
Chemical Engineering Journal 111 (2005) 237–252

Pore-level modeling of isothermal drying of pore networks
Effects of gravity and pore shape and size distributions

on saturation and transport parameters
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PO Box 160-C, Correo 3, Concepci´on, Chile

Abstract

Simulation results of pore-level drying of non-hygroscopic liquid-wet rigid porous media are presented. 2D and 3D pore networks represent
pore spaces. Two kinds of mechanisms are considered: evaporation and drainage. The process is considered under isothermal condition.
Of interest here is the drying process when capillary forces dominate over viscous forces; drying is thus considered as a modified form of
invasion percolation. Liquid in pore corners allows for hydraulic connection throughout the network at all times. As drying progresses, liquid
i liquid flow.
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s replaced by vapor by two fundamental mechanisms, partial-pressure-gradient-driven evaporation and pressure-gradient-driven
sing Monte Carlo simulation we find evaporation and drainage times; the shortest calculated indicates the controlling mechanism

eport pore-level distributions of liquid and vapor as drying advances. For the calculation of transport properties, details of pore
isplacement are subsumed in pore conductances. Solving for the pressure field in each phase, vapor and liquid, we find a sin
onductance for each phase as a function of liquid saturation. Along with the effective conductance for the liquid-saturated ne
ffective permeability of liquid and diffusivity of vapor is calculated. With a Monte Carlo sampling we find optimum network sizes in
D to avoid size effects and then investigate the effects of network dimension, pore size distribution, pore shape, and gravity on
istributions and effective properties of vapor and liquid.
2005 Published by Elsevier B.V.
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. Introduction

Drying is scientifically and technically important. As our
onceptual understanding and numerical expertise to simu-
ate complex drying processes increase, the accuracy of sim-
lations hinges on the quality and completeness of input and
ystem parameters. Space limitations prevent us from a com-
lete review of the subject. We limit attention to the main
ontributions in the area of pore-level modeling of isother-
al drying of rigid porous media. Daian and Saliba[1] and
owicki et al. [2] proposed the first network model to de-

ermine macroscopic transport parameters, namely relative
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permeability of liquid and effective diffusivity of vapor, a
their dependency with liquid saturation, distribution of s
ration and history of drying. Prat and coworkers first[3–10]
and Yortsos and coworkers later[11,12]developed a pore ne
work model of drying combining percolation concepts
calculating diffusive transport of vapor in a gas phase. T
two groups studied drying patterns and drying fronts b
theoretically and experimentally. Visualization experime
of drying in 2D transparent micromodels are central in id
tifying pore-level drying mechanisms. Among the first
those of Shaw[13,14]. According to Shaw the drying fro
develops a highly irregular morphology as it advances
moves by a series of abrupt jumps. He found experimen
that the process of drying can be modeled as a modified
of invasion percolation in which the liquid is removed fr
the pore structure by counterflow in the same pore segm
as the displacing fluid. Pressure gradients that arise from
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ids counterflows stabilize the displacement front even though
the displacing fluid is the less viscous of the two fluids. More
recently Segura and Toledo[15,16]proposed a pore network
model of drying accounting for drainage and evaporation as
competing mechanism of liquid removal, liquid wedges flow,
and capillary-pressure-gradient-driven shrinkage.

Here we present a mechanistic pore-level model of dry-
ing incorporating viscous pressure-gradient-driven flow and
partial-pressure-gradient-driven evaporation in 2D and 3D
pore networks to determine pore-level distributions of vapor
and liquid, drying curves, relative permeability of liquid and
relative diffusivity of vapor as function of liquid content. Liq-
uid in pore corners allows for hydraulic connection through-
out the network at all times. With a Monte Carlo sampling
we find optimum network sizes in 2D and 3D to avoid size
effects and then investigate the effects of network dimension,
pore size distribution, pore shape, and gravity on saturation
distributions and effective properties of vapor and liquid.

The paper is organized as follows. Network model and
drying physics are described respectively in Sections2 and
3. Pore-level vapor and liquid conductances are presented
in Section4. In Section5 gas and liquid pressure fields are
described. In Section6macroscopic vapor diffusivity and liq-
uid permeability are presented. The Monte Carlo simulation
algorithm is presented in Section7 and simulation parame-
ters in Section8. Simulation results are detailed in Section9.
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Fig. 1. Pore network and parameters.

a stream of air and evaporating species mixture flows past
slowly. The other edges of the network are considered sealed.
Network orientation respect to gravity can be adjusted at will.
Menisci movement is considered quasistatic and capillary-
controlled. Liquid accumulation in pore corners allows for
liquid connectivity throughout the network, no matter how
high the capillary pressure is.

The drying front, i.e., the gas–liquid interface, recedes
during drying. The process is considered under isothermal
condition; thus, mass transfer controls liquid removal. The
system is at constant pressure. Drying occurs under no sig-
nificant external air convection; evaporation rate is thus very
low although not necessarily constant. Under these conditions
capillary forces are dominant over viscous forces and the dry-
ing is considered as a modified form of invasion percolation
[17]. Fig. 2 illustrates the events that occur during drying.
The initial position of the gas–liquid interface is labeled 1.
With drying, in the absence of gravity, the capillary pressure
Pc increases and the liquid contained in the largest accessible
pore throat, and in corners of already dry throats and bodies,

F during
d

inally, conclusions are summarized in Section10.

. Network model

Porous media are represented by rigid 2D square an
ubic networks of cubic pore bodies connected by na
ore throats with polygonal cross-section circumscribing
les of given radii and depth. Throat radiirt, or equivalently
hroat section side half-lengths, are randomly assigne
ording to probability density functionsf(rt). Pore throa
epthh is constant. Pore-body-center to pore-body-ce
istanceL is chosen constant. Pore throat lengthLt is con-
tant and equal to a fractionβ of L. Pore body side half-leng
b is constant and equal to (1−β)L/2; body depth is also co
tant and equal to the throat depth. Fixing the factorβ fixes
he porosity of the network oncef(rt) andL are set.Fig. 1 il-
ustrates the model and parameters. This network mode
resented by Laurindo and Prat[6,7] captures precisely th

opology and statistically the geometry of the pore space
lass micromodel they used to study drying at the pore l
esults from these studies we have used to confront our
imulations[15].

