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ABSTRACT

A pore network model of isothermal drying is presented. The model takes into account the capillary effects, the transport of vapor by
diffusion, including Knudsen effect, in the gas phase, and the Kelvin effect. The model is seen as a first step toward the simulation of drying
in mesoscopic porous materials involving pore sizes between 4nm and 50 nm. The major issue addressed with the present model is the
computation of the menisci mean curvature radius at the boundary of each liquid cluster in conjunction with the Kelvin effect. The impact of
Kelvin effect on the drying process is investigated, varying the relative humidity in the ambient air outside the medium. The simulations
indicate that the Kelvin effect has a significant impact on the liquid distribution during drying. The evaporation rate is found to fluctuate due
to the menisci curvature variations during drying. The simulations also highlight a noticeable non-local equilibrium effect.

I. INTRODUCTION

Porous media with pore sizes typically between 2 nm and 50 nm
are referred to as mesoporous. Mesoporous porous media or partially
mesoporous porous media (i.e., with a fraction of the pores in the
mesoscopic range) correspond to an important class of materials, such
as concrete, clay rocks, ultrafiltration membranes or catalyst, and
micro-porous layers of proton exchange membrane (PEM) fuel cells
to only cite a few. Evaporation is an important phenomenon to be
studied for this class of materials in relation with, for instance, the dry-
ing of concrete," water desalination processes,l electronic cooling,3 the
transpiration in plants,” or the operation of fuel cells to name only a
few. This phenomenon has been the subject of many experimental
and modeling studies. As for the capillary (or macroporous) media
with pore sizes greater than 50 nm, the drying models for the mesopo-
rous media are generally developed within the framework of the con-
tinuum approach to porous media. The main difference between the
macroporous and mesoporous materials lies in the significance of the
sorption phenomena,” which are taken into account through the con-
sideration of the desorption isotherm in the models. Such a desorption
isotherm typically relates the equilibrium liquid saturation in the
porous medium and the vapor partial pressure in the surrounding gas.
Whereas the corresponding saturations are extremely low with the
macroporous media, the desorption isotherm is associated with a

significant range of saturations in the case of a mesoporous material.
For this reason, the mesoporous materials are also sometimes referred
to as hygroscopic, whereas the macroporous materials are referred to
as non-hygroscopic or capillary.” Regarding the macroscopic models
for mesoporous materials, a distinction can be made between the
“static” drying models and the “dynamic” drying models. In a static
drying model, only equilibrium saturations are considered as given by
the desorption isotherm. This type of model is commonly used for
predicting the drying shrinkage of mesoporous materials, e.g., Refs. 7
and 8 and references therein. By contrast, a dynamic (or transient)
model aims at predicting the temporal (and spatial) variation of the
saturation when the material is exposed to evaporation as well as the
temporal variation of the evaporation rate (as well as other variations,
mechanical for instance, depending on the considered problem).
Typically, in the case of quasi-isothermal drying at the ambient tem-
perature, which is the situation considered in this paper, this type of
approach leads to the consideration of a strongly non-linear diffusion
equation governing the variation of the moisture content or the satura-
tion, e.g., Ref. 9. Examples of this type of model can be found in
Refs. 1, 6, 9, and 10. Contrary to the static models, the dynamic models
imply the consideration of the transport phenomena occurring during
the drying process. The desorption isotherm is still used to relate the
partial vapor pressure and the saturation at the scale of the
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Representative Elementary Volume (REV). The later assumption has
been questioned, which leads to the consideration of non-local equilib-
rium models,' in which the mean vapor pressure in a REV during the
dynamic drying process is less than the equilibrium vapor pressure
corresponding to the desorption isotherm. Another important issue
lies in the transport mechanisms occurring in the pore space during
drying. Since these mechanisms are actually lumped into the non-
linear effective diffusion coefficient, it is practically impossible to delin-
eate the various mechanisms at play from the experimental identifica-
tion of this coefficient. The liquid flow driven by the capillary pressure
and the diffusion of the vapor in the gas phase are the most frequently
evoked mechanisms. However, the model proposed in Ref. 6 puts a
strong emphasis of the impact of the bound water,'” i.e., the transport
in the very thin liquid films adsorbed on the pore walls. On the other
hand, the bound water transport mechanism is not mentioned in Refs.
9 and 10 and most macroscopic models," where the dominant trans-
port mechanism in the gas occupied region is vapor diffusion.

Insights on the mechanisms at play can be expected from the
expanding field of nanofluidics. For instance, some of the experiments
reported in Ref. 13 in 20-30 nm slits were consistent with the classical
picture of a receding meniscus driven by diffusion (as indicated by the
reported classical Lox v/t behavior, where L is the evaporation length,
ie, the distance between the entrance of the slit and the receding
meniscus position in the slit). However, the variation of L is found
faster that when only pure vapor diffusion is considered. Film flows
are then invoked to explain the discrepancy. At first glance, this could
be seen as an experimental confirmation of the considerations made in
Ref. 6, where both the vapor diffusion transport and the bound water
flow are considered as significant transport mechanisms in the pores
invaded in the bulk by the gas phase. However, it is known that the slit
geometry favors the formation of important corner films'* driven by
capillarity rather than the disjoining pressure as for the bound water.
It is well established that corner films can strongly enhance the evapo-
ration.">'® In other words, it cannot be readily deduced from the
experiments reported in Ref. 13 that the bound water transport repre-
sents a significant transport mechanism compared to vapor diffusion.
Nevertheless, it seems clear that the significance of the transport in
thin films must be assessed. Additional interesting information is given
from the nanofluidics studies. Under certain circumstances, the drying
process is different from the classical receding menisci picture because
of the occurrence of cavitation.'”'” This leads to a completely different
evolution of the phase distribution in the medium. In what follows,
the cavitation scenario is not addressed and the classical receding
menisci scenario is considered.

