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Abstract

The influence of heat transfer on the drying behaviour of capillary porous media saturated with water is studied. To overcome the
limitations of continuum approaches, a pore network model based on statistical physics and invasion percolation is used. The presented
non-isothermal model is the first of its kind to describe free evolution of temperatures in convective drying. Gas-side mass transfer is
modelled by a discretised boundary layer. Model assumptions are purely conductive heat transfer in the network and negligible viscosity.
Vapour condensation is partially modelled. Simulations are conducted on two-dimensional square lattice networks. Overall drying rates
and corresponding evolution of phase distributions and temperature fields are presented for mono- and bi-modal pore structures. The
influence of heat transfer on phase distributions and drying behaviour is discussed in comparison with isothermal simulations.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Drying of porous media imposes a challenging model-
ling task since it involves mass, momentum and heat
transfer in a three-phase (solid, liquid and gas) system.
Classical models are based on homogenization [1] or vol-
ume averaging techniques [2] and treat the porous medium
as a fictitious continuum describing its behaviour at the
macroscale. The macroscale is defined by the length over
which the system can be considered as homogeneous.
Every continuous model requires the knowledge of effective
transport parameters, which are averaged properties and
need to be found by fitting to experimental data or theoret-
ically by assumptions about the pore space. Many of the
past theories attempt to derive effective parameters of por-
ous media by some simple representation of the pore space,
often as a bundle of capillary tubes [3]. However, these
models will fail when the interconnectivity of pore space
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or fluid phase plays a major role. It is unclear, how fractal
or cluster formations in two-phase flow can be described in
a continuous way. In general, drying in porous media is a
random process [4] due to stochastic geometry of the void
space and transport steps that can hardly be accounted by
any continuous model.

Discrete models using a network representation of pore
structure and based on statistical physics, i.e. percolation
theory, are particularly suited where the continuous
approach fails [5]. The geometry of void space in porous
media is represented as a network of pores connected with
throats. Various geometrical shapes have been adapted for
pores and throats in literature. Spherical pore bodies may
be considered to contain the entire void space of the net-
work, with the throats acting only as conductors [6]. Alter-
natively, the entire void space may be attributed to either
bi-conical [7] or uniform cross section [8] throats, regarding
the pores as merely the volumeless nodes of the network.
Pore network modelling was first developed for drying by
Daian and Saliba [9] in order to describe moisture migra-
tion in porous media. Nowicki et al. [7] worked on drying
of porous media, including viscous effect in the liquid
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Nomenclature

A area of cross section (m2)
cp specific heat capacity (J/kg/K)
g mass transfer conductance (kg/s)
H enthalpy content (J)
L length of throat (m)eM molar mass (kg/kmol)
_M mass flow rate (kg/s)

N number of pores/clusters (–)
P pressure (Pa)
_Q heat flow rate (W)eR ideal gas constant (J/kmol/K)
r throat radius (m)
S saturation (–)
T temperature (K)
t time (s)
V volume (m3)
W network thickness (m)
Dh specific phase change enthalpy (J/kg)

Greek symbols

a heat transfer coefficient (W/m2/K)
b mass transfer coefficient (m/s)

c surface tension (N/m)
d vapour diffusivity (m2/s)
j thermal diffusivity (m2/s)
k thermal conductivity (W/m/K)
m kinematic viscosity (m2/s)
q density (kg/m3)

Subscripts/superscripts

BL boundary layer
c capillary
C condensation
ev evaporation
g gas
i or j pore or node
ij throat connecting pores i and j

l liquid
lm number of menisci
nc cluster number
s solid
T total network
v vapour
* equilibrium
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phase, to determine effective transport parameters; Yiotis
et al. [6] studied the effect of viscosity in both the gas and
the liquid phase for drying of porous rocks. Prat et al. [8]
investigated the stabilization of the drying front in the pres-
ence of gravity. A similar stabilization has been observed
for viscous effects in the liquid [10]. Micro-model experi-
ments have shown similar invasion patterns as the simula-
tions [11]. However, simulated drying rates are greatly
underestimated [12]. Film flows, which can contribute lar-
gely to the first drying period [13,14] can explain the differ-
ence between experimental and numerically simulated
drying rates. Segura and Toledo [15,16] studied pore scale
models based on the previous work by Prat [8].

Most of the above work on pore networks studied the
influence of physical effects, i.e. capillary pumping, viscous
flow, film flows and gravity, on overall drying behaviour
under isothermal conditions. Metzger et al. [10,17], based
on models similar to those of Prat, describe the influence
of pore structure on drying behaviour also under isother-
mal conditions.

