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Abstract

In this work, a film flow model is developed to describe free water transport in a network of parallel capillaries. This model is inserted
in a numerical drying code to simulate the longitudinal free water transfer during drying of oak wood. Convective longitudinal drying
experiments performed on this type of wood are compared to the computational data. Results indicate that the film flow approach seems
to describe the free water transport correctly in the overall non-hygroscopic domain. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Physical phenomena involved during drying of a hygro-
scopic capillary porous medium have often been discussed
for the last 20 years. In most of the studies, physical models
used to describe moisture transfer are based on the existence
of two different regions referred to as “non-hygroscopic
region” and “hygroscopic region”. This last region is char-
acterized by the exclusive presence of bound water [1,2]. In
the non-hygroscopic region, free liquid water occupies the
major portion of the pores in the medium and is retained by
capillary forces. In both regions, bound water is physically
adsorbed on the walls of the solid structure by van der Waals
or electrostatic forces under the form of multimolecular
layers.

To estimate the titrable water content present in the
medium, one usually uses the dry-based moisture content,
W , defined as the mass of titrable water to the mass of dry
product ratio. In addition, one also uses the water satura-
tion, S, which locally represents the free water volume to
the pore volume ratio.

During drying, free water is first eliminated thanks to the
action of capillary forces until the local saturation falls to
zero. At this point, no more free water locally exists but
the solid structure is still saturated with bound water. The
bound water content is actually to its maximum value, W sp,

corresponding to the saturation point of the solid matrix.
Below this saturation point, bound water removal starts.

In the non-hygroscopic region, two different sub-regions
are often distinguished in the literature: the “funicular” and
“pendular” regions. The limit between these two regions is
often called irreducible saturation point at which S = Sirr
[3–6]. In the funicular zone (S ≥ Sirr) free water transfer is
described by a generalized Darcy’s law. In the pendular zone
(0 ≤ S ≤ Sirr) two different approaches have been proposed
in the literature to describe free water transfer: one using a
saturation jump [4,7], and the other one based on a general-
ized Darcy’s law obtained as an extension of capillary pres-
sure and liquid relative permeability from S = Sirr to S = 0
[8,9]. In our opinion, this extension of Darcy’s law in the
“pendular” region is physically justified for a hygroscopic
medium since the presence of bound water insures continuity
of the liquid phase through connected wetting liquid films.

Our aim in this work is to justify the use of a generalized
Darcy’s law for free water momentum transfer during drying
of a capillary porous medium in the overall non-hygroscopic
domain. With this goal in view, and in order to learn more
about the role of liquid films during drying of a hygroscopic
medium, drying experiments were performed on a capillary
tube of rectangular cross section. During these experiments,
the displacement of a water/vapor meniscus, resulting from
a controlled drying flux applied at an open end of the tube,
was followed. These experiments clearly indicate the pres-
ence of wetting films connecting the meniscus to the solid
walls (see Appendix A). This brings further arguments
suggesting that connected liquid films are able to ensure
free water flow in the non-hygroscopic region. As a conse-



Nomenclature

C mass fraction of the vapor in the gas phase
Cp constant pressure heat capacity (J/kg K)
D diffusivity (m2/s)
e film thickness (m)
Fm mass flux (kg/m2 s)
g acceleration due to gravity (m/s2)
h intrinsic averaged enthalpy (J/kg)
H double mean curvature of �–�

interface (m−1)
Hm mass transfer coefficient (m/s)
HT heat transfer coefficient (W/m2 K)
J flux (kg/m2 s or J/m2 s)
K intrinsic permeability (m2)
K� volumetric mass rate of evaporation

