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Abstract

As pointed out in several previous works, thick liquid film flow can represent a major transport mechanism in drying. The effect of
films is to greatly reduce the drying time compared to situations where they cannot develop. Using pore network simulations, we explore
the influence of pore shape and contact angle on drying rates during the isothermal drying of porous materials in relation with the effect
of liquid films when viscous effects are important in the films but not in the liquid saturated pores. It is shown that the overall drying time
is greatly affected by the pore shape and contact angle when film flows are important and that incorporating the film effect in the pore
network model leads to a much better agreement with experimental results. Film flows can significantly contribute to the occurrence and/
or the duration of the constant rate period (CRP), which is a classical feature of convective drying. When film flows are important, the
quantitative prediction of drying rate becomes very difficult for it depends on tiny details of the pore space geometry and is affected by
possible changes in the local wettability conditions. This contributes to explain why the accurate prediction of drying rate still remains
essentially an open question, at least when the effect of films cannot be neglected.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Drying of porous media has been the subject of many
studies and is still a very active research topic. In addition
to its practical importance in relation with the industrial
drying of many products, drying can still be considered
as an unsolved problem from a scientific standpoint. For
example the quantitative prediction of drying rate without
any parameter calibration is still essentially an open prob-
lem. In this paper, we try to shed some light into this prob-
lem with the analysis of the influence of film flows, pore
shape and contact angle on drying rates. We begin with
capillary tubes of polygonal cross-section and then con-
sider a pore network model with pores of polygonal
cross-section. Pore-network models for the study of drying
have been used for more than 10 years, e.g. [1] and refer-
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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ences therein. A pore network model for studying drying
patterns and drying rates was first proposed in [2] for slow
evaporation of a single component liquid when thermal
effects can be ignored. This two-dimensional model takes
into account capillary effects through an invasion percola-
tion (IP) rule and the transport by diffusion in the gas
phase of the evaporating species. Since this first attempt,
increasingly sophisticated models have been developed so
as to take into account gravity effects [3], viscous effects
[4], thermal effects [5,6], film effects [7,8], binary liquids
[9]. Three dimensional versions, though not including all
effects, have also been developed [10–12]. Experiments with
etched networks [13] have led to satisfactory comparisons
in terms of drying patterns and have shown the strong
influence of film flows on drying rates [14]. The analysis
of drying patterns can be performed using invasion perco-
lation concepts and this has been performed in some details
in [15,16], notably in relation with the experimental results
reported in [17] indicating that the viscous effects stabilize
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Nomenclature

A cross-section area, m2

c vapor mass fraction, kg/kg
ce equilibrium vapor mass fraction, kg/kg
ci vapor mass fraction at the interface, kg/kg
c1 vapor mass fraction in surrounding air, kg/kg
�c cross-section averaged mass fraction, kg/kg
Ca capillary number
D vapor diffusion coefficient, m2/s
e evaporation flux density, kg/m2/s
E evaporation flux, kg/s
Eref reference evaporation flux, kg/s
f dimensionless factor
F cluster mass flux, kg/s
h dimensionless mass transfer coefficient
g gravity acceleration, m/s/s
‘ diffusion screening length, m
k permeability, m2

L tube or porous medium length, m
N number of tube sides
p pressure, Pa
pg gas pressure, Pa
pcth threshold capillary pressure, Pa
P wetted perimeter, m
qm mass flow rate, kg/s
Qev evaporation source term, kg/m/s
R curvature radius, m
R0 tube size, m

S overall liquid saturation
t time, s
tc time at which sub-regime 2 starts, s
y corner meniscus curvature radius, m
z coordinates, m
zc bulk meniscus position at t = tc, m
zf film tip position, m
z0 position of bulk meniscus, m
Dc ce � c1, kg/kg
a half angle
b dimensionless resistance factor
d external transfer length scale, m
e porosity
c surface tension, N/m
j dimensionless parameter
k dimensionless factor = 3.77
g dimensionless factor
/ composite variable
h equilibrium contact angle
hc critical contact angle
l dynamic viscosity, Pl
wi, i = 1,2,3,4 numerical factors
qg gas phase density, kg/m3

ql liquid phase density, kg/m3

s reference time, s
v dimensionless curvature

1456 M. Prat / International Journal of Heat and Mass Transfer 50 (2007) 1455–1468
the invasion. More recently, pore network models have
been used to study the influence of pore size distributions
on saturation and transport parameters as well as on dry-
ing kinetics [11,18,19].

As mentioned before we concentrate in this paper on the
influence of pore shape and contact angle on drying rates.
More specifically, we consider three basic pore shapes, i.e.
triangular, square and hexagonal and show that the pore
shape and the contact angle can greatly affect the drying
kinetics. This is first shown for a simple bundle of capillary
tubes and then with pore networks. Note however that we
restrict our attention to situations where the liquid is
always the wetting fluid and the invasion percolation algo-
rithm can be applied to determine which bond is to be
invaded in each cluster present in the network. For exam-
ple, the case of hydrophobic networks is not considered.
The pore network model used in this study is an extension
of the model proposed in [2] so as to include the transport
in liquid phase by the pore corner films. For modelling the
transport in the film region and dry region of network, the
method is essentially the one proposed by Yiotis et al. [7].
In addition to the pore shape and the influence of contact
angle the main difference lies in the boundary condition at
the open edge of network with the introduction of an
external boundary layer characteristic size (instead of a
Dirichlet condition). The paper is organized as follows.
In the next section we study the influence of shape and con-
tact angle on evaporation kinetics for a bundle of non-
interconnected capillary tubes. Section 3 deals with the case
of pore networks. In Section 4 we discuss the results, nota-
bly in relation with the classical description of drying kinet-
ics in several periods, e.g. [20].