Despite of significant progress in the last decade, most
pore network drying models are isothermal and, therefore,
applicable only to low drying rates [5]. In convective dry-
ing, however, energy needed for evaporation is supplied
to the moist product by dry airflow. Simultaneously, evap-
orated moisture is released to the ambient medium, making
drying a coupled heat and mass transfer problem. Failing
consideration of this coupling may lead to wrong results
for drying kinetics. Until now, very little work has been
done concerning the inclusion of heat transfer into pore
network modelling. To our knowledge, only the influence
of temperature gradients – which were imposed onto the
drying product – has been investigated by Plourde and Prat
[18], Huinink et al. [19]. Temperature dependence of liquid
surface tension and equilibrium vapour pressure were
accounted for and respective gradients made responsible
for stabilization or destabilization of the drying front and
for changes in drying rates. However, product temperature
did not evolve freely as corresponding to convective drying
boundary conditions.

As a step towards a complete pore network model, the
present paper introduces heat transfer to the existing iso-
thermal model version [20] that neglects viscous effects.
The solid is considered non-hygroscopic, thus neglecting
adsorption phenomena. Heat transfer in the network is
assumed to take place only by conduction. Heat transfer
parameters, i.e. thermal conductivity and heat capacity,
are only functions of saturation. The non-isothermal model
for convective drying and the numerical solution are pre-
sented first. Then, simulation results of drying kinetics,
temporal evolution of phase distributions (cluster forma-
tion) and temperature fields are discussed for mono- and
bi-modal pore size distributions.

2. Non-isothermal modelling

The non-isothermal model developed and implemented
in the present work is an extension of an isothermal pore
network drying model, which is based on the work of Prat
[21] and includes discrete modelling of the boundary layer
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[17]. Since, pore network models take geometry into
account, the data structure for representing geometry will
be discussed briefly before presenting model equations for
heat and mass transfer.
Fig. 2. Illustration of boundary layer over the network and state of pores
and throats at some time during the drying process.
2.1. Pore network

Void space in the porous medium is regarded as a net-
work of cylindrical throats with randomly distributed
radius connected by pore nodes without volume. In this
paper, we restrict ourselves to two-dimensional square net-
works. Fig. 1 shows such a network of pores and throats
and how is associated a control volume to each pore. As
known from literature, the invasion behaviour of two-
dimensional networks is slightly different to that of three-
dimensional networks due to the lower connectivity of
the pore space, e.g. [21]. The proposed algorithm is general
enough to be applied to three-dimensional networks but
still faces computational limits.

Throughout the paper white space (inside throats) repre-
sents the air and vapour phase, and black space stands for
liquid. Initially, the network is fully saturated with water
and has room temperature (20 �C). Only the top edge of
the network is open to evaporation and subjected to heat-
ing or cooling; the remaining faces are impervious to heat
and mass transfer.
2.2. Boundary layer model

For drying, the network is subjected at its open edge to
lateral air flow with velocity u, bulk vapour pressure Pv,1
and bulk temperature T1. To realistically describe the dry-
ing kinetics, especially the first drying period with its con-
stant drying rate, it is necessary to model the boundary
layer in a discretised way, extending the network into the
gas by additional nodes (see Fig. 2).

Assuming laminar flow over the network, the Sherwood
number describing mass transfer is given by

Sh ¼ bLT

d
¼ 0:664Re1=2Sc1=3 ð1Þ
Fig. 1. Schematic representation of the porous medium by a 2D square
network.
with Reynolds number Re = uLT/mg and Schmidt number
Sc = d/mg. Here, b is mass transfer coefficient, LT network
length, d vapour diffusivity and mg kinematic viscosity of
the gas. However, Eq. (1) is derived for a plate at uniform
partial pressure which is not necessarily fulfilled for drying
porous medium (see [22]). From this, boundary layer thick-
ness and the number of additional vertical nodes NBL are
obtained as

e ¼ d
b
¼ N BLL; ð2Þ

where the distance between nodes L is the same as the
length of network throat. Vapour pressure of bulk air (here
Pv,1 = 0) provides the boundary condition for the ex-
tended network. Heat transfer between bulk air and net-
work surface is described by a heat transfer coefficient a,
which can be calculated by

a ¼ b
kg

d
Pr
Sc

� �1
3

ð3Þ

based on the analogy between heat and mass transfer. Here
kg is thermal conductivity of the gas and Pr = d/jg is Pra-
ndtl number with thermal diffusivity jg. Fig. 2 illustrates
the structure of the network and the boundary layer in
the process of drying. For clarity, imaginary spherical
pores are shown.