. Drying physics

Initially, the network is fully saturated with liquid. Eva
ration takes place by allowing the liquid to evaporate
ir from an open edge of the network. At the top of this e
ig. 2. Schematic representation of the various events that occur
rying.
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recedes towards a dry condition, except for liquid wedges in
corners. An accessible throat holds a liquid–vapor meniscus.
Evaporation drives menisci from their initial flat configura-
tion to configuration 2 such that one meniscus reaches the
largest accessible throat, at which

Pc = 2γ

rt
cosθ (1a)

wherert is the radius of the largest throat andγ the liquid–air
interfacial tension.Pc is defined asPg −Pl , wherePg is the
pressure in the gas phase andPl the pressure in the liq-
uid phase. Locally, at the largest accessible throat, asFig. 2
shows, the meniscus advances smoothly from configuration
2 to configuration 2′ at constant capillary pressure until it
becomes pinned at the opposite edge of that throat. The
equilibrium contact angle criterion, however, given by the
Young–Dupŕe equation, does not apply to edges. If other re-
quirements of stability are met, there is a range of contact
angles at which the contact line can meet the throat edge.
Here, configuration 2′ is considered unstable leading to a
Haines jump, a primary trait of fluid interface motion[18].
Menisci move rapidly to new equilibrium positions, accom-
panied by a sudden pressure drop. After the Haines jump,
capillary equilibrium is enforced throughout the network and
capillary pressure returns to its prejump value, see configu-
ration 3 inFig. 2.
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drainage and surface evaporation combined. Internal evapo-
ration should prevail if the time required to evaporate the liq-
uid transferred in a jump is less than the combined drainage
and surface evaporation times, otherwise drainage should pre-
vail.

When liquid evaporates from throats and bodies, liquid re-
mains at corners allowing for hydraulic connection through-
out the network at all times. Liquid volume isVl and gas
volume isVg. Pore volume of the network isV (Vl +Vg). The
volume of liquid in the corners of a pore of arbitrary polygo-
nal cross-section is given simply by Bustos and Toledo[19]:

Vl = Awl (2)

where

Aw = nr2w

[
sin(α+ θ) cos(α+ θ) + cos2(α+ θ)

tanα

−π
2

+ α+ θ
]

(3)

is the cross-section area occupied by liquid;n the number of
sides of the polygonal cross-section of the pore;α the pore
corner half-angle, which is 45◦ for square pores;θ the contact
angle;rw the radius of curvature of the longitudinal meniscus
define as
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In the presence of buoyancy pressure gradients, the
ary pressure varies as a function of height

c(z) = 2γ

rt
cosθ +�ρgz sinϕ (1b)

here the new terms arez the vertical position of a give
eniscus from the open edge,g the acceleration due to gra

ty, ϕ the network orientation angle respect to gravity,
ρ =ρl − ρv is the difference between liquid and vapor d

ities of the evaporating species. In such a case the
hroat drying first must be accessible and posses the
st threshold capillary pressure; this pore throat is not
ssarily the largest available. In the case of buoyancy
hange in capillary pressure over a distancer is given by
pgrav=�ρgr. Taking the ratio of�pgrav and�pc, Eq.(1a),
ivesB=�ρgr2 sinϕ/(2γ cosθ). B is called the Bond num
er, and represents the local interplay between buoyanc
apillary forces.

In a Haines jump, either a sudden local evaporation
ressure-gradient-driven liquid flow removes liquid in sin
odies or assembly of bodies and interconnecting thr
iscous liquid flow drives liquid to the surface of the netw

rom where evaporation takes place.
Another fundamental event that occurs during dryin

usion of menisci. A throat might hold two back to ba
enisci. Should capillary pressure rise to the threshold v

or that throat, these menisci would coalesce at constan
llary pressure. Evaporation removes liquid in such case

The mechanism prevailing at any given stage of the
ng process is always the fastest, either internal evaporat
w = γ/Pc (4)

hereγ is interfacial tension andPc is prevailing capillary
ressure; andl the pore segment length, either throat or bo
iquid saturation is calculated asSl =Vl /V.

Internal evaporation or drainage of liquid transferred
ump, or evaporation in a fusion of menisci, involves a t
nterval that is simply

= VH/Q (5)

hereVH is the volume transferred. For internal evapora
is evaporation rate and for drainage is liquid flow rate. B

ow rates are the result of pore-level flows at the open bo
ry of the network for drainage or at the vapor–liquid inter

or evaporation. It is easy to anticipate that drainage occu
arly times of the drying process when a strongly conne
etwork of liquid, composed of liquid-filled pores and th

iquid wedges in largest pores, exists. Later, when the
ectivity of the liquid network weakens, internal evapora
ontrols the drying process. The development of capi
ressure as menisci turn concave induces shrinkage
atrix, which contributes to the pressure gradient that d

iquid toward the surface of the network[16].
Liquid driven to the surface of the network by capilla

umping evaporates when air passes over the outer surf
he network. The time involved in this process is also g
y Eq.(5), with VH the volume transferred andQ defined by
=kmA�p wherekm is the mass transfer coefficient,A the

otal area of surface menisci, and�p the difference betwee
aturation pressure, right above the menisci, and partial
ure of the evaporating species in the outer air stream.
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A Haines jump is a dynamic event, involving a complex
interplay of viscous, inertia and capillary forces in a com-
plex geometrical-topological environment. Determining the
precise pressure fields that develop during a jump requires
complex 3D fluid dynamics computations. An attractive sim-
plification emerges when analyzing the pressure trace during
a jump. Capillary pressure drops suddenly in a jump, a fea-
ture we have used to unravel the structure of porous media by
volume-controlled mercury porosimetry[20]; pressure in the
gas phase remains constant however and thus liquid builds up
pressure locally. Should a high-enough inner pressure gradi-
ent develops; capillary pumping of liquid, instead of internal
evaporation, should occur. Our simplification involves letting
an unstable meniscus, for instance configuration 2′ in Fig. 1,
to loose curvature up to a minimum value when the meniscus
touches new pore corners, for instance the dashed meniscus
in Fig. 1. Experimental observations, to be published else-
where, provide partial support to this observation. Stability
condition dPc/dVg < 0 is not violated in our approximation al-
though pressure, volume and some other constraints are not
rigorously considered. This simplification allows us to esti-
mate local liquid pressure increments, account for capillary
pumping of liquid, and restrict attention to the sequence of
capillary equilibrium states that precede and succeed these
jumps. Fusion of menisci occurs at constant capillary pres-
sure and thus pressure-gradient-driven liquid removal is not a
p ing
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4.1. Gas conductance

