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a b s t r a c t

In this study, a recently developed pore network drying model [Metzger, T., Irawan, A. and

Tsotsas, E., 2007, Isothermal drying of pore networks: influence of friction for different pore

structures, Dry Technol, 25: 49–57], which accounts for liquid viscosity, is applied to three

dimensions for the first time. Isothermal convective drying is simulated for a cubic network

(25 × 25 × 50) with pore throats with a narrow radius distribution. The role of liquid viscosity

is assessed by comparison with non-viscous drying of the same network. Simulation results

are presented as phase distributions, saturation profiles and drying rate curves. In the vis-

cous case, a stabilization of the drying front is observed. However, as the network dries

out from the surface, the finite drying front gradually widens up and does not approach an

asymptotic limit.

© 2008 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Pore network models are a suitable tool to examine the role
of pore-scale transport phenomena and pore structure on
the process behaviour of porous media. During the past one-
and-a-half decades, several research groups have applied pore
network modelling to drying of capillary porous media, con-
tinuously adding new transport phenomena and increasing
network size.

In network models, the porous medium is represented by
a network of interconnected pores which have a prescribed
geometry (cylindrical in our study) but are random in their
size. Our model approach is based on the work of Prat (1993)
who interpreted the drying process as an invasion percola-
tion driven by evaporation. At every moment of the process,
the largest pore at the gas–liquid interface empties because
its meniscus can produce the highest liquid pressure. Due to
random spatial distribution of pore size, the liquid phase typi-
cally splits up into numerous clusters that may be temporarily
trapped, but eventually all liquid will evaporate. The time scale
of the process is given by vapour diffusion in the empty regions
of the network.

In this isothermal model, capillary flow is only determined
by the spatial distribution of pore size. However, if other effects
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like gravity, liquid viscosity or non-uniform temperature play
a role, drying behaviour can differ significantly. The model
extension to gravity is straightforward by allocating to each
pore a potential which then determines the order of invasion
(Prat, 1993). If the network dries out from the top, gravity has a
stabilizing effect on the drying front. Laurindo and Prat (1996)
performed experiments with two-dimensional micro models
which nicely confirmed the simulated phase patterns as well
as their modification due to gravity.

Recently, the stabilizing effect of gravity has also been stud-
ied in three dimensions by Yiotis et al. (2006) who simulated
drying of an 80 × 80 × 80 network. If gravity plays no role and
lateral diffusion in the gas-side boundary layer is modelled,
they found a constant drying rate period. Such computa-
tionally intensive three-dimensional network simulations are
important, because the additional dimension leads to less
trapping (see also Le Bray and Prat, 1999).

Prat and Bouleux (1999) predicted a stabilization of the dry-
ing front if liquid viscosity must be accounted for (i.e. for large
networks of small pores with a narrow size distribution); how-
ever, they only performed stationary network simulations.
Other researchers have included viscous effects into their
(two-dimensional) pore network models, but the effect of liq-
uid viscosity on drying kinetics and phase distributions has
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never been studied systematically: Nowicki et al. (1992) were
interested in effective parameters and did not report on phase
distributions and drying rates at the sample scale; and Yiotis et
al. (2001) simulated drying of porous rock when gas is purged
through large fractures and viscous effects mainly play a role
in the gas phase.

The stabilization of the gas invasion front in drying for grav-
ity and liquid viscosity has also been characterized by scaling
laws (Tsimpanogiannis et al., 1999; Prat and Bouleux, 1999);
experimental data for the viscous stabilization had already
been reported by Shaw (1987) for the drying of a bed of small
glass spheres.

In the present work, we will study viscous stabilization
of the front by a three-dimensional pore network drying
model and discuss its effect on the drying rate curve. We will
focus on the special character of this stabilization: whereas
front width is constant throughout the drying process in the
gravity-stabilized case, viscous effects depend on current flow
rates so that the drying front can widen up during the pro-
cess.

It is worth mentioning that temperature gradients will also
lead to a stabilization of the drying front (Huinink et al., 2002;
Plourde and Prat, 2003) if the open surface of the network is
hotter—as in convective drying. The reason for this is temper-
ature dependence of surface tension, so that out of two pores
of identical radius the warmer one will empty first.