2.3. Pore and throat conditions

The state of throats plays a vital role in determining
transport mechanisms during drying. Throats contain all
void space and serve as the conductors in the network, car-
rying heat and mass flows due to temperature and vapour
or liquid pressure gradients between the pores. Throats can
be classified as gas throats, liquid throats and partially
filled throats based on their saturation Sij (see Fig. 2).
The type of transport in the throats is also determined by
saturation. If throat saturation Sij is unity, liquid flow will



Fig. 3. Control volume i with neighbours j and exchange areas.
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take place due to capillary pumping; if Sij is equal to zero,
vapour will be transferred by diffusion; and if Sij is between
0 and 1, combined liquid flow, evaporation at the meniscus,
and vapour diffusion will take place in a throat.

Pores represent the structural parameters of the void
space and the state variables in each control volume. Struc-
tural parameters, constant in time, are the spatial positions
of pores and their relative positions with respect to other
pores and throats. State variables are saturations Si, tem-
peratures Ti, vapour pressures P vi;i (eventually also total
gas pressure) and liquid pressures Pl,i. Pore saturation Si

is determined by its neighbour throat saturations Sij. If
all neighbour throats are full, saturation is unity (liquid
pore); and it is zero (gas pore) if all neighbour throats
are empty. In general, pore saturation is equal to the frac-
tion of full or partially filled throats (0 6 Si 6 1). In par-
tially filled pores, we assume equilibrium vapour pressure
(see Fig. 2), which sets the boundary condition for evapo-
ration during the drying process. Nodes in the boundary
layer are always at unknown vapour pressures.
2.4. Heat and mass transfer relations

The implemented model is based on the following
assumptions:

1. Constant boundary layer thickness;
2. constant total pressure in the gas phase;
3. quasi-stationary diffusive vapour transport;
4. negligible viscosity of liquid (capillary forces dominate

over viscous forces);
5. heat transfer in the network only by conduction;
6. local thermodynamic equilibrium in each control volume.

The vapour flow rate between two gas pores due to
vapour pressure gradients is given by Stefan’s law as

_Mv;ij ¼ �Aij
d

Lij

P eM veRT
ln

P � P v;i

P � P v;j

� �
; ð4Þ

where eM v is molar mass of vapour, eR ideal gas constant and
T absolute temperature. Eq. (4) also describes the vapour
flow rate between two nodes in the boundary layer, only
the cross sectional area Aij must be chosen accordingly. It is

Aij ¼ pr2
ij for network; ð5Þ

Aij ¼ LW for boundary layer; ð6Þ

where rij is throat radius and W network thickness in the
third dimension (see Fig. 3). Since we neglect the overlap
of throats at pore nodes, all throats in the network are as-
sumed as equal in length (Lij = L).

The liquid flow rate in the network between pores i and j

due to different liquid pressures Pl,i and Pl,j can be calcu-
lated by Poiseuille’s law as

_M l;ij ¼
pr4

ij

8mlL
ðP l;i � P l;jÞ ð7Þ
with the kinematic viscosity of water ml. However, Eq. (7) is
not used in the present model because of the fourth
assumption; instead, we apply a rule valid when viscous ef-
fects are negligible compared to capillary effects that will be
discussed in Section 3.2.

Since heat transfer is only by conduction, heat flow rates
due to temperature gradients are given by Fourier’s law

_Qij ¼ Acv;ijkij
T i � T j

L
; ð8Þ

where the exchange area is Acv,ij = LW (because both voids
and solid can contribute to heat transfer). The effective
thermal conductivities kij are functions of throat saturation

Acv;ijkij ¼ ðAcv;ij � pr2
ijÞks þ pr2

ijSijkl ð9Þ

with thermal conductivities of solid and liquid ks and kl,
respectively. For simplicity, solid and liquid are considered
as resistances in parallel, conduction in the gas is neglected.
The enthalpy content Hi of control volume Vi is given by

Hi ¼ V iðqcpÞiðT i � T refÞ; ð10Þ

where the total heat capacity of the control volume is

V iðqcpÞi ¼ V i �
L
2

X4

j¼1

pr2
ij

 !
ðqcpÞs þ

L
2

X4

j¼1

pr2
ijSijðqcpÞl:

ð11Þ

Fig. 3 shows how each control volume is represented by
one pore and contains four-half throats, i.e. each throat
participates in two control volumes. Liquid of partially
filled throats are equally distributed to neighbour pores.

