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Abstract The classical continuum modeling of evaporation in capillary porous media is revisited from
pore network simulations of the evaporation process. The computed moisture diffusivity is characterized by
a minimum corresponding to the transition between liquid and vapor transport mechanisms confirming
previous interpretations. Also the study suggests an explanation for the scattering generally observed in the
moisture diffusivity obtained from experimental data. The pore network simulations indicate a noticeable
nonlocal equilibrium effect leading to a new interpretation of the vapor pressure-saturation relationship
classically introduced to obtain the one-equation continuum model of evaporation. The latter should not be
understood as a desorption isotherm as classically considered but rather as a signature of a nonlocal equi-
librium effect. The main outcome of this study is therefore that nonlocal equilibrium two-equation model
must be considered for improving the continuum modeling of evaporation.

1. Introduction

The most commonly used approach for modeling evaporation in porous media approximates the porous
medium by a continuum (Philip & De Vries, 1957; Sahimi, 2011) is often cited as the first who proposed a
diffusion-based equation for the transport of moisture in porous media during evaporation incorporating
the effects of capillary flow, vapor transport, and the coupling with heat transfer. Later on, in 1975, Luikov
(1975) derived macroscopic equations governing the heat and mass transfer by volumetric summation of
transport equations of each species based on the macroscopic flux relationships. A comprehensive model
for heat and mass transfer during evaporation was developed by Whitaker (1977) within the framework of
the volume averaging method, essentially confirming the model proposed by Philip and De Vries. For the
simple drying situation considered in the present paper, namely the slow evaporation of a nondeformable
capillary porous medium, Whitaker’s model is still used nowadays—the corresponding set of equations is
recalled later in this paper. Like any other continuum model, the continuum models for evaporation involve
a set of medium-specific properties describing the fluid transport phenomena (intrinsic permeability, rela-
tive liquid and gas permeability, vapor diffusivity) and local equilibrium properties (capillary pressure and
desorption isotherm). For a given porous medium, they must be specified as input parameters. Although
widely used, these models cannot be considered as truly predictive and they have major shortcomings. The
mass transfer at the interface between the porous medium surface and the bulk air is generally achieved by
introducing a coefficient of mass transfer toward the surroundings. Using the well-known expressions for
this coefficient, for example, Bird et al. (1960), rarely lead to good results because of the variations in the
vapor partial pressure distributions over the surface during drying resulting from the coupling between the
external and internal mass transfer, for example, Prat (1991). Therefore, this coefficient is often used as a fit-
ting parameter. This is not satisfactory, however, because reproducing experimental data by use of fitting
parameters is not a prediction. Another puzzling aspect lies in the introduction of a so-called desorption iso-
therm to link the saturation and the vapor partial pressure. Invoking adsorption-desorption phenomena
makes sense for hygroscopic materials, that is, materials with a significant fraction of pores smaller than
1 lm, but can be questioned for capillary porous media, defined as porous media with pore sizes typically
in the range of 1–100 lm. In other words, we believe that the classical continuum model of evaporation is
not as firm as often considered and needs further investigation.
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The idea for assessing the continuum model (CM) is simple: we consider a numerical model porous medium,
namely a discrete pore network (PN), and perform PN simulations of evaporation which play the role of experi-
ments. In other words, we take the PN model for granted and explore the ability of the continuum model to
predict the results of the PN simulations of evaporation. Naturally, it is not claimed that the PN model perfectly
reproduces the evaporation process in porous media. However, on the basis of comparisons with micromodel
experiments presented in previous works, for example, Laurindo and Prat (1996, 1998) and Prat (2007), we
think that the PNM model captures sufficiently key elements of the process to make the comparison with the
CM interesting and instructive. The drying situation we consider corresponds to a typical laboratory experiment
where the vapor forming as a result of evaporation escapes through the top surface of a porous sample. From
the continuum standpoint, this is a one-dimensional situation, whereas the situation is of course three-
dimensional as far as the PN simulations are concerned. Drying is slow, which means that the cooling effect
due to evaporation can be neglected. Thus, the temperature is considered as uniform and constant throughout
the drying process. For this reason, additional equations for heat transfer and for the air are not solved.

As discussed, for example, in Hoogland et al. (2016), invasion of the network first results from the piston-like
displacement of the liquid by the gas in the throats and pores. However, some liquid often remains in the
corners of the pores and throats, which are invaded by the gas phase in their center. As a result, the pro-
gressive displacement of the liquid by the gas phase can lead to the formation of a corner flow network in
the region of the system where gas has already filled the center of the pores and throats. In the present
work, the formation of such corner flow networks is neglected. In other terms, the liquid is assumed to be
completely expelled from the pores or the throats during the piston-like displacement leading to the inva-
sion of the pores and throats by the gas phase. For this reason, the considered drying process is referred to
as evaporation in the perfect piston-like invasion limit. However, as shown in previous works, for example,
Chauvet et al. (2009) and Yiotis et al. (2012), the impact of corner flows on evaporation can be quite impor-
tant. Consequently, the corner film question will be discussed in relation with our results later in this work.

Although pore network drying models are being developed for more than 20 years now, they have not
been used so far as a tool for assessing the continuum model. One a priori obvious reason is that the net-
work size (i.e., the number of pores along each space direction) is typically relatively small owing to compu-
tational limitations. As a result, it is difficult to impose a significant length scale separation (the size of a
representative elementary volume (REV) is actually not significantly smaller than the whole pore network),
which is in principle a requirement for the continuum model to be accurate. In spite of this issue, as dis-
cussed in section 6, we believe that a comparison between pore network simulations and continuum model
simulations is instructive and can bring valuable insights regarding the continuum modeling of evaporation
in capillary porous media. This is the main objective of the present paper.

The paper is organized as follows: the CM is briefly recalled in section 2 and the model equations are given
in detail in Appendix A. The pore network drying algorithm is briefly outlined in section 3. Two methods for
determining the moisture transport coefficient for the CM from PN simulations are presented in section 4.
The main simulation results are presented in section 5. A discussion is presented in section 6. The main con-
clusions are summarized in section 7.