2. Evaporation from capillary tubes of polygonal cross-

section

Evaporation driven by mass transfer has been studied
experimentally in microchannels of rectangular cross-sec-
tion [21], as well as in capillary tubes of square cross-sec-
tion [22]. These works indicate that evaporation in
channels with corners is much faster than in a channel of
circular cross-section. This is attributed to the effects of
liquid films developing along the channel corners. Because
of these films, the modelling of evaporation in a channel of
polygonal cross-section is significantly more complex than
for a circular tube. A model of liquid flow with evaporation
in a channel of square cross-section in relation with the
modelling of drying of porous media was presented in [7].
Various evaporation regimes can be distinguished in a tube
of polygonal cross-section depending on the competition
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between capillary, viscous and gravity forces [23,24]. For
square tubes, the regime dominated by the capillary forces
was studied in [23] and a modelling for the various regimes
was presented in [24]. In the present paper, we concentrate
on the capillary-viscous regime, i.e. gravity effect are negli-
gible, and extend the modelling to tubes of triangular and
hexagonal cross-section. Also, the modelling takes into
account the effect of the contact angle.

2.1. Modelling of evaporation in polygonal capillaries

We consider the convective evaporation of a bundle of
vertical capillary tubes initially saturated by a pure liquid.
A representative tube of this model porous medium is
depicted in Fig. 1 in the case of a square tube. Evaporation
takes place due to the gas flow along the capillary entrance.
The other end of capillary is sealed. Owing to convective
flow, mass and momentum boundary layers form along
the tube entrance. A rough approximation of the boundary
layer effect is to assume that the external transfer occurs
through a diffusive layer of uniform thickness d. Thus d
is the characteristic length scale of external transfer. Under
these circumstances, the evaporation flux density e at the
surface is given by

e ¼ qgD
ðci � c1Þ

d
ð1Þ

where D, qg, ci, c1 are the diffusion coefficient of water va-
pour, gas phase density, water vapour mass fraction at the
porous medium surface and water vapour mass fraction in
the free stream respectively. It is interesting to estimate or-
ders of magnitude of d. Typically, at temperatures close to
20 �C, e is the range 10�4–10�3 kg/m2/s for a drying porous
medium. This corresponds to d in the range 10�4–10�3 m
(we have taken D = 2.5 � 10�5 m2/s, qg = 1.19 kg/m3,
ci = 0.0144, c1 = 0). These values are representative of
porous media (�periodic array of tubes). For a single tube
d can be much lower. As the motivation is the study of dry-
ing of porous media d will be kept constant, regardless of
the tube size. Thus, in this paper, the capillary tube should
be considered as a unit tube of a spatially periodic array of
tubes.
Fig. 1. Schematic of drying of a square capillary.
Determining the evolution of meniscus position z0 and
evaporation rate e is a classical problem when the capillary
cross-section is circular [25]. In the dilute limit, the solu-
tions read

z0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qgDDc

ql

t þ d2

s
� d ð2Þ

e ¼
qgDDcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2qgDDc
ql

t þ d2
q ð3Þ

where Dc = ce � c1. Hence z0 scales as
ffiffi
t
p

for a circular
tube. Compared to polygonal tubes Eqs. (2) and (3) repre-
sent lower bounds.

As mentioned above, the evolution can be expected to
be drastically different when the tube is of polygonal
cross-section owing to the liquid flow along the tube edges
induced by the capillary forces. In what follows, we con-
sider the cases of capillaries of square, triangular and hex-
agonal cross-section as depicted in Fig. 2. We assume that
the liquid is wetting with h as receding equilibrium contact
angle. We study evaporation at the ambient temperature
for a not too volatile fluid, e.g. water. Under these circum-
stances, evaporation is driven by mass transfer and temper-
ature variations can be ignored.

As in drainage in a polygonal capillary [26], evaporation
is characterized by the invasion of the tube bulk by the gas
phase and, when the contact angle is lower than a critical
value, the presence of liquid ‘‘fingers” trapped by capillar-
ity within the corners of the tube as sketched in Fig. 1. The
critical contact angle hc depends on the tube shape and is
simply given by hc = p/N where N is the number of tube
sides, i.e. N = 3,4,6 for triangular, square and hexagonal
tubes, respectively. Thus, corner flows cannot exist for
h P 60� in a triangular tube, h P 45� for a square one
and h P 30� for a hexagonal one.
Fig. 2. The three pore shapes considered.
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Let R be the liquid /gas interface curvature radius in the
tube cross-section in the corner film region. According to
[26] an upper limit Rth for R, corresponding to a corner fin-
ger whose shape only depends on capillary forces, can be
deduced from the equation,

pcth ¼
c

Rth

¼ cv
R0

ð4Þ

where R0 is the radius of the largest inscribed sphere in the
capillary and c is the surface tension. According to [27], the
dimensionless curvature v can be expressed as a function of
h and hc as

v ¼ cos hþ ½ðhc � hþ sin h cos hÞ= tan hc�1=2 ð5Þ

As v > 1 when h 6 hc, Rth < R0. Hence the liquid wedges in
corners only wet a fraction of tube walls. The tube wall re-
gion between the liquid fingers can be carpeted by very thin
liquid films whose thickness is of the order of a few nano-
meters. These liquid films can be neglected for tubes with
size much greater than the film thickness [5]. Another issue
is the shape of the liquid wedge right at the entrance of the
tube, where the curvature of the wedge liquid gas interface
in the z-direction is not negligible. Actually, the experimen-
tal results reported in Camassel [22] suggest that the evap-
oration rate is dependent on the details of phenomena
occurring in the tube tip region, i.e. the evaporation rate
is deemed to depend on the local properties of tube edges
at the entrance such as roughness, small cracks, wetting
properties. This renders difficult accurate quantitative pre-
dictions of evaporation rate when the liquid wedges reach
the tube entrance, which is not the objective of the present
paper. As a result, since the details are generally not
known, we have adopted the rather crude model in which
the wedge interface curvature along the z-direction is ne-
glected right from the entrance. This should not change
the overall qualitative picture described in this paper, that
is essentially the qualitative influence of tube shape and
contact angle on evaporation.