(kg/m3 s)
Kr� �-phase relative permeability
Kr�� �-phase/�-phase coupling relative

permeability
L0 characteristic length of a capillary tube (m)
n�� unit normal vector to the A�� interface

directed from the �-phase to the �-phase
p pressure (kg/m s2)
Q total heat flux (W/m2)
R0 mean capillary radius (m)
S free water saturation
Sirr irreducible saturation
T temperature (K)
u� �-phase axial velocity in the capillary

tube (m/s)
V� �-phase local velocity in the capillary

tube (m/s)
V̄� �-phase filtration velocity for a hygroscopic

capillary porous medium (m/s)
W dry-based moisture content
W sp dry-based bound water content

at the saturation point

Greek symbols
� gas phase
� liquid phase
φ porosity measured on a dry sample
γ water superficial tension (N/m)
λ effective thermal conductivity (W/m K)
µ� dynamic viscosity (kg/m s)
ρ apparent density (kg/m3)
� solid phase
Σ stress tensor

Subscripts
a dry air
b bound water
c capillary
inf drying air environment

m macroscopic mean value
v vapor
� gas (humid air)
� liquid (free water)
� solid

Superscript
g gas

Mathematical operators
tilde (∼) dimensionless variable
bar (–) average value of a quantity ψ

quence, a film flow model is first developed on a cylindrical
capillary tube. By putting forth some assumptions related
to the geometry of the porous medium and the distribution
of free water in the liquid films, this film flow model allows
to predict the relative permeability–saturation relationships
without any other adjustable parameter. This result is then
inserted in a numerical drying model. Numerical results are
finally compared with those obtained from convective dry-
ing experiments performed on oak wood in the longitudinal
direction. This comparison confirms the film flow mecha-
nism as a physically relevant one and justifies the use of
a generalized Darcy’s law in the overall non-hygroscopic
domain.

2. Film flow model

In this section, a film flow model is proposed in order to
describe free water transfer in a hygroscopic porous medium.
First, the two-phase Stokes problem is solved in a single
capillary tube. The film flow model is then extended to the
case of a bundle of capillary tubes. To do so, free water is
assumed to be distributed under the form of wetting films,
and gas phase is assumed to occupy the center of the pores,
allowing the estimation of relative permeability–saturation
relationships that are further used for numerical simulations.

2.1. A film flow model in a cylindrical capillary tube

The configuration under concern is depicted in Fig. 1
where we have represented a cylindrical capillary tube
(�-phase) of length L0 having a circular cross section of
inner radius R0.

Fig. 1. Cylindrical capillary tube.



The inner wall is supposed to be covered by a wetting
film (�-phase) of local thickness e, while the non-wetting
fluid (�-phase) flows in the center of the tube. The length,
L0, is supposed to be infinitely large compared to R0, and
we assume that the problem is axisymmetric, stationary and
that both phases are Newtonian and incompressible. Flow
is supposed to occur at a sufficiently low Reynolds number
for the Stokes approximation to remain valid.

In the following, we neglect van der Waals and electro-
static forces and we further and assume that no shear and
phase-change occur on the �–� interface. Surface elastic-
ity, surface viscosity, and convective momentum transport
are supposed to be negligible on this surface. The set of
equations for the two-phase flow is hence given as follows:

• �- and �-phases:

∇ · V� = 0 (1)

∇p� = µ� ∇2V� (2)

• �–� interface (r = R0 − e(x)):
V� = V� (3)

[n�� ·Σ] = n�� · (Σ� −Σ�) = γHn�� (4)

• �–� interface (r = R0):

V� = 0 (5)

In order to solve this set of equations, two different ap-
proaches are used. A 1D solution is first obtained by making
use of a classical lubrication approximation. This solution
is then compared with the 2D solution obtained from an
asymptotic development. Up to the first order in terms of the
small parameter ε = R0/L0, 1D and 2D solutions are ex-
actly identical [10] and the local gas and liquid longitudinal
velocities are, respectively,

• for 0 ≤ r ≤ R0(1 − ẽ):

u�(r)= 1

4µ�

(
dp�

dx

) [
r2 + 2R2

0(1 − ẽ)2

×
{
µ�

µ�
ln(1 − ẽ)− 1

2

}]
+ 1

4µ�

(
dp�

dx

)