2. The Continuum Model

The widely accepted continuum model of drying (Perr�e & Turner, 1999) is simplified to isothermal condi-
tions and uniform and constant gas pressure, hence bringing it to the same level as the PN model described
in section 3. In this CM, both liquid and gas phases coexist in the entire porous medium and corresponding
mass transport is considered to be dominant in the direction perpendicular to the evaporative surface,
which is named the z direction. The CM model can thus be simplified to the following single nonlinear par-
tial differential equation for S
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where E, S, and t denote the porosity, liquid saturation (0< S� 1) and time, respectively. Here the moisture
transport coefficient D(S) is composed of two contributions, which are responsible for the moisture trans-
port in the liquid phase, D‘, and in the gas phase, Dv,



DðSÞ5D‘ðSÞ1DvðSÞ: (2)

The saturation-dependent function D(S) as well as the initial and boundary conditions need to be known in
order to solve equation (1). It is assumed that the porous medium is initially filled with liquid water. At the
bottom of the medium (z 5 0), a zero-flux boundary condition is applied. At the evaporative surface of the
medium (z 5 H), a boundary layer type relationship is considered to calculate the evaporation rate, namely
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d
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where ~Mv denotes the molar mass of vapor, A the surface area, ~R the universal gas constant, T the air tem-
perature, Dva the vapor molecular diffusion coefficient, p�v the saturation vapor pressure, and d the bound-
ary layer thickness. The function u Sð Þ is classically considered as the desorption isotherm of the medium.
For a given gas (water vapor in our case), the desorption isotherm is supposed to be a property of the
porous medium and thus an input quantity for the CM. However, as we shall see (section 5.2), our interpre-
tation of u will be completely different.

The two parameter functions D(S) and u(S) will be estimated from pore network simulations (see section 4
and Appendix A). The above set of model equations is solved using a finite difference discretization in space
and an explicit time stepping scheme with variable time step and uniform spatial grid (200 computational
nodes in z direction). Note that the above model is referred to as a one-equation continuum model since it
involves a governing equation for the single variable S—see Appendix A for more details. For an introduc-
tion to the concepts of one and two-equation continuum models, one can refer, for example, to Quintard
and Whitaker (1993).

3. The Pore Network Drying Algorithm

The pore network model is defined on a three-dimensional regular lattice of pores and throats. The throats
are cylindrical tubes connecting the pores. The throat radii are randomly drawn from a normal distribution
with given parameters (mean and standard deviation). All throats are saturated and the liquid exists as free
capillary water and forms only one continuous cluster when evaporation starts. Periodic boundary condi-
tions are applied on the lateral faces of the network. The pore network is extended by a discretized bound-
ary layer of constant thickness, which is responsible for the external mass transfer of vapor generated
during the evaporation process. Evaporation occurs at the throats which are exposed to ambient air.

The pores are volume-less computational nodes where the variables of interest, namely the liquid pressure or
the vapor partial pressure, are computed. Transport phenomena are described by one-dimensional approxi-
mations at the discrete level of pores and throats, for example, Poiseuille’s law for the liquid viscous flow and
1-D Fick’s law for the diffusive transport of the vapor (see equations (4) and (5) later in the paper). From the
mass balance at each node, two linear systems are formed and solved numerically to obtain the vapor partial
pressure in each gas pore (and in the boundary layer) and the liquid pressure in each liquid pore, respectively.
Due to the consideration of viscous and capillary forces at the same time, an iterative procedure is used to
determine the stationary and the moving menisci. Thus, the pore network model is dynamic. The evaporation
process generally leads to the drainage of the active throats (‘‘active’’ means a throat where a meniscus is
moving). However, reimbibition can locally occur in a throat depending on the evolution of the liquid pressure
field. Time steps forward when one meniscus throat empties or (re)fills at every moment during drying. In the
next step, new quasi-stationary vapor and liquid flow problems are solved again.

As the result of the invasion by the gas phase, the liquid phase in the network splits up into clusters with
different sizes during the drying process. For liquid flow, it is essential to track the hydraulic connectivity of
the liquid phase. Therefore, the liquid and vapor transport calculations are considered for each cluster inde-
pendently, which implies the need for labeling liquid clusters. To this purpose, a variant of the Hoshen-
Kopelman algorithm (Metzger et al., 2006) is used. The cluster labeling continues until the network satura-
tion reaches zero. Note that liquid films inside throats are not accounted for in this PN model. Also, as sup-
posed here, the PN dries virtually isothermally and thus the viscous resistance to convective flow in the gas
phase is neglected and constant pressure is assumed. More details on this PN drying algorithm can be
found in Metzger et al. (2007a).



4. Methods for the Determination of Continuum Model Parameters
From PNM Simulations

On one hand, the nonlinear parameters of the continuum model for evaporation in porous media have orig-
inally been estimated by using either phenomenological approaches (Schoeber, 1976) or inverse methods
(G�omez et al., 2007; Marchand & Kumaran, 1994; Pel et al., 1996): drying experiments were carried out in Pel
et al. (1996) and Schoeber (1976) and absorption experiments in G�omez et al. (2007), Marchand and
Kumaran (1994), and Pel et al. (1996) to determine transient saturation profiles for a given porous material.
These experiments are not only laborious since the saturation varies slowly during these processes, but also
there exists some uncertainty in the measured data. Then, the moisture transport coefficient was obtained
by solving an inverse problem. In drying, for instance, this coefficient was readily estimated with a sufficient
accuracy but only for a certain range of saturation (Pel et al., 1996). The values of this coefficient at low and
high saturation were determined as follows: at low saturation a receding drying front model equation was
solved numerically, whereas an absorption experiment was conducted to extract values of this coefficient
at high saturation.

On the other hand, the computation of macroscopic parameters can be considered as one of the main uses
of PNM (e.g., Blunt et al., 2002; Lerdahl et al., 2000; Øren et al., 1998) to name only a few. Most of those
works focus on the computation of the permeability k, the relative permeability kr, and the capillary pres-
sure curve pc. Although dynamic effects can be considered (e.g., Joekar-Niasar & Hassanizadeh, 2011), the
most conventional method consists in computing the time-dependent phase distribution using quasi-static
invasion rules. This is consistent with the assumption of local capillary equilibrium underlying the classical
continuum model of two-phase flow in porous media. As can be seen from equation (A10), the liquid diffu-
sivity D‘ can be directly computed from k, kr (liquid phase), and pc. This use of PNM is also prominent in
relation to drying (e.g., Nowicki et al., 1992; Vorhauer et al., 2010), but using 2-D pore networks. It is well
known that the percolation properties of the two fluid phases are different in 2-D and 3-D systems. For this
reason, the consideration of three-dimensional networks is actually mandatory. Also, the network over
which the variables of interest are computed is supposed to be a representative elementary volume (REV),
so it must be large enough.

