding the smaller-pore layer, and the exposed smaller-pore
layer shielding the larger-pore layer, lead to dramatically different responses in terms of the liquid evap-
oration plots and saturation distributions. The former case retains moisture in the inner smaller-pore
layer till the entire outer larger-pore layer is dry, and is characterized by decaying liquid evaporation
plots. The latter case leads to loss of moisture in both the exposed smaller-pore layer (due to evaporation)
and the inner larger-pore layer (due to capillary pumping), and is characterized by bilinear evaporation
plots (with an initial faster evaporation followed by a subsequent slower one). A case study that imposes
uniform porosity in the two layers but keeps particle sizes different in the two layers indicate that though
the pattern of saturation distribution during evaporation may remain similar to the earlier cases, but the
evaporation plots are significantly different. An experimental validation of the simulation is undertaken
with the help of a smaller 12 � 12 network where saturation patterns and evaporation plots are repli-
cated well by the simulation. However the presence of surface liquid films created due to surface rough-
ness as well as the capillary-suction driven liquid redistribution may be the cause of the large mismatch
in the drying time of the network.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction invasion percolation (IP) rule and the transport by diffusion in the
Evaporation in porous media is of significant interest in relation
with many applications such as light oil recovery, soil remediation,
water management in fuel cells, weathering of monuments and
buildings, and of course drying, to name only a few. Although all
these applications have motivated many research efforts in the
past, numerous aspects of evaporation in a porous medium still
need to be understood and clarified. Until the beginning of the nine-
ties, the study of evaporation in a porous medium was addressed
using mostly phenomenological approaches in which the porous
medium was assumed to be a continuum of averaged physical
quantities, e.g. [1]. To overcome the limitations of this type of ap-
proach in which the effect of porous microstructure is lumped into
effective parameters, more recent works have focused on capturing
the effect of pore geometry on evaporation dynamics through pore
network models (see [2,3], for reviews of this growing field). A two-
dimensional model taking into account capillary effects through an
ll rights reserved.

: +1 414 229 6958.
gas phase of the evaporating species was proposed in [4]. Since this
first model, increasingly sophisticated models have been developed
to take into account gravity effects [5], viscous effects [6], thermal
effects [7–9], liquid-film effects [10,11], and binary liquid effects
[12]. Three-dimensional versions of the network model, though
not including all effects, have also been developed [13–16]. Exper-
iments with etched networks [17,18] have led to satisfactory vali-
dation of two-dimensional models in terms of drying patterns
and have shown that liquid-film flows can have a strong influence
on drying rates (see also [11]). The analysis of drying patterns can
be performed using invasion percolation concepts and this has been
performed in some details in [19,20], notably in relation with the
experimental results reported in [21] which indicate that the vis-
cous effects stabilize the invasion. These studies have been per-
formed assuming a hydrophilic porous medium. The case of
hydrophobic porous media was also considered recently [22]. From
these studies, it emerges that drying in a hydrophilic porous med-
ium is a drainage process that can be analyzed using the simple
model proposed in [4], provided the drying is sufficiently slow for
the thermal effects to be negligible (assuming the evaporation of li-
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Nomenclature

a inter-pore distance in network
Fc net evaporation flux at cluster boundary
D diffusion coefficient of water vapor in air
h mass transfer coefficient; distance of effective drying

front from interface (in Appendix)
H length of small-pore region (in Appendix)
j evaporation mass-flux
K (DMv)/(RT)
l bond width
me mass of evaporated water
me water evaporation rate
Mv molecular weight of water
Pv partial pressure of water vapor in air
Patm atmospheric pressure
R universal gas constant
t time
tc evaporation time for the largest throat at a cluster

boundary

Tbrk time to achieve breakthrough of air phase
Vl volume of liquid contained in throat and adjacent pore
Vsc volume of liquid contained in the largest throat at a

cluster boundary at time t
b network occupancy coefficient
d external (gas film) transfer length scale
e porosity
ql liquid density

Subscripts
e at the effective drying front
i at the interface
1 in the surrounding air
L corresponding to the large-pore region
S corresponding to the small-pore region
min minimum (bond width)
max maximum (bond width)

Fig. 1. Definitions and geometrical parameters of the network.

1644 K.M. Pillai et al. / International Journal of Heat and Mass Transfer 52 (2009) 1643–1656
quid to be occurring at room temperature, for example), and the li-
quid-film effects can be ignored.

All the cited studies have focussed on the modeling and under-
standing of drying phenomena in a microstructure which is a regu-
lar lattice, and in which the disordered nature of a porous medium
is taken into account only through narrow monomodal random dis-
tributions of pore and throat sizes. Clearly, one of the major advan-
tages of pore network models is to make possible the study of the
effect of pore structure on drying. Hence, not surprisingly, several
recent studies have concentrated on investigating the role of pore
structure at different scales. At pore scale, the impact of pore shape
was studied in [11–14], and was found to be very important in rela-
tion with the liquid-film transport phenomena. In [23], the impact
of bimodal distribution was investigated in addition to monomodal
distributions of various coordination numbers. In particular, it was
shown that bimodal pore structures could have a great impact on
drying kinetics. This type of study opens up a way of controlling
the drying rate, i.e. for example the rate at which a volatile species
is delivered to the surrounding atmosphere, by controlling the
microstructure of the involved porous media.

Another important class of structural effects can be referred to as
the macroscopic inhomogeneities or the large-scale heterogeneities.
Such heterogeneities have a great impact on the invasion pattern in
drying [24]. Since the invasion takes place preferentially in large
pores, regions of larger pores tend to be invaded first whereas the re-
gions of smaller pores are left liquid saturated much longer. Once
again, this offers a way of controlling the drying rate. We also note
that most of the naturally occurring porous media can be character-
ized as large-scale heterogeneous media even at the core scale. Strat-
ified porous media can be considered as the archetypical large-scale
heterogeneous porous media, and represent a natural first choice for
studying the effect of large-scale heterogeneities on drying.