× [R2
0(1 − ẽ)2 − R2

0 − 2R2
0(1 − ẽ)2 ln(1 − ẽ)]

(6)

• for R0(1 − ẽ) ≤ r ≤ R0:

u�(r)= 1

4µ�

(
dp�

dx

) [
r2 − R2

0 − 2R2
0(1 − ẽ)2 ln

r

R0

]

+ 1

2µ�

(
dp�

dx

)
R2

0(1 − ẽ)2 ln
r

R0
(7)

where ẽ represents the film thickness made dimensionless
by R0.

2.2. Extension of the film flow model to an ideal capillary
porous medium: a network of parallel capillaries

The above results can be scaled up to an ideal capil-
lary porous medium allowing the determination of gas and
liquid filtration velocities in this type of structure. To do
so, two hypotheses are further considered. The first one is
a geometrical assumption and assumes that the capillary
porous medium under study can be replaced by an equiva-
lent network of parallel capillaries of circular cross section
of radius R0. With this assumption, gas and liquid filtration
velocities, V̄� and V̄�, are obtained by spatially averaging
the local velocities u� and u�:

V̄� = R
2
0φ

8µ�

(
dp�

dx

) [
−(1 − ẽ)4 + 4

µ�

µ�
(1 − ẽ)4 ln(1 − ẽ)

]

+ R
2
0φ

4µ�

(
dp�

dx

)
[(1 − ẽ)4 − (1 − ẽ)2

− 2(1 − ẽ)4 ln(1 − ẽ)] (8)

V̄� = R
2
0φ

8µ�

(
dp�

dx

) [
1 − (1 − ẽ)4 − 2((1 − ẽ)2 − 1)2

+ 4(1 − ẽ)4 ln(1 − ẽ) + R
2
0φ

4µ�

(
dp�

dx

)

× [(1 − ẽ)4 − (1 − ẽ)2 − 2(1 − ẽ)4 ln(1 − ẽ)] (9)

The second assumption is on the free water distribution. We
suppose that all the free water is distributed under the form
of liquid films covering the internal wall of the capillar-
ies. Consequently, free water retained in pendular rings or
entrapped clusters is not taken into account. By using this
hypothesis, a direct relationship between free water satura-
tion S and dimensionless film thickness, ẽ, is obtained:

S(x) = πR2
0 − π(R0 − R0ẽ(x))

2

πR2
0

= 1 − (1 − ẽ(x))2 (10)

2.3. Relative permeabilities in a network
of parallel capillaries

Our interest is now to estimate the relative permeabilities
for the two-phase flow considered in this paper. To do so,
gas and liquid filtration velocities (Eqs. (8) and (9)) are
compared with a generalized Darcy’s law. By a direct iden-
tification procedure, we obtain the relative permeabilities in
terms of free water saturation:

Kr� = (1 − S)2
(

1 − 2
µ�

µ�
ln(1 − S)

)
(11)

Kr� = S(3S − 2)− 2(1 − S)2 ln(1 − S) (12)

These expressions having the expecting asymptotic behavior
in agreement with results of [11]. One can also note that the
gas relative permeability depends on the viscosity ratio of



the two phases while the liquid relative permeability does
not.

The main advantage of these relative permeability ex-
pressions is their predictive character with no particular
adjustment in contrast with existing works where these
parameters were adjusted from experimental results [11].

3. Integration of the film flow model in a drying
numerical code

The aim of this section is to test the ability of our
film flow model to describe the moisture transport in the
non-hygroscopic region (0 ≤ S ≤ 1) during drying of a
hygroscopic capillary porous medium. To do so, the relative
permeabilities determined above are inserted in a complete
numerical drying code. To check the physical relevance of
this model, 1D convective drying experiments were per-
formed on samples of oak wood and experimental results
were compared with those obtained from the numerical
simulations.