Detailed 3D simulations of evaporation for this crude
model have been performed [5]. The results of these simu-
lations have been shown to be in good agreement with a
simplified 1D model [23]. This simplified model, which is
used in the present paper, is obtained from considering
the cross-section averaged water vapour fraction �c. The
transport equation for the vapor within the tube reads

o

oz
qgðAt � AcÞD

o�c
oz

� �
þ Qev ¼ 0 ð6Þ

where At and Ac are the tube cross-section area and corner
area, respectively. At can be expressed as a function of R0

with At ¼ pR2
0 þ NR2

0 cot a� p
2
þ a

� �
, where a is the half-an-

gle of the corner (a = 30�, 45� and 60� for the triangular,
square and hexagonal tubes, respectively). Thus
At ¼ 3

ffiffiffi
3
p

R2
0 for the triangular tube, At ¼ 4R2

0 for the square
one and At ¼ 2

ffiffiffi
3
p

R2
0 for the hexagonal one. Ac, which is the

sum of liquid corner area and round corner area [28,29] can
be expressed as
Ac ¼ NR2 cos h
sin a

cosðaþ hÞ � p
2
þ aþ h

� �
¼ NR2w4 ð7Þ

with w4 ¼
cos h
sin a

cosðaþ hÞ � p
2
þ aþ h

� �
:

The boundary conditions are expressed as

qgðAt � AcÞD
o�c
oz
¼ qgðAt � AcÞD

ð�c� c1Þ
d

at z ¼ 0 ð8Þ

�c ¼ ce at z ¼ z0 ð9Þ

where z0 is the position of the bulk meniscus within the
tube.

In Eq. (6), the source term Qev, which represents the
internal evaporation at the liquid finger surface, is simply
expressed as Qev ¼ qghPD ðce��cÞ

R0
where P is the wetted perim-

eter, which is given by P ¼ 2NR p
2
� a� h

� �
. The mass

transfer coefficient h can be regarded as a fitting parameter.
It can be determined by comparison with 3D simulation
results, e.g. [23]. However, this parameter needs not to be
analysed in detail here since its influence can be in fact
neglected when R0� d as it is considered in the following.

In this model, the total evaporation flux is given by

E ¼ qgAlD
Dc
d
þ qgðAt � AcÞD

ð�cð0Þ � c1Þ
d

ð10Þ

where Al is the liquid corner area; Al = Ac � NR2r2[cota �
p/2 + a] where r = r0/R, r0 is the radius of the round corner
(for the sake of generality we assume for the moment that
the corner is not perfectly sharp and that the tip of the cor-
ner possesses a certain degree of roundedness characterized
by r0, see [28,29] for more details).

The evolution of the bulk meniscus location as a func-
tion of time is deduced from the simple mass balance,

qlðAt � Acðz0ÞÞ
dz0

dt
¼ E ð11Þ

where Ac(z0) is given by Eq. (7) with R = Rth. In what fol-
lows, this model is combined with a model describing the
evolution of the liquid wedge shape.
2.1.1. Liquid mass balance in fingers

Under the assumption of a quasi-steady state, e.g. [7],
the mass balance in liquid wedges read

oqm

oz
¼ Qev 0 6 z 6 z0 ð12Þ

in which qm is the mass flow rate in the fingers. The bound-
ary conditions associated with Eq. (12) are expressed as

qm ¼ �qgAlD
Dc
d

at z ¼ 0 ð13Þ

qm ¼ �E at z ¼ z0 ð14Þ

As shown in [28], the mass flow rate in the N corners can be
expressed as

qm ¼ �ql

AcR2

bl
dp
dz

0 6 z 6 z0 ð15Þ
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where l and ql are the liquid viscosity and density respec-
tively; b is a dimensionless resistance depending on the
shape of the corner and the boundary condition at the li-
quid–air interface. According to [29], for a free boundary
condition at the liquid–gas interface, b can be estimated
as

b ¼ 12 sin2 að1� BÞ2

ð1� sin aÞ2B2

ðw1 � Bw2Þðw3 � ð1� BÞrÞ2

ðw1 � Bw2 � ð1� BÞr2Þ3
ð16Þ

where w1 = cos2(a + h) + cos(a + h) sin(a + h) tana, B =
(p/2 � a) tana, w2 ¼ 1� h

p=2�a, w3 = cos(a + h)/cosa.
With the assumption of a very large radius of curvature

in the plane parallel to the axis z, the pressure in the
corner is linked to the surface tension c and R by Laplace’s
law,

p ¼ pg �
c

RðzÞ ð17Þ

As the gas pressure pg is constant, combining Eqs. (12)–(17)
leads to

d

dz
NqljcR2

l
dR
dz

� �
¼ �Qev ð18Þ

where j = w4/b and with R = Rth at z = z0.
As discussed in [23,24,7], the concentration �c follows an

exponential decay within a region of a few film thickness at
the tip of the film. Also, we are interested in situations
where the ‘‘pore” size R0 is small compared to the external
boundary layer thickness d, i.e. R0� d. Under these cir-
cumstances, a reasonable approximation is to consider
�c � ce when a film is present. This leads to Qev � 0 and

NqljcR2

l
dR
dz
¼ E � qgAfD

Dc
dþ zf

ð19Þ

where Af = At + A � Ac and R = Rth at z = z0. In Eq. (19),
zf is the position of the films tip within the tube.

Choosing R0 as characteristic length and ce as reference
concentration, Eq. (19) is expressed in dimensionless form
as

dR�3

dz�
¼ fCa

d� þ z�f
ð20Þ

where f ¼ A�
f

Nj the capillary number Ca is defined by Ca ¼
3lqgDDc

qlR0c
and R* = v�1 at z� ¼ z�0.