The aforementioned short review clearly indicates that the mech-
anisms at play during the dynamic drying of mesoporous materials are
still to be fully clarified and can present important differences com-
pared to the case of macroporous materials. Since the relative signifi-
cance of the various mechanisms is difficult to assess from the
macroscopic models, modeling at the pore scale is considered. In the
porous media literature, various techniques are used to simulate trans-
port phenomena at the pore scale. If one disregards the molecular
dynamics simulations, which only apply to a few pores over very short
time scales, the two main approaches are the direct simulations, e.g.,
Ref. 18 and the pore network modeling (PNM) approach. In continu-
ity with several previous works, the PNM approach is adopted for the
present work. Pore network modeling (PNM) is now a classical

technique to study transport phenomena in porous media. The tech-
nique has been applied to drying problems since the early 90s (see,
e.g. Ref. 19 and references therein). The first model of this type'” only
took into account the vapor transport by diffusion in the gas phase,
together with the capillary effects. Since then, many effects have been
included in drying PNM, and this is reviewed in Refs. 20 and 21.
However, to the best of our knowledge, all the drying PNM reported
so far have been applied to macroporous porous media characterized
by pore sizes greater than 50 nm. The objective of this article is, there-
fore, to contribute to the development of a pore network model for the
study of drying in mesoporous materials. As a first step toward the
detailed simulation of drying in mesoporous materials, a PNM taking
into account the Kelvin effect is presented in what follows. The Kelvin
effect refers to the modification of the equilibrium vapor pressure,
Pyequ-» due to the curvature of liquid-gas interfaces and can be com-
puted from the Kelvin relationship which takes the following
expression:

P, M, 21 0
RHeqiL = ng = €eXp (— E‘: ycos ) . (1)
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Here, P, is the saturation vapor pressure corresponding to a flat liquid-
vapor interface, M, is the vapor molecular weight, R is the universal gas
constant, T is the temperature (assumed equal to 293K throughout
the paper), y is the surface tension, 0 is the contact angle, p, is the
liquid density, and r is the radius of curvature of the liquid-
gas interface considered as a spherical cap at the entrance of a cylindrical
pore. The relationship expressed in Eq. (1) is classically used for model-
ing vapor capillary condensation and analyzing the sorption isotherms.”

As illustrated in Fig. 1 representing RH,g,. vs d = 2r for water
and 0 =0, the Kelvin effect is only important for pore sizes smaller
than 100 nm, and more specifically for diameters smaller than about
20 nm. This justifies the consideration of the Kelvin effect for modeling
the drying process in mesoporous materials. For pore diameters larger
than 100 nm, the effect becomes gradually negligible and the equilib-
rium vapor pressure is nearly equal to the saturation vapor pressure.
However, the lower bound of applicability of the Kelvin relationship in
terms of the pore diameter remains uncertain. A minimum diameter
of 4nm is often considered (see, for instance, Ref. 22), and accuracy of
Eq. (1) may be questionable below this value. In the remainder of this
work, pore diameters not smaller than 4 nm will, hence, be considered
in the simulations.

The development of drying PNM including Kelvin effect perti-
nent for material featuring pores in the mesoscopic range of diameters
is proposed in this article, which is organized as follows. The main
assumptions are presented in Sec. IT, while the pore network structure
is briefly discussed in Sec. II1. The drying PNM algorithm with Kelvin
effect is presented in Sec. IV. Simulations are reported and discussed
in Sec. V. Section VT is dedicated to a summary and conclusion of the
analysis, and some possible future works are presented.

Il. MAIN ASSUMPTIONS

Throughout this work, the following assumptions are made
regarding the drying process under consideration:
* the network is non-deformable;
e thermal effects are neglected on the ground that only slow
drying is considered;
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FIG. 1. Variation of water activity (equilibrium relative humidity RH,,,,.) as a function
of pore equivalent diameter d according to Kelvin relationship assuming & =0 and
a meniscus at maximum curvature at the pore entrance of diameter d = 2r.

* the pressure in the gas phase remains uniform and constant,
equal to the atmospheric pressure. This is also because only
slow drying processes are considered.

e gravity effects are neglected. As a consequence of the range
of pore size under concern, body forces can be expected to
be negligible compared to viscous and/or capillary effects.

* the liquid is a perfectly wetting fluid (0 = 0);

According to the literature review presented in the introduction,
an important issue lies in the consideration of the liquid films. Two
main types of liquid films can be distinguished: the adsorbed films,
also referred to as thin films or bound water, and the corner films. The
later are driven by capillary effects associated with the presence of cor-
ners in the pore space (a typical example is when the pores are of
polygonal cross section). The corner films can quite significantly
enhance the evaporation compared to a pure vapor diffusion scenario,
as shown both for mesoporous'® or macroporous systems.'”*>** In
this work, corner films are not considered. In other words, it is
assumed that the pore space geometry is such that corner films cannot
develop or not sufficiently for having a significant impact. The impact
of the transport in thin films on evaporation seems less clear as dis-
cussed earlier. Clarifying this issue certainly requires specific studies.
In the mean time, the following view is adopted. Thin films are consid-
ered to be present everywhere in the pore space, but the transport in
the thin films is neglected. Since the literature review suggests that the
transport in thin film is not necessarily negligible compared to vapor
diffusion, the latter assumption will have to be reconsidered in a future
work. As also implicitly indicated in Ref. 6, it is considered that the
bound water thickness simply adjusts to the local vapor pressure. As
reported in Ref. 8, bound water film typical thickness is on the order

of 1 nm. Thus, even if the bound water transport is negligible, the pres-
ence of the bound water reduces the effective size of the pores as
regards the space left free for vapor diffusion and the meniscus maxi-
mum curvature computation. Based on these elements, it is assumed
that all the pore sizes considered in what follows are effective pore
sizes, i.e., the real pore size minus twice the bound water film thick-
ness. As suggested in Ref. 6, it is actually expected that the combina-
tion of the thin film transport, if any, and the vapor diffusion
transport in the pores could be formulated as an effective diffusion
problem with the effective diffusion coefficient greater than for the
pure vapor diffusion. In this case, the model presented in what follows
could be easily adapted and the main modeling point addressed in
what follows, i.e., the impact of the liquid phase fragmentation and the
menisci curvature radius computation at the boundary of each cluster,
would be still relevant.

An additional issue lies in the condition to be applied at the
menisci. The interfacial mass flux at a meniscus is described by the
Schrage equation derived from kinetic theory,”” which takes into
account the fact that the conditions at an evaporating meniscus deviate
from thermodynamic equilibrium conditions. However, as discussed
for instance in Ref. 26, the additional interfacial resistance associated
with this non-equilibrium effect is actually negligible compared to the
resistance due to transport phenomena in most practical situations. In
other words, the evaporation is controlled by the transport phenom-
ena in the situation considered in the present article and does not
depend on the interfacial resistance. For this reason, the classical local
thermodynamic equilibrium assumption is used to specify the condi-
tions at the menisci.