In this context, the objective of the present work is to study dry-
ing in two-layer porous media using the pore network model pro-
posed in [4]. In passing we note that this two-layer configuration is
for example encountered in the poulticing technique of desalina-
tion of porous media [25]. This model has been presented in many
previous publications and therefore is only briefly summarized
here. It combines the invasion percolation (IP) rules applied to each
liquid cluster (the bond to be invaded in a cluster is the bond of
largest width located at the periphery of the cluster) with a
finite-volume type computation of the vapor partial-pressure field
in the air invaded region, and thereby of the evaporation flux at the
boundary of each cluster.
The paper is organized as follows. First a brief description of the
network model as applied to the dual-porosity geometry as well as
of the imposed condition will be provided. Later results of various
case studies conducted with a large network will be discussed.
Comparison with experimental results will be considered next.
Finally the paper will be concluded with an outline of future work
as well as a summary of important results.

2. Geometry of square network, initial and boundary
conditions, drying algorithm

In this study, the porous medium is represented by a two-
dimensional network of randomly sized pores joined by randomly
sized throats. As shown in Fig. 1, the pores and the throats are
located, respectively, at the nodes and bonds of a two-dimensional
square lattice. The width l of each throat or bond is chosen
randomly according to the uniform distribution law. The other
important parameters deciding the porosity and pore structure are
the inter-nodal distance a and the space distribution coefficient b.

A 100 � 100 network in a square domain as shown in Fig. 2 was
selected for this study. The pores and nodes of the network are ini-



Fig. 2. A typical 100 � 100 dual-porosity network used for 2-D drying simulation.
The rectangular domain is divided into upper and lower halves (or layers) with
different porosities. The darker (blue) area represents the dried porous medium
with air inside the pores, while the lighter (red) area signifies the wet porous
medium with liquid residing in the pores. (For interpretation of color mentioned in
this figure the reader is referred to the web version of the article.)
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tially saturated with water, which is then allowed to evaporate iso-
thermally from the randomly sized pores and bonds of the net-
work. As we can see in the figure, the three upper sides of the
square domain are sealed, i.e. they represent the impervious sur-
faces. The fourth lowermost side of the domain is open to air for
drying. On this side, we use a standard mass-flux boundary condi-
tion of the form

j ¼ hðPm;o � Pm;1Þ ð1Þ

where j is the evaporation flux density, h is the mass transfer coef-
ficient, Pm;o vapor partial pressure at the porous medium surface,
Pm;1 and is the vapor partial pressure in the surrounding air. The
mass transfer coefficient h is expressed as

h ¼ D
ðR=MmÞTd

ð2Þ

where D is the diffusion coefficient of water vapor, R is the universal
gas constant, Mv is the vapor molecular weight, T is temperature,
and d is the external (gas film) transfer length-scale (see [11] for
more details). Focusing on the structural impact, the external trans-
fer resistance is specified so as to be negligible (i.e. d << a).

The main purpose of this section is to study changes in satura-
tion patterns and evaporation rates if the upper and lower regions
of the square domain have distinct pore sizes and porosities. For
this purpose, the square domain is divided into two rectangular do-
mains as shown in Fig. 2. One of them will be designated as the lar-
ger pore-size layer with bond width l distributed randomly
between 0.7a and 0.8a where a (= 0.001 m) is the distance between
two pores in the network (Fig. 1). The other region will be desig-
nated as the complimentary smaller pore-size layer with bond
width l distributed randomly between 0.1a and 0.2a. It is to be
noted that the larger pore-size region will have a higher porosity
as compared to the smaller pore-size region since the inter-nodal
distance remains the same in the two layers. To construct one real-
ization of the two-layer pore network, a random number p taken in
the range [0,1] is assigned to each bond of the network. Then the
width of each bond is computed as l = lmin + (lmax � lmin)p, with lmin =
0.7a and lmax = 0.8a in the larger pore-size layer, and lmin = 0.1a and
lmax = 0.2a in the smaller pore-size layer.

For the sake of completeness, the drying algorithm is summa-
rized here (see [4] for more details): (1) every liquid cluster present
in the network is identified, (2) the interfacial throat of greatest
width is identified for each cluster and the volume Vsc of liquid
contained at time t in this throat and the adjacent pore is esti-
mated, (3) the evaporation flux Fc at the boundary of each cluster
is computed from the finite-volume computation of the liquid va-
por partial pressure in the gas phase, (4) the time tc required to
evaporate the amount of liquid contained in the interfacial throat
identified in step 2 is computed as tc ¼ q‘Vsc

Fc
for each cluster, (5)

the throat, among the throats selected in step 2 and which is even-
tually invaded, corresponds to tcmin = min (tc), (6) the phase distri-
bution within the network is updated, which includes the partial
evaporation of liquid contained in the throats selected in step 2
using q‘V ‘ðt þ tcminÞ ¼ q‘V ‘ðtÞ � Fctcmin (where q‘ is the liquid den-
sity and V ‘ the volume of liquid contained in the throat + adjacent
pore) except for the throat selected in step 5 (as well as the adja-
cent pore) which becomes completely saturated by the gas phase.
The procedure can be repeated up to full drying of the network or
stopped at some intermediate stage.

3. Results and discussion

3.1. Simulation studies on the dual-porosity pore network model

3.1.1. Case 1: smaller pores outside, larger pores inside
Here, we will study the evaporation from a porous medium con-

sisting of larger pores that is covered with a porous layer made of
smaller pores. This is achieved in our simulation by considering the
lower half of the domain as the smaller pore-size region while the
upper half is recreated as the larger pore-size region.