Using s ¼ qlR
2
0

qgDDc as characteristic time, Eq. (11) is
expressed in dimensionless form as

dz�0
dt�
¼ A��1

d� þ z�f
ð21Þ

where A* = (At � Ac(z0))/Af).
Two main sub-regimes can be distinguished depending

on the position of film tip. The first sub-regime is
when the film is present up to the entrance of the tube,
i.e. z�f ¼ 0.
2.1.2. Sub-regime 1 (film tip at the tube entrance)

From Eqs. (20) and (21) with z�f ¼ 0: we obtain,

R�ð0Þ3 ¼ v�3 � fCa
z�0
d�

ð22Þ

and

z�0 ¼ A�1 t�

d�
ð23Þ

Hence this analysis suggests that z0 / t in this regime.
This regime lasts until R*(0) � 0, that is when

z�0 ¼ z�0c � f �1Ca�1d�v�3 ð24Þ

which corresponds to time t�c given by

t�c � d�z�0c ¼ Af �1Ca�1v�3d�2 ð25Þ
2.1.3. Sub-regime 2 (receding film tip)

At t = tc, the second regime starts. The film tip recedes
within the tube. From Eq. (22), we get

z�f ¼
z�0v

3fCa� d�

v3fCaþ 1
ð26Þ

The evolution of the bulk meniscus is deduced from Eq.
(21) and is given by

z�0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2A�1ð1þ v�3f �1Ca�1Þðt� � t�cÞ þ ðz�0c þ d�Þ2

q
� d�

ð27Þ

Interestingly, Eq. (27) indicates that z0 should scale as
ffiffi
t
p

when the viscous effects are sufficient for z0c < L, where L

is the tube length.
The tube drying time tD, which is defined as the time

when the bulk meniscus reaches the tube end, i.e. when
z0 = L, reads

t�D ¼
A

2ð1þ f �1Ca�1v�3Þ
½L�2 þ 2d�L� þ Ca�2f �2v�6d�2�

ð28Þ

Naturally, when z0c > L, the sub-regime 2 cannot be seen.
This corresponds to the capillary regime. As discussed in
[23,24], the drying rate is constant in this regime, see Eq.
(23), and independent of the tube shape.

2.2. Influence of pore shape, contact angle, boundary layer

thickness and Ca

The influence of tube shape and contact angle on drying
time is explored in this section. We consider water at 20 �C
as working fluid, c1 = 0, and takes d = 5 � 10�4 m as
characteristic thickness of the external boundary layer.
As a representative example, computations have been
made for L = 0.4 m and the inscribed sphere radius
R0 = 5 lm. Perfectly sharp corners are assumed through-
out the remaining of the paper, so that r = 0. This leads
to Ca = 3.6 � 10�6. In passing, it is interesting to note
that the roundedness of the corner does affect the flow
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resistance in the film, Eq. (16), see [28] for more details.
Therefore this ‘‘detail” of the pore geometry should also
affect the evaporation rate.

Fig. 3 shows the evolution of drying time as a function
of contact angle for the three tube shapes. The reference
time tDref in Fig. 3 is the drying time for a circular tube.
This is also the drying time for tubes of polygonal cross-
section when h P hc. As can be seen from Fig. 3, the pore
shape can greatly influence the drying time with drying
times that can vary over more than two decades depending
on the pore shape. For a given contact angle, the drying
time significantly increases with N.

Also Fig. 3 indicates that an identical overall drying
time can be obtained for quite different systems. For
instance, a triangular tube with h = 52�, a square one with
h = 33� and a hexagonal one with h = 0� lead in this exam-
ple to the same overall drying time. It is therefore interest-
ing to explore whether these different systems can be
discriminated from simple experiments. As illustrated
in Fig. 4 which shows the evolution of drying rate
dz�

0

dt� =
dz�

0

dt�

			
t�¼0

as a function of (L � z0)/L, i.e. � the liquid sat-

uration, the three systems lead to the same drying kinetics.
This is expected since the sole parameter depending on the
pore structure and contact angle in the model is f ¼ A�

f

Nj and
f has the same value for these three systems. We conclude
that a wrong determination of contact angle can lead to
a wrong conclusion regarding the pore shape of this partic-
ular porous medium from classical drying experiments.

For a given tube shape, Fig. 3 also shows that the con-
tact angle can be a very sensitive parameter. This suggests
that a modification of contact angle for a given porous
0 0.5 1
(L−z 0)/L

−3

−2

−1

0

lo
g 10

(d
z 0

/d
t)

N=3,4

N=6

Fig. 4. Evolution of tube drying rate as a function of (L � z0)/L.
medium can lead to significant different drying kinetics
and illustrates the significance of film flows on drying rates.

From Eq. (26), it can be deduced that z�0 � z�f ¼
z�

0
þd�

v3fCaþ1
,

which indicates that the film length z�0 � z�f is a decreasing
function of Ca. As a result, the overall drying time tends
toward the reference time as Ca increases. To qualitatively
illustrate this effect, the ratio tD/tDref is plotted as a func-
tion of the average temperature T in Fig. 5 for the three
tube shapes and, as before, L = 0.4 m, d = 5 � 10�4m,
R0 = 5 lm, c1 = 0. To obtain the results shown in Fig. 5,
we simply have varied ce as a function of temperature for
h = 0, ignoring the variations of surface tension, contact
angle, densities, diffusion coefficient and viscosity as a func-
tion of temperature. Also, it can be argued that the
assumption of low water vapour concentration does not
hold for temperatures higher than about 30–40 �C and that
the thermal gradients associated with the evaporation pro-
cess are not negligible in the range of temperature consid-
ered. Taking into account all these effects would not
change the qualitative picture illustrated in Fig. 5, which
clearly indicates that increasing the evaporation flux
reduces the film extension and thereby the influence of film
flows on the drying rates.

Varying the external boundary layer thickness d has a
significant effect only in the capillary regime, i.e. when
the films extend up to the tube entrance. According to
Eq. (23) dz0

dt / d�1 in this regime. In the capillary viscous-
regime, the influence of boundary layer thickness becomes
negligible as soon as zf� d, which is for example the case
for the results reported in Figs. 3 and 4. Thus, when the
conditions are such that the capillary-viscous regime starts
from the beginning of drying (i.e. z0c/L� 1), we deduce
from Eq. (28) that t�D can be safely estimated as
t�D � AL�2

2ð1þf�1Ca�1v�3Þ.
3. Drying of pore networks

3.1. Pore network model of drying with film flows

As mentioned in Section 1, several pore network models
of drying have been proposed in the literature. For simplic-
ity, in this paper, we consider a single component liquid
and a situation where heat transfer can be neglected. This
corresponds typically to evaporation of a not too volatile
liquid at the ambient temperature. The pore space is
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conceptualized as a network of randomly sized pores (sites)
joined by randomly sized throats (bonds). As in many pre-
vious works, a square lattice is used in this paper. The
bonds are straight channels of polygonal cross-section
and characterized by the radius R0 of largest inscribed
sphere. For simplicity, R0 is distributed according to an
uniform distribution law in the range [R0 min,R0 max] with
R0 ¼ ðR0 min þ R0 maxÞ=2. Three edges of network are imper-
vious (no mass transfer at these boundaries). The vapour
escapes through the remaining open edge (top edge in
Fig. 6). Initially, the network is completely saturated by
the liquid.