Based on the above, we use two different methods for computing the macroscopic parameters for our
model porous medium, that is, our pore network. The first is inspired from experimental methods. It is
based on postprocessing of phase distributions at distinct times, which are obtained from PN simulations of
drying, over multiple realizations of the pore space geometry. This method directly uses the PN drying simu-
lations to give the internal and surface relationships between vapor pressure and saturation as well as the
moisture transport coefficient as a function of saturation. The second method is based on the conventional
PNM computation of k, kr (liquid phase), and pc on a cubic network (e.g., Blunt et al., 2002).Thus, the second
method does not use the PN drying simulations. In this method, the moisture transport coefficient is thus
obtained through the computation of permeability, wetting fluid relative permeability, and capillary pres-
sure using capillary-controlled invasion PN simulations and equation (A8). Whereas the first method allows
to determine the variation of D over the full range of saturation, it can be noted that the second method
allows the computation of the liquid diffusivity D‘ only and only for the saturations greater than the irreduc-
ible saturation.

4.1. Method #1: Pore Network Drying Simulations
The results of the PN drying simulations (i.e., nodal liquid and vapor pressure values as well as liquid distri-
butions over time) are used to determine both the internal and the surface relationships between vapor
pressure and saturation as well as the moisture transport coefficient. This method is described as follows: a
three-dimensional pore network is divided into horizontal slices with constant thickness Dz at distinct times
during the drying process. For illustration purposes, a small pore network and a partially saturated slice are
shown in Figure 1. The slices are used as averaging volumes for determining local macroscopic variables,
such as the average vapor partial pressure or the saturation. More precisely, in order to obtain the internal
relationship between vapor pressure and saturation, the local saturation during the course of drying is cal-
culated as a ratio of the liquid volume in an x-y plane of horizontal throats plus half of the vertical throats
connected to this plane and dividing it by the pore space volume in this plane. Under isothermal condi-
tions, the saturation vapor pressure is constant. The local mean vapor partial pressure is defined as the



arithmetic mean of the vapor pressures in the pores of each x-y plane.
Likewise, the surface relationship between vapor pressure and satura-
tion is built based upon variation of these properties over time in the
top plane near the network surface.

The moisture transport coefficients for the liquid and gas phases (see
equations (A10) and (A11)) are determined for each slice in the follow-
ing way: knowing the nodal liquid pressures within each slice the liq-
uid flow rate j‘ between pores i and k is calculated by using the
Hagen-Poiseuille equation as

j‘5
pr4

t q‘
8l‘Lt

ðp‘;i2p‘;kÞ; (4)

where Lt and rt denote the length and radius of the throat, respec-
tively. Then the liquid flux through each slice J‘ is obtained by sum-
ming the j‘ values over all vertical throats and dividing by the cross-
sectional area of the sample A—see Figure 1. Disconnected clusters
can contribute to J‘ if they expand over the slice height, although
they might not contribute to the macroscopic liquid conductance.
The moisture transport coefficient in the gas phase is calculated anal-

ogously. Different values of the vapor partial pressure at pores i and j may lead to vapor transport in the gas
phase. For all vertically neighboring gas pores, the vapor flow rate through each slice is calculated by using
the linear gas diffusion equation as

jv5
pr2

t
~MvDva

~RTLt
ðpv;i2pv;kÞ: (5)

Then, the vapor flux through each slice Jv is calculated and fed into equation (A11) to obtain the moisture
transport coefficient of the vapor.

4.2. Method #2: Capillary-Controlled Invasion PN Simulations
A 25 3 25 3 25 cubic network is considered. This size was selected so that no noticeable change in the rela-
tionship between two-phase flow parameters and saturation is observed using bigger networks. A gas res-
ervoir is located at the top of the network, whereas the liquid inside the porous medium is connected to a
liquid reservoir at the bottom. Periodic boundary conditions are applied on the lateral faces of the network.
The gas phase invades the network, which leads the liquid phase to be discharged from the network to its
reservoir. The algorithm for building the relationship between capillary pressure and saturation from the
capillary-controlled invasion simulations is as follows:

1. For simplicity and without affecting the final capillary pressure-saturation relationship, the liquid pressure
in the network and in the liquid reservoir are set to zero. Therefore, according to equation (A4), the capil-
lary pressure is equal to the gas pressure.

2. The smallest capillary threshold between all menisci is calculated. Here a perfect wetting between liquid
and solid is considered (the wetting coefficient is unity), therefore the smallest capillary threshold accord-
ing to the Young-Laplace equation belongs to the largest meniscus since

pc5
2r
rt
; (6)

where r denotes the liquid surface tension.

3. The gas pressure, which is equal to the capillary pressure, is increased to the smallest capillary threshold
calculated in step 2 to invade the menisci with the smallest capillary threshold.

4. The newly created menisci are identified and their capillary thresholds are calculated. If the capillary pres-
sure is bigger than the capillary threshold of any of them, they are also invaded.

5. The saturation of the network is calculated and assigned to the capillary pressure. This is one data point
in the capillary pressure-saturation curve.

6. The algorithm is repeated from step 2.

Figure 1. (left) A small pore network (6 3 6 3 11 nodes) open to evaporation
from the top and (right) a slice (6 3 6 3 2 nodes) which is virtually cut out
from the pore network. Exemplary liquid and gas throats spanning the slice are
shown in green and red, respectively. A and Dz are the cross section of the net-
work and the slice thickness, respectively.



Invasion of gas into the liquid phase splits the continuous liquid phase into several disconnected clusters of
different sizes, some of which are no longer connected to the liquid reservoir at the bottom of the network
(trapped clusters). The process continues until there are no more connected clusters. The saturation of the
network at this point is called irreducible saturation Sirr.