The evolution of phase distribution is shown in Fig. 3. The phase
distribution in the beginning resembles similar distributions for a
regular, homogeneous network, e.g. as seen in [17]. The break-
through (i.e. when the air phase, region represented by a darker
color, manages to traverse the length of the network, and reaches
the side opposite to the exposed side) happens after 24.7 h. After
the breakthrough, one can notice a large build-up of air phase dis-
tribution beyond the boundary in the large-pore region. Explana-
tion is as follows. Note that the empty larger pores shown in
Fig. 3d have a very ‘small neck’ connection with the outside air
through the empty smaller pores. As a result, the evaporation in
the larger pores will be quite small as relative humidity in these
‘locked’ larger pores is expected to be close to 1 (this phenomenon
is referred to as the diffusional screening process). So the ‘empty-
ing’ of bigger pores witnessed in part d is not due to evaporation
from the menisci located in the large-pore region. As sketched in
Fig. 4, the evaporation is significant only in the small-pore region
at this stage of drying. Hence the emptying of pores in the large-
pore region is in fact due to the transport of the liquid phase
through clusters spanning over both the small-pore and the
large-pore regions (Fig. 4). According to the drying algorithm de-
scribed in Section 2, large pores are preferentially invaded since
they have smaller capillary pressure thresholds. Hence as long as
a cluster spans over the two regions, interfacial throats located in
the large-pore region are preferentially selected for drainage due
to their lower capillary pressure thresholds. As sketched in Fig. 4,
this implies capillary pumping from the large-pore region to the
small-pore region, even though such a liquid flow is not modeled
explicitly by the IP algorithm. The boundary of the biggest cluster
in the small-pore region remains virtually unchanged through
parts (c) and (d) of Fig. 3 in agreement with this assertion. As for



Fig. 3. A typical evolution of drying in a 100 � 100 dual-porosity network with small pores in the bottom exposed layer. Evaporation happens at the bottom edge of the
square; the other edges are sealed. Part (C) shows the state of pore saturation at the ‘breakthrough’.
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an ordinary invasion percolation process, the phenomenon of
breakup of a single cluster into several smaller clusters happens
in case of the large-pore upper layer. This effect is clearly visible
in the upper layer shown in Fig. 3d: the large liquid cluster span-
ning the middle interface on the left hand side (Fig. 3c) splits up
into several smaller clusters in the upper layer. As a result of clus-
ter breakup mechanism into the large-pore region, the clusters in
this region eventually cease to be hydraulically connected to the
small-pore regions. As a result, we expect the invasion in the
large-pore region to cease for a while when there are no liquid
clusters spanning over the two regions anymore. This can indeed
be seen happening from Fig. 3d and e. Fig. 3d shows the phase dis-
tribution with no liquid cluster spanning across the interface be-
tween the two regions. Fig. 3e clearly shows that the saturation
distribution in the large-pore region remains virtually unchanged
while rapid evaporation is seen in the small-pore region marked
by the development of a dry region on the side of the exposed low-
er edge. By 2633.8 h (part f), this dry zone has crossed the bound-
ary, and has progressed into the large-pore region. The farther the
drying front moves from the exposed lower edge, the longer it
takes to dry, as the vapor-diffusion resistance increases with dis-
tance of the front from the exposed edge.
3.1.2. Case 2: larger pores outside, smaller pores inside
Let us now study a case when a porous medium consisting of

smaller pores is covered with layer of porous material made of lar-
ger pores. This is achieved in our simulation by considering the
lower half of the domain as the large-pore region while the upper
half is recreated as the small-pore region.

The evolution of phase distribution for this ‘reverse’ case is pre-
sented in Fig. 5. A very striking observation about this case is that
for around 500 h, the evaporation is happening entirely within the
larger pores-so much so that we have a completely wet inner re-
gion of smaller pores surrounded by a completely dry outer region
of larger pores (see part (d) of Fig. 5) Moreover the breakthrough
here happens at 672.5 h, much later than the breakthrough time
of 24.7 h observed in Case 1 considered earlier.

We also observe that the smaller pores do not start emptying
until all the larger pores are empty—this is quite natural since
any drying interface that is in touch with both the large and small
throats (as in part c) will lead to emptying of larger throats first as
they have a larger invasion potential in the invasion percolation
algorithm. (In accordance with the drying algorithm described in
Section 2, the invasion potential of a bond can be defined here as
being proportional to its width since the capillary pressure thresh-



Fig. 4. Pumping of liquid happens from the upper layer with larger pores to the
lower layer with smaller pores in liquid clusters spanning the middle interface of
any dual-porosity network. The ‘breakthrough’ in the upper layer creates two such
clusters. The saturation in the upper layer decreases as the single unified liquid
cluster splits into several isolated clusters in the upper layer as a result of this
pumping action driven due to the higher capillary pressures in the smaller pores as
well as the stronger evaporation in the lower part of the clusters.
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old to overcome for invading a bond is inversely proportional to
the bond width according to Laplace law; see [4] for more details.)
So clearly, the water saturation in the inner small-pore region is
preserved for a longer time due to the preferential evaporation of
water in the larger pores. In other words, a ‘protective covering’
of the large-pore outer region keeps the inner small-pore inner re-
gion wet longer.

3.2. Effect of random alterations in the pore structure

Since our network is generated by assigning throat widths ran-
domly between certain ranges in the two layers, it is not prudent
on our part to ignore the effect of such randomness in network
realizations on the evaporation phenomenon. So for the two cases
of the exposed large pores and the exposed small pores, we
decided to study the effect of various network realizations on the
evaporation patterns and phase distributions.

3.2.1. Variations in breakthrough pattern
Breakthrough of air phase to the inner boundary during evapo-

ration forms an important milestone in the evaporation of liquids
in any porous medium. For the exposed large pores case, the break-
through time (Tbrk) varied from 672.5 to 918.7 h with an average
Tbrk of 788.5 h and a standard deviation of 75.6 h in six different
network realizations. For the exposed small-pores case, a larger
scatter in Tbrk from a low of 24.7 h to a high of 508 h with an aver-
age of 196 h and a standard deviation 167 h was observed in five
different network realizations. So the exposed smaller pores
achieve much faster breakthrough as compared to the exposed lar-
ger pores.