In the present study, viscous effects are taken into
account in the films but not within the pores fully satu-
rated. This is supported by the following order of magni-
tude analysis. Suppose the pore mean size is R0. Then, as
in [16], we can express the length Lcap over which the pres-
sure drop in the saturated pores due to viscous forces is
comparable to the pressure difference associated with cap-
illary effects as

Lcap

R0

� 0:25vd�
Ca
R

� ��1

ð29Þ

where R ¼ R�0 max � R�0 min. To derive Eq. (29), we have esti-

mate the permeability of the pore network as k � pR2
0

8
. The

length Lcap can be compared to the maximum extension
of film z0c, which is given by Eq. (24),

Lcap

z0c

� 0:25Rf v4 ð30Þ

As an example, for the representative data considered in
Section 2.2 (L = 0.4 m, d = 0.5 � 10�4 m, R0 = 5 lm,
c1 = 0) with h = 0 and R = 1, one obtains

Lcap

L � 72,
z0c

L � 0:6 and
Lcap

z0c
� 116, which clearly indicates than viscous

effects can be neglected in the saturated pores since
Lcap

L � 1
Fig. 6. Sketch of phase distributi
but not in the films since z0c

L � 0:6 except for very narrow
pore size distributions, i.e. R 6 10�2.

Thus the above estimates indicate that there exist situa-
tions in which viscous effects can be neglected in the bulk
but not in the film. For instance, this is the case in the pore
network experiments reported in [14]. In this paper, we
concentrate on this type of situation. However, it can be
pointed out that we have derived the above estimates using
an expression of the permeability corresponding to a satu-
rated network. Actually, the effective permeability of the
liquid phase decreases with the liquid saturation. Thus, it
is expected that the viscous effects eventually become
non-negligible as the liquid phase approaches the liquid
phase percolation threshold. However, this effect remains
marginal under the conditions and system sizes considered
in the present study, that are representative of slow drying
of usual capillary porous media. It is possible to develop
models including viscous effects in both films and bulk as
proposed by Yiotis et al. [8] but this would make the com-
putations much more intensive without any significant
change in the results, at least for the conditions and systems
considered in the present paper. Again the emphasis is here
on the influence of pore shape and contact angle in relation
with film flow.

As first described in Prat [2], neglecting viscous effects in
the saturated pores leads to apply IP rules to each cluster in
order to determine which bond should be invaded in each
cluster. Compared to the simple model proposed in [2],
the objective is simply to take into account the transport
by the films in addition to the transport by diffusion in
the gas phase. As sketched in Fig. 6, we can distinguish
three main regions in a drying porous medium when film
flows are significant: the fully saturated regions, the dry
region in which the water transport takes place by diffusion
in gas phase and the film region between the saturated
on during the drying process.
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clusters and the dry region. As in the tube problem dis-
cussed in the previous section, the dry region may not
develop before all clusters have been drained out. This will
be discussed in more details in the following.

As for the tube problem, the transport in the dry and
films regions can be considered as quasi-steady, e.g. [7].
Following [7], we assume that the film hydraulic connectiv-
ity is not too perturbed in the pores. Hence a simple exten-
sion of tube model for describing film transport within the
film region of pore network reads

r 	 Nqljc
3l
rR3

� �
¼ 0; ð31Þ

whereas the governing equation for the concentration in
the dry zone reads

r 	 qgAfDrc

 �

¼ 0; ð32Þ

where Af is the cross-section area of dry bonds. Thus Af

varies with the considered bond.
At the boundary Cfd between the film region and the dry

zone, the flux continuity reads

Nqljc
3l
rR3 	 n ¼ qgAfDrc 	 n at Cfd ð33Þ

where n is a unit normal vector at the film region/dry re-
gion boundary.

The expression of the boundary condition at the open
edge of network varies depending on the presence or not
of the film at the boundary.

Nqljc
3l

oR3

oz
¼ qgAf D

Dc
d

at z ¼ 0 when R P 0 ð34Þ

qgAf D
oc
oz
¼ qgAf D

ðc� c1Þ
d

at z ¼ 0 when R ¼ 0 ð35Þ

In principle, the boundary condition at a cluster boundary
Ccf is given by the size R0 of the bond selected by the IP
rule, i.e. R ¼ Rth ¼ R0

v at Ccf. However, in the present effort,
we have adopted the same simplification as in [7], i.e. the
film radius at the liquid clusters is constant and equal to
Rc, corresponding to the percolation threshold. Thus, the
boundary condition is expressed as

Rc ¼
R0c

v
at Ccf ð36Þ

where for a uniform throat size p.d.f and a square network,
R0c = (R0 max + R0 min)/2. Although this assumption would
certainly deserve to be investigated in more depth [7], this
should not change the essentially qualitative findings of
the present paper.

Once Eqs. (31)–(36) are solved the net drainage flux F

(in kg/s) at a cluster boundary is given by

F ¼
X
i¼1;m

Nqljc
3l
rR3 	 nc ð37Þ

where m is the number of interfacial bond forming the clus-
ter boundary and nc is the outwardly directed unit normal
vector. The time needed for evaporating the volume Vl
of liquid contained in the cluster invaded bond is given
by

tc ¼
qlV lP

i¼1;m
Nqljc

3l rR3 	 nc

ð38Þ
3.1.1. Method of solution

The method of solution used in the present study for
solving the transport equation in the film and dry regions
is essentially the one presented by Yiotis et al. [7]. The sole
differences lie in the boundary conditions (34) and (35) (a
Dirichlet condition is used in [7]). As for the straight tubes,
it is convenient to express the above equations in dimen-
sionless form. Under the approximation AfðR0Þ � AfðR0Þ,
choosing R0 as characteristic length and c� ¼ c�c1

ce�c1
as

dimensionless concentration lead to express Eqs. (31)–
(38) in dimensionless form as