To summarize, the phenomena taken into account in the present
model are the vapor diffusion, including Knudsen effect, in the gas
phase, the capillary effects, and the Kelvin effect.

lll. PORE NETWORK MODEL

While using PNM, two types of pore networks can be usually dis-
tinguished, namely structured and unstructured networks.”” For sim-
plicity, and as in most previous works on drying PNM, a structured
model is considered here. It is made of a square network in 2D, as
depicted in Fig. 2.

In this type of model, the pore space is conceptualized as a net-
work of pore bodies located at the nodes (sites) of the network con-
nected by smaller channels, or throats, corresponding to the
constrictions between pore bodies. These channels correspond to the
network bonds. Different options have been considered to distribute
the pore space between the pore bodies (sites) and the channels
(bonds). For instance, volumeless pore bodies were considered in Ref.
28, the pore space volume being only within the bonds. Alternatively,
the pore space volume was distributed between pore bodies and bonds
in Ref. 19, whereas volumeless throats (bonds) were considered in Ref.
29, the pore space volume being only present in the pore bodies. In
what follows, volumes are assigned to both throats and pore bodies as
in Ref. 19.

Spherical pore bodies of diameters d, are placed at the network
nodes. The lattice spacing, i.e., the distance between two neighboring
pore bodies, is denoted by a. In the present work, this parameter is
kept constant and is set to a = 300 nm. The pore body diameter is ran-
domly distributed according to a given probability density function
(p.df) in the range [dymin dpmax]. Bonds are cylindrical channels
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FIG. 2. Square pore network. The red dashed box corresponds to an exemplary
network slice used for spatially averaging the PNM simulation data. Black dots cor-
respond to computational nodes in the sub-layer of the external boundary layer.

characterized by their diameter d,, which is also randomly distributed
according to a given p.d.f. in the range [dyuim dimax] with the con-
straint that the size of a bond is smaller than the smallest size of adja-
cent pore bodies. In the present analysis, uniform p.d.f. is considered.
The pore body (the throat, respectively) size distribution is referred to
as the PSD (the TSD, respectively).

IV. DRYING ALGORITHM

The drying PNM presented in what follows can be seen as an
extension of the model proposed earlier.'” A key feature of the model
is the full consideration of the fact that many liquid clusters can form
during the drying process. Also, the model is based on the application
of the invasion percolation (IP) throat selection rule to each cluster.”
It has been shown that the IP rules are still valid in mesoporous mate-
rials.”"** This model is summarized later. The new features introduced
for the present study are described afterward.

At a given time during drying, a pore body or a throat can be
either partially or fully invaded by the gas phase. As sketched in Fig. 3,
one can distinguish five situations regarding the pore bodies (or
throats):

* pore bodies of type L, fully filled by liquid. All the four adja-

cent bonds are also saturated by the liquid phase;

* pore bodies of type PI, ie., partially invaded by the gas
phase. Pore bodies PI contain a liquid/gas interface and are
connected to only one gas saturated adjacent bond;

* pore bodies of type CI, i.e., completely invaded, correspond
to pore bodies containing gas only but connected to at least
one liquid adjacent bond;

* pore bodies of type IF, i.., interfacial pore bodies, corre-
spond to pore bodies containing liquid only but connected
to only one gas saturated adjacent bond. In a cluster, only
one IF pore body may exist. However, IF bonds may be
multiple in a cluster;

* pore bodies of type G, containing only gas and with all con-
nected gas filled adjacent bonds.

The drying algorithm can be summarized as follows.

(1) Each liquid cluster in the network is identified, and a label is
attributed to them. This label is also given to each pore body and
throat belonging to the cluster under consideration. This task is
performed using the deep-search algorithm (see, e.g., Ref. 33)

(2) For clusters that include a PI pore body or throat, this pore
body or throat is directly selected as the one to be invaded for
this cluster. For the other clusters, the IF pore body or the IF
bond of smallest capillary pressure threshold is identified. The
capillary pressure threshold of a bond of diameter d, is
expressed according to Laplace’s law as

4y cos

~

Peap = 4 (2)

Thus, pegp is the minimum pressure difference between the two
fluids allowing the bond to be invaded by the gas phase. From
Eq. (2), it is obvious that the selected IF bond in a given cluster
is one of largest diameter located at the cluster boundary. As
pore body sizes are greater than bond sizes, if there exists an IF
pore body, it is directly selected. Otherwise, the IF bond with
the biggest diameter is identified.

(3) The diameter of the selected pore body or bond in cluster #n is
denoted by d,,. The volume of liquid in this throat or pore
body at the considered time is V. If the selected pore body (or
throat) is a PI pore body (or throat), then Vj, is the volume of
liquid remaining in the PI pore body (or throat). This choice is
a consequence of the quasi-static approach. Since viscous effects
are neglected, the pressure field is spatially uniform in the gas
phase and in each liquid cluster. This implies that all the
menisci located at a cluster boundary have the same curvature.

(4) The vapor partial pressure field is computed in the gas phase
solving numerically the linear system resulting from the model-
ing of the diffusive transport (see later).

v e

pore body L pore body PI

pore body CI

pore body IF pore body G

FIG. 3. Sketch of various pore body types considered in the PNM (liquid in blue and gas in white).




(5) The evaporation rate, F,, at the boundary of each cluster is
computed from the vapor partial pressure field computed in

step (4) as
F, = Z Z ¢kj7 (3)
ko

where ¢y; is the evaporation rate through the interfacial bond
connecting any pore body k at the boundary within the cluster
(this can be a L, PI, or IF pore body) to a gas saturated pore
body j outside the cluster (i.e, a CI or G pore body). The
expression of ¢; is detailed later [see Egs. (4) and (8)].

(6) The time, ¢}, needed to fully evaporate the liquid volume, Vi, is
computed for each cluster as t} = p,Vy, /F,.

(7) The pore body or throat identified in step (2) for which the cor-
responding invading time is minimum, ¢’,. = min(t}), is fully
invaded.

(8) The total elapsed time is computed as t =t + £, . .

(9) The phase distribution in the network is updated, including the
partial drainage/evaporation of the liquid contained in the other
elements (throats or PI pore bodies) identified in step 2, so that
Vsn(t + tcmin) = Vsn(t) - % Lemin-

Compared to the algorithm for capillary porous media,'” two
modifications are introduced. The first one is straightforward and
is related to the modeling of the vapor diffusion transport in small
pores while considering the Knudsen diffusion. The second one is
more important and is directly related to the consideration of the
Kelvin effect. To begin with, modeling of the vapor diffusion trans-
port shall be detailed.