Another stabilization effect is obtained if the pores are not
cylindrical but have corners so that gas-invaded pores may
still contain corner films. Film flow, which is induced by cap-
illarity and limited by liquid viscosity, has been modelled by
Yiotis et al. (2003, 2004) and Prat (2007). The film region typ-
ically covers the liquid cluster region as well as part of the
completely invaded region. As a result of film flow, the evap-
oration front is smoothened in space and shifted towards
network surface, resulting in higher drying rates. Experimen-
tal evidence of film flows and their effect on drying kinetics
has been given by Laurindo and Prat (1998).

In general, stabilization effects are seen as crucial if dry-
ing is to be described by a continuous model (see, e.g.
Tsimpanogiannis et al., 1999). In non-stabilized percola-
tion, drying front width has no upper limit, and continuum
models lack their basis, namely gradient-based (liquid) trans-
fer.

Besides this research on transport phenomena, an inves-
tigation of structural influences on drying behaviour has
recently been started. Prat (2007) has studied the role of pore
shape in the context of film flow; Segura and Toledo (2005)
have investigated the role of pore shape and pore size distribu-
tions for drying behaviour and effective transport parameters;
Metzger et al. (2007a) have shown that pore structures with a
bimodal pore size distribution may show very different drying
behaviour and that coordination number of the pore network
and spatial correlations of pore size play a crucial role (Metzger
et al., 2007b). In the present work, we will however restrict our-
selves to isothermal drying of a network of cylindrical pores
(i.e. without corner films) with mono-modal radius distribu-
tion.

2. Drying model

In the following, the main concepts of non-viscous and viscous
network drying model are recalled (for more details refer to
Metzger et al., 2007c).

Fig. 1 – Small pore network during drying with discretized
gas-side boundary layer. Definitions of pore and throat
states are given; vapour and liquid transport are indicated.

2.1. Non-viscous model

The cubic pore network is built from cylindrical pore throats
with radii rij obeying a normal number distribution. Initially,
the network is fully saturated with water. During drying, it is
open for evaporation at the top whereas the bottom is closed
and the sides are connected for periodic boundary conditions
in horizontal directions. Fig. 1 shows a small two-dimensional
(non-periodic) pore network in the course of convective drying
as a visual support for model description.

Vapour transfer to the dry air flow is modelled by diffu-
sion through a boundary layer of uniform thickness which is
discretized by extending the nodes of the network. In the gas
phase (dry part of network and boundary layer), quasi-steady
vapour diffusion between two nodes is described by

∑
j

Ṁv,ij =
∑

j

Aij
ı

L

M̃vp

R̃T
ln

(
p − pv,i

p − pv,j

)
= 0 (1)

where L is distance between nodes, Aij exchange area (�r2
ij

for

network, L2 for boundary layer), ı vapour diffusivity, M̃v molar
vapour mass, R̃ universal gas constant, T absolute tempera-
ture, p gas pressure and pv,i vapour pressure. The system of Eq.
(1) is solved to compute the unknown vapour pressures in the
gas pores (white circles) by applying as boundary conditions
the known vapour pressure (gray circles) of drying air pv,∞ at
the top edge of the boundary layer and saturation vapour pres-
sure p∗

v in pores next to the gas–liquid interface. From this,
vapour diffusion rates can be computed for the empty throats
(white rectangles) and evaporation rates for the menisci at the
liquid–gas interface.

Note that adsorption in the empty pores is not modelled
and liquid films are not accounted for. The hydraulic conduc-
tivity of thin liquid films that develop in cylindrical throats
is so low that they have no significant contribution to mass
transfer (Metzger et al., 2007c). We will consider pores of diam-
eter 100 nm with a narrow distribution so that the reduction of
vapour pressure due to the Kelvin effect is almost uniform for
all pores and only about 2%. At atmospheric pressure, Knud-
sen effect in vapour diffusion only plays a significant effect if
pore size is smaller than the chosen one (Kast, 1988). There-
fore, we are neglecting both Kelvin and Knudsen effect.

Concerning the liquid-filled part of the network, random
pore size distribution and capillary flow lead to irregular emp-
tying of pores and the appearance of disconnected clusters. If
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viscous (and gravity) effects are neglected, water flow within
these liquid clusters is entirely controlled by capillary pressure
differences so that (unlike in Fig. 1) only the largest meniscus
throat of the cluster empties. The rate at which this happens is
obtained by summing up the evaporation rates for all menisci
of the respective cluster. This choice of largest meniscus and
computation of the emptying rate is done for all clusters. At
every moment during drying, the time step is given by com-
plete emptying of first throat in the network since this will
change liquid connectivity as well as the set of Eq. (1) for
vapour diffusion. In this way, drying is described as a discrete
process and the kinetics are given by a steady-state expression
for vapour diffusion.