DR�3 ¼ 0 ð39Þ
Dc� ¼ 0 ð40Þ
rR�3 	 n ¼ fCarc� 	 n at Cfd ð41Þ
oR�3

oz�
¼ fCad��1 at z� ¼ 0 when R� P 0 ð42Þ

oc�

oz�
¼ d��1c� at z� ¼ 0 when R� ¼ 0 ð43Þ

R� ¼ v�1R�0c at Ccf ð44Þ
Then the next step is to introduce the variable / = R*3

+ fCac*, which allows to express the above problem as

D/ ¼ 0 in Xfd ð45Þ
o/
oz�
¼ fCad��1 at z� ¼ 0 when R� P 0 i:e: when / P fCa

ð46Þ
o/
oz�
¼ d��1/ at z� ¼ 0 when R� ¼ 0 i:e: when / 6 fCa

ð47Þ
/ ¼ fCaþ v�3R�30c at Ccf ð48Þ

Using s ¼ qeR2
0

qgDDc as characteristic time, a cluster selected
bond drainage time tc is expressed in dimensionless form
as

t�c ¼
V �lP

i¼1;mCa�1f �1A�fr/ 	 nc

ð49Þ

Problem (45)–(48) is solved on the film region/dry region
using a finite volume technique. The method is identical
as the one used for solving the diffusion transport problem
in the gas phase in the model without films, e.g. [2], and
therefore the details are not presented again.

Adapting the drying algorithm of Ref. [2] is now
straightforward:

(1) Every liquid cluster present in the network is
identified.
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(2) The bond connected to the already invaded region
which has the lowest threshold capillary pressure is
identified for each cluster (the threshold capillary pres-
sure of a bond is expressed as P cth ¼ cv

R0
where the factor

v is given by Eq. (5)), the volume of liquid contained at
time t in this bond and the adjacent pore is Vsc.

(3) The mass flux Fc at the boundary of each cluster is
computed from the computation of / over the film
region/dry region.

(4) For each cluster, the time t�c required to drain the
amount of liquid contained in the bond identified in
step (2) is computed using Eq. (49).

(5) The bond (as well as the adjacent pore) among the
bonds selected in step (2) eventually invaded is that
corresponding to t�c min ¼ minðt�cÞ.

(6) The phase distribution within the network is updated,
which includes the partial drainage of liquid con-
tained in the bond bulks selected in step (2) with
qlVl(t + tc min) = qlVl(t) � Fctc min except for the bulk
of bond and adjacent pore selected in step (5) which
become completely drained.
3.2. Influence of pore shape and contact angle

Simulations have been carried out for 100 � 100 pore
networks. The throat sizes are distributed randomly
Fig. 7. Examples of phase distribution evolution during drying. Liquid saturat
from top edge. (a) Dominant film regime (sub-regime 1), (b) intermediate regi
between 1 and 9 lm according a uniform distribution
law. The distance a between two nodes of network is
1 mm. As before, we consider water at 20 �C as working
fluid, c1 = 0, and takes d = 5 � 10�4 m as characteristic
thickness of the external boundary layer. Representative
examples of phase distribution evolution during drying
are shown in Fig. 7. These cases correspond to the main
three regimes: no film (h/hc P 1, Fig. 7c), films present
up to the porous medium surface over most of drying
(Fig. 7a), and the intermediate regime with films receding
into the porous medium (Fig. 7b). When h/hc � 1, no film
develops, the transport from the liquid clusters is by diffu-
sion in the gas phase only and evaporation takes place
within the network during most of drying. In the interme-
diate regime, films can extent over the system up to the por-
ous medium surface over a significant period of drying.
During this period, the transport from the liquid clusters
up to the porous medium surface takes place through the
films only and the evaporation takes place at the porous
medium surface. Then, the films recede within the porous
domain and a dry zone eventually develops from the por-
ous medium surface. During the last period of drying,
evaporation takes place at the boundary between the film
region and the dry zone. As can be seen from Fig. 7, the
phase distribution is practically not affected by the presence
or not of the films. This is consistent with the experiments
ed regions in black, dry zone in white, films region in grey. Vapour escapes
me (sub-regime 2), (c) no film, h P hc.
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on etched networks reported in [13]. As pointed out in [14],
the films flow is expected to have a major influence on the
drying rates but not much on the phase distributions, at
least within the range of capillary numbers considered in
the present study. Fig. 8 shows the evolution of overall
liquid saturation S as a function of time for the various
pore shapes and h/hc = 0, h/hc = 0.5 and h/hc � 1 whereas
Fig. 9 shows the evolution of drying curves. In Fig. 8, thc

is the overall drying time for h = hc, i.e. in the absence of
films; thc ¼ 5967 h for the example considered. As expected,
the films dramatically affect the drying rates. For this
example, the triangular pore shapes lead to the same fast
evaporation when h/hc = 0 or h/hc = 0.5 for films extend
up to the porous surface until the end of drying. By con-
trast, films recede into the network for the square and hex-
agonal pore shape during drying leading to a slower drying.
The greatest the critical contact angle hc, the fastest the
drying when film flows are important and recede within
the porous medium during drying.

3.3. Influence of external transfer

When the conditions are such that the films reach the
porous surface over a significant period of drying, the sys-
tem is sensitive to external drying conditions. By contrast,
when a dry zone develops, the internal transport resistance
due to diffusion in gas phase controls the drying rates and
drying becomes essentially insensitive to change in the
external transfer conditions. As long as the film reaches
the interface the evolution of average saturation is readily
obtained from a simple mass balance since the evaporation
flux density is constant and given by

eCR � qgD
ðce � c1Þ

d
ð50Þ

Thus

SðtÞ ¼ 1� eCR

Leql

t ð51Þ

where e is the porous medium porosity.
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0.5