To perform our test, oak wood was chosen for two main
reasons: (i) thermo-physical characteristics of the structure
of this wood have been previously determined [12] and (ii)
in the fiber direction, oak wood has a structure that allows
a reasonable representation by a bundle of parallel capillary
tubes [13].

In this work, we use a numerical code detailed elsewhere
[11] in order to describe moisture transfer during drying of a
hygroscopic capillary porous medium. At the pore scale, the
system is composed of a solid phase (which is assumed to
be rigid), bound water, a liquid phase (free water) and a gas
phase containing both dry air and water vapor. Starting from
a general mathematical description at the pore-scale of heat
and mass transport processes, a volume averaging technique
can be used to obtain a drying model at the Darcy’s scale.
The corresponding equations for mass and energy transfers
are as follows [14]:

∂U

∂t
+ ∇ · J = q (13)

with

for solid : U = ρ̄�, J = 0, q = 0

for dry air : U = ρ̄a, J = ρ̄�
a V̄a, q = 0

for vapor : U = ρ̄v, J = ρ̄αv V̄v, q = K� +Kb

for free water : U = ρ̄�, J = ρ̄�
� V̄�, q = −K�

for bound water : U = ρ̄b, J = ρbVb, q = −Kb

for energy : U = ρ̄�h� + ρ̄aha + ρ̄vhv + ρ̄�h� + ρ̄bh̄b,

J = ρ̄�
a V̄aha + ρ̄�

v V̄vhv + ρ̄�
� V̄�h� + ρbVbhb − λ · ∇T̄ ,

q = Q

In the above equations, fluxes are represented as follows.
For the convective gas flow, a generalized Darcy’s law is
used in the overall drying process:

V̄� = −K · Kr�

µ�
· (∇p̄�

� − ρ̄�
� g) (14)

while the convective liquid flow is described by a genera-
lized Darcy’s law in the overall non-hygroscopic region as
follows:

V̄� = −K · Kr�

µ�
· (∇p̄�

� − ∇pc − ρ̄�
� g) (15)

with pc = p� − p�.
Within the gas phase, mutual diffusion occurs between

dry air and water vapor, and consequently, fluxes for these
two species are, respectively, written as

ρ̄�
a V̄a = ρ̄�

a V̄� + ρ̄�
�D

eff
v ∇C (16)

ρ̄�
v V̄v = ρ̄�

v V̄� − ρ̄�
�D

eff
v ∇C (17)

where C is the mass fraction of vapor in the gas phase. In
the hygroscopic region, bound water migration is described
by a diffusion–sorption mechanism:

ρbVb = −ρ̄�Db ∇Wb (18)

Boundary conditions are those corresponding to convective
drying and apply on gas pressure, total mass flux and total
heat flux:

p̄�
� = pinf (19)

(ρ�V̄� + ρ�
v Vv + ρbVb) · n = Hm(ρ̄

�
v − ρv inf) = Fm (20)

(ρ̄�
a V̄aCpaT̄ − hv(ρ�V̄� + ρbVb)− hbρ̄bV̄b − λ · ∇T̄ ) · n

= HT(T̄ − Tinf) = Q (21)

where Hm and HT are the mass transfer and heat transfer
coefficients, respectively.

From this set of equations, three variables can be selected
to describe heat and mass transfers and in fact, gas pres-
sure, moisture content, and temperature are usually used as
unknown variables [1,6,7]. However, if average density of
dry air, ρ̄a, and thermal mass, H̄ , are selected as unknowns
instead of gas pressure and temperature, it has been shown
that the resulting set of equations leads to a mathematically
and physically well-posed problem [11]. With this choice,
a conservative form of the problem can be derived with the
advantage of an accurate agreement between continuous and
discrete models and the possibility of a high performance
numerical scheme.