The volumetric flow of an evaporating species through a
quiescent gas phase is given by Eq.(6). To define the species
diffusive conductanceg of each pore segment various gas
configurations need to be considered.

i. Gas at pore center and liquid at pore corners. When gas
occupies the center of a pore and liquid its corners, the
pore-level species diffusive conductance in the gas phase
is

g = AD
M

dRT

1

l
(7)

whereD is the diffusion coefficient of the evaporating
species in the gas phase,M andd respectively the molec-
ular weight and the density of the evaporating species,R
the ideal gas constant, andT the temperature. If a given
pore throat and connecting pore bodiesi andj are all dry
and liquid is confined to pore corners, asFig. 3a shows,
thenA is the cross-section of the pore space available
to gas defined asAt −Aw, whereAt is the throat cross-
section andAw the area occupied by liquid as defined in
Eq. (3). A is assumed constant along the pore space be-
tween pore bodiesi and j. l is pore-body-to-pore-body
length. Pressure drop across the pore is�p=P −P ,
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ossibility, only evaporation. At some time during the dry
rocess, once the liquid network is unable to support vis
ow, mainly thin pores and wedges compose wetting p
o the outer surface, internal evaporation takes place e
ively. We call this a dry regime. Remaining liquid may w
e considered hydraulically disconnected and thus conf

ng isolated liquid clusters or islands of one or more p
egments. Experimental observations of the dry regim
eal that islands closer to the outer surface dry first, w
ravity is not a factor. Evaporating an island or a fractio
n island requires a time also given by Eq.(5), whereVH is

iquid volume transferred in the drying event andQ is inter-
al evaporation rate. Evaporation from liquid wedges in
orners represents the last stage of the drying process.

. Pore-level gas and liquid conductance

Details of pore space and pore occupancy by gas an
id are subsumed respectively in pore gas and pore l
onductances such that the volumetric fluid flowq through a
iven pore is given by

= g�p (6)

hereg is the conductance of the pore and�p the pressur
rop across the pore. Next, we find pore-level gas and l
onductances for the various configurations adopted b
wo phases.
j i

wherePk = ln(p−pk) with p the total pressure andpk
the species partial pressure at the center of pore bok.

Species diffusive conductances in dry pore bodies
liquid interface,Fig. 3b and c show examples, are a
governed by Eq.(6). In calculating the conductance b
tween the center of pore bodyi and a given meniscusm,
A is assumed as the cross-section of the pore space
able to gas flow in the pore body, that isAb −Aw, where
Ab is the body cross-section andAw the area occupie
by liquid as defined in Eq.(3), andl is the distance be
tween the meniscus and the center of the body. Pre
drop across the pore space between the center of the
and the meniscus is�p=Pt −Pv, wherePi = ln(p−pi)
with p the total pressure andpi the species partial pre
sure at the center of pore bodyi and Pv = ln(p−pv)
with pv the saturation pressure right above
meniscus.

ii. Surface meniscus. The species diffusive conductance
a surface meniscus is simplyg=kmA wherekm is the
mass transfer coefficient andA the meniscus surface ar
Fig. 3e shows an example of a surface meniscus. P
sure drop across the pore space between the me
and the outer gas is�p=pv −pext, wherepv andpext
are respectively the saturation pressure at the men
surface and the species partial pressure in the oute
stream.

ii. Bridge of liquid. In this case, there is no gas fl
through the pore segment connecting bodiesi and j,
as Fig. 3b shows, and the gas conductance is se
zero.
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Fig. 3. Pore-level liquid and gas configurations.

4.2. Liquid conductance

Eq.(6) defines the liquid conductanceg of each pore seg-
ment. Three liquid configurations need to be considered.

i. Liquid-saturated pore. For a fully liquid-saturated pore
segment, including a throat and adjoining bodiesi andj
asFig. 3d shows, the liquid conductance of the pore space
is calculated as the harmonic mean of the conductance of
throat and bodies[21], that is,

1

g
= 1

gt
+ 1

2

(
1

gb,i
+ 1

gb,j

)
(8)

wheregb andgt are conductance of the individual bodies
and throat respectively and are given by

g = πr4eff

8µl l
(9)

whereµl is the liquid viscosity, andreff the mean radius
betweenr, eitherrt or Lb, and the radius of an effective
cylinder of liquid with lengthl equal to that of the pore,
either throat or body, i.e.,

reff = r + √
A/π

2
(10)

whereA is pore cross-section, either throat or body.
ii. Gas at pore center and liquid at pore corners. Throat

and adjoining bodies hold liquid wedges only.Fig. 3a
shows an example. For liquid wedges, the conductance
is calculated according to[21]:

g = Vlr
2
w

ηµl l2
(11)

whereVl is given by Eq.(2), rw is given by Eq.(4), and
η is a dimensionless resistance factor obtained from the
work of [22]. Liquid conductance in this case is calcu-
lated as a series array of body–throat–body liquid wedge
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conductance according to Eq.(8). l is either the length of
a throat or a body.

iii. Liquid bridge. Adjoining bodies hold liquid wedges.
Fig. 3b shows an example. Liquid conductance in this
case is calculated as a series array of liquid wedges and
bridge conductances. Eq.(11) gives the conductance of
liquid wedges of lengthl. Eq.(9) gives the conductance
of a liquid bridge of lengthl and effective radius given
by Eq.(10).

A particular case occurs when one of the adjoining
bodies is saturated with liquid.Fig. 3c shows the case.
The liquid conductance of the saturated body is given
by Eq.(9). The overall liquid conductance is calculated
again according to Eq.(8).

5. Gas and liquid pressure fields

Determination of the mechanism prevailing at any stage
of the drying process requires calculation of internal evapo-
ration, drainage, and surface evaporation times which require
calculation of volumetric flow rates which in turn require cal-
culation of pressure fields both in the liquid and gas phases.
Calculations of pressure fields are carried out at the onset of
an instability or Haines jump.Fig. 2is useful to fix ideas. For
the pressure field in the liquid phase, configuration 2 and the
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conductance of aY-directed pore segment connecting nodes
(x, y) and (x, y− 1); P(x, y) is the pressure at node (x, y) and
nX andnY are the number of nodes in theX andYdirections,
respectively.