For the extraction of D‘ using equation (A8), k and kr should still be determined. The procedures to obtain
these two parameters are as follows: the network saturation is set to unity and then a liquid pressure differ-
ence is applied between two opposite sides of network. Thus the liquid pressure field inside the network is
calculated and used to obtain the liquid flux in the network. By using equation (A2) and assuming kr 5 1,
the intrinsic permeability is calculated. To estimate the relative permeability, a similar procedure as for k is
used to calculate the liquid flux. This calculation is performed at each step of the capillary-controlled inva-
sion process and as long as there is still connection between liquid at the top and bottom of the network.
Then equation (A2) is employed.

5. Simulation Results

Using the two methods described in the previous section the macroscopic parameters and parameter func-
tions are computed. The numerical values of these parameters are then used in the one-equation CM of dry-
ing; finally, the evolution of continuous saturation profiles and drying rate curves over time are compared
to corresponding results obtained from the discrete PN drying simulations. The relevance of the CM is thus
assessed.

5.1. Drying Kinetics
Due to computational limitations, pore network drying simulations are carried out on a relatively small cubic
network with throat radii distributed according to a Gaussian distribution. In order to reduce the level of
uncertainty on the parameter estimates, 15 realizations of the pore network were generated. The liquid is
free capillary water and the drying agent is air with zero (absolute) humidity. The structural characteristics
of PN and the physical constants for the simulations are given in Table 1. Since the CM accounts for the vis-
cous flow driven by differences in capillary pressure (equation (A2)) in the partially saturated region, PN dry-
ing simulations are carried out in the presence of noticeable viscous effects in the liquid phase. Owing to
the small size of our pore network, this requires the use of a rather unrealistic value for the liquid viscosity
in order to stabilize the drying front, that is, such that the thickness of the two-phase zone is smaller than
the network height over a significantly long period of drying. Expressed in terms of characteristic lengths
(e.g., Lehmann et al., 2008), this means that the selected value of the viscosity leads to a viscous dissipation
characteristic length smaller than the network height. This corresponds to an initial capillary number of
0.014, according to the formula given in Metzger et al., (2007b). This drying regime, where the two-phase
zone is stabilized by the viscous effects, that is, the pressure drop generated in the liquid phase, is referred
to as the viscous-capillary regime. For more details on the various drying regimes, one can refer to Prat
(2002).

Figure 2 shows the evolution of the network saturation over time during the entire drying period and the
corresponding normalized evaporation rate as a function of the network saturation. From the very begin-
ning of the drying process, the network saturation decreases markedly because of relatively strong liquid
viscous effects. Due to viscous stabilization, no first drying period is observed in these simulations. As the
evaporation continues, liquid flow distances become longer and thus the differences in capillary pressure

Table 1
Structural Characteristics of the Pore Network and Physical Constants Used for Drying Simulations

Structural property Value Physical constant Value

Network size (node) 25 3 25 3 51 Temperature (K) 293.15
Boundary layer discretization (node) 25 3 25 3 10 Pressure (Pa) 105

Mean throat radius (mm) 250 Liquid viscosity (m2/s) 0.028
Standard deviation of throat radius (mm) 25 Surface tension (N/m) 0.07274
Throat length (mm) 1 Diffusion coefficient (m2/s) 2.5685 3 1025

Network porosity 0.594 Saturation vapor pressure (Pa) 2,339



are insufficient to replenish the pores near the network surface by liquid water which evaporates at the
high local rates. As a result, the evaporation rates are significantly reduced. With further decreasing evapo-
ration rate, the gradient in network saturation is further reduced and the local saturation approaches the
limit of liquid disconnection.

5.2. Relationship between Vapor Pressure and Saturation: Nonlocal Equilibrium Effect
Figure 3 shows the variation of the local mean vapor partial pressure and local saturation along the normal-
ized height of the network obtained from the PN drying simulations at a network saturation of 0.75. As can
be seen, the average vapor pressure is different from the saturation vapor pressure in the presence of liquid
over a noticeable range of the local saturation, between 0.8 and 1. Since adsorption-desorption phenomena
have been neglected in our numerical model porous medium, it is clear that the lower vapor pressure in
the presence of liquid, that is, at nonzero saturation, has a different physical origin. It is, instead, interpreted
here as the signature of a nonlocal equilibrium (NLE) effect. In the framework of the continuum approach to
porous media, NLE means that the local thermodynamic equilibrium is satisfied at the menisci surface
(where the vapor pressure is thus the saturation vapor pressure) but not at the scale of the averaging vol-

ume, that is, the averaging slices in our case. In other words, NLE
means here that the slice-averaged vapor partial pressure is different
from the saturation vapor pressure in the presence of liquid within
the slice. This is an important difference from the conventional pre-
sentation of the continuum model. Here the function u(S) is therefore
not interpreted as a desorption isotherm but as a NLE relationship.

Figure 4 shows the values of internal NLE function (u) averaged over
small local saturation intervals (0.005) for different values of the net-
work saturation. It can be seen that the functional dependency of u
on the local saturation varies during drying. Thus, a unique function
u(S) cannot be identified over the whole drying process. The values of
u approach unity as the network saturation reaches zero. The reason
is that in the low network saturation range, that is, Snet 5 0–0.4, the
liquid phase splits up into clusters with almost uniform lateral distribu-
tion in the two-phase region, whose thickness gradually increases as
the liquid phase travels further into the network. This can be exam-
ined by calculating the ratio of saturation of isolated single meniscus
throats to the network saturation, n, as shown during the drying pro-
cess in Figure 5. One can clearly see that the contribution of isolated

Figure 2. (a) Change of the network saturation and (b) of the normalized evaporation rate during drying. All 15 realiza-
tions and the arithmetic mean are shown in gray and black, respectively.

Figure 3. Profiles of the slice-averaged vapor partial pressure (<pv>) and the
local saturation (Sloc) over the normalized network height (z/H) obtained from
the PN drying simulations at network saturation 0.75. Both properties are aver-
aged over 15 realizations of a 25 3 25 3 51 network.



single meniscus throats to the network saturation increases during
evaporation and it drops substantially at the end of the drying pro-
cess. Such a disintegration of the liquid structure inside the network
at low saturation leads to higher vapor pressure values in the gas
pores. Therefore, the mean vapor pressure reaches the saturation
vapor pressure.