The classical assumption to model diffusive transport of vapor in
the gas phase is to make use of the quasi-steady assumption. This is
based on the observation that the characteristic time of drying, i.e., the
time needed to reach the final liquid distribution in the network, is
large compared to the characteristic time of diffusion at the pore scale.
The mass rate between pore body i and pore body j fully occupied by
the gas phase (pore bodies G or CI) through the bond connecting
them is expressed using Fick’s law as

M, mdy; (P, — Py
=D (W v 4

i = Do pr 3 a )
Here, P, is the vapor partial pressure and D is computed according

to the following relationship:™*

L1 1
De)ff D, Dguu ’

(5)

where D, is the vapor molecular diffusion coefficient and Dk, is the
Knudsen diffusion coefficient. The Knudsen diffusion is considered
here because the pore diameters are not large compared to the gas
molecule mean free path.” The Knudsen diffusion coefficient is
expressed as

. _ % [SRT
Knu — 3 T[MV'

(6)

A linear system of equations is obtained by expressing the mass
conservation in each pore body i filled with gas (pore bodies G
or CI),

> ¢i=0, (7)
j

where index j refers to the neighbor pore bodies connected to pore
body i by a gaseous bond. The resulting linear system is solved numer-
ically to obtain the partial pressure at each gaseous or partially gaseous
node of the network. However, to do so, boundary conditions must be
specified, and this is performed as follows. Let us assume that the
radius of curvature of each meniscus is known. The method for its
determination is a crucial new feature of the present PNM, and the
way to compute it is described right after.

When pore body i is of PI type, the vapor partial pressure is
specified in this pore body from the Kelvin relationship [Eq. (1)] using
the radius of curvature of the meniscus present in this pore body.
Thus, the vapor partial pressure in such pore body is not obtained
from the solution of the linear system but is specified as a (Dirichlet)
boundary condition.

When pore body i is of CI type, the evaporation rate at a menis-
cus located at the entrance of an adjacent liquid throat (connecting
pore body i to pore body j) is expressed as

¢” -D Mv ndtzij Pvequ.j - Pvi)

o e — 8

(dpi/2)

The vapor partial pressure Py ; at the meniscus under consideration
is determined from the Kelvin relationship using the radius of curva-
ture of that meniscus. In Eq. (8), dy;/2 corresponds to the distance
between the meniscus and the pore body center, whereas Dy is com-
puted by replacing dg; by d,; in Eq. (6).

The last step to form the linear system allowing the computa-
tion of the vapor partial pressure in each gaseous node of the net-
work is to specify the boundary conditions at the surfaces limiting
the porous domain. A zero flux condition is imposed on the
impervious surfaces, i.e., at the network lateral and bottom surfa-
ces for the simulations carried out in this work. Then, the bound-
ary conditions at the open surface, i.e., the surface through which
the vapor can exit the porous medium, also need to be specified.
In the present case, only the network top surface is open. To cou-
ple the network with the external gas, vapor partial pressure com-
putational nodes are added on top of the network as sketched in
Fig. 2. As indicated in this figure, the vapor partial pressure is
imposed (P, = P,) at a distance ¢ from the network surface.
This condition on the relative humidity is denoted as RHy, = 1;;:
in the following. In the layer of size L within ¢, the mass flux
between two nodes is given by an expression similar to Eq. (4),

namely,
M, P, — P,
¢Ij =D, R_'I‘: a (%) . 9

The vertical flux between a node in the upper row of nodes within the
layer L and the upper boundary where P, = P, is expressed as
M P, — Py

b= DVR_TV a* % (10)
oL

2
For the nodes located at the interface between the network and the
external diffusive layer (Fig. 2), the vapor partial pressure is specified




from the Kelvin relationship when the adjacent vertical throat is liquid.
When the throat is gas saturated, the expression of the flux is given by
Eq. (4).

The use of an external diffusive layer made of a layer of thickness
L which is discretized using the same mesh size, a, and the layer of
thickness 0-L is motivated by the fact that it is of interest to account
for situations where J >> a, representative of cases encountered in the
porosimetry technique called evapo-porosimetry.”® Actually, at the
pore network surface and in its close neighborhood, the vapor partial
pressure field and the diffusive flux remain heterogeneous. The hetero-
geneity is then gradually damped out with an increasing distance from
the surface. This explains why it is not necessary to set computational
nodes all over the diffusive layer of thickness d. In the layer sufficiently
away from the surface, the diffusive transfer is unidirectional and an
analytical formula, as given by Eq. (10), can then be used to model the
transfer.

A. Kelvin effect implementation

As described earlier, the drying algorithm requires the determina-
tion of the menisci curvature at the boundary of each liquid cluster at
each step of the drying process since this information is needed for
computing the equilibrium vapor pressure from the Kelvin relation-
ship. Computation of the curvature is actually a tricky part of the
algorithm.

As simplified approaches, it could be appealing to first consider
two options. Since the largest throat at the boundary of a cluster is the
one to be invaded in the capillary limit envisaged in this work, the first
obvious option, referred to as the “simple option,” is to consider that
the vapor pressure at the boundary of a cluster is given by the Kelvin
relationship with = dy,,,,/2, where d,,,,,, is the diameter of the largest
interfacial throat. However, since d,,,.. varies from one cluster to the
other, the vapor partial pressure at the boundary also differs from one
cluster to the other. The net result of this procedure is the generation
of a negative mass transfer rate, F,, i.e., “condensation,” at the bound-
ary of some clusters. This situation is illustrated in Fig. 4(a). As a con-
sequence, clusters featuring a negative mass transfer rate would grow,
and, therefore, the menisci radius of curvature would be modified at
their boundaries. This is in contradiction with the initial assumption

) B ¢
11l

that r = d,,4,/2. In other words, the assumption that the radius of cur-
vature is simply given by dy,,,,/2 does not lead to consistent results. A
simple tempting correction, as a second option, is then to set F, to
zero for such clusters, for instance imposing a zero-flux condition at
each meniscus of the cluster. As illustrated in Fig. 4(b), this also leads
to inconsistency as negative mass rate may result at new clusters.
Typically, with this option, the vapor partial pressure varies along
the boundary of the cluster, which is not consistent with the Kelvin
relationship combined with the capillary equilibrium condition,
imposing that the meniscus curvature is the same for all the
menisci belonging to the boundary of a given cluster. A more
refined and physically consistent approach is hence needed. This
means that the menisci curvature radius at the boundary of each
cluster must be determined, so that the evaporation rate F,
remains > 0 for each cluster. The procedure implemented in the
algorithm for this purpose is the following.