3.2.2. Scatter in the evaporated mass versus time curves
For the two cases of the exposed large pores and the exposed

small pores, we decided to study the effect of various network real-
izations on rates of liquid evaporation. Fig. 6, which plots the mass
of liquid evaporated me against elapsed time t, describes such a
study for the two considered cases. A total of six different realiza-
tions of the 100 � 100 network were generated, and the results of
the simulations were compared. From the comparison of the two
figures, it is clear that the variations in the me versus t curves for
the exposed small-pore case are much higher than the exposed
large-pore case. The former displays a large variation in the initial
slopes of the almost-linear curves that abruptly change slope to
yield a set of almost parallel final curves at larger times. On con-
trary, the exposed large pore me versus t curves show the typical
decay pattern characteristic of the homogeneous networks, e.g.
as seen in [22], and progressively merge into a single curve.

An explanation for the singular set of parallel curves obtained in
Fig. 6A is in order. As described in Appendix A.1, the diffusion-con-
trolled mass-flux of water vapors through the network at large
times is entirely dominated by the small-pore lower-layer (con-
stant) properties and is independent of the large-pore upper-layer
(time-dependent) properties. Incidentally, the mass-flux j is also
equal to the rate at which liquid mass is evaporated, or the slope
of the curves shown in Fig. 6A. Since the mass-flux j as described
by Eq. (A.5) is a constant for the later-time evaporations, the slopes
of all the evaporation curves for different realizations shown in
Fig. 6A reduce to the same constant at larger times, and hence they
are all parallel for t > 1000 h.

3.3. Comparison of evaporation curves for the two cases

We would now compare the evaporation history in terms of the
evaporated mass versus time plots for the exposed large pore case
(Case 1), and the exposed small-pores case (Case 2). Two extreme
curves, which were observed in the study of scatter of such curves
presented in Fig. 6 for the two cases, form the upper and lower
bounds of the corresponding evaporation-rate envelops shown in
Fig. 7. Despite the fact that the exposed small pores case has wider
envelope due to a larger scatter, envelope of the exposed large
pores case remains clear of the former. It is also clear that the evap-
oration rate (dme/dt or _me) for the exposed large pores case remain
higher throughout-it is understandable since the larger pores
means larger amount of water for evaporation as well as smaller
diffusive resistance for the water vapor. The evaporation rate for
the exposed small pore case is high in the beginning, but drops
rather sharply later on and then remains almost a constant for
the remainder of the time.

3.4. Effect of uniform porosities in the two layers

In the studies done till now, we have created large and small
pores by changing the throat widths l shown in Fig. 1 while keep-
ing the inter-pore or inter-nodal distance a as a constant 1 mm for
the two regions in the 100 � 100 network (Table 1). So l is larger
for bigger pores, while it is smaller for smaller pores. As a result,
we have smaller ‘‘particles” in the big pore region and larger parti-
cles in the small-pore region. Another consequence is that the
porosity also changes: it is bigger in the large pores region and
smaller in the small-pore region. (Note that the porosity can be
shown to be e ¼ ð1=aÞð2� 1=aÞ for the uniform network shown
in Fig. 1. So the porosity lies in the range 0.91 < eL < 0.96 for the
large pore layer and in the range 0.19 < eS < 0.36 for the small pore
layer.) Consequently our network model creates a porous medium
where the porosity varies with the particle size.

However in granular porous media composed of spherical glass
beads or sand particles, the porosity typically does not vary with
the particle size-the porosity is the same in porous media com-
posed of large particles or the small particles, provided the packing
arrangement is unchanged. In such media, the two layers with dif-
ferent sized particles will have the same pore volume, which also
implies that the initial volume of water available for evaporation
in the two layers is identical as well. It is also important to note
that the vapor mass-flux through a network cross-section can be
expressed as



Fig. 5. A typical evolution of the drying of a 100 � 100 dual-porosity network with large pores in the exposed bottom layer. Evaporation happens at the bottom edge of the
square; the other edges are sealed. Part (E) shows the state of pore saturation at the ‘breakthrough’.
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j ¼ �eD
Mm

RT
rPm ð3Þ

where e is the cross-section area porosity andrPm is the gradient of
the vapor partial pressure. It is important to note that eD, which can
be taken to be the effective network diffusion coefficient, will
remain constant in the granular media irrespective of the particle size.

So in order to test the effects of constant porosity in our two-
layer network, we artificially fix the porosity of the two layers to
be the same. (A value of e = 0.75 was assigned as the uniform net-
work porosity, which results from taking the throat width l to be
half of the inter-pore distance a, Fig. 1. Note that this porosity lies
between the porosities of the large-pore and small-pore layers
given earlier.) As a result, the volume of liquid to be evaporated
in the two layers as well as the effective network diffusion coeffi-
cient eD remain identical in the two layers of this special ‘granular’
porous media with different pore sizes. (This situation is different
from our regular two-layer network that will have a higher eD in
the large pores region.) However the pore-size distributions in
the two layers remain unchanged for application of the invasion
percolation algorithm and are identical to the ones considered in
Sections 3.1.1 and 3.1.2. This means that the invasion patterns
are exactly identical to those shown in Figs. 3 and 5 (but not at
the times indicated in these figures since the pore network effec-
tive diffusion coefficient as well as the overall mass to be evapo-
rated are different).

First we study the exposed large pores case. Parts (a) and (b) of
Fig. 8 describe the early-time and later-time plots of saturations of
the two layers and the overall network. We see in part (a) that ini-
tially only the bottom-layer saturation changes and is the cause of
the decline of the overall saturation, while the top-layer saturation
holds constant. This trend continues till around 600 h [part (b)],
when the bottom-layer saturation goes to zero, and then we see
a decline in the top-layer saturation. This trend reflects the pattern
seen in the drying evolution described in Fig. 5: large pores in the
bottom have to dry up first in order for the small pores at the top to
start drying. Part (c) of Fig. 8, which plots the number of clusters
lying across the middle boundary as a function of drying time,
shows that there is one single cluster till around 600 h, and none
after that. So this plot also matches the trend seen in 5. Incidentally
the time of 600 h corresponds to the ‘transfer’ of the drying front



Fig. 6. Evaporated mass versus time plots for six realizations of the 100 � 100 dual-
porosity network for (A) the exposed lower layer made of smaller pores, (B) the
exposed lower layer made of larger pores.