From the law of conservation and the assumption of
quasi-steady vapour transport, total mass flow from any
gas pore is equal to zero. By applying Eq. (4) to gas pore
i, we obtain
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X4

j¼1

_Mv;ij ¼
X4

j¼1

Aij
d
L

P eM veRT
ln

P � P v;i

P � P v;j

� �
¼ 0; ð12Þ

where _Mv;ij is the mass flow rate of vapour. For partially
saturated pores the vapour balance can be written asX4�lm

j¼1

_Mv;ij ¼
Xlm
j¼1

_M ev;ij ð13Þ

with evaporation or condensation rates _M ev;ij in the con-
nected meniscus throats (lm). Similarly, for a model with
liquid viscosity, we have for the liquid poresX4

j¼1

_M l;ij ¼
X4

j¼1

pr4
ij

8mlL
ðP l;i � P l;jÞ ¼ 0 ð14Þ

The boundary conditions to this set of equations are given
at the menisci and must be found by an iterative algorithm
(Metzger et al., [10]). If a meniscus is moving, a pressure
boundary condition of first kind is applied (Pl,ij = P � Pc,ij);
if it is stationary, the local evaporation rate gives a bound-
ary condition of second kind ( _M l;ij ¼ _M ev;ij). The dynamic
energy balance over the control volume can be derived from
Eqs. (8) and (10) as

V iðqcpÞi
dT i

dt
¼ �

X4

j¼1

_Qij � Dhv;iðT iÞ
Xlm
j¼1

_M ev;ij; ð15Þ

where Dhv,i(Ti) is phase change enthalpy (absolute value).
The mass flow rate _M ev;ij is positive for evaporation and
negative for condensation. The meniscus position is used
to allocate heat sink/source to a control volume.

2.5. Coupling of heat and mass transfer

The interaction between heat and mass transfer influ-
ences considerably the drying process, particularly at the
phase boundaries in the network. At an evaporating menis-
cus, the vapour takes up the enthalpy of evaporation and
the liquid temperature is reduced (heat sink); likewise, we
have heat sources at places of condensation. This coupling
of mass transfer with heat transfer is already implemented
by including rates of evaporation and condensation in the
dynamic energy balance equation (Eq. (15)).

As a second major coupling effect, equilibrium vapour
pressures P �v;iðT iÞ at the menisci are strongly temperature
dependent. In the presence of a temperature field, equilib-
rium vapour pressure varies spatially. These vapour pres-
sures have to be updated after each time step by use of
an Antoine equation.

At the same time, due to temperature differences, gradi-
ents in surface tension c will develop and instigate gradients
in capillary pressure

P c;ij ¼
2cðT ijÞ

rij
ð16Þ

that contribute to liquid flow additionally to the effect of
different throat radii.
3. Numerical solution

In drying of porous media, capillary pressure gradients
exist and cause liquid flow by capillary pumping. Viscous
forces will counteract capillary forces and always stabilize
the receding drying front, because they reduce the distance
over which liquid can be pumped at a given rate [10]. As we
will see the assumption of zero liquid viscosity leads to a
discrete way of solving the model for liquid transport.
The continuous conservation equations for vapour and
energy, Eq. (12) and Eq. (15), have to be solved together
with the discrete model part that describes liquid transport
due to capillary pumping. The quasi-steady vapour bal-
ances of Eq. (12) are solved for the current boundary con-
ditions at the meniscus throats. Dynamic energy balances
Eq. (15) are solved by an explicit scheme using the current
phase distribution and temperature field.

3.1. Vapour transport

Rewriting Eq. (12) for each pore of unknown vapour
pressure i and introducing mass transfer conductances gij

leads toX4

j¼1

gijðlpi � lpjÞ ¼
X4

j¼1

gijlp
�
j ; ð17Þ

where the logarithmic pressure differences are

lpi ¼ lnðP � P iÞ

lpj ¼
lnðP � P jÞ for Sj ¼ 0

0 for 0 < Sj < 1

� ð18Þ

The right hand side of Eq. (17) gives the boundary condi-
tions at the liquid–gas interface and at the edge of the
gas-side boundary layer as

lp�j ¼
0 for Sj ¼ 0

lnðP � P �v;jðT jÞÞ for 0 < Sj < 1

lnðP � P v;1Þ edge of boundary layer

8><>:
ð19Þ

Applying Eq. (17) to all gas pores in network and bound-
ary layer at a given time, forms the linear system

G � LP ¼ LP� ð20Þ

where G is a sparse symmetric matrix containing mass
transfer conductances gij, LP represents the unknown vec-
tor of lpi and LP* the vector of boundary conditions. Eq.
(20) is solved using the conjugate gradient method
(CGM); then, vapour flow rates _Mv;ij can be calculated
from Eq. (4).