Basically, the idea for eliminating the negative fluxes is to deter-
mine the equilibrium vapor pressure at the boundary of each cluster
so that a zero or positive net overall flux is obtained, i.e., such that F,
> 0, for each cluster, including those formed by a single liquid throat.
Contrary to the simpler (but inconsistent) procedure consisting in
imposing a zero flux at each meniscus of the cluster, a zero overall flux
is now achieved by exactly compensating condensation at some
menisci by evaporation from the other menisci belonging to the
same cluster. More specifically, the vapor pressure at the cluster
boundary is obtained by using the following procedure. Let us
assume that n clusters with negative fluxes are identified among
the N clusters present in the network. The vector, F,, of negative
mass transfer rate components F,;(P,;), where P,; is the equilib-
rium vapor pressure for cluster #i (1 < i < n), must be changed to
zero. Newton’s method is used to obtain the zero of vector F,,. It is
an iterative method that consists in imposing the zero flux condi-
tion through the following relationship:

Poe = Poi1 — Jo! P (11)

where the subscript k denotes the kth iteration, P,, is the equilibrium
vapor pressure vector (of components P,;, 1 < i <) for the n clusters,
Jn is the Jacobian matrix of size # x 1, and components J,,; defined as

FIG. 4. (a) Example of a situation where a
negative mass transfer rate is obtained for
a cluster (in green) when the simple
option (see the text) is used. (b) If a zero
evaporation rate is imposed at each inter-
facial throat of a cluster with a negative
flux, then clusters that were with a positive
evaporation rate can become clusters with
a negative evaporation rate. Pore bodies
and throats in red are Pl (partially
invaded) elements; clusters or single
throats for which a negative mass transfer
rate is computed are shown in green.
Vapor escapes from the network top edge.
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P, (12)

]nij =
This matrix is computed using a finite difference method at the kth
iteration as

Fuix — Fuik—1

; (13)
Pnjk - Pnjkfl

]nijk =
where Fp and Fp_; (respectively, Pyjx and Pyjx_1) are the mass trans-
fer rate (the equilibrium vapor pressure, respectively) at the boundary
of cluster i (cluster j, respectively) at iterations k and k-1.

In order to obtain the Jacobian matrix at each iteration, the vapor
partial pressure field over the whole network must be computed n
times. This means that the computational time increases with the
number of clusters with negative fluxes. If the iteration number to
reach the solution is m, then the necessary time is approximatively
m X n x t, where t is the computational time of the vapor partial pres-
sure field. For cluster i, the flux F,; is related to the vapor partial pres-
sure field around the cluster according to Eqs. (3) and (8). Because this
flux to equilibrium vapor pressure relationship is linear, Newton’s
method converges with only one iteration, and hence, the computa-
tional time is simply n x t.

V. RESULTS

Unless otherwise mentioned, results are presented for the follow-
ing conditions. The network is a 20 x 20 square pore network with
uniform probability density functions (p.d.f.) for the PSD and the TSD
and a lattice spacing a = 300 nm. The pore body radii are in the range
(65-135nm), whereas the throat radii vary from 2 to 48 nm. The total
thickness of the external boundary layer is 6 = 10 cm, which is consis-
tent with the typical configuration encountered in the evapo-
porosimetry technique.”® The external boundary sub-layer, adjacent to
the network where computational nodes are set, is of thickness
L=50a (15 um).

In Fig. 5, the drying patterns obtained when the Kelvin effect is
taken into account and when it is neglected, ie, when P,= P, is
imposed at the surface of the menisci, are compared. The external rela-
tive humidity is RH, =0 in these simulations. As can be seen, the
Kelvin effect does have an important impact on the pattern.

Whereas a drying zone develops in the top region of the net-
work when Kelvin effect is neglected, it can be seen that this is not
the case when the Kelvin effect is taken into account. Because of
the Kelvin effect, the evaporation rate of a cluster in the network
top region can be quite small. As a result, such a cluster can remain
much longer in the top region than in a network where the Kelvin
effect is neglected.

It should also be noted that in the presence of the Kelvin effect,
many single liquid throats distributed all over the network remain
while the drying process progresses. In a capillary porous material, a
full drying is expected for any value of the external relative humidity
RH,, lower than 1, except for a tiny volume of liquid confined in thin
films, crevices, grain contacts, or wall roughness corresponding to a
very small fraction of the pore space. In a hygroscopic material,
incomplete drying can be obtained depending on the pore size distri-
bution and RH... If the throat diameters are all greater than the
“critical” throat diameter, d, given by the Kelvin relationship, i.e.,

%Lsg), then full drying is expected (except for possible
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FIG. 5. Liquid (in blue) and gas (in white) distributions in the network for a simula-
tion with Kelvin effect (left) and without Kelvin effect (right). Patterns are shown for
the same number of invaded pore bodies and throats. Vapor escapes from the top
edge of the network. RH., =0.

remaining thin liquid films). When a fraction of the throats in the
porous material has a diameter smaller than d., drying should be
incomplete since this fraction of throats cannot be invaded (in the
absence of significant viscous effects as considered in this work). This




is illustrated in Fig. 6. Naturally, if all the throats are lower than d,,
then no drying at all occurs.

A. Drying pattern
1. With Kelvin’s effect without Kelvin's effect

B. Meniscus curvature distribution

To characterize the fact that the meniscus curvature varies from
one cluster to the other and, thus, also the equilibrium vapor partial
pressure (the equilibrium vapor partial pressure is the vapor partial

pressure computed at the boundary of a cluster), the average equilib-
rium vapor partial pressure and its standard deviation distribution

were computed as follows:

_ 1 k=N
Pvequ. = NZ Pvequ.—Iﬁ (14)
k=1
k=N 5
(Pvequ.fk - Pvequ.)
k=1
GPWW_ = N ) (15)

FIG. 6. Final drying patterns for three different values of RH., 0.96, 0.94, and 0.92, leading to incomplete final drying. The throat radii are distributed in the range (2-48 nm).
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FIG. 7. (a) Variation of the number of clusters present in the network during the drying process; (b) illustration of the radius of curvature variation from one cluster to the other

(case when 10 clusters are still present in the network).




where N is the number of clusters in the network and Pyeq. &
being the equilibrium vapor partial pressure at the boundary of
cluster #k.