To find the distribution of nodal pressures in each flow
network once an external pressure gradient is imposed we
use an iterative solution of the system of equations. The sys-
tem is optimally stored and solved with a conjugate gradient
method with successive overrelaxation. This method is part
of the ITPACK routine libraries that are publicly available
at the web sitehttp://rene.ma.utexas.edu/CNA/ITPACK. The
relaxation parameter is chosen as 1.84.

Boundary conditions for the pressure field in the liquid
phase are the corresponding liquid pressures behind each
meniscus and the liquid pressure behind the unstable menis-
cus leading to a jump. For instance consider the case illus-
trated inFig. 2. The dashed meniscus, in the largest avail-
able throat, when it touches the solid corner has a curvature
we approximate as 2/rt,m, wherert,m = (∑

r2t
)1/2

with the
rt corresponding to the two throat radii making up the cor-
ner. Capillary pressure drops toPc,min= 2�/rt,m. Since the
gas pressure remains constant and equal to the ambient pres-
sure, the pressure in the liquid phase locally increases up
toPl,max=Pc,min−Pg. Boundary conditions for the pressure
field in Fig. 2are thus the liquid pressure behind each menis-
cus in configurations 2, that is,P =P −P , whereP is the
p d
m field
i pera-
t l pres-
s iscus
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s s of
g eded
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p uid
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a to
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g time
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V ord-
i ore
o in in
c

opic
p abil-
i ases
w und-
ashed meniscus, in the largest available throat, are co
red. For the pressure field in the gas phase, configura

s considered.
For any given gas–liquid capillary pressure each ph

as or liquid, develops its own flow network to which c
uctance can be assigned in much the same way as for s
hase flow. Several approaches are available for comp

he pressure fields in either phase once the pore-level
ations are established. Here we use direct solution of n
aterial balances for each phase (see for instance[19,23]).
nodal material balance for each phase leads to a sy

f linear equations,Gp=b, whereG is a matrix of conduc
ances,p is a vector containing the unknown pressures, ab
s a vector depending on the pore pressures at the upp
ower boundaries of the network and the conductances o
hroats connected to these boundaries. Conductance of
egment is zero when a different fluid phase occupies its
pace. For example, in two dimensions for a square netw
typical material balance in a node for a given phase

o

X(x, y)P(x− 1, y) + gY (x, y)P(x, y − 1) − [gX(x, y)

+gY (x, y) + gX(x+ 1, y) + gY (x, y + 1)]P(x, y)

+gX(x+1, y)P(x+ 1, y) + gY (x, y + 1)P(x, y + 1) = 0,

= 1, . . . , nX; y = 1, . . . , nY (12)

here (x, y) represents the position of the node inside
etwork;gX(x, y) is the conductance of anX-directed pore
egment connecting nodes (x, y) and (x− 1,y); gY(x, y) is the
-

l c g c
revailing capillary pressure, andPl,max behind the dashe
eniscus. Boundary conditions for the partial pressure

n the gas phase are the saturation pressure, at the tem
ure of the system, above each meniscus and the partia
ure of the evaporating species in the outside air. Men
urvature corrections to the saturation pressure are no
idered. With the pressure fields in hand, the flow rate
as and liquid everywhere are determined, the time ne

or internal evaporation, drainage, and surface evapor
re calculated, and the prevailing mechanism for liquid
oval in a jump selected. Selecting the correct mecha

s computer intense. Once internal evaporation consist
revails over drainage, in the dry regime, we use Prat’[3]
pproach to continue the drying simulation. In an interes
aper Prat[3] calculates the evaporation rate of each liq

sland in the medium, in a fashion identical to that descr
bove, and then using Eq.(5) calculates the time needed
ry the largest accessible throat, and adjoining body, in
as–liquid interface delimiting each island. The shortest

ndicates the island to dry. Here we use Prat’s[3] criterion
nly to select the island to dry. To calculate the drying t
e use Eq.(5) with Q the evaporation rate of the island a
H the total volume transferred in the process, which acc

ng to capillary principles might correspond to a single p
r an assembly of pores; after all an island should rema
apillary equilibrium.

To avoid network size effects we calculate macrosc
arameters, such as vapor diffusivity and liquid perme

ty, on a central section of the pore networks. In these c
e assign fixed pressures to the upper and lower flow bo

http://rene.ma.utexas.edu/cna/itpack
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aries and use a uniformly increasing pressure as an initial
guess.

6. Vapor diffusivity and liquid permeability

With the nodal pressures of a given flow network in hand,
the flow rate everywhere is calculated and the network con-
ductance computed from

gj = Qj

Pin − Pout
(13)

wheregj is the network fluid conductance of thej phase,Qj the
total flow of phasej throughout the network andPin −Pout the
pressure difference across the central section of the network.

Fick’s first law defines the effective diffusivity of the evap-
orating species in the gas phase:

Dv = Qv

A

(
RTd

M

) (
L

�p

)
v

= gv

(
RTd

M

) (
L

A

)
(14)

whereQv is the volumetric flow rate of the evaporating
species in the gas phase,M andd respectively the molecular
weight and density of the evaporating species,R the ideal gas
constant,T the temperature, (�p/L)v the pressure gradient on
gas in the direction of the main flow,gv the vapor network
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(a) Specify evaporating species properties such as liquid vis-
cosity, liquid and vapor density and surface tension.

(b) Specify fluid–solid properties such as contact angle.
(c) Choose a lattice of specified dimensions, mean coordi-

nation number, and boundary conditions.
(d) Set pore network orientation respect to gravity.
(e) Allow the liquid to evaporate into gas from an open edge

of the network. Initially the network is fully saturated
with liquid.

(f) Set the evaporating species concentration in the gas
stream flowing past at the top of the open edge.

(g) Decorate the underlying lattice with independent pore
features. We select rectilinear pore segments with polyg-
onal cross-section and distributed size. Choose pore
shape.

(h) Select the parameterβ (see Section2) and the pore-body-
center to pore-body-centerL.

(i) Set the pore size distribution, this, withβ andL, fixes
the porosity of the network and also the length of pore
throats and size of pore bodies.

(j) Allow capillary pressure to increase, evaporation drives
menisci from their initial (previous) configuration, with
low curvature, to a new configuration, with higher cur-
vature, where one meniscus, the critical, reaches either
the size of the largest accessible throat, in the absence of
gravity, or that of the accessible throat having the lowest

vity.
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onductance, andDv the vapor effective diffusivity. The va
or relative diffusivity,Drv, is defined asDv/Dv (Sl = 0%).