Fig. 7. A comparison of the evaporated mass versus time plots for the exposed
small pores and the exposed large pores cases of 100 � 100 dual-porosity network.
The two bounds in each case represent approximately the envelope within which
most of the curves from different realizations are expected to fall.

Table 1
Values of fluid properties and network parameters used in the 100 � 100 network
simulations.

Water density (kg/m3) 1000.0
Air density (kg/m3) 1.2
Molecular mass Mv of water (kg/kmol) 18
Ideal gas constant R (J/(K kmol)) 8314.5
Equilibrium water-vapor pressure at 27 �C (Pascals) 3652.0
External (film) transfer length scale d (m) 1.0E�4
Inter-pore distance a (m) 1.0E�3
Network thickness (m) 1.0E�3
Occupancy coefficient b 0.46

Fig. 8. Effect of imposing the constant-porosity condition in 100 � 100 dual-
porosity network with large pores in the exposed bottom layer. Part (A): early-time
evolution of the saturations of the two layers and the overall network. Part (B):
later-time evolution of the same saturations. Part (C): change in the number of
liquid clusters lying across the middle interface with time.
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from the lower layer to the upper layer when the drying front
reaches the middle boundary while ensuring the complete evapo-
ration of all the remaining lower-layer clusters.1 So at this ‘transfer’
1 Note that the ‘transfer’ time will not be the same as the ‘breakthrough’ time for
the lower layer in the traditional sense when the drying front just touches the middle
boundary; the former is much higher than the latter.
time, the lower-layer saturation drops to zero and the upper-layer
saturation starts its decline from the value of unity.

Let us now consider the exposed small pores case. Parts (a) and
(b) of Fig. 9 describe the early-time and later-time plots of satura-
tions of the two layers and the overall network. While studying it,
let us keep the evaporation pattern described in Fig. 3 in mind.
There we see that after the drying front reaches the middle bound-
ary, it immediately crosses over to the upper layer. (So in this case,



Fig. 10. Comparing the effect of uniform and non-uniform porosities in the two
layers upon the evaporation plots: (A) exposed small pore case; (B) exposed large
pore case. Two different, extreme realizations were considered in the uniform and
non-uniform porosity situations for capturing the effect of pore-structure variations
on evaporation rates.

Fig. 9. Effect of imposing the constant-porosity condition in 100 � 100 dual-
porosity network with small pores in the exposed bottom layer. Part (A): early-time
evolution of the saturations of the two layers and the overall network. Part (B):
later-time evolution of the same saturations. Part (C): change in the number of
liquid clusters lying across the middle interface with time.
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the lower-layer breakthrough time and the transfer time are iden-
tical.) We also note that after the breakthrough in the lower layer,
not much change happens in the shape of the drying front in the
lower layer. However there is a veritable explosion of vapor-occu-
pied pores in the upper layer due to the ‘pumping’ of water from
the upper layer pores to the lower layers. This phenomenon is re-
flected in the saturation curves as well. The early-time decline in
the lower-layer saturation is arrested a bit at 7 h which corre-
sponds to the breakthrough time in the lower layer. This fact is val-
idated by part (c) of Fig. 9: the single liquid-cluster lying across the
boundary layer breaks up into two at around 7 h due to the passage
of the drying front. After this lower-layer breakthrough, the upper-
layer saturation in part (a) begins to show a sharp decline as result
of the pumping action described above. After around 20 h, the de-
cline in the upper-layer saturation stops abruptly, and it remains
constant till about 600 h, during which the lower-layer saturation
reduces to zero. During this constant-saturation phase, the shape
of the drying front in the upper layer is expected to remain un-
changed, as shown by parts (d) and (e) of Fig. 3. The drying of upper
layer initiates after the lower layer is completely dry. Note that the
drying rate of upper layer (as characterized by the slope of the sat-
uration curve) is much lower than the rate for the lower layer—this
is due to the large diffusive resistance experienced by vapors while
traversing the whole depth of the empty lower layer (Fig. 3f).

It is also interesting to note that the overall saturation in this
study will be the arithmetic mean of the saturations for the two
layers—this fact easily verified by studying parts (a) and (b) of Figs.
8 and 9.

Since the invasion patterns are identical to those considered in
Sections 3.1.1 and 3.1.2, the evolutions of saturations described in
this section also apply qualitatively to the cases with non-uniform
porosity. The impact of the uniform porosity lies in the drying
kinetics and is analyzed in the next section.

3.4.1. Comparison of the same-porosity evaporation curves with those
for different porosities in the two layers

Evaporated mass as a function of time is plotted for the constant
porosity case in Fig. 10. Based on our earlier studies in Section 3.2
on the scatter of such curves due to pore-structure variation in-
duced due to different network realizations, we developed an
envelope that is likely to include most possible curves for each case
by considering two extreme curves as its bounds. Part (A) of the
figure plots curves for the exposed small pores case, while part
(B) addresses the opposite case.
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We see clearly that when the small pores are in the bottom,
the uniform porosity case has much higher evaporation rate.
Moreover its curves no longer have the striking bilinear nature,
characteristic of the curves corresponding to the earlier consid-
ered, non-uniform porosities case. An explanation for the appear-
ance of ‘bilinearity’ in such curves was provided with the help of
Appendix A.1 in Section 3.2. A similar explanation for the lack of
bilinearity in the uniform porosity evaporation curves is pre-
sented in Appendix A.2. This implies that a two-layer media cre-
ated from spherical beads of two different sizes will not only
have a higher evaporation rate than a dual-porosity porous med-
ium, but its large-time evaporation rate will also not remain
constant.

Let us now consider the case of large pores in the bottom in
Fig. 10B. Here, we see a reversal in the trend: the non-uniform
porosity network has higher evaporation rate as compared to the
uniform porosity network. We also observe that the possible vari-
ations in the curves due to different network realizations are also
very less, as evident in the very narrow envelope of curves for
the two porosity distributions. Moreover both types of curves fol-
low the general exponentially decaying trend of the evaporation
curves shown earlier in Fig. 6B.
Fig. 11. (A) A picture of the experimental setup. (B)
Note that the evaporation curves shown in Fig. 10 indicate that the
uniform porosity networks have a higher evaporation rates as com-
pared to the exposed small pore case, but have a lower rate as com-
pared to the exposed large pore case. This can be explained in terms
of the assigned porosities. Since the vapor mass-flux j / e as in Eq.
(3), and since the uniform porosity lies between the large pore and
small pore porosities, we can clearly see that initial slopes of the evap-
oration curves follow the porosity values of the lower, exposed layers.