In Fig. 7(a), representing the variation of the number of clusters
vs the normalized time, one can distinguish two main periods: a first
period during which the number of clusters steadily increases up to a
maximum and a second period where the number of clusters present
in the network decreases. These two periods are referred to as period 1
and period 2, respectively.
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The fact that the equilibrium vapor pressure varies from one
cluster to the other is illustrated in Fig. 7(b) for the case where
OPyey /P,s is maximum (see Fig. 8). In Fig. 8, variations of the mean
equilibrium vapor pressure and standard deviation [Eq. (15)] are
represented as functions of the number of clusters present in the
network in periods 1 and 2. As can be observed, the mean equilib-
rium vapor pressure fluctuates with the successive invasions in
period 1. In period 2, fluctuations are damped out, and the mean
equilibrium vapor pressure gradually decreases with a decreasing

Period 2
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FIG. 8. (a) Variation of the mean equilibrium vapor pressure in the network [Eq. (14)] as a function of the number of clusters in the network in periods 1 and 2; (b) variation of
the cluster equilibrium vapor pressure standard deviation [Eq. (15)] as a function of the number of clusters in the network in periods 1 and 2.




number of clusters present in the network. This can be explained
by the fact that only small clusters containing throats of small sizes
are present in period 2 (as illustrated in Fig. 5, the liquid is eventu-
ally distributed only in narrow throats toward the end of drying).
As shown in Fig. 8, the standard deviation [Eq. (15)] increases dur-
ing most of the drying process until only a few clusters are present
(10 in this example).

C. Drying kinetics

The drying kinetics in the presence of Kelvin effect and when the
Kelvin effect is neglected is compared in Fig. 9 for two values of the
external relative humidity, namely, RH,, = 0 and RH,, = 0.6.

As illustrated in Fig. 9, drying in the presence of Kelvin effect can
be faster than drying without Kelvin effect, and the impact is not very
sensitive to the applied relative humidity in the external gas phase [see
Figs. 9(a) and 9(b)]. It should be noted here that the conditions are
exactly the same in both cases, in particular regarding the network
which has the same pore body and throat size distributions. Such a
comparison is practically impossible to perform experimentally since
the Kelvin effect is directly related to the size of the pore bodies and
throats. One option could be to vary the contact angle [strong Kelvin
effect with a perfect wetting liquid vs a weaker Kelvin effect for a larger
contact angle according to Eq. (1)] but then other factors, such as the
effect of liquid films'™'® or the impact of contact angle on the drying
pattern,””* might affect the comparison. In any case, the comparison
shown in Fig. 9 may be considered as paradoxical at first glance since
the Kelvin effect reduces the vapor pressure at the menisci surface.
Based on this observation, one would expect a slower drying in the
presence of the Kelvin effect. However, the faster drying observed in
the presence of the Kelvin effect is fully consistent with the patterns
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depicted in Fig. 5. Indeed, this figure shows that the liquid phase is
more evenly distributed, leading to a larger number of menisci
exposed to evaporation in the presence of the Kelvin effect, whereas a
dry zone develops in the upper region of the network when the Kelvin
effect is not considered. The development of this dry zone is the main
phenomenon explaining the slower drying when the Kelvin effect is
neglected in the simulation.

In Fig. 10, the total evaporation from the network vs time is
reported. This figure highlights the effect of Knudsen diffusion, which
reduces the evaporation rate compared to the case where only molecu-
lar diffusion is taken into account. This tendency was expected since
the effective vapor diffusion coefficient, as expressed in Eq. (5),
decreases with an increasing Knudsen diffusion effect. As illustrated in
Fig. 10, the impact is quite significant.

D. Evaporation rate fluctuations

As depicted in Fig. 10, the evaporation rate fluctuates as a func-
tion of time. This is also a distinctive feature compared to drying PNM
simulations when the Kelvin effect is neglected. In the latter, the evap-
oration rate can only decrease. In the presence of a noticeable Kelvin
effect, the vapor pressure at the boundary of each cluster fluctuates
because of the menisci curvature fluctuations along the drying process
(as illustrated in Fig. 8). As a result, when, for instance, a larger throat
becomes an interfacial throat, the menisci curvature decreases, and
therefore, the menisci vapor pressure increases according to the Kelvin
relationship. This, in turn, induces a larger evaporation rate.

E. Desorption isotherm

The desorption isotherm corresponds to the successive equilib-
rium saturations obtained when the relative humidity in the external
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FIG. 9. Variation of overall network saturation, S, as a function of time, ¢, for a simulation with Kelvin effect and without Kelvin effect for (a) RH,, = 0 and (b) RH,, = 0.6.
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FIG. 10. Impact of Knudsen diffusion on the evaporation rate for a 20 x 20 square
network. The external relative humidity is fixed to RH., =0 at 6 = 10.cm. For this
simulation, the pore body radii are in the range (60-100nm), whereas the throat
radii vary from 25 to 55 nm, both following a uniform p.d.f.

g

gas, RH., is gradually decreased with small increments, step by step.
In Fig. 11, the desorption isotherm, o(S) = P;;’q“', is represented vs the
overall network saturation, S. This result was obtained for a 20 x 20
square network and the nominal conditions, namely, a diffusion layer
thickness 0 =10cm, pore body and throat radii in the range
(65-135nm) and (2-48nm), respectively, both following uniform
p.d.f. The external relative humidity, RH,, is initially fixed equal to 1
and decreased with a step of 0.02 down to RH,, = 0.6. At this value
of RH,, all the liquid in the network has evaporated.

In the limit § > H (H denotes the network thickness, see Fig. 2),
it is expected that this curve can be obtained in a simpler manner
according to the following algorithm,”” which does not require solving
the diffusion problem

(1) The network is initially fully saturated and the external relative
humidity is set to 1, i.e.,, RHy_o =1.

(2) The external gas relative humidity is decreased RHoo 1 = RHoo—k
—ARH, where ARH is a small relative humidity variation.

(3) Kelvin equation, Eq. (1), is used to determine the critical diame-
ter d(RHoo—k+1)- All liquid pore bodies and throats having a
diameter larger than d(RHy 1) can be potentially invaded.