1

S

1 2 N=6 θ=0.5c

θ=θc

2 N=6 θ=0.
1 N=4 θ=0.5θc

θ

Fig. 8. Evolution of liquid overall saturation as a function of time. thc is
the overall drying time for h = hc, i.e. when film effects can be ignored. The
dashed curve corresponds to the regime where films are present at the
surface of network all over drying (sub-regime 1).
This constant rate period ends when the films begin to
recede into the porous medium. From the tube analysis,
we know that this approximately occurs at time t�c given
by t�c � d�z�0c ¼ Af �1Ca�1v�3d�2 when the liquid cluster
effective boundary is at z�0 ¼ z�0c � f �1Ca�1d�v�3. Therefore,
we expect that the critical saturation Sc marking the end of
constant rate period approximately scales as 1 � Sc / d. As
shown in Fig. 10, this is only a rough scaling since the
boundary of the film region is not a straight line parallel
to the surface of the porous medium in general (see
Fig. 7). When the conditions are such that the films reach
the porous medium surface during the whole drying pro-
cess, the overall drying time is simply given by tD � Leqld

qgDDc

and therefore directly scales as d. From boundary layer the-
ory, we therefore expect in this case that tD / U�m

1 , where
U1 is the velocity of the external flow and m = 4/5 for a
turbulent flow.
3.4. Comparison with experiments

An important and interesting question is whether or not
the incorporation of film effect in the pore-network models
leads to a better agreement with experimental results. In
this section, comparisons are made with two experiments
performed using two different two-dimensional model
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Fig. 10. Evolution of critical gas saturation Sgc = 1 � Sc as a function of
external transfer length scale d.
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porous media. In the first one, referred to as EXP1, an
etched 100 � 60 square network initially fully saturated
by Hexane is used. Except for the network size, the exper-
iment is completely identical to the ones described in
[13,14] (case B = 0). Therefore the details are not repeated
here. One can also refer to [30] for additional details. The
micromodel used for the second experiment, referred to
as EXP2, is different and based on a random distribution
of a 1 mm glass beads monolayer confined between two
transparent glass plates. The beads are randomly thrown
onto a glass plate coated with a sticky film. After removal
of the excess beads a glass plate is put on top of bead
monolayer. Then, three sides of this system are sealed by
Plexiglas plates coated with Araldite�. The model is ini-
tially fully saturated by pure water. Vapour escapes
through the open edge of model. The 12.2 cm long and
7.2 cm wide model is placed horizontally in a small trans-
parent Plexiglas chamber of controlled temperature
(22 ± 1 �C). The relative humidity in the chamber is stabi-
lized using a LiCl saturated solution (RH � 12%). The rel-
ative humidity and temperature near the open edge of
model were recorded during the experiments using a sensor
connected to a PC and no noticeable evolution was
observed. Evolution of the model weight during drying is
measured with a precision balance which is connected to
the PC. Further details on this type of experiment can be
found in [31].

3.4.1. EXP1

To perform the simulation we have to specify the net-
work size (100 � 60), the lattice spacing (1 mm), the bond
size distribution (we have taken a uniform distribution
law with R0 min = 0.2 mm and R0 max = 0.4 mm), the fluid
properties (hexane), the external length d (we have taken
d = 1 mm from the experimental data) and the geometrical
and equilibrium properties associated with the fluid and the
microstructure. For hexane on resin, the contact angle is
very low and therefore it seems adequate to take h = 0.
The shape of the duct cross-section in the micromodel is
rectangular. It is therefore reasonable to take N = 4. How-
ever, with these inputs the simulation leads to a drying
much faster than in the experiment (the simulation leads
to sub-regime 1, i.e. a constant drying rate). This is attrib-
uted to a wrong representation of the hydraulic conductiv-
ity of the films within the micromodel. In the micromodel,
there are corners and wedges in the bonds (that are ducts of
rectangular cross-section) but not within the intersections
of the network of ducts forming the pore space. In the
intersections, the film connectivity is presumably due to
smaller scale geometrical defects such as wall roughness
[32]. As a result, our film model overestimates the hydraulic
conductivity of the films. Considering that the corners form
a connected sub-network is an unrealistic idealized view. In
fact the film model should not be thought as based on a
direct representation of pore space (even for etched square
network, due to the intersections that break the corner con-
tinuity). The idea is rather to represent the effect of films in
some average sense since it is very difficult to represent
every nook and cranny in the pore space directly. From
Eq. (20), it is clear that the details about the geometrical
properties of the film sub-network are taken into account
through the dimensionless factor f. Hence the question
becomes: is it possible to adjust the value of f so as to
obtain a satisfactory agreement with the experimental
results? To this end, we are free to play with the contact
angle and the number of sides N, which are the two param-
eters affecting f. Thus, in this context, the contact angle
should not be viewed as representative of the physical con-
tact angle but as a parameter controlling the overall trans-
port properties of the film. As shown in Fig. 11, a good
agreement is found with the experimental results with
N = 4 and h/hc � 0.86. These results confirm that incorpo-
rating the film effects is a necessary ingredient in the mod-
elling. As can be seen from Fig. 11, the drying time is
strongly overestimated when the film effect is neglected in
agreement with previous simulations [14]. As pointed out
in [8], the comparison illustrates the fact that the model
represents a good approximation to the complicated prob-
lem of film flow in drying processes but also that the film
sub-network geometry is too simplified for a direct predic-
tion without adjusting f.