Darcy’s law describes the creeping flow of a single visc
iquid in a porous medium:

= k

µ
A
�P

L
(15)

hereQ is the volumetric flow rate,µ the fluid viscosity
the cross-sectional area of the porous medium,�P/L the

ressure gradient in the direction of flow, andk the intrinsic
r absolute permeability. By neglecting any viscous coup
ffects and assuming that the simultaneous flow of gas

iquid in a porous medium can be described by Darcy’s
ne can write for the permeability of the liquid phase

l = Ql

A
µl

(
L

�P

)
l
= glµl

L

A
(16)

hereQl is the volumetric flow rate of liquid,µl the viscosity
f liquid, (�P/L)l the pressure gradient on liquid in the dir

ion of the main flow,gl the network conductance of liqu
ndkl the effective permeability of liquid. The liquid relati
ermeability,krl , is defined askl /kl (Sl = 100%).

. Monte Carlo algorithm

Here we present the sequence of steps and the vario
ameters used to simulate drying inD-dimensional network
f pore segments with distributed radii.
-

threshold capillary pressure, in the presence of gra
Calculate the evaporating species partial pressure
in the gas phase. Boundary conditions are the sa
tion pressure, at the temperature of the system, a
each meniscus and the partial pressure of the evap
ing species in the outside gas. With the partial pres
field calculate the evaporation flow rate. Let the c
cal meniscus advance at constant capillary pressure
it becomes pinned at the throat opposite edge. C
late the volume of liquid evaporated. Remaining liq
is confined to pore corners in capillary equilibrium a
distributed according to pore size and capillary pres
level. With the evaporated liquid volume and the eva
ration flow rate calculate the evaporation time. The
configuration with the pinned meniscus is highly unsta
leading to a Haines jump. Menisci move rapidly to n
equilibrium positions, accompanied by sudden pres
drops. After the jump, capillary equilibrium is reco
ered throughout the network and the capillary pres
returns to its prejump value. In a jump, either a sud
local partial-pressure-gradient evaporation or a pres
gradient-driven flow removes liquid in single bodies
assembly of bodies and interconnecting throats.

k) Determine, according to capillary principles, the lo
advance of the drying front after a jump, that is, fi
the new accessible pore throats. At the end of the ju
capillary pressure is at its prejump value. Calculate
liquid volume transferred in a jump. Determine if t
liquid volume is transferred by sudden internal ev
oration or by drainage to the surface first and eva
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ration from there then. For internal evaporation, calcu-
late the evaporating species partial pressure field in the
gas phase. Boundary conditions are the saturation pres-
sure, at the temperature of the system, above each menis-
cus, including the pinned meniscus, and the partial pres-
sure of the evaporating species in the outside gas. With
the partial pressure field calculate the evaporation flow
rate. With the liquid volume transferred in the jump and
the evaporation flow rate calculate the evaporation time.
For pressure-gradient-driven flow, calculate the pressure
field in the liquid phase. Boundary conditions are the liq-
uid pressure behind each meniscus andPl,max, as defined
in Section5, in the throat leading to the jump. With the
liquid pressure field calculate the liquid flow rate. With
the liquid volume transferred in the jump and the liquid
flow rate calculate the drainage time. This liquid evap-
orates from the outer surface of the network. The time
involved is obtained by dividing the liquid volume by
the surface evaporation flow rate, as indicated in Sec-
tion 3. Compare the times required for internal evapora-
tion and for drainage and surface evaporation combined.
The shortest indicate the prevailing transferring liquid
mechanism.

(l) Notice that fusion of menisci in a single throat may occur,
notably at low liquid saturations; evaporation removes
liquid in such cases. Remaining liquid is confined to pore
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culate the evaporation time. The shortest time indicates
the island drying first.

(n) At the end of a jump or a fusion of menisci, calculate
liquid saturation, and liquid and vapor pore-level con-
ductances.

(o) From pore-level conductances, calculate the overall net-
work conductance to both liquid and vapor as a function
of liquid saturation. Calculate liquid permeability and
vapor diffusivity as a function of condensate saturation.
Report liquid relative permeability, and vapor relative
diffusivity as function of liquid saturations.

(p) Continue the drying process, steps (j) to (p), until no more
liquid remains.

(q) Repeat the simulation, steps (i) to (q), for new samplings
of the pore size distribution. Report results with a confi-
dence interval of 95%.

8. Simulation parameters

The mechanistic model of isothermal drying of rigid pore
networks is used here to find pore-level distributions of
gas–vapor and liquid, drying curves, and corresponding liq-
uid conductivity and vapor diffusivity, and their sensitivities
to network size, network dimensionality, network orienta-
t tion.
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corners in capillary equilibrium and distributed acco
ing to pore size and capillary pressure level. Calcu
the liquid volume transferred in a fusion of menisci. C
culate the evaporating species partial pressure fie
the gas phase. Boundary conditions are the satur
pressure, at the temperature of the system, above
meniscus at the beginning of the fusion, and the pa
pressure of the evaporating species in the outside
With the partial pressure field calculate the evapora
flow rate. With the liquid volume transferred in the fus
and the evaporation flow rate calculate the evapor
time.

m) Calculate the evaporation rate of each liquid island
internal evaporation consistently prevails over drain
For each island find the largest accessible throat, i
absence of gravity, or that accessible with the low
threshold capillary pressure, in the presence of gra
Thus, each island has a throat that is candidate t
perience a jump. For each island (i) determine the l
advance of the drying front after the jump, that is,
the new accessible pore throats, capillary pressure
its prejump value; (ii) calculate the liquid volume tra
ferred in the jump; (iii) calculate the evaporating spe
partial pressure field in the gas phase, boundary c
tions are the saturation pressure, at the temperature
system, above each meniscus for the initial configura
and the partial pressure of the evaporating species
outside gas; (iv) with the partial pressure field calcu
the evaporation flow rate; and (v) with the liquid volu
transferred in the jump and the evaporation flow rate
ion respect to gravity, and pore shape and size distribu
imulations are run at ambient conditions. The gas p

s air and the evaporating species is hexane. Liquid he
erfectly wets the solid surfaces and thus contact angle,
ured trough the liquid, is zero. Network parameters us
he simulations are given inTable 1. Hexane properties a
iven inTable 2.