(4) All the liquid pore bodies and throats identified in step 3 and
accessible, i.e., connected to the open surface of the network by
a gaseous path, are identified.

(5) The pore bodies and throats identified in step 4 are invaded.

(6) Steps 4 and 5 are repeated until no liquid pore body or throat
which the diameter is greater than the critical diameter deter-
mined in step 3 is present and is accessible.

(7) The network saturation is determined.

(8) Steps 2-7 are repeated until RHy, 41 < 0.
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FIG. 11. Simulated desorption isotherm with the drying model and with the desorp-
tion isotherm algorithm (see the text). Both results are superimposed.

As expected, using this algorithm exactly leads to the same
desorption curve (depicted in Fig. 11) as the one obtained from the
drying simulation. This illustrates the fact that using a static drying
model according to the classification mentioned in the introduction
can be relevant. However, as illustrated later, a dynamic model is nec-
essary to describe the transient evolution between two equilibrium
situations.

F. Non-local equilibrium effect

As discussed, for instance, in Ref. 40, the classical continuum
models of drying (see, e.g., Ref. 41) are based on the local equilibrium
assumption. This means that the vapor pressure within a representa-
tive elementary volume (REV) is very close to the equilibrium vapor
pressure. As a consequence, at the scale of the REV in which the aver-
age vapor pressure is denoted by (P,)4, the equilibrium relationship
to be considered is the desorption isotherm

<PV>g = Pvequ. = va(,b(S). (16)

This assumption has been questioned (see, for instance,'"), and it is,
therefore, of interest to get some insights on this question from our
drying PNM simulations, including Kelvin effect. It must be empha-
sized that the non-local equilibrium discussed here has nothing to do
with the non-equilibrium effect at an evaporating meniscus mentioned
at the end of Sec. 1] in relation with Schrage’s theory.25 In our model,
the local thermodynamic equilibrium conditions are imposed at the
menisci and the non-equilibrium effect (discussed here occurs at a dif-
ferent scale, namely the REV scale). The NLE considered here is due
to the vapor concentration gradients induced by the drying process
within the REV. To explore the REV non-local equilibrium effect, a




procedure similar to the one described in Ref. 40 is followed. The aver-
age vapor pressure is determined within a slice as

g —slice pl_slice

T3 T3
ngppv+ Z (1= 5P,

(P = e i
iy
S
Similarly, the slice average saturation, Sy, is computed as
Ny—slice NpI—slice
T3 T 3
S = T —— a9
3
Z 6 d

1

In these two equations, 7y gie, Mp—dices and 71y gjice, respectively,
denote the number of G, PI, and L pore bodies in the slice, while 7,
represents the total number of pore bodies in the slice. Note that for
simplicity, Eqgs. (17) and (18) are written while assuming volumeless
throats. When volumes are assigned to both throats and pore bodies,
similar expressions are obtained.

The purpose is, hence, to analyze the average vapor pressure
profiles together with the saturation profiles within the network
(for 0 < z/H < 1) for various overall saturations, S, ie., at various
times. For practical purposes, the slice average vapor pressure is nor-
malized by the average equilibrium vapor pressure at all the clusters
boundaries given by Py = (P,) = ﬁZi\] P., where P, refers to a

()

FIG. 12. Profiles of the slice-averaged normalized vapor partial pressure, “

cluster equilibrium vapor pressure and N being the number of clusters.
As in Ref. 40, and as illustrated in Fig. 2, a slice is understood as a
domain containing one horizontal line of pore bodies, all the horizon-
tal throats, and half the vertical throats adjacent to the pore bodies in
the line.

Profiles resulting from this procedure for two values of the overall
saturation, S, are reported in Fig. 12. They were obtained after averaging
results obtained over 25 realizations of a 30 x 30 square network and a
relatively thin external boundary layer, namely, 6 = 10 x a. Other con-
ditions are the nominal conditions, namely, pore body and throat radii
in the range (65-135nm) and (2-48 nm), respectively, using uniform
p.d.f. The external relative humidity RH, is equal to zero.

As can be observed from Fig. 12, the slice averaged vapor partial
pressure is less than the slice averaged mean equilibrium vapor pres-
sure, Py, in slices, where the slice averaged saturation, Sy, is non zero.
More specifically, the difference between the two pressures becomes
significant when S;; decreases below a threshold value (typically, this
difference approximately exceeds 10% when Sy < 0.2 for S= 0.5 [Fig.
12(2)] and Sy, < 0.4 for S= 0.8 [Fig. 12(b)]). This is an indication of a
non-local equilibrium (NLE) effect.

To further illustrate this effect, an NLE function,
dnip = (Py)¥ /Py, may be defined which variation with the slice aver-
age saturation, Sy, is represented in Fig. 13 for four values of the over-
all network saturation. In this figure, the desorption isotherm, ¢(S)
(see Fig. 11), is also reported for comparison purposes.

As can be seen, the NLE function is significantly different from
the desorption isotherm, confirming a noticeable NLE effect. This is in
agreement with the discussions in Ref. 11, claiming that NLE effects
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, and the local saturation, Sg;, vs the normalized network height, z/H, obtained from the drying

PNM at network overall saturations S= 0.5 (a) and S= 0.8 (b). Both quantitiés are resulting from an average over 25 realizations of a 30 x 30 network.




must be considered in the modeling of drying within the framework of
the continuum approach in porous media. It can also be seen that the
NLE function varies with the overall network saturation. The varia-
tions with S are qualitatively similar to the results reported in Ref. 40
in the absence of Kelvin effect. Even if it may be argued that the net-
work under consideration is quite small and that a slice was not
proven to be an acceptable REV, results exemplified in Fig. 13 are an
additional indication in favor of the consideration of NLE effects in
drying. Certainly, it would be interesting to perform similar computa-
tions over much larger networks and preferentially with 3D networks.

G. Drying for 6 > H

As a final investigation, it is interesting to analyze the time-
evolution of the evaporation rate for various values of 6 >> H. At each
time step, the vapor pressure is governed by the menisci curvature in
the network. Thus, in this limit, one can assume that

Py :va¢(s)7 (19)

where P,; denotes the vapor pressure at the interface and ¢(S) is the
desorption isotherm (see Fig. 11). The evaporation rate would then be
given by
M, (P — Pc) M, , (¢(S) — RHx)
E=AD,————-=AD,—/—P,—"——~
"RT B "RT " é '
in which A is the top surface area of the porous medium. Usmg the

evaporation rate at t=0, given by E, = AD, IEI%P (1= R.H’C, as the

(20)
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FIG. 13. Internal NLE function (¢y; ;) obtained from the PN drying simulations as a
function of local saturation, S, for different network overall saturation, S. The
desorption isotherm is the curve labeled “¢.”

reference, the normalized evaporation rate can be expressed, from
Eq. (20), as

E  (¢(S) — RH.)