3.5. Comparison with experiments

A comparison of our network simulation predictions with
observations of evaporation in a real experiment was sought to im-
prove confidence in the results obtained from the network simula-
tion. A smaller 12 � 12 network was considered for this study and
water was used as the working fluid.

3.5.1. Description of experimental setup
Fig. 11 describes the experimental setup used for studying the

12 � 12 network during its drying. The network was machined into
a plexiglas base plate while its top was covered by a transparent
sheet of RTV. The network was placed on a platform which in turn
A schematic describing elements of the setup.
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was resting on an electronic weighing scale. A transparent enclo-
sure was built around the network to control the conditions of
the surrounding air. The air humidity was monitored with a
humidity probe while the relative humidity was kept close to 6%
with the help of the hygroscopic Lithium Bromide (Li Br) salt. A
small fan inside the enclosure recirculated air and helped us to
maintain constant humidity everywhere within the enclosure.
The air temperature was monitored with the help of a temperature
probe and was found to be close to 20 �C during the experiments.
Images of the network during drying were captured through a
camera and were stored in a PC. The output from the weighing
scale (resolution: 10�4 g) was stored in the PC as well.

3.5.2. Initial preparation for simulation
Owing to the machining precision, which was equal to 10 lm, it

was not possible to select randomly the throat widths according to
a continuous distribution as in the 100 � 100 simulations. We had
to use a discrete random distribution. As a result, it might have
happened that two or more equal width throats lie on the invasion
front. In the experiments, these throats were never strictly of equal
width due to machining uncertainties. This might have been be a
source of discrepancy between the experiment and the simulation
as it may then would have been impossible to anticipate the throat
that would eventually be invaded in the experiment. In order to
minimize this effect, we constructed the experimental network
such that this equal width throat choice problem does not occur
(this was only possible for small networks and was achieved by
testing numerically several realizations using the square network
model of drying until one obtains a network where all interfacial
throats differ in width, within the machining accuracy, at any stage
of drying).

The convective mass transfer coefficient (h) used for evaporative
liquid mass-loss at the lower exposed edge of the 12 � 12 network
was used for experimental validation. Note that at the network edge,
we used h in the mass-flux boundary condition of the form

j ¼ ehðPm;o � Pm;1Þ where h ¼ D
ðR=MmÞTd

ð4Þ

The second part of the above equation becomes self-evident on
comparing the first part with Eq. (1). Here d is the width of the
boundary film over which the mass transfer is taking place. In
our simulations, the value of d as listed in Table 1 was taken to
be a fixed constant. However in order to estimate d for the
12 � 12 networks during this comparison, we matched the mass
evaporation rate me at the start of the experiment (obtained from
the t = 0 slope of the mass evaporation curves shown in Fig. 14
for the experiments) with the one given as

_me ¼
PatmD

R
Mm

� �
Td

ln
Patm � Pm;1

Patm � Pm;0

� �
ð5Þ

which allowed us to compute d for the two cases. Here Patm is the
atmospheric pressure. Eq. (5) (derived from Eq. (18.2–14) of [26])
assumes that at the start of the experiment, there is only a station-
ary film of air of thickness d that lies between water surface at the
edge of the fully saturated network and the surrounding ambient,
and there is only diffusion of water vapor through this film during
this initial evaporation. The thermodynamic properties were esti-
mated at the enclosure temperature of 20 �C and the ambient vapor
pressure Pm;1 corresponded to the relative humidity of 6% main-
tained inside the enclosure.

3.5.3. Comparing experimental results with predictions by simulation
We will compare the predictions of our simulation with exper-

iments at certain distinct events which can be called milestones
during the evaporation of the two types of two-layer networks.
Let us first consider the exposed large pores case of the 12 � 12
network. Fig. 12 shows the distribution of air and water phases
during drying for both the simulation and the experiment. A good
validation of the drying pattern is provided by parts A2 and B2 of
the figure which show the half-way point in the evaporation pro-
cess-it is heartening to see that the preferential drying of the outer
lying larger pores ahead of the smaller inner pores (as predicted by
our earlier 100 � 100 network simulation as well) happens in the
nature too. We also studied the saturation distribution during
the breakthrough of the air phase to the opposite face of the rect-
angular domain. Parts A3, B3 of Fig. 12 show a striking correspon-
dence in the breakthrough patterns created by the simulation and
experiment, once again highlighting the remarkable ability of the
invasion percolation algorithm to recreate the natural drying pat-
terns. We also note that the form of the evaporation curve is rep-
licated quite well by the simulation in Fig. 14A.

However, there are a few areas where the weakness of our net-
work simulation is evident. For example, the simulation seems to
have faltered in predicting the initial drying of the network in
the large-pore region at the first milestone when the air phase first
reaches the middle interface—little similarity can be found in the
saturation distributions of parts A1 and B1 of Fig. 12. Similarly,
the dimensionless times for the initial and half-way point satura-
tion distributions do not match also (though there is a reasonably
good match of t* for the breakthrough point). This difference in the
drying times can be attributed to the observed difference in the
time taken to dry the network completely: Tdry is 134.167 h for
the simulation while it is merely 31 h in the experiments. So a
large difference in the drying times of the network as predicted
by the simulation and as seen in the experiment is rather
worrisome.