able 1
ore network parameters

escription Value

orosity,φ 0.4
ore-body to pore-body length,L (�m) 1000
eometrical parameter,β 0.7746
hroat length,Lt (�m) 774.6
ody half-length,Lb (�m) 112.7
hroat and body depth,h (�m) 1000

able 2
exane properties at ambient conditions:T= 293.15 K and
= 1.013× 105 Pa

escription Value

olecular weight,M (kg/mol) 86.172
as density,d (kg/m3) 3
iquid viscosity,µl (kg/(m s)) 3.26× 10−4

urface tension,γ (N/m) 1.843× 10−2

aturation pressure,pv (Pa) 16160.57
artial pressure in outer air,pext (Pa) 0
ontact angle,θ (◦) 0
iffusivity in air, D (m2/s) 8× 10−6

ass transfer constant,km (kg/(m2 s)) 3.61× 10−3
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Fig. 4. Truncated log-normal pore throat size distributions.

Pore throat radius is randomly assigned according to the
log-normal distribution function

f (rt) = 1

Brt
√

2π
exp

[
−1

2

(
ln(rt) − A

B

)2
]

(17)

whereµ= exp(A+B2/2), σ2 = exp(2A+B2)(exp[B2] − 1), A
andB are adjustable parameters defining mean pore radius,
µ, and standard deviation,σ, of the parent normal distri-
butions.Fig. 4 shows the truncated pore size distributions
used. Throat radius ranges from 50 to 300�m. Mean pore ra-
dius is 150�m, standard deviations areσ = 10�m (Fig. 4a),
σ = 30�m (Fig. 4b), andσ = 80�m (Fig. 4c).

Pore shapes studied correspond to regular polygons of 3, 4,
5 and 6 sides. Graphical representations of the various shapes
are shown inFig. 5.

To explore the effect of network size on vapor diffusivity
and liquid conductivity we use networks of 60× 60, 80× 80,
100× 100, 120× 120, and 140× 140 nodes in 2D and
14× 28× 14, 15× 30× 15, 16× 32× 16 and 17× 34× 17
nodes in 3D. As expected the variance of both the vapor dif-
fusivity and the liquid permeability, decreases as the size of
the network increases. We found that networks of 100× 100
(20 200 throats) in 2D and 15× 30× 15 (21 375 throats) in
3D are enough to minimize network size effects. Drying
c s. In
c ver
a ized
n
c per-
p

ered.

9. Simulation results

9.1. Pore throat size

Figs. 6–8show respectively calculated hexane drying
curves, liquid relative permeability and vapor relative dif-
fusivity in the 2D and 3D optimum-sized pore networks in-
troduced in Section7. Fig. 9 shows non-normalized liquid
permeability and vapor diffusivity for the optimum-sized 3D
pore network. Pore size distributions inFigs. 6–9are the log-
normal distributions shown inFig. 4. Results correspond to
95% confidence intervals around the mean of four realiza-
tions of each pore size distribution. Pore segments are recti-
linear with square cross-sections. Pore networks are disposed
horizontally and thus gravity is not a factor.

Fig. 6a reveals that not enough liquid remains in the outer
surface of the 2D pore networks to produce a constant period
of drying. Results for the 3D simulations inFig. 6b shows a
short delay before the fast drying rate period begins. In 3D
there is a larger outer surface and capillary pumping drives
enough liquid to the surface that evaporation from there con-
trols the early stage of the process. InFig. 6a and b the tran-
sition from drainage to evaporation occurs after 2 and 3 h of
drying respectively. The drying curves themselves inFig. 6
suggest two distinct regimes; a fast drying rate period fol-
lowed by a significantly slower rate period. Experimental re-
s ption
[
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urves are determined for these optimum-sized network
alculating vapor diffusivity and liquid permeability howe
ttention is restricted to a central core of the optimum-s
etworks, i.e., a 100× 50 pore core in 2D and a 15× 15× 15
ore in 3D. The reduced dimension is along the direction
endicular to the open side of the networks.

Fig. 5. Graphical representations of the various pore shapes consid
ults in transparent micromodels strengthen this perce
5–7]. As others have mentioned[2,6,7,11–14]the fast rate
eriod is a result of viscous pressure-gradient-driven li
ow that reaches the surface of the network from where e
ration takes place. The slower rate period is a result of ev
ation of liquid islands so poorly connected that are unab
ustain liquid flow. Experiments carried out by Laurindo
rat[6,7] probe the importance of pressure-gradient-dr

iquid flow, or capillary pumping, and hydraulic connect
hrough wedges in pore corners. Our pore-level drying mo
hich incorporates both capillary pumping and evapora
recisely captures the trend of the experimental data wi
ignificant or sustained departures[15]. The goodness of su
t suggests a right selection of the pore-level drying phy
s expected, the drying curves inFig. 6display no significan
ensitivity to pore variance and skewness. Dimensionalit
pronounced effect however. Drying is always faster in
orks embedded in 3D than in 2D; more strictly, drying

aster in networks with higher connected pore spaces ev
hey are embedded in the same space dimension.

Liquid hexane relative permeability inFig. 7 and vapo
exane relative diffusivity inFig. 8from both 2D and 3D por
etworks show expected trends. As liquid content decre

iquid permeability decreases and vapor diffusivity increa
Liquid relative permeability approaches a typical s-sha

orm. Permeability is high at high saturations of the liq
hase. Permeability decreases abruptly once mainly s
aturated pores and liquid wedges composed liquid sa
ion. The inflection point in the permeability marks the po
here wedges of liquid control its conductivity; at this po
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Fig. 6. Pore size variance and skewness effect on simulated drying curves in pore networks saturated with hexane: (a) 2D 100× l00-pore networks, (b) 3D
15× 30× l5-pore networks. Pore segments with square cross-section.

Fig. 7. Pore size variance and skewness effect on vapor hexane relative diffusivity in pore networks: (a) 2D 100× 100 pore networks, (b) 3D 15× 30× 15 pore
networks. Pore segments with square cross-section.