The PN drying simulations indicate that a NLE effect is also present at
the network surface. The NLE function at the surface usurf(Ssurf) is shown
in Figure 6. Comparing these results with u(S) (Figure 4), it is clear that
these two functions are different, although they follow a similar trend.
The smaller values of usurf than u at a given saturation are due to the
fact that at the surface the vapor pressure is directly affected only by
the liquid in the first layer of the network, whereas the vapor pressure
values of the nodes inside the network are influenced by the liquid at
their top and bottom layers. Therefore, for a given layer saturation, the
vapor pressure at the surface is expected to be smaller than at any
other position inside the network. This is also a noticeable departure
from the conventional continuum modeling of drying, which is based
explicitly on the local equilibrium (LE) assumption through the consid-
eration of the ‘‘desorption isotherm’’ and on the implicit assumption
that the ‘‘desorption isotherm’’ is still valid at the surface.

5.3. Moisture Transport Coefficient From Method #1
The moisture transport coefficients for the gas phase, Dv, for the liquid phase, D‘, as well as for both phases,
D, are obtained from the PN drying simulations (Figure 7). The results show that these three coefficients
depend on the network saturation for local saturation Sloc< 0.68. Note that the local saturation is calculated
here as the arithmetic mean of the saturation in two consecutive horizontal planes in each slice which con-
sists of 25 3 25 3 2 computational nodes. For Sloc> 0.68, the functional dependence of D‘ and D on net-
work saturation is not clear though. The large variation observed in the data points is due to the
fluctuations of the liquid pressure in the networks (Figures 7b and 7c). In this range of Sloc, the mean local
vapor pressure is close to the saturation vapor pressure in the entire network, and no vapor pressure gradi-
ent can thus be built. Therefore, the mass transport is through the liquid phase only. This can be confirmed
by looking at the ratio of local liquid flux, J‘, over total local flux, J, shown in Figure 8. For Sloc> 0.68, J‘/

J 5 1, therefore the vapor flux is zero. By decreasing the local satura-
tion, the vapor partial pressure in gas pores deviate from the satura-
tion vapor pressure and more paths for the vapor transport become
available, which leads to a stronger contribution of the transport in
the gas phase to the total flux and thus Dv increases. The increase in
Dv by reducing the local saturation can also be clarified by the NLE
function u data, shown in Figure 4. As can be seen, the derivative of u
over Sloc becomes larger as the local saturation decreases, which
results in a larger value of Dv (equation (A11)).

It is clear from Figure 7a that at a certain local saturation Dv decreases
as the network saturation reduces. This behavior can be explained by
noting how n changes over drying time (Figure 5). At low Snet, the rel-
ative amount of isolated throat saturation is bigger and the frag-
mented liquid is more uniformly distributed. Therefore, when going
from one layer to its neighboring layer the vapor pressure is expected
to be smoother, which leads to a smaller vapor flux and smaller Dv.
The deeper position of the drying front at lower Snet is also a reason
for the reduction of Dv.

At Sloc 5 1, the hydraulic conductivity of the liquid is at its maximum,
therefore the moisture transport coefficient in the liquid phase has

Figure 4. Mean value of internal NLE function (u) obtained from the PN drying
simulations as a function of local saturation (Sloc) for different network satura-
tion (Snet) intervals.

Figure 5. Ratio of saturation of isolated single meniscus throats to the network
saturation during drying (n), averaged over 15 realizations of a network of 25 3

25 3 51 nodes.



the highest value. By decreasing the local saturation, the continuity of
the liquid phase is affected and thus D‘ is reduced. For Sloc< 0.68, the
liquid pressure profile has developed and the dependency of D‘ on
the network saturation becomes clear. As for Dv, the dependency of
D‘ on the network saturation can be explained by the presence of iso-
lated menisci. At high Snet, the liquid predominantly remains in the
main cluster making the transport of liquid easier. This results in a
higher liquid flux and moisture transport coefficient. However, at low
Snet, the contribution of the isolated menisci to the network saturation
is bigger (Figure 5), thus a smaller part of liquid can effectively contrib-
ute to the liquid transport and, consequently, D‘ will be lower. That
also explains the dependence of the transition point between domi-
nant phases for the transport on Snet. This point corresponds to the
saturation at which J‘/J 5 0.5 and represents equal contributions by
the gas and liquid phases to the transport. With decreasing Snet, which
leads to an increasing number of isolated menisci, the local saturation
at which the transition happens becomes bigger.

As can be seen in Figures 7b and 7a different behavior of D‘ at differ-
ent network saturation intervals is observed when Sloc< 0.2. When
Sloc decreases to values smaller than 0.2, the moisture transport coeffi-
cient in the liquid phase increases with a decreasing saturation at low

network saturation, whereas the opposite behavior is observed at higher network saturation. Since the
majority of liquid in the latter case is in the main cluster, decreasing the local saturation leads to lowering
the effective paths for the transport of liquid. This consequently leads to the reduction of the moisture
transport coefficient in the liquid phase. However, at lower network saturation, for Sloc< 0.2, it is more likely
that by decreasing the local saturation, the amount of isolated menisci is reduced, because they compose
the larger part of liquid. This means that the effective paths for the transport of liquid may stay almost
unchanged. Knowing that the spatial gradient of the saturation decreases by decreasing the local saturation
below 0.2 (see Figure 12) and assuming that J‘ stays constant in this range, then according to equation
(A10) D‘ should increase.

The total moisture transport coefficient, that is, D 5 Dv1D‘, is shown in Figure 7c. For all network saturation,
a minimum in D is observed. The local saturation at which this minimum occurs (Smin) is almost equal to the
transition saturation at which J‘/J 5 0.5 (Figure 8). In the region with saturation higher than Smin, the liquid
transport is more significant (D‘ is bigger), while at lower local saturation vapor transport plays a more
important role (Dv is bigger). Interestingly, the trends depicted in Figure 7 are in a qualitative agreement
with the experimental determination of D, Dv, D‘ for a sand sample reported in Crausse et al. (1981). The
existence of the minimum illustrated in Figure 7c is in agreement with the results of Crausse et al. (1981) as
well as with similar results reported for various porous materials (e.g., Pel et al., 1996). In agreement with
previous works (e.g., Pel et al., 2002, and references therein), our simulations thus confirm that the minimum
corresponds to the transition between liquid and vapor transport mechanisms.

5.4. Single-Phase and Two-Phase Flow Parameters From Method #2
The capillary-controlled invasion simulations were performed on 45 realizations of a 25 3 25 3 25 network,
which was artificially cut out of the original pore network in a random way. The computed value of the
intrinsic permeability is 1.6 3 1029 6 (7 3 10213) m2.