Let us now consider the exposed small pores case of the 12 � 12
network. A comparison of distributions of air and water phases
during drying, as predicted by the simulation and as observed dur-
ing experiments, is presented in Fig. 13. Unlike the first case, we do
see a rather good validation of the initial touching of the middle
interface event predicted by the simulation in parts A1 and B1 of
the figure. Let us next consider the breakthrough of air phase onto
the end of the network, as shown in parts A2 and B2 of Fig. 13. The
draining of the upper, larger-pore region caused due to the capil-
lary pumping phenomenon, as described in Section 3.1.1, is dis-
played both by the simulation as well as the experiment. Note
that the dimensionless time taken to reach this second milestone
is fairly well predicted by the simulation. On comparing the evap-
oration rates in Fig. 14B, we once again note that the form of the
evaporation curve is replicated quite well by the simulation. It
was very encouraging to see that the bilinear evaporation curves,
predicted by earlier simulations as well, do actually occur in
nature!

Coming to the weaknesses of the simulation, we observe that
the patterns of drainage shown in parts A2 and B2 are different.
We also notice that parts A3 and B3 of Fig. 13, which represent
the milestone of complete drainage of the larger pores, the exper-
imental phase distribution is never replicated by the simulation.
(B2 and B3 show that while the big pores are getting completely
drained, the saturation pattern of smaller pores remains un-
changed. As seen in part A3, the IP algorithm of the simulation is
unable to replicate the complete drainage of the big pore region.)
Another disconcerting fact about this simulation is that the pre-
dicted drying time is much larger than the one seen for the
experiment.

3.5.4. Explanation of discrepancies and future work
We would like to offer some explanation for this big difference

in drying times. The reason for the simulation network to take
longer to dry completely can be explained as follows. One of the



Fig. 12. Comparison of numerical prediction with experimental result for drying in a 12 � 12 dual-porosity network with large pores in the exposed bottom layer. (A3) and
(B3) shows the state of pore saturation at the ‘breakthrough’. Dimensionless time t* = t/Tdry with Tdry = 134.167 h for the simulation, and Tdry = 31 h for the experiment.
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novel phenomena observed during the experiments was the pres-
ence of liquid films left behind by the retreating water during
evaporation. These films of liquid on the inside of the top cover
plate of the experimental network were often accompanied by tiny
droplets, especially in the larger pores drained by capillary pump-
ing in the exposed small pore case where the relative humidity of
air could not be controlled that effectively. (For example, these
droplets can be seen as the faintly visible small dots in the empty
large pores in part B3, Fig. 13.)

Incidentally such films are different from films at the channel
corners of the square network that have already been modeled
and incorporated in the drying simulations [11]. (As reported in
[27], the contact angle of liquid water on a plexiglas surface is close
to 80� whereas the critical contact angle above which the corner
films do not form in channels of rectangular cross-section is 45�
[11].) In contrast to these ‘‘thick” films, thin films of a few nanome-
tres thickness can develop on a smooth surface [28]. However,
transport in such thin films plays a role only in very small pores be-
cause of their very low hydraulic conductivity. Furthermore, the
high contact angle of 80� definitively does not favour formation
of thin films. In a previous work on imbibition in networks of sim-
ilar geometry [29], films at a scale smaller than the corner films
were also considered and were referred to as roughness films. In
the present case, these films are thought to develop along the
microgrooves resulting from the machining process. Like the cor-
ner films, the flow in roughness films is driven by capillarity.
Therefore, we believe that the films seen in our experiment can
be referred to as the roughness films.

We believe that presence of such roughness films significantly
reduces the actual drying time, and is responsible for the big dis-
crepancy in the total drying times for the simulations and experi-
ments. This film effect may be similar to the films seen on the
surface of rough particles during drying, and therefore it is worth
our while to model such phenomenon. In future, we plan to study
such surface films in greater detail, develop relevant physics to
model it, and then incorporate it in the 2-D network drying simu-
lation. However as a final remark, we note that the effect of rough-
ness films is probably more enhanced in the small machined
network with fewer pores for the experiment—such effects may
not be significant in larger networks that are closer to the ‘real’
porous media. So the behavior of our earlier simulation in a larger
network without the film effect may not be far from the behavior
of real systems.

We would also like to comment on another new phenomenon
observed in the experiments. For the exposed small pores case, it
was found that at the point when a finger of dried air channel



Fig. 13. Comparison of numerical prediction with experimental result for drying in a 12 � 12 network with small pores in the bottom layer and large pores in the top layer.
(A2) and (B2) shows the state of pore saturation at the ‘breakthrough’. Dimensionless time t* = t/Tdry with Tdry = 148.80 h for the simulation, and Tdry = 14.16 h for the
experiment.
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touched the larger pores at the top at the middle interface (B1 of
Fig. 13), some amount of liquid traveled from larger pores to the
smaller pores as a result of capillary suction. This might be viewed
as ‘redistribution’ of liquid from large pores to small pores. The
time scale for such redistribution was observed to be much smaller
than the time scale associated with drying.2 Note that this ‘capillary
suction’ effect is different from the ‘capillary pumping’ effect dis-
cussed earlier in Section 3.4 with Fig. 4: the latter is the result of
applying the IP algorithm that is based on drainage of liquids during
drying, while the former is an entirely new, imbibition like effect
seen in the drying of a dual-porosity network and is presently out-
side the scope of the IP algorithm.

As a final remark, we note that the IP model can also be ques-
tioned in systems of high contact angle approaching 90� from be-
2 Incidentally in a drying experiment conducted with ethanol on the same network,
this redistribution effect was found to be much more dramatic and periodic in nature.
More of this will be discussed in a future publication.
low [30]. As discussed more recently in [31] also, more refined
invasion rules have then to be used owing to the occurrence of
cooperative effects between growing menisci.

Thus, we believe that these effects are behind the rather less
than satisfactory prediction of last stage of network drying, i.e.
for example the big difference in A3 and B3 of Fig. 13. There we
observe that the complete drainage of large pores before smaller
pores are drained is not predicted by the simulation. So more work
remains to be done in future for incorporating these effects in the
drying model.