Fig. 8. Pore size variance and skewness effect on liquid hexane relative permeability in pore networks: (a) 2D 100× 100 pore networks, (b) 3D 15× 30× 15
pore networks. Pore segments with square cross-section.
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Fig. 9. Pore size variance and skewness effect on (a) liquid hexane permeability and (b) vapor hexane diffusivity in 3D 15× 30× 15 pore networks. Pore
segments with square cross-section.

the liquid network is unable to sustain significant liquid flow.
The permeability of liquid hexane shown inFig. 9a for 3D
networks exhibits little sensitivity to pore size variance and/or
skewness at high liquid saturations. A strong liquid-saturated
pore network exists. As liquid saturation decreases a pro-
nounced spread of the liquid permeability is observed as the
pore size variance and/or skewness changes, see alsoFig. 7.
At any given high saturation inFig. 9a the higher the variance
and/or skewness in pore size the higher the liquid permeabil-
ity. The effect of the skewness is even more pronounced than
the effect of the variance of the pore size distribution. In all
cases of variance and/or skewness, the larger pore segments,
available in larger number in pore populations with higher
variance and/or skewness, control de conductance of the liq-
uid network. The situation is the opposite at lower saturations,
which is of course not evident when the liquid permeability
is reported normalized as relative permeability. At any given
saturation, in the low saturation range, the higher the variance
and/or skewness in pore size the lower the liquid permeability.
Again, the effect of the skewness is even more pronounced
than the effect of the variance of the pore size distribution. In
all cases of variance and/or skewness, the smaller pore seg-
ments, available in larger number in pore populations with
higher variance and/or skewness, control de conductance of
the liquid network. Large pore segments saturated with liquid
merely act as liquid connectors.
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as large populations of pore segments become dry, the va-
por diffusivity increases faster, abruptly both in 2D and in
3D. At low enough saturations, liquid hexane exists mainly
as liquid wedges in pore corners; vapor diffusivity recovers a
low increasing pace, as liquid wedges become thinner, before
reaching its highest value.Figs. 8 and 9b show that at high-
enough liquid saturations, the vapor diffusivity displays no
significant sensitivity to the variance and skewness of the pore
size distribution. However, the same figures show that the im-
pact of pore size variance and skewness is significant at low
liquid saturations (below 50%). For these saturation regimes,
at any given liquid saturation, the lower the variance and/or
the skewness in pore size the higher the vapor diffusivity. The
skewness effect being more pronounced. Pore networks dec-
orated with pore size distributions exhibiting high pore size
variance and/or skewness attain given saturations with larger
populations of small liquid-saturated pore segments as com-
pared with distributions having low pore size variance and/or
skewness. At low saturations of liquid hexane, pore segments
holding liquid wedges in corners control de diffusivity of hex-
ane vapor.Figs. 8 and 9b show that in this saturation regime,
the vapor diffusivity displays no significant sensitivity to the
variance and/or skewness of the pore size distribution.

9.2. Pore shape

ing
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t -
u ed
3
t %
c s of
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A rav-
According toFigs. 8 and 9b, vapor hexane diffusivity in 2
nd 3D approaches an inverted s-shaped form, rising ab
nce a cluster of hexane vapor traverses the network fo
rst time. Then diffusivity increases smoothly as liquid s
ation decreases. Vapor diffusivity is nil for liquid saturati
igh enough. At some liquid saturation, higher in 3D tha
D, a sort of percolation threshold of sample-spanning p
f vapor-filled pore segments is reached and the vapor d
ivity reaches a small steady non-zero value. As liquid
ration decreases, vapor diffusivity increases slowly bo
D and in 3D. For liquid saturations in the medium ran
Figs. 10–12show respectively calculated hexane dry
urves, liquid relative permeability and vapor relative di
ivity in the 2D and 3D optimum-sized pore networks
roduced in Section7. Fig. 13 shows non-normalized liq
id permeability and vapor diffusivity for the optimum-siz
D pore network. Pore size distribution inFigs. 10–13is

he log-normal shown inFig. 4c. Results correspond to 95
onfidence intervals around the mean of four realization
he pore size distribution. Pore segments are rectilinear
riangular, square, pentagonal and hexagonal cross-sec
gain pore networks are disposed horizontally and thus g
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Fig. 10. Pore shape effect on simulated drying curves in pore networks saturated with hexane: (a) 2D 100× 100 pore networks, (b) 3D 15× 30× 15 pore
networks. Pore size distribution is shown inFig. 4e.

Fig. 11. Pore shape effect on vapor hexane relative diffusivity in pore networks: (a) 2D 100× 100 pore networks, (b) 3D 15× 30× 15 pore networks. Pore
shape effect. Pore size distribution is shown inFig. 4e.

Fig. 12. Pore shape effect on liquid hexane relative permeability in pore networks: (a) 2D 100× 100 pore networks, (b) 3D 15× 30× 15 pore networks. Pore
shape effect. Pore size distribution is shown inFig. 4e.
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Fig. 13. Pore shape effect on (a) liquid hexane permeability and (b) vapor hexane diffusivity in 3D 15× 30× 15 pore networks. Pore size distribution is shown
in Fig. 4e.

ity plays no role. As expected, the drying curves, vapor rela-
tive diffusivity and liquid relative permeability display a pro-
nounced dependence on the dimensionality of the embedding
space and a clear insensitivity to pore shape. Again, drying
is faster in networks with higher connected pore spaces. In
Fig. 10a and b drainage switches to evaporation after 1.4 and
4 h of drying respectively.

Fig. 13a and b however reveal respectively that non-
normalized liquid permeability and vapor diffusivity in 3D
networks show some sensitivity to pore shapes. However, the
overall shapes of the curves are maintained. For a given pore
size distribution and liquid saturation,Fig. 13a and b reveals
that liquid permeability and vapor diffusivity are higher in
networks with pore segments showing higher angularity such
as the triangular pores. Triangular pore segments, circum-
scribing circles of the same radius as lower angularity pores,
remain open to vapor flow at higher liquid saturations than
do less angular pores. At any given capillary pressure, less
angular pore segments built liquid bridges with lower liquid
saturations. Thus for any given liquid saturation the higher
the pore angularity the higher the probability of finding pores
open to vapor flow. This explains the higher vapor diffusivi-
ties observed inFig. 13b in triangular pore segments respect
to the other higher-sided pore segments. However, lower-
sided pores open to gas flow maintain higher corner liquid
inventories and thus liquid remains more fully and strongly
c igher
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s s par-
t des
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t her.
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displays the effect of gravity on the drying curves of the 2D
and 3D optimum-sized pore networks introduced in Section
7. Fig. 16displays the effect of gravity on non-normalized
liquid permeability and vapor diffusivity for the optimum-
sized 3D pore network. Pore size distribution inFigs. 14–16
is the log-normal shown inFig. 4c. Results inFigs. 15 and 16
correspond to 95% confidence intervals around the mean of
four realizations of the pore size distribution. Pore segments
are rectilinear with square cross-section. Pore networks are
disposed in three different ways respect to gravity (1) hor-
izontally ϕ = 0◦, gravity plays no role,g= 0 and thusB= 0,
(2) inclined, with the open side upwards,ϕ = 87.02◦, g> 0
and thusB= 0.35, and (3) inclined, with the open side down-
wards,ϕ =−3.6◦, g< 0 and thusB=−0.022. The angleϕ is
measured respect to the horizontal.