The data points obtained from all realizations for the capillary pressure and relative permeability versus the
local saturation are shown in Figure 9. Here as well as in Figure 10, local saturation refers to the network sat-
uration. The irreducible saturation obtained from the capillary-controlled invasion simulations is 0.68 6 (4 3

1024) and that is the reason why there is no data for saturation smaller than that in these curves. The
unusually high irreducible saturation is due to several factors: (1) the fact that perfect trapping rules are
used (e.g., Joekar-Niasar et al., 2008), (2) the fact that the pores are volume-less (the fluids are in the throats)
in our pore network model, and (3) the fact that the standard deviation of the throat size distribution
rrt 5 25 mm is relatively small compared to the mean throat size (�rt 5 250 mm) as indicated in Table 1. For

Figure 6. Mean value of external NLE function (usurf ) versus the network sur-
face saturation (Ssurf) obtained from the PN drying simulations.



example, increasing the standard deviation from 25 to 140 mm while keeping the same mean throat size
leads to a decrease in the irreducible saturation from 0.68 to 0.43. This is so because larger throats are pref-
erentially invaded. Distributing the pore space volume over the throats and the pores (nodes) in the cubic
network also reduces the irreducible saturation as can be seen in Le Bray and Prat (1999) where Sirr � 0.45.
To sum up, the high irreducible saturation observed in our simulation is due to the consideration of perfect
trapping rules, volume-less pores and a relatively weak disorder. Shifting the irreducible saturation toward a
high value actually allows zooming over the range of saturations below the irreducible saturation with
method #1. When the network is fully saturated, the capillary pressure is at its minimum and the conductiv-
ity of the liquid inside the network is completely established, meaning that the relative permeability is one.
Bigger throats are invaded as the gas continues to invade the network, leading to an increase in the capil-
lary pressure. This is followed by a reduction in the conductivity of the liquid, which consequently leads to a
continuous decrease in the relative permeability, until no invasion is possible anymore.

For the estimation of the moisture transport coefficient D, actually D‘, with method #2 the following proce-
dure is taken: the whole saturation range (Sirr to 1) is split into small intervals of equal size. By averaging
between all the values of the two-phase flow parameters in each interval, their average values correspond-
ing to each interval are then obtained. The ratio of the capillary pressure difference over the mean local sat-
uration difference between two consecutive intervals gives an approximation for the derivative dPc/dSloc.
By using equation (A8) D‘ can be extracted. The results obtained by this method are shown in Figure 10.

Figure 7. Moisture transport coefficients for the (a) gas and (b) liquid phases as well as (c) the total moisture transport
coefficient obtained from the PN drying simulations. The values are averaged over local saturation intervals.



In spite of the quite significant scatters in both figures, it is concluded
from the comparison of Figures 7 and 10b that the trends in the D‘

data points obtained from the two methods are in agreement,
although their values for very high local saturation deviate somewhat
from each other. We believe the scatters would be less, should we be
able to perform the PN drying simulations over bigger networks. Since
we consider averaging volumes of different sizes in method #1 and in
method #2, we also interpret the similar trends regarding D‘ in Figure
7b and Figure 10 as an indication that the averaging volumes used in
our work are consistent with the objectives of the paper (see the end
of section 6 for further discussion on the choice of the averaging
volume).

5.5. Comparison Between Continuum Model and Pore Network
Simulation Results
The moisture transport coefficient D and the NLE surface function u5

usurf obtained using method #1 are used to solve the one-equation
continuum model (CM; equations (A8) and (3)). When solving these two
equations, the local saturation can reach very small values, for which no
values of D and usurf obtained from PN drying simulations are available.

This is due to the fact that local saturation can be captured only until a certain positive value, therefore the
values of these two parameters are unknown for very small local saturation. A solution may be to increase the
network size, so that the aforementioned parameters can be calculated for lower local saturation. This solution
however increases the computation time and might not solve the problem completely, since the local satura-
tion in the CM could still become lower than the smallest saturation of the slice.

In order to obtain values of D at very low local saturation, the following method based on the evaporation
rate obtained by PN drying simulations is used: after fitting a curve to the available data points of the mois-
ture transport coefficient and NLE function at the surface usurf , the discretized one-equation continuum dry-
ing model is solved. When the surface saturation reaches very small values, for which D and usurf values are
not available (Ssurf< 2 3 1024), the averaged evaporation rate from the PN drying simulations is applied as
the boundary condition. Then the value of D for the corresponding surface saturation is obtained, provided
that the mass conservation at the surface is satisfied. In this way, the moisture transport coefficient of
any other node with S< 2 3 1024 can be obtained. Then a curve is fitted through all data points of D. By
applying the same procedure for the evaporation rate (using usurfðSÞ to calculate the evaporation rate for

Figure 8. Ratio of the liquid flux over total flux during drying of the pore net-
work at different network saturation intervals.

Figure 9. (a) The relative permeability and (b) the capillary pressure for a network of 25 3 25 3 25 nodes versus its
saturation.



Ssurf> 2 3 1024 and the averaged evaporation rate for the PN drying
simulations for Ssurf< 2 3 1024) and using the new fitted curve for D,
this time the CM can be solved until the network dries completely.

The normalized averaged evaporation rates computed by the CM
(equation (3)) and PN drying simulations are shown in Figure 11. The
evaporation rate is computed with the CM as long as data points of
usurf are available (Snet � 0.85). Afterward, the evaporation rate of PN
drying simulation is used as boundary condition in the CM. As can be
seen, the evaporation rate curves resemble each other very well. This of
course only shows that the CM model can reproduce the data and is by
no means a proof that the CM model can predict the evaporation rate.
This important point is further discussed below in the discussion sec-
tion. The saturation profiles obtained from the two methods are plotted
against the network depth in Figure 12. As can be seen, the CM is able
to reproduce the saturation profiles of the PN simulations for drying
over the full saturation range. However, there is a price that has to be
paid for this agreement, namely that the local relative humidity of air
has to be fitted as a function of the local saturation for both the interior
of the material (usurf(S)) and its surface (u(S)) (see Figures 4 and 6).