3.2. Liquid transport

The assumption of negligible viscous effects implies that,
in each cluster, liquid can be pumped from the throat with
the highest liquid pressure to all other menisci at their



V.K. Surasani et al. / International Journal of Heat and Mass Transfer 51 (2008) 2506–2518 2511
respective rates of evaporation, and that only this one
throat will empty. So, it is necessary to identify the throat
with the lowest capillary pressure Pc,ij (i.e. highest liquid
pressure Pl,ij) for the current temperatures at each time
step.

Fig. 4 shows liquid transport in a single cluster with a
moving meniscus (MM) throat; all remaining menisci are
stationary. For each time step, the mass lost due to evapo-
ration from all menisci in the cluster must be removed from
the throat with the lowest capillary pressure (shaded vol-
ume). For isothermal conditions, this will always be the
throat with largest rij in a cluster (see Eq. (16)).

When a throat has emptied completely, throat and pore
saturations must be updated, changing the linear system of
Eq. (20). Therefore, we must introduce a mass transfer time
step Dtm,nc for each cluster nc, which is calculated as the
ratio of liquid mass left in the MM throat and sum of evap-
oration rates at the menisci of the cluster:

Dtm;nc ¼
qlV MM;ncPmt
j¼1

_M ev;ij;nc

: ð21Þ

Here, mt is the number of evaporating throats in a cluster.

3.3. Condensation

If the system is considered to be non-isothermal, spatial
temperature gradients build up over the network during the
drying process. Since equilibrium vapour pressure is highly
sensitive to the temperature, equilibrium vapour pressure
gradients will develop. At the same time, capillary pressure
gradients may cause splitting of the continuous liquid
phase into disconnected wet patches (liquid clusters) at dif-
Fig. 4. Liquid flow due to capillary pumping as well as stationary and
moving menisci for a single cluster.
ferent temperatures. Due to the above phenomena, vapour
evaporating from hot clusters or single throats may move
against the main direction of mass flow and condense on
cold clusters or single throats (vapour back diffusion may
take place instead of the escape of vapour from the top
surface).

The effect of condensation is fully included in heat trans-
fer, Eq. (15), but it is only partially accounted for in mass
transfer. For each cluster or single liquid throat, the net
phase change rate is computed as the sum of all meniscus
evaporation/condensation rates. If there is net evaporation
in a cluster, the previously described algorithm (Section
3.2) can be used. For clusters with net condensation, we
can either refill a partially emptied throat (MM throat)
with mass transfer time step

Dtm;nc ¼ �
ð1� SMMÞqlV MM;ncPmt

j¼1
_M ev;ij;nc

ð22Þ

or we have to neglect condensation because imbibition of
completely emptied throats is not included in the model.
Therefore, not all condensing vapour can be accommo-
dated but the committed error can be assessed because
the true condensation rates are known. When simulation
results will be presented in Section 4, the error on conden-
sation rates will also be discussed.
3.4. Cluster labelling

One of the main advantages of discrete network models
over continuous models is that the former can describe the
disintegration of the liquid phase into disconnected clus-
ters, while the latter are limited to smooth variations of
pore saturation. In the isothermal case, clusters will form
due to random throat size distribution. In the presence of
thermal gradients, surface tension gradients may cause
additional capillary pressure differences. To describe cor-
rectly liquid transport in the network, the connectivity of
the liquid phase must be known, so that cluster labelling
of throats is necessary. To this purpose, the Hoshen–Kop-
elman algorithm (well documented in literature) can be
used [23,24].

Fig. 5 shows how a mass transfer time step Dtm,nc com-
puted by Eq. (21) or Eq. (22) is associated to every cluster
and every isolated throat. From these, the minimum must
be chosen as the mass transfer time step of the network
Dtm,min.
3.5. Dynamic heat transfer by explicit scheme

Heat transfer is continuous in the presence of thermal
effects, even though mass transfer naturally imposes dis-
crete time steps (by the emptying of throats). Therefore, a
different time discretisation will be necessary. For the
updating of temperature fields in the entire network,
dynamic energy balance was implemented in an explicit



Fig. 5. Cluster formation during drying and different mass transfer time
steps.

Fig. 6. Flow sheet for the drying algorithm.

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

12

S

Non—isothermal
Isothermal

M
v [m

g/
h]

.

Fig. 7. Isothermal and non-isothermal drying rate curves for bi-modal
network.

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

S

neglected condensation rates
true condensation rates

M
C [m

g/
h]

.

Fig. 8. Actual and neglected condensation rates in the non-isothermal
model due to temperature gradients.