2.2. Viscous model

If liquid viscosity is accounted for, liquid flow rates depend on
actual pressures pw,i and at each liquid pore node (black circles
in Fig. 1) add up to zero as

∑
j

Ṁw,ij =
∑

j

�r4
ij

8�wLij
(pw,i − pw,j) = 0 (2)

where �w is kinematic viscosity of water and Lij liquid-filled
length of pore throats. Boundary conditions to Eq. (2) are

Table 1 – Physical constants for simulation

Physical constant Value

T (K) 293
p (Pa) 105

p∗
v (Pa) 2339

ı (mm2/s) 25.69
� (N/m) 0.072
�w (mm2/s) 1.002

given at the menisci at the liquid–gas interface. For station-
ary menisci (in full throats where liquid can be provided at
the local evaporation rate), the second kind boundary condi-
tion Ṁw,ij = Ṁv,ij is applied. For moving menisci (in the largest
throat of the cluster, in all partially filled throats and where
liquid cannot be supplied at the local evaporation rate), the
boundary condition of first kind pw,j = p − 2�/rij (with surface
tension � and assuming perfect wetting of the liquid, i.e. zero
contact angle) is used. Since choice of boundary conditions
and flow rates are interdependent, iteration is used to deter-
mine the actual liquid flow field. The quasi-steady motion
of menisci (now possibly several per cluster as in Fig. 1) is
obtained as the difference between vapour and liquid flow,
and the same principle of time stepping is applied as in the
non-viscous case. (Note that, in the gas phase, viscosity is not
modelled and constant pressure is assumed.)

Fig. 2 – Phase distributions for non-viscous case at network saturations (a) 0.98; (b) 0.95; (c) 0.86; (d) 0.75; (e) 0.67; (f) 0.39; (g)
0.11; white lines represent empty throats, black is for liquid throats and blue for partially filled throats. The network is open
for evaporation at the top; periodic boundary conditions are applied in horizontal directions. (For better readability, empty
throats are not shown in top layers with an average saturation lower than 0.26; neither are full throats shown in bottom
layers with an average saturation higher than 0.74.) (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)
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Fig. 3 – Phase distributions for viscous case at network saturations (a) 0.98; (b) 0.95; (c) 0.86; (d) 0.75; (e) 0.67; (f) 0.39; (g) 0.11;
white lines represent empty throats, black is for liquid throats and blue for partially filled throats. The network is open for
evaporation at the top; periodic boundary conditions are applied in horizontal directions. (For better readability, empty
throats are not shown in top layers with an average saturation lower than 0.26; neither are full throats shown in bottom
layers with an average saturation higher than 0.74.) (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

3. Simulation results

Present computational limitations impose a relatively small
network size (25 × 25 × 50) so that rather unrealistic values
have to be chosen for pore geometry and drying conditions
to observe significant viscous effects. Air flow is at room
temperature and atmospheric pressure and contains no mois-

ture (pv,∞ = 0); we consider water as a liquid (the physical
constants for the simulation are given in Table 1); boundary
layer is 50 �m thin, corresponding to a mass transfer coeffi-
cient ˇ = 0.51 m/s and an initial drying rate of 9 g/m2 s (for a
completely wet surface). Throats have a very narrow radius
distribution (50 ± 1 nm) and length 500 nm; this means that
porosity is low (9.4%) and that only a thin near-surface region
(depth 25 �m) of the porous medium is described. Effects sim-

Fig. 4 – Profiles of slice-averaged saturation during drying: (a) non-viscous (b) viscous. (Solid lines correspond to the choice
of phase distributions shown in Figs. 1 and 2.)



Author's personal copy
c h e m i c a l e n g i n e e r i n g r e s e a r c h a n d d e s i g n 8 6 ( 2 0 0 8 ) 739–744 743

ilar to the ones discussed below will also occur for realistic
conditions, but over longer distances.

Being interested in the role of liquid viscosity, drying of the
same network is once simulated neglecting the viscous effects
and once accounting for them. Respective phase distributions
during drying are shown in Figs. 2 and 3; by slice averaging,
they are converted into one-dimensional saturation profiles as
plotted in Fig. 4. Corresponding drying rate curves are given in
Fig. 5; the drying rate is put into dimensionless form by setting
its initial value to unity.