The film flow model is introduced in the numerical model
by inserting relative permeabilities (Eqs. (11) and (12)) and
geometrical as well as physical characteristics of oak wood
[12].



Fig. 2. A scheme of the experimental configuration.

4. Drying experiments

In order to compare numerical results, convective drying
experiments were performed on oak wood. The experimen-
tal set-up is composed of a heated wind tunnel in which
temperature, velocity and relative humidity of air are reg-
ulated, along with a �-ray attenuation system mounted on
a two-dimensional moving frame. Water content profiles
inside the sample are obtained by measuring the attenua-
tion of the �-ray going through the sample and detected
with a photo multiplier tube. Drying rate of the medium
is obtained by weighing the sample at regular intervals of
time during the experiment.

The sample is a right-angled parallelepiped. Its dimen-
sions are 3 cm in length (longitudinal direction), 3 cm in
width and 2 cm thick. Before starting the experiment, the
sample is entirely saturated with water by immersion for 1
month.

In order to ensure exclusive longitudinal heat and mass
transfer during drying, the upper surface of the sample only

Fig. 3. Comparison of experimental (dashed line) and predicted (continuous line) moisture content vs. time.

remained open; the five other surfaces (lateral and bottom
surfaces) of the sample were sealed with glue (see Fig. 2).
Severe drying conditions have been chosen in order to
observe non-flat moisture content profiles. The sample was
dried for 4 days with air at 80 ◦C, 15% relative humidity
and 3 m/s tangential velocity over the drying surface.

5. Results and discussion

A global comparison between experimental and numerical
results can be first performed in terms of drying kinetics,
i.e. average moisture content versus drying time.

In Fig. 3, we have represented experimental and nu-
merical kinetics, obtained from a spatial average of the
experimental and computational time evolution of mois-
ture content profiles, respectively. A very good agreement
between the two results can be observed, except for the dry-
ing time between 1 and 8 h, for which agreement is poorer,
but still fair. As a matter of fact, between 1 and 3 h of



Fig. 4. Comparison of experimental (points indicated by diamonds) and
predicted (continuous line) moisture content profiles during longitudinal
drying of an oak wood sample.

drying, the computed drying flux is overestimated and thus,
a weak discrepancy between numerical and experimental
moisture content appears. Between 3 and 8 h of drying, this
discrepancy becomes less significant while the computed
drying flux is underestimated.

In Fig. 4, a comparison between experimental and numer-
ical moisture content profiles is represented. Experimental
moisture content profiles have been measured every 20 min
in the vertical mid-section of the oak sample, each profile
resulting from 26 points of �-ray attenuation measurement.
From a general point of view, experimental and numerical
moisture content profiles are in good agreement.

While analyzing more precisely all the profiles during
time (one profile every 20 min) a very good agreement can
be observed for moisture content values greater than 0.66,
which corresponds to free water saturation values greater
than Sirr. The film flow model proposed here perfectly de-
scribes the moisture transfers in the ‘funicular’ zone. For
moisture content values between 0.66 and 0.4, i.e. for free
water saturation between Sirr and zero, numerical moisture
contents profiles are slightly underestimated, indicating
that the predicted drying rate is greater than the actual
one. For these saturation values, the film flow model, as
considered here, is less accurate. The assumption on free

water distribution is such that the fraction of the free wa-
ter saturation retained in the pendular rings for instance is
not taken into account and this may clearly explain such a
discrepancy. When the entire medium is in the hygroscopic
region (W ≤ W sp = 0.4), computed profiles are in good
agreement with experimental ones, except at the end of the
drying procedure. This final difference is however not due
to the relative permeabilities since they remain constant in
the hygroscopic region (K r� = 0, K r� = 1). However, this
last region is not studied in details here since it is beyond the
scope at the present work. Nevertheless, it can be suggested
that the discrepancy actually results from (i) a real difficulty
to determine the effective diffusion coefficient of vapor in
air as well as the effective diffusion–sorption coefficient of
bound water on an experimental basis and (ii) uncertainty in
the moisture content measurements with a �-ray attenuation
technique especially at low values of the water content.