2512 V.K. Surasani et al. / International Journal of Heat and Mass Transfer 51 (2008) 2506–2518
scheme. By substituting Eq. (8) into Eq. (15) and integrat-
ing this equation over the thermal time step Dtt we obtain

T ijtþDt¼ T iþ
Dtt

V iðqcpÞi

X4

j¼1

�Acv;ijkij
T i�T j

L
�DhvðT iÞ _M ev;ij

� �
:

ð23Þ

The stability of the explicit method is only guaranteed if the
thermal time step fulfils the condition
Dtt <
ðqcpÞiL2P

jkij
ð24Þ

for all control volumes i. If this critical value is exceeded,
physically unrealistic results like negative temperatures
may be observed. The major disadvantage of the explicit
scheme is the small time step that causes large computa-
tional times.
3.6. Drying algorithm

Fig. 6 illustrates the numerical solution of the non-iso-
thermal network drying model. First, the data structures
describing the pore grid of network and boundary layer
must be formed from network size (e.g. 51 � 51); addition-
ally drying air velocity, initial and boundary conditions are
set (step 1). After cluster labelling (step 2), the linear system
for vapour transport (Eq. (20)) is solved (step 3) and the
evaporation rates at each meniscus are computed (step 4).
Then, from the capillary pressures Pc,ij in meniscus throats,



Fig. 9. Evolution of phase and temperature distributions for bimodal case network (saturations are indicated).
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the MM throat is identified for each cluster, and the mini-
mal mass transfer time step Dtm,min calculated (step 5). The
time step Dtmin is chosen as the minimum out of mass
transfer time step Dtm,min and heat transfer time step Dtt,
which obeys stability criteria of Eq. (24) (step 6). The mass
loss due to evaporation is computed for the time step Dtmin.

Next, the new temperature field is computed by using
Eq. (23) for same time step (step 7). Finally, phase distribu-
tions (pore and throat saturations) and temperature fields
(as well as temperature dependent variables) are updated
(step 8). The procedure will be repeated in a loop until
all water is removed from the network.

4. Simulation results

The results presented in this section have been obtained
for networks of size 51 � 51 with mono- and bi-modal
throat size distribution. The radius of throats is randomly
varied according to the normal number density function

f ðrÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2pr0

p e
ðr�r0Þ2

2r2
0 ð25Þ

with mean r0 and standard deviation r0. A mean radius of
40 lm and a standard deviation of 2 lm are used for the
mono-modal network (see Fig. 13 for realization). In the
bi-modal pore network, radii from a distribution with
100 ± 5 lm are applied to every fifth vertical throat, leav-
ing the remaining throats as of mono-modal network
(Fig. 9). Throat length is 500 lm for all networks.

Initially, the network is saturated with water and has a
uniform temperature of 20 �C. The heat transfer parame-
ters of the solid are chosen as for glass: (qcp)s =
1.7 � 106 J/(m3 K) and ks = 1 W/(m K). Bulk air is at
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T1 = 80 �C, has zero moisture content and velocity such
that the boundary layer contains 7 nodes (b = 7.3 mm/s).

Fig. 7 shows the drying kinetics for the bi-modal pore
network as evaporation rate _Mv versus network saturation
S. Both the isothermal and the non-isothermal curve start
at the same rate. The initial warming-up to constant drying
conditions can be clearly seen in the non-isothermal pro-
cess. The constant rate period extends for both curves to
a saturation of approximately 0.6, i.e. almost until all the
macro-throats (43% of volume) are emptied.

As explained above, the order of emptying of throats is
determined by capillary pressure. In the isothermal model,
it depends on the throat radius alone since temperature is
constant throughout the network. In the non-isothermal
model, the order of emptying may also be influenced by
surface tension at the menisci (Eq. (16)). However, at the
beginning, influence of temperature on capillary pressure
via surface tension is negligible and the macro-throats will
empty first because here capillary pressure is always lowest.
Liquid will be pumped through the micro-throats to the
network surface so that the surface can stay almost com-
pletely wet down to relatively low overall saturations. Lat-
eral vapour transfer in the boundary layer assures a
constant drying rate [17].

The evaporation rate drops drastically when the surface
starts to dry out after all macro-throats are emptied. Short
quasi-constant rate periods can be observed in this falling
rate period in isothermal drying when – due to random
radius distribution – throat saturation near the surface
stays unchanged while internal throats empty. In the case
of non-isothermal modelling, during these short periods
the surface will heat up and evaporation rate increases,
until another near surface throat empties; then, drying rate
drops to a lower value in both model versions.