If liquid viscosity is neglected, capillary pumping experi-
ences no constraint as long as the liquid is connected over the
whole network. During this period, no drying front occurs, but
gas penetrates into the depth of the network and saturation
level drops more or less uniformly throughout the network
(Figs. 2a–d and 4a). Network surface stays sufficiently wet so
that lateral vapour transfer in the gas-side boundary layer can
ensure that liquid is evaporated at a constant rate (Fig. 5). At
a critical saturation of about 0.7, the liquid phase has split up
into small disconnected clusters, network surface dries out
(Fig. 2e) and a receding evaporation front is observed (Figs. 2f
and g and 4a). Drying rate drops due to the additional vapour
transfer resistance in the network (Fig. 5). The mentioned crit-
ical saturation is expected to be lower for larger pore networks
(Le Bray and Prat, 1999; Yiotis et al., 2006).

If viscous effects are modelled, they do not play a signifi-
cant role in the very initial drying phase (here S > 0.98) which is
still dominated by capillary forces (compare Figs. 2a and 3a).
But as flow distances become longer and surface saturation
decreases, differences in capillary pressure are not enough to
supply liquid at the high local evaporation rates (which are
even enhanced by lateral diffusion in the boundary layer).
Therefore, all surface throats dry out (Fig. 4b) and a quite
narrow drying front recedes into the pore network. As a con-
sequence, drying rates are strongly reduced (Fig. 5), so that,
as drying proceeds, this receding front can widen up gradu-
ally (Figs. 3c and d and 4b). In the viscous case, breakthrough
occurs long after network surface is dry. Note also that the
competition between menisci for liquid flow is documented
by many moving menisci in one cluster (blue throats in Fig. 3).

With further decreasing drying rate, saturation gradient
is reduced more and more (Fig. 4b) and local saturations

Fig. 5 – Drying rate curves for non-viscous and viscous
case. (Vertical lines correspond to the choice of network
saturations in the other figures.)

approach the limit for liquid disconnection (Fig. 3e and f). In
the final stages of drying, viscous effects play only a little role
(compare Figs. 2g and 3g, see Fig. 5). This non-viscous limit
ought to gain significance for deeper networks.

If we consider a characteristic length over which liquid can
be pumped at a given available capillary driving force (Metzger
et al., 2007c), this is found to be inversely proportional to dry-
ing rate and – neglecting vapour transfer resistance in the
boundary layer – proportional to the thickness of the dried
layer of the pore network. Therefore, the drying front can
widen up with no upper bound if the network is arbitrarily
deep, unlike in the gravity-stabilized case where front width
fluctuates around a constant value.

Note that one of our assumptions has been perfect wetting
of the liquid; for contact angles greater than zero the capillary
pressures at the menisci will be less pronounced as well as the
available pressure differences for driving capillary flow. This
means that we have taken the minimum ratio of viscous to
capillary effects; viscosity may still play a role if the pore size
distribution is chosen slightly wider.

Conclusions

We have observed that viscous effects play a major role in
the intermediate stages of drying whereas short- and long-
time drying behaviour are similar to the non-viscous case.
The relative size of viscous effects is decisive for phase dis-
tributions and drying rates in these intermediate stages of the
drying process – and will especially determine the duration
of the constant drying rate period. For our specific case, we
observed a near-disappearance of this period whereas in many
real porous media it is of considerable importance. The reason
is that we have chosen a very narrow pore size distribution.
Two-dimensional simulations for more realistic cases of pore
size distributions – wider or even bimodal ones – show little
effect of liquid viscosity (Metzger et al., 2007a).

Future work shall further investigate the local variation of
saturation in the drying front and the scaling behaviour of its
width with capillary number as already studied by Prat and
Bouleux (1999). This shall pave the way to describe drying
behaviour of much larger porous structures.

In the same context, a continuous model will be assessed
that accounts for vapour diffusion in a dry zone and for
viscous flow in the partially saturated zone driven by dif-
ferences in capillary pressure (described by the generalized
Darcy law). To this purpose, effective model parameters,
such as liquid permeability and capillary pressure, will first
be computed from the phase distributions as observed in a
drying pore network (described by the above viscous model);
then, saturation profiles shall be computed by the continuous
model and compared to the profiles obtained from network
simulations (as in Fig. 4b).
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