6. Conclusions

A film flow model was used to describe moisture transfers
in the overall non-hygroscopic region during drying of a
hygroscopic capillary porous medium and, as a validation
test, drying experiments were performed on oak wood.

From a general point of view, the comparison between
numerical and experimental results shows a good agreement.
In the non-hygroscopic region, for saturation values between
S = Sirr and S = 0 (0.4 ≤ W ≤ 0.66), the film flow model
slightly underestimates the moisture content profiles.

In the film flow model presented in this paper, we assumed
that the free water is exclusively under the form of films.
This assumption seems to be correct for saturation values
over Sirr, or in other words, provided all the free water is
actually mobile. On the contrary, this hypothesis seems to
be less reasonable for saturation values between S = Sirr
and S = 0. In this last region, a significant part of free
water is trapped and should be taken into account. However,
this requires further data, and, when they are available, a
more detailed description based on such a film flow could
be considered.

Finally, the global good performance of our predictive film
flow approach leads us to suggest the two following conclu-
sions: (i) presence of bound water in a hygroscopic medium
do insure continuity of the liquid phase through connected
wetting liquid films and (ii) water transfer phenomena in
those films is sufficient to explain moisture transfer for small
free water saturation values.

Appendix A

In order to obtain more information on the role of liquid
films during drying of a hygroscopic medium, an experi-
mental study was performed on a capillary tube partially
saturated with water and subjected to a drying flux at one



Fig. 5. Infrared radiation going through (a) an empty capillary (filled with air) and (b) a capillary with a water–air interface.

Fig. 6. (a) Form of water–air interface. (b) Zoom on the liquid film region (connection of the meniscus with the capillary walls). Temperature of drying
air: 18 ◦C; relative humidity of drying air: 43.2%.

end. The sample, represented in Fig. 5, is a rectangular cap-
illary tube of small dimensions (100 mm in length, 1 mm
in width and 0.05 mm in thick). As a first approximation,
the curvature of the meniscus in the width direction can be
neglected in comparison to the curvature in the thickness
direction and this is justified by the value of the aspect
ratio of the tube. Moreover, in order to obtain reproducible
results, ambient conditions in terms of temperature and
relative humidity of the drying flux are regulated at the end
of the capillary. These stationary boundary conditions are
ensured by connecting this end of the capillary to a large
reservoir in which the value of relative humidity is imposed
by a saline solution. Experiments are performed once the
system has reached equilibrium with room temperature.

The device used for the measurement is composed of an
infrared spectrometer associated with an optical microscope.
The measurement principle is a classical attenuation tech-
nique. First, the spectrum of the infrared radiation source
transmitted through the empty and dry capillary is collected
and kept as the reference spectrum. During the drying pro-
cess, the water–gas interface moves in the tube and spectra
of transmitted radiation through a fixed cross section of the
tube are collected and stored at regular intervals of time (see
Fig. 5). The ratio of these spectra with the reference spectrum
provides the water thickness crossed by the infrared radiation
in this section, all along the movement of the drying front
(i.e. meniscus and liquid film connected to the meniscus).

The microscope has infrared and visual optics. Using the
visual optics, allows one to follow the water–air interface
displacement during the overall drying process providing an
estimation of the velocity of the receding meniscus by a time
of flight method. This interface velocity, when combined
with the time evolution of the water thickness measured by
using our IR attenuation system, yields the water–air in-
terface shape. As can be seen from the result depicted in
Fig. 6a, this interface is composed of two distinct regions: a
‘meniscus region’ and a ‘film region’. A zoom of the latter
represented in Fig. 6b clearly shows that the characteristic
length of this film is at least two times larger than the menis-
cus curvature; furthermore, it clearly points out the ability
of the experimental system to obtain water film thickness
down to about 10 nm.
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