Fig. 8 shows the condensation rate _MC plotted against
overall network saturation in two forms; true condensation
rate and neglected condensation rate. The neglected con-
densation rate corresponds to the error by un-accommo-
dated condensing vapour as explained in Section 3.3. In
the first drying period, the error on condensation rate is
zero. There is condensation at inner network throats but
it can be compensated because clusters are still big of size;
therefore, capillary flow to surface menisci, evaporating at
higher rates, is not yet interrupted. Consequently, clusters
as a whole are evaporating and no error is committed.
The formation of relatively small clusters in the second dry-
ing period may cause net condensation in clusters, which
cannot fully be accounted for. The amount of vapour con-
densed during the entire drying process is 2.17% of the ini-
tial amount of water present in the void space; however,
only 0.90% of the initial water is neglected. This shows that
the effect of condensation on overall behaviour of the dry-
ing curve can be neglected for the given example.

Fig. 9 shows the evolution of phase distributions and
temperature fields at different overall saturations of the net-
work. The situation of Fig. 9a (S = 0.95) is located within
the warming-up period, when temperature rises towards
the wet bulb temperature (see Figs. 7 and 10). Fig. 9b
and c correspond to the constant rate period in which
almost uniform temperature fields exist and only macro-
throats will empty. Surface throats empty between S =
0.6 and 0.48 (Fig. 9c and d). In this period, larger temper-
ature gradients develop and network temperature starts to
rise drastically. At the same time, drying rate drops, as can
be clearly seen from the sudden change of slope for the sat-
uration curve of Fig. 10. After all the macro-throats have
been emptied, a drying front recedes (see transition from
Fig. 9d–f) towards the bottom of the network. This
increases the resistance to mass transfer. However, rising
temperatures cause, at the same time, higher driving forces
for vapour diffusion. Due to the latter effect, evaporation
rates are much larger than according to the isothermal
model in this region (Fig. 7).

Fig. 10 illustrates the variation of temperature at the top
of the network (Tmax), temperature at the bottom of the
network (Tmin), and network saturation S with time.
Fig. 11 shows the number of clusters formed Nnc and net-
work saturation S with time. Wet bulb temperature (25 �C)
is obtained approximately at the end of the first drying per-
iod. Only few clusters are formed during this first drying
period because only macro-throats are emptying. A large
increase of temperature is observed during the emptying
of small surface throats. Simultaneously, the number of
clusters increases drastically. The number of clusters
reaches a maximum during the drastic fall of evaporation
rate, decreases (with fluctuations) with time as the drying
front recedes towards the bottom of the network and
becomes zero at the end of the drying process.

To see the influence of pore structure, drying of a mono-
modal network has been simulated for isothermal and non-
isothermal conditions and compared with the results for
the bi-modal network. In Fig. 12, the respective drying
curves are shown. Evolution of phase distributions and
temperature fields for the non-isothermal drying of the
mono-modal pore network are shown in Fig. 13 for the
indicated saturations.
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For all simulations, drying rate curves start at the same
point because of identical initial conditions. Rapid warm-
ing leads to a sharp rise in the drying curve in both non-iso-
thermal simulations. In the bi-modal case, the ordered
emptying of macro-throats is a reason for the long constant
rate period. Since macro-throats are not present in the
mono-modal network, the respective first drying period is
very short. Sooner or later, the gradual emptying of surface
throats leads to a drastic fall of drying rates in all simula-
tions. During this transitional period, inner throats may
empty at constant wet surface fraction. This causes quasi-
constant rate periods (Fig. 12). The duration of these peri-
ods depends on pore size distribution in the isothermal
case. In the non-isothermal case, it depends on the domi-
nance of capillary pressure of surface throats over that of
inner throats. The temperature of the network increases
in a time that is very short in comparison to total drying
time. This can be seen in the temperature fields of
Fig. 13a and b. A similar rise of temperature is observed
at smaller overall saturations for the bi-modal network,
as already discussed.