4. Summary and conclusion

The evaporation of water from a two layer heterogeneous med-
ium with two different pore sizes was studied with the help of a
square 100 � 100 network. The pattern of evaporation for the cases
of exposed small pores and exposed large pores lead to dramati-
cally different patterns and evaporation curves. For the case of



Fig. 14. Comparison of numerical prediction with experimental result for drying in
a 12 � 12 network. The evaporated mass is normalized with the net mass of liquid
evaporated from the network at the end of complete drying, i.e. m* = m/mdry.
Similarly dimensionless time t* = t/tdry. (A) Exposed large pores: with tdry = 134.167
for the simulation, and tdry = 31 h for the experiment, where mdry = 4.3563E�4 kg
for the simulation and mdry = 3.44E�4 kg for the experiment. (B) Exposed small
pores: here tdry = 148.80 h for the simulation, and tdry = 14.16 h for the experiment.
Here mdry = 4.3563E�4 kg for the simulation and mdry = 5.10E�4 kg for the
experiment.
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Fig. A1. A schematic describing the later-time evaporation in the exposed small-
pores system after the lower layer has dried completely and a clear effective drying
front can be discerned in the upper layer.
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exposed small pores, salient features of the evaporation process
were a quicker breakthrough, drainage of the inner larger pores
due to capillary pumping, and much wider envelope of the unusual
bilinear evaporation curves. The case of exposed large pores was
characterized by preferential evaporation of the outer larger pores,
much slower breakthrough, and a much narrower envelope of the
conventional exponential-type drying curves. Evaporation rates
were found to be higher in the latter. Imposition of uniform poros-
ity in the two layers led the bilinear evaporation curves for the ex-
posed small pore case to acquire the regular decaying form;
evaporation curves for the exposed large pore case were not af-
fected that much. Experimental validation of the network simula-
tion for a smaller 12 � 12 network for both cases revealed that
important milestones of the evaporation process, including satura-
tion distribution during breakthroughs, and preferential drying of
larger pores, were replicated to a large extent by the simulation.
Though the forms of the experimental evaporation curves were
successfully replicated by the simulation as well, drying times
were over-predicted. The causes of such divergences are mainly
attributed to the presence of surface liquid films caused due to sur-
face roughness. As a result, this film effect needs to be incorporated
in the model to improve its accuracy. Our results also suggest that
the more advanced drying models have to incorporate: (1) more
refined invasion rules, as compared to the current simple IP rules,
for systems of very high contact angle close to 90�; (2) the possible
imbibition of water back into small pores from large pores during
the drying of the exposed small pore network .
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Appendix A

A.1. Large-time mass-flux for the small-pore lower-layer network

Here, we will be estimating the diffusive flux of water vapors
through the dried up portions of the exposed small-pore system
in an attempt to explain the parallel evaporation curves observed
at large times in Fig. 9A. From the study of part (f) of Fig. 3, it is
clear that this phase of evaporation is marked by a completely
dry small-pore lower layer and a partially progressed flat piston-
like effective drying front in the large-pore upper layer. (The effec-
tive drying front is defined here as the curve marking the boundary
of the still remaining clusters.) The conditions at this front can be
approximated as that of the fully saturated air with 100% humidity,
since the gaps between the still remaining clusters behind this
front are quite small. A simplified drying model based on this
approximation is shown in Fig. A1.

The diffusive mass-flux j of water vapors through the dried por-
tions of the network can be expressed as

j ¼ eLK
Pm;e � Pm;i

h
¼ eSK

Pm;i � Pm;1

H
ðA:1Þ

where K ¼ D Mm
RT and eL, eS are the area porosity of the network in the

large- and small-pore layers, respectively. Pv is the partial pressure
of water vapors with the subscripts e, i and1 refer to the conditions
at the effective drying front, the two-layer interface, and the open
air at the bottom of the network, respectively. After eliminating
Pm;i, the two independent relations in Eq. (A.1) can be easily manip-
ulated to obtain an intermediate relation

Pm;e � Pm;1 ¼
j
K

h
eL
þ H

eS

� �
ðA:2Þ

which in turn yields the final expression for the mass-flux as

j ¼ k
Pm;e � Pm;1

H
eS

h
H

eS
eL
þ 1

� � ðA:3Þ
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As is clear from Fig. 1, the area porosities eL and eS are proportional to
the average throat widths: eS / 0:15a since throat-width range is
0:1a � l � 0:2a in the small-pore layer; eL / 0:75a since throat-width
range is 0:7a � l � 0:8a in the large-pore layer. We can also see that
the h is smaller than H in Fig. A1. Therefore one can surmise that

h
H
< 1 and

eS

eL
� 0:2) heS

HeL
<< 1 ðA:4Þ

As a result, the expression for mass-flux reduces to

j ¼ eSK
Pm;e � Pm;1

H
ðA:5Þ

So the diffusive mass-flux is independent of the upper (large
pore) layer properties eL and h(t), and is entirely decided by the lower
(small pore) layer properties eS and H. This stands to reason because
the diffusion of water vapors from the effective drying front to the
exposed network edge has to face the diffusive resistances inside
large pores over the time-dependent length h and inside small pores
over the constant length H, respectively. (These resistances can be
thought of as being ‘in series’.) Analysis of Eq. (A.4) indicates that
due to its large pores, the resistance offered by the upper layer is
insignificant compared to the lower layer resistance, and hence it
is neglected in the expression for mass-flux (A.5).

A.2. Effect of uniform, constant porosity on the large-time mass-flux
for the small-pore lower-layer network

Here we will explain the difference in evaporation curves ob-
served in Fig. 10A at large times after the implementation of uni-
form porosity in the upper and lower layers. As discussed in
Section 3.4.1, the uniform porosity curve is gently sloping at large
times, unlike the parallel curves for the non-uniform porosity case.
So let us look at the expression for diffusive mass-flux j in the dried
up part of the network which is given in Eq. (A.3). For the uniform
porosity case, the area porosities eL and eS for the large and small
pore layers, respectively, are equal to each other, and are each of
the value let us say e In that case, (A.3) reduces to

j ¼ eK
Pm;e � Pm;1

H þ h
ðA:6Þ

So unlike (A.5) and (A.6) has (H + h) in the denominator, and
which implies that the mass-flux j decreases with time as the dis-
tance h of the effective drying front from the middle interface in-
creases during drying. This fact explains the declining slope of
the uniform porosity evaporation curve with time.
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