6. Discussion

Since the CM model is able to reproduce the PN simulation results, it is tempting to consider that the results
presented in the previous section confirm the overall validity of the CM model. Accordingly, the main prob-
lem would be ‘‘simply’’ a correct determination of the macroscopic parameters. With the permanent pro-
gress in imaging techniques (X-ray microtomography, FIB-SEM, etc.) (e.g., Bultreys et al., 2016; Wang et al.,
2012), and using techniques for constructing pore networks from digital images of microstructures (e.g.,
Agaesse et al., 2016), it would be just a matter of time to determine these parameters accurately from high-
performance pore network computations. However, we believe that the conclusion one must draw from
the results presented in section 5 is different, as discussed in the following paragraph.

Compared to the current state of the art concerning the CM for drying, the results presented in the previous
section show several differences. The moisture transport coefficient function D(Sloc) is not unique, but
depends on the network saturation (as illustrated in Figure 8). Indeed, we used three different functions

depending on the average saturation of the medium. This was
explained by the impact of isolated liquid throats whose relative frac-
tion increases during the drying process. However, as already men-
tioned, the general shape of function D(S) is in qualitative agreement
with experimentally determined functions (Crausse et al., 1981; Pel
et al., 1996). More interestingly and more importantly in our opinion,
the pore network simulations indicate a significant nonequilibrium
effect, that is, the average vapor pressure is lower than the saturation
pressure when the saturation is sufficiently low but non zero in the
averaging volume (a horizontal slice containing one row of pores in
our simulation). Also, we had to consider a NLE function at the surface,
different from the one inside the network, and the NLE function inside
the two-phase region was not unique. Even if we assume that repeat-
ing the work over much bigger pore networks would lead to a unique
internal NLE function, the consequence would be that the present ver-
sion of the CM for drying is intrinsically not adapted to model the dry-
ing process in our pore network. The existence of the NLE effect is a
strong indication that a NLE two-equation model would be much
more appropriate. Contrary to the classical CM, where the equations
describing the transport in the liquid and vapor phases are combined

Figure 10. The moisture transport coefficient for the liquid phase obtained
from the capillary-controlled invasion simulations.

Figure 11. Normalized averaged evaporation rates predicted by equation (3)
and by the PN drying simulations.



to obtain a single transport equation, liquid and vapor transport
would be kept separate in the two-equation model and a source-sink
term, equation (7) below, would take into account the NLE exchange
between the phases. Developed in the context of the volume averag-
ing method (e.g., Quintard & Whitaker, 1993), a simplified version of
the two-equation model assuming the liquid phase to be immobile is
presented in Pujol et al. (2011). A heuristic but more comprehensive
version is proposed, for instance, in He et al. (2000). In this type model,
the evaporation rate _mv within a REV is expressed according to a NLE
relationship of the form,

_mv5
ESq‘
~Mv

b p�v2pv

� �
; (7)

where b is the mass exchange coefficient. This parameter is a key
parameter in the context of NLE models (e.g., Quintard & Whitaker,
1993; Pujol et al., 2011). The evaluation of this coefficient from PNM
simulations of drying is the logical next step to continue the present
work. It is important to realize that equation (7) has generally nothing
to do with nonequilibrium effects at the scale of menisci as described
for instance by the Hertz-Knudsen-Schrage equation (Barrett & Clem-
ent, 1992; Schrage, 1953). Although the Hertz-Knudsen-Schrage equa-

tion is mathematically analogous to equation (7), there is no need of nonequilibrium effects at the
meniscus scale to observe NLE effects at the macroscopic scale. This is clearly illustrated by our PNM simula-
tions that lead to NLE effects while the classical assumption of local thermodynamic equilibrium is made at
the scale of each meniscus. This is so because the resistance to evaporation modeled by the Hertz-
Knudsen-Schrage equation is generally negligible compared to the resistance associated with the diffusion
transport of the vapor in the pore space.

The fact that the surface NLE function usurf(Ssurf) is different from the internal NLE functions u(S) is inter-
preted as a strong illustration of the problem posed by the adequate description of the transfer at the sur-
face, where the internal and external transfers must be coupled. The modeling of the transfer at the
medium surface is often seen as the major problem of the theory of drying and the present results can be
regarded as an additional confirmation that more work on this topic is needed.

Now there is the question of the representativeness of our pore network model compared to real systems.
Since the main new aspect is the NLE effect, the question arises as to whether this effect might just be a con-
sequence of the model. As discussed in Vorhauer et al. (2015), it is well established that secondary capillary
structures can form during the invasion of the pore space by the gas phase as a result of evaporation. Second-
ary capillary structures refer to capillary bridges, rings, liquid films forming in wedges, contact regions
between particles, constrictions and other geometrical singularities of the pore space. The formation of the
secondary capillary structures strongly depends on the local geometry of the pore space and wettability prop-
erties (the lower the contact angle, the more likely the formation of secondary capillary structures). The forma-
tion of secondary capillary structures can be considered as taken into account in the pore network model
used in the present paper since liquid can be temporarily trapped in single throats. However, from previous
pore network simulations that take into account the corner flows (e.g., Prat, 2007; Yiotis et al., 2004) and
experiments (Chauvet et al., 2009; Yiotis et al., 2012), it is known that the impact of corner films on evaporation
can be very important. Thus, the case with major film effect can be considered as a different situation which
needs a separate study, for instance, along the same lines as the present one but using the version of the dry-
ing PNM with films (e.g., Prat, 2007; Yiotis et al., 2004). In other terms, the impact of secondary capillary effects
on the NLE effect in real systems therefore deserves to be studied. Since film effects are much more likely
when the liquid is perfectly wetting or for low contact angles, it is expected that the case studied in the pre-
sent paper could correspond to intermediate contact angles (sufficiently below 908 for the drainage displace-
ment local rules to apply but sufficiently greater than 08 for the impact of corner films to be negligible).