Fig. 14 gives a comparison of phase distributions
obtained from isothermal and non-isothermal drying simu-
lations for the mono-modal network. In the following, we
will explain why these phase distributions are almost (but
not exactly) the same. The relative change in radius of
menisci throats is about 5% for the mono-modal network
with a throat radius distribution of 40 ± 2 lm. The influ-
ence of temperature on surface tension c [N/m] of water
can be represented by the equation

c½N=m� ¼ �1:704� 10�04ðT ½K� � 273:15Þ þ 7:636� 10�02;

ð26Þ

so that the relative change in surface tension per 1 K tem-
perature variation is approximately 0.2% (Eq. (27)). The
maximal temperature gradient is about 8 K across the net-
work and about 4 K across the drying front (see tempera-
ture fields in Fig. 14). This corresponds to a surface
tension variation among the meniscus throats of maximally
0.8%. Consequently, when selecting the lowest capillary
pressure throats (Eq. (17)) in a cluster, the influence of ra-
dius variation is in general larger than the influence of tem-
perature dependent surface tension. However, when
throats of very similar radius compete for the lowest capil-
lary pressure, the influence of temperatures may have a sta-
bilizing effect on the drying front. This stabilizing effect is
due to reduction of capillary pressure with increasing tem-
perature via surface tension under constant throat radius
(Eq. (17)). Fig. 14 shows one such example of thermal sta-
bilization at the saturation S = 0.7. Throats at the top of
the drying front are chosen for invasion of air in the
non-isothermal case, instead of throats located deeper in
the network in the isothermal simulation.
5. Conclusions

In this paper, we presented a non-isothermal pore net-
work model for the convective drying of capillary porous
media. The necessity of considering heat transfer has been
recognized before [18,19]. It results from the strong cou-
pling between heat and mass transfer in the drying process,
mainly due to phase change enthalpy and temperature
dependent equilibrium vapour pressure, but also to temper-
ature dependent surface tension. In the mentioned litera-
ture, however, temperature gradients were imposed on
the network. Consequently, the present model is the first
to describe the free evolution of temperature fields in con-
vective drying. The model assumes dominant capillary
forces and neglects both viscous forces and gravity. Vapour
diffusion in the empty pore space and gas-side boundary
layer is modelled as quasi-stationary; this boundary layer
is discretised so that lateral vapour transfer can assure a
constant rate period. Heat transfer is due to conduction,
heat sinks/sources account for the evaporation/condensa-
tion of water. An algorithm to solve this model has been



Fig. 13. Phase and temperature distributions for the non-isothermal drying of mono-modal pore network.
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presented and the drying model has been applied to two-
dimensional square pore networks with mono-modal and
bi-modal throat radius distributions.

Characteristics of convective drying, i.e. warming-up
period, constant drying rate period and falling rate period,
can be observed in the simulation with a bi-modal pore net-
work. The preferential emptying of macro-throats due to
capillary pumping keeps the surface wet down to low net-
work saturations and causes a first drying period. In the
case of a mono-modal pore size distribution, after a very
short warming-up period, drying rate falls drastically with-
out a first drying period. This underlines the important role
of pore structure in drying behaviour.

The influence of heat transfer on drying is mainly by an
overall increase in drying rates due to the strong tempera-
ture dependency of equilibrium vapour pressure. Besides
this, the invasion order of throats, which is controlled by
capillary pressure differences, can be influenced by temper-
ature gradients: capillary pressure depends both on throat
radius and on temperature dependent surface tension. For
the investigated case, this effect on phase distributions is
relatively small, since capillary pressure differences are con-
trolled primarily by the relative variation of throat radius.
The effect is illustrated for the mono-modal pore size distri-
bution by comparison with the isothermal simulation. For
weakly disordered porous media and high temperature gra-
dients, this thermal influence on phase patterns is expected
to lead to a significant stabilization of the drying front
[18,19].

In the present model version, condensation is accounted
for only partially because imbibition effects would require
different rules. Therefore, local condensation is only



Fig. 14. Comparison of phase distributions for isothermal and non-isothermal simulations with a mono-modal pore network.
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accommodated as long as the net phase change rate of a
cluster does not require refilling of emptied throats. Due
to low temperature gradients in the investigated cases, over-
all condensation rates are low and the committed error is
shown to be negligible. Other ongoing work of the authors
involves the application of the present model to contact
drying where temperature gradients are significantly larger
and in opposite direction [25]; in that case, the error on con-
densation rates can be important. Model improvement is
under way for such more general applications. Addition-
ally, the efficiency of the algorithm will be increased to sim-
ulate the drying of three-dimensional networks.

A further goal for the future is to develop a pore net-
work drying model including all relevant transport pro-
cesses, i.e. accounting also for viscous effects and gravity.
A complementary project also aims to describe mechanical
effects on the solid matrix, such as cracks and shrinkage, by
the discrete network approach. Discrete modelling of por-
ous media is seen as a fundamental method with a wider
application range than classical continuum models. It offers
a direct way to study the influence of microstructure on
macroscopic behaviour, and it will help to develop highly
specialized products and to integrate product and process
optimization. Additionally, it will allow assessing continu-
ous models and might provide a possibility to use struc-
tural information for computing effective parameters for
these computationally more efficient models.
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