3.4.2. EXP2
The pore space corresponding to the micromodel used in

EXP2 is quite different from the square network of polyg-
onal capillaries corresponding to the etched network used
in EXP1. Thus, here again, we simply expect that it is pos-
sible to adjust the dimensionless factor f so as to obtain an
agreement with the experimental data much better than
with the pore-network model ignoring the film effect. The
simulation has been performed for a 122 � 72 network
with a lattice spacing of 1mm and water as working fluid.
The bond size distribution is uniform with R0 min = 0.3 mm
and R0 max = 0.5 mm. The external length d is determined
by calibration from the experimental data in the first phase
of drying. This gives d � 1.5 mm. As for EXP1, we have
taken N = 4 (we could have taken N = 3 or 6, this would
have led simply to a different value of the fictitious contact
angle h) and varied h/hc in order to improve significantly
the agreement with the experimental data. As shown in
Fig. 12, a reasonably ‘‘good” agreement is obtained with
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h/hc = 0.94. It is interesting to note that this value is greater
than the value used for the simulation of EXP1 (h/
hc = 0.86). This is consistent with the idea that the overall
film hydraulic conductivity in a layer of beads is lower than
in a network of ducts of rectangular cross-section since
rectangular ducts favour the corner flows. Again, the com-
parison shows that neglecting the film effect strongly over-
estimates the drying time. The pore-network model with
films leads to a much better agreement with the experimen-
tal data. However, the comparison is not as good as for
EXP1, which is not surprising owing to the pore space
geometry which is quite different from a square network
of rectangular ducts. The drying curve of EXP2 presents
some noticeable differences compared to the one of
EXP1. In both experiments, one can distinguish two main
drying periods, corresponding presumably to a progressive
transition from sub-regime 1 to sub-regime 2. However, the
transition is much sharper for EXP2. Furthermore, a closer
look at the first period of EXP2 reveals that this period can
be divided into two sub-periods of almost constant rate
(this is hardly visible in Fig. 12 owing to the time axis scal-
ing needed to represent the no film simulation results). This
is not observed in EXP1 and not predicted by the pore-net-
work model with films. This is an additional indication that
the effect of liquid film is more subtle than predicted by the
simplified model considered in this paper. Clearly, further
work is needed to improve our understanding of film flows
in drying processes.
4. Discussions

In agreement with the experiments reported in [14] and
the simulations presented in [7], the simulations as well as
the experiments presented in this paper confirm that film
flows can dramatically affect the drying rate and lead to a
much faster drying. As it has been shown, the influence
of film flows is strongly dependent on contact angle and
pore shape. The pore shapes considered in the present
paper are very idealized and are not thought as direct rep-
resentations of real porous media. The idea is rather to rep-
resent the effect of films in some average sense since it is
very difficult to represent every nook and cranny in the
pore space directly. However, our study indicates that dry-
ing rate can be very sensitive to these details of the pore
space when conditions are such that film flows are impor-
tant. This contributes to explain why the quantitative pre-
diction of drying rates largely remains an open question as
it has also been illustrated in the comparison with experi-
mental data.

The constant rate period (CRP) is one of the most strik-
ing and puzzling feature of convective drying of capillary
porous media. In two-dimensional systems with usual bond
size random distributions, such a CRP cannot be observed
in the absence of film for topological reasons (unless inva-
sion percolation in a gradient (IPG) effects maintain high
saturation at the surface of porous medium, see [6,9,14]
for more details and the discussion below or special micro-
structures are considered [19]). As can be seen from our
study, a simple bundle of non-interconnected polygonal
capillary tubes can lead to a CRP owing to the film effect.
Hence several mechanisms can contribute to the occurrence
or the duration of the CRP, namely capillary effects associ-
ated with the distribution of (throats) size, IPG effects and
film flows. As shown in [10], invasion percolation rules
combined to diffusion transport in the gas phase are suffi-
cient to obtain a CRP in 3D. In this case, the CRP is due
to the fact that invasion of the gas phase take place in
the largest throats (between R0 c and R0 max). As a result
the saturation at the porous surface does not change appre-
ciably over a significant period. In [10], a local mass trans-
fer coefficient was used to take into account the external
mass transfer. Thus the additional effect of water vapour
homogenisation by lateral diffusion within the external
boundary layer [33], was not taken into account in [10].
This effect can contribute to enhance the CRP predicted
in [10], see [12] or [19]. As mentioned before and shown
in [14], IPG mechanisms can also contribute to the occur-
rence and duration of CRP when they are destabilizing
(IPDG). IPDG patterns can be induced by gravity effects
[14], thermal gradient [6], or concentration gradients [9].
IPDG patterns are associated with a constant high satura-
tion at the porous medium surface over a significant part of
the invasion. This leads to a CRP induced by destabilizing
gradients. As discussed in this paper, film flows can also
lead to the occurrence of a CRP. The first mechanism asso-
ciated with standard IP patterns leads to a CRP in 3D sys-
tems only whereas film flows and IPDG patterns can lead
to a CRP in 3D and 2D systems. Here we do not consider
the case where the external mass transfer length scale d is
much larger than the porous medium thickness since this
case is not representative of classical convective drying. It
is obvious that drying rates are quasi-constant in the limit
d� L.

5. Conclusion

This article has reported an investigation of the effect of
pore shape and contact angle during the isothermal drying
of porous materials in relation with the effects of macro-
scopic liquid films when viscous effects are important in
the films but not in the saturated pores. As discussed in
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several previous works, these films can represent a major
transport mechanism.

Several regimes have been identified. When the contact
angle is above a certain critical angle, the films cannot
develop and the transport in the invaded region of porous
medium is only by diffusion. This situation leads to the slow-
est drying and the pore shape has little effect on the drying
process. The opposite extreme situation is when the films
extend up to the surface of porous medium during the whole
drying. This leads to the fastest drying rate. The difference in
the drying times between the internal vapour diffusion
controlled drying and the dominant film flow regime can
be very important (less than 4 days against more than
8 months for one of the particular examples considered in
this study). The pore shape and contact angle have no effect
on drying as long as the films do not recede within the
porous material during drying. By contrast, both the con-
tact angle and the pore shape greatly affect drying in the
intermediate regime where films represent a major transport
mechanism but recede within the porous medium during
drying. Our results contribute to explain why the accurate
prediction of drying rate of a porous medium can be a very
challenging task since the drying rate may depend on some-
how tiny details of the pore space geometry and is affected
by possible changes in the local wettability conditions.

Film flows can lead to a constant rate period (CRP) even
in two-dimensional systems. This has led to distinguish sev-
eral mechanisms that can contribute to the occurrence of
the CRP in drying: lateral transfers in the external mass
boundary layer, film flows, IP and IPDG mechanisms.

As pointed out in [7], the film flow model we have used
suffers from several limitations. In particular, the model
does not take into account the possible intercluster trans-
port by the films. This aspect would deserve to be investi-
gated in details. What is more, pore shapes in a porous
medium are clearly more complex than the straight tubes
considered in this paper. In this respect, the film flow model
used here should be understood as describing the effect of
film flows in an average and qualitative sense only. This
has been illustrated in the comparison with experimental
data presented in this paper. Therefore further work is cer-
tainly needed to improve the modelling of film flows in dry-
ing processes.
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