E_Oi (1 _RHoc) (21)

Results on & L obtained for a 30 x 30 square network are reported in
Fig. 14 vs the network saturation, S. Here again, pore body diameters
are in the range (65-135nm), while throat diameters vary from 2 to
48 nm, both following uniform p.d.f. The external relative humidity
RH, is taken equal to zero, which, from Eq. (21), simply leads to
EE = ¢(S). Three values of the diffusive layer thickness are considered:
0=10 x a, 5= 1000 x a,and § = 10000 x .

As can be seen from Fig. 14, the drying curve tends toward
the curve obtained from the desorption isotherm [Eq. (21)] when
the external diffusive layer thickness J is increased to very large
values compared to H. This is expected on the ground that the dif-
fusive transfer resistance within the network must gradually
become negligible compared to the external transfer resistance
when ¢ is increased. However, it can be seen that the convergence
is quite slow. For the largest value under investigation, which cor-
responds to a ratio & as low as 3 X103, evaporation rates are still
noticeably different. This may be related to the impact of the NLE
effect previously discussed, indicating again that the mean vapor
pressure in the network is different from the equilibrium vapor
pressure.

VI. CONCLUSIONS

A pore network model of isothermal drying, taking into account
the Kelvin effect, was presented. This effect is noticeable for porous
media with pore sizes in the mesoscopic range, typically with sizes
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FIG. 14. Impact of the external diffusive layer thickness, o, on the drying curve.
The curve labeled “analytic” corresponds to Eq. (21) [or, since RH., = 0, to ¢(S)].




varying between a few nanometers and 50 nm. The model also takes
into account the rarefaction effects on the vapor diffusion process with
the consideration of Knudsen diffusion together with the usual molec-
ular diffusion.

The drying PNM algorithm with Kelvin effect is noticeably more
complicated than the drying PNM algorithm for capillary porous
media for which the Kelvin effect can be ignored. The main point is to
determine the curvature of the menisci at the boundary of the lig-
uid clusters forming during the drying process. In the quasi-static
limit considered in this work, the meniscus curvature is uniform at
the boundary of a given cluster but can vary from one cluster to
the other. The meniscus curvature for each cluster is determined
through an iterative procedure using Kelvin relationship, so that
the net mass transfer rate from each liquid cluster in the network is
zero (evaporation at some regions of the cluster boundary is
exactly balanced by condensation in the complementary regions of
the cluster boundary) or greater than zero (due to net evaporation)
at each step of the drying process.

Simulations were performed so as to illustrate the impact of the
Kelvin effect. It was shown that this effect has an impact on the drying
pattern, i.e., the liquid distribution in the network, compared to the sit-
uation where the Kelvin effect is neglected. The liquid distribution
tends to be spatially more uniform compared to the situation with
negligible Kelvin effect, with the presence of many isolated small clus-
ter for which evaporation is not possible.

Depending on the pore size distribution (more exactly, the
throat size distribution) and the relative humidity in the external
gas phase, three main situations can be distinguished: no drying,
partial drying, and full drying. Partial drying is obtained when the
relative humidity in the gas phase external to the medium is
smaller than the equilibrium vapor pressure corresponding to the
largest throats in the network but larger than the equilibrium vapor
pressure corresponding to the smallest throats in the network. Full
drying is obtained when the relative humidity in the external gas
phase is smaller than the equilibrium vapor pressure correspond-
ing to the smallest throats in the network, whereas no drying
occurs when the relative humidity in the external gas phase is
larger than the equilibrium vapor pressure corresponding to the
largest throats in the network.

When drying is partial, the saturation is non-zero in the sample
at the end of drying process. An interesting question is whether this
saturation is directly given by the desorption isotherm. Our simula-
tions indicate that this is, indeed, the case in the purely capillary limit
considered in this article. In the presence of significant viscous effects,
it is expected that the final saturation be different from the one given
by the desorption isotherm. More precisely, it is expected that the
greater the viscous effects, the smaller the final saturation since viscous
effects must allow invading throats that cannot be invaded when capil-
lary effects are fully dominant. In this respect, it would be interesting
to extent the present model so as to take into account the viscous
effects by first adapting the algorithm developed in the absence of
Kelvin effect (see, e.g., Ref. 42).

Simulations performed in this work indicate that the evaporation
rate fluctuates with possible local (in time) slight re-increase as a result
of menisci curvature variations during the drying process. This feature
is directly related to the Kelvin effect and not observed in PNM simu-
lations neglecting the Kelvin effect. One might argue that the

simulations reported in the present analysis were performed on net-
works of relatively small size. The question may then arise as to
whether fluctuations will be damped out in larger networks. Exploring
this question is left for a future work.

Simulations reported here also indicate a noticeable NLE effect.
This certainly needs to be confirmed by simulations over much larger
networks so as to consider presumably more adequate averaging vol-
umes than the horizontal thin slices considered in the present work
(a somewhat standard view is to consider that an REV is a cubic or
spherical domain of sizes corresponding to at least 10-20 lattice spacing
in each direction). Nevertheless, our results strongly support the idea
that NLE models are more adapted to describe the drying process than
the much more classical local equilibrium models, not only in the case of
the capillary porous media’ but also for hygroscopic porous materials.

Naturally, the present model relies on several simplifying
assumptions, which deserve to be revisited in future works. In
addition to the already mentioned viscous effects, these include the
possible effect of cavitation,'”'” as well as the possible impact of
the total gas pressure.'’ The latter effect is somewhat controver-
sial.”’ In this regard, PNM simulations could help settle the ques-
tion, at least in the case of isothermal drying. Also, the flow in
adsorbed and capillary liquid films (see, e.g., Refs. 6 and 16) has
been neglected. For this reason, the model presented in this article
is only seen as a first step in the development of PNM for the study
of drying in mesoporous materials. However, it is surmised that the
key aspect addressed in this article, i.e., the computation of the
menisci curvature via the Kelvin effect at the boundary of each liq-
uid cluster, will also be a key aspect in the presence of significant
film effects.
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