To end this section, an important issue must be discussed. It is well known that the continuum model
recalled in section 2 is based on a length scale separation assumption (e.g., Whitaker, 1997). In other words,

Figure 12. Saturation profiles obtained from the CM (blue dashed lines) and
PN (black solid lines) simulations. The saturation profiles of PN are averages
over 15 realizations. From top the profiles belong to network saturation of 0.98,
0.9, 0.8, 0.6, 0.4, 0.2, and 0.1, respectively.



the averaging volume should be representative, that is, a REV. Thus, it should be large enough to be repre-
sentative of the porous medium microstructure but small enough compared to the size of the porous
domain for the macroscopic variables to be considered as local. For example, the results reported in Tahma-
sebi et al. (2017) suggest than the REV size of a sandstone measured using the mean throat size as unit is
about 300! whereas the numerical results reported in Joekar-Niasar et al. (2008) for cubic networks indicated
that the REV should contain about 40 pores in each coordinate direction. In the case of our relatively weakly
disordered network, it was found that a network with 25 pores in each direction could be considered as a
REV. This is why this size was selected for the computations presented in section 5.4. Thus, clearly, it can be
argued that the traditional length scale separation criteria are not met in our approach since there are only
a few slices over the network height and the slice thickness is of one lattice unit only (the lattice unit is the
distance between two pores in the network). In this respect, the results would be more convincing if the
simulations had been performed with variable network and averaging volume sizes. Increasing sufficiently
the size of the network for the influence of the size to be assessed properly is not possible with our present
version of the PN drying code due to computational times. On the other hand, it is known that the contin-
uum model can be seen as an asymptotic model in the context of homogenization methods (e.g., Auriault,
2005). This can be interpreted as: the greater the length scale separation, the better the accuracy of the con-
tinuum model results is. Thus, here, it can be considered that we have simply accepted a low level of accu-
racy, which is illustrated for example by the scattering of the results in Figure 7. In other words, we believe
that the trends and main results revealed by our simulations will be confirmed when simulations are per-
formed over larger networks but this of course remains to be demonstrated.

Regardless of the results over bigger networks, the work presented in the present paper can also be consid-
ered as giving insights into the applicability of the conventional continuum model to simulate drying in
thin systems, that is, systems characterized by a poor length scale separation over their thickness.

7. Conclusions

In this work, the results obtained from the one-equation continuum model and from pore network simula-
tions for drying of a capillary porous medium are compared and assessed. The results for the moisture
transport coefficient showed three critical points in the D-S curve: two maxima at opposing local saturation
limits, which show that, when the transport is entirely in either the liquid phase (S � 1) or the vapor phase
(S � 0) and a minimum that occurred at Smin when both types of transport are of comparable magnitude in
good qualitative agreement with experimental determinations on real samples published in the literature.
Our results confirm previous interpretations linking the moisture coefficient minimum to the transition
between liquid and vapor transport mechanisms.

Contrary to previous works, however, three D-S curves were actually identified to describe the drying pro-
cess with the continuum model. This was attributed to the impact of isolated liquid menisci that become
increasingly more numerous for similar local saturation during the drying process. In other words, our simu-
lations indicate a change in the local structure of the liquid phase along the drying process. This is in contra-
diction with the classical local capillary assumption implicitly stated through the use of a single retention
curve (in drainage) that a unique liquid phase structure within the REV corresponds to each level in satura-
tion. It can be argued that the fact that we did not obtain a unique function of saturation is due to the small
size of our pore network, which implies a poor length scale separation between the averaging volume size
and the sample size. However, we note that the experimental determinations of D-S as reported, for
instance, in Pel et al. (1996, 2002) show a somewhat similar scattering with clouds of values for each satura-
tion. Although further work is needed to clarify this issue, we propose, based on our results, to interpret the
scattering as a sign of the nonunique correspondence during drying between the saturation and the local
distribution of the liquid phase.

The main conclusion, however, is that the classical interpretation of the relationship between the vapor par-
tial pressure and the saturation, which was introduced in the development of the one-equation model as a
desorption isotherm, is wrong, at least for our model porous medium. This relationship is instead the signa-
ture of a nonlocal equilibrium effect. As a result, testing NLE two-equation model against drying PNM simu-
lations is the logical next step to improve the continuum modeling of drying.



One should, however, keep in mind that the PNM used in the present work takes into account only perfect
piston-like displacements at the throat/pore scale, thus neglecting the secondary capillary effects. Although
we believe that NLE effects must be present in the presence of secondary capillary effects, at least in the
transition region where the liquid in pendular state evaporates, this is at this stage a mere opinion. Work is
needed to explore this issue and hopefully to transform this opinion into fact. Also, it would be desirable to
repeat the simulations over much bigger networks because of the poor length scale separation in our
simulations.

Appendix A

This appendix represents detailed equations of the continuum model discussed in section 2. Assuming
quasi steady transfer of vapor in the gas phase, the one-dimensional CM for drying in a porous medium is
given by the mass balance equation

q‘E
@S
@t

52
@

@z
J‘1Jv½ �; (A1)

where q‘ denote the liquid mass density. The liquid flux J‘ is obtained from the generalized Darcy’s law
(neglecting gravity) under steady state conditions

J‘52q‘
kkr

l‘

@p‘
@z

; (A2)

where k, kr, and l‘ denote the intrinsic permeability, relative permeability, and dynamic viscosity of the liq-
uid, respectively. Assuming that the binary gas mixture of vapor and air behaves like an ideal gas, the vapor
flux is expressed by

Jv52
~Mv

~RT
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patm2pv
Dveff

@pv

@z
; (A3)

where patm, pv, and Dveff denote the atmospheric pressure, partial pressure of vapor and vapor diffusivity,
respectively.

Invoking the local capillary equilibrium assumption, a relationship between liquid and capillary pressure is
obtained by

pc5patm2p‘: (A4)

Combining equations (A1–A4), the continuum model can be written as:
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The first term on the right-hand side of equation (A5) describes the liquid transport in those regions of the
porous medium where there is a nonzero saturation gradient in the liquid phase, whereas the second term
represents the diffusive vapor transport in the regions where the gradient of the vapor partial pressure is
nonzero.

In order to make the solution of equation (A5) easier, one possibility is to obtain a one-equation CM by
introducing a relationship between the liquid saturation S and the vapor partial pressure pv of the form

uðSÞ5 pv

p�v
: (A6)

The one-equation CM can thus be parametrized as
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The inner bracket of equation (A7) corresponds to the moisture transport coefficients of the CM, namely
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Comparing equation (A7) with equation (A1), D‘ and Dv can be expressed as:
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; (A10)
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Equations (A10) and (A11) show that in the one-equation CM the driving force for transport in both the liq-
uid and gas phases is the saturation gradient, which changes with time and position.
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