Fig. 14 shows a comparison of simulated morphologies
of drying fronts affected variously by gravity at equivalent
liquid saturations. Drying fronts in the images move from
top to bottom. Pores filled with hexane vapor are shown in
black; regions filled with liquid hexane are shown in white.
Left and right boundaries are sealed. The leftmost column
in Fig. 14displays a sequence of saturation maps and dry-
ing fronts for the caseg= 0. The sequence shows that at
early stages of the process, when the average velocity of
the drying front is high, a roughly compact front forms. As
the front velocity slows, the size of the front roughness in-
c var-
i olves
b ered
fi
I dry-
i t the
s y-
i d by
d een
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l age
onnected than in higher-sided pores. This explains the h
iquid permeability observed inFig. 13a in triangular por
egments respect to higher-sided pores. The situation i
icularly clear at low liquid saturations when liquid rece
ostly in pore corners and tiny pores; triangular pores

hicker liquid wedges and thus liquid permeability is hig

.3. Gravity

Fig. 14displays the effect of gravity on saturation distri
ion and drying fronts in 2D 100× 100 pore networks.Fig. 15
reases and capillary fingers develop. Islands of liquid of
ous sizes appear. Notable is the compact front that ev
ehind the rough front. Similar analysis has been off
rst by Shaw[13,14] and then by Laurindo and Prat[6,7].
mportant is the striking resemblance of the simulated
ng pattern when compared to experimental patterns a
ame drying times[13–15]. According to the model, the dr
ng pattern at the beginning of the process is determine
rainage, or capillary pumping, then by the interplay betw
rainage and evaporation, and later, when only island

iquid remain, by evaporation. From here on, by drain
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Fig. 14. Gravity effect on simulated morphologies of hexane drying fronts, and corresponding saturations, for increasing drying times (liquid is black, vapor
is white). Pore segments with square cross-section: (a)g= 0, (b)g> 0, and (c)g< 0.

we mean the combined process of moving liquid to the sur-
face and evaporating it from there, by evaporation we mean
liquid removal by internal evaporation. The compact front
behind the rough is determined almost exclusively by evap-
oration. Liquid removal switches from drainage to evapo-
ration after 2 h of drying and thus the fronts in the image
sequence in the left column ofFig. 14are all controlled by
evaporation. The central column inFig. 14displays the cor-
responding sequence of saturation maps and drying fronts
for the caseg> 0. In this case drainage switches to evapo-
ration after 2.4 h of drying and thus the fronts in the image
sequence in the central column ofFig. 14are all evaporation-
controlled. The sequence shows that at any stage of the pro-

cess a compact front forms which is determined almost exclu-
sively by partial-pressure-gradient-driven evaporation. The
rightmost column inFig. 14displays the corresponding se-
quence of saturation maps and drying fronts for the case
g< 0. The sequence shows that at any stage of the process
a rough front forms, dominated by long and initially weakly
connected vapor fingers, which is determined almost exclu-
sively by pressure-gradient-driven liquid flow. In this case
drainage switches to evaporation after 1 h of drying, how-
ever enough to remove 57% of the liquid. The exact mo-
ment of the drainage-evaporation transition is captured in
the second frame from the top of the rightmost column in
Fig. 14.
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Fig. 15. Gravity effect on simulated drying curves in pore networks saturated with hexane: (a) 2D 100× 100 pore networks, (b) 3D 15× 30× 15 pore networks.
Pore segments with square cross-section. Pore size distribution is shown inFig. 4e.

The pronounced effect of gravity on drying rates, satu-
ration distributions and drying front morphologies is clearly
manifested also in the drying curves, liquid permeability and
vapor diffusivity shown inFigs. 15 and 16. These results
are also strongly dependent on the dimensionality of the em-
bedding space, an aspect already discussed. For the 2D pore
network, the transition from drainage to evaporation for the
three cases of gravity was discussed around the results in
Fig. 14. For the 3D pore network, for the caseg> 0 drainage
switches to evaporation quickly after 2.8 h of drying, drying
is evaporation-controlled and is thus very slow asFig. 15b
shows; for the caseg< 0 the switch is only after approxi-
mately 8 h of drying, after removing only about 30% of the
liquid. Drainage time in 3D networks is significantly longer
and removes less liquid than in 2D; drainage time is ulti-
mately determined by evaporation from the outer surface of
the large masses of liquid transferred by pumping.

Liquid hexane permeability inFig. 16a and vapor hexane
diffusivity in Fig. 16b from the 3D pore network show the

expected trends, that is, as liquid content decreases liquid
permeability decreases and vapor diffusivity increases. In all
three cases ofg, liquid permeability approaches the typical s-
shaped form. The permeability of liquid hexane exhibits little
sensitivity to network orientation at high liquid saturations. A
strong liquid-saturated pore network exists. As liquid satura-
tion decreases a pronounced spread of the liquid permeability
is observed as the network orientation changes. Permeabil-
ity decreases abruptly once mainly small-saturated pores and
liquid wedges composed liquid saturation. As expected, this
abruptness is more pronounced for the caseg> 0. The inflec-
tion point in the permeability marks the point where wedges
of liquid control its conductivity; at this point the liquid net-
work is unable to sustain significant liquid flow. In all three
cases ofg, according toFig. 16b, the vapor diffusivity ap-
proaches the inverted s-shaped form, rising abruptly once a
sample-spanning cluster of hexane vapor is first established.
Then diffusivity increases smoothly as liquid saturation de-
creases. As liquid saturation decreases, vapor diffusivity in-

F or hex uare
c

ig. 16. Gravity effect on: (a) liquid hexane permeability and (b) vap
ross-section. Pore size distribution is shown inFig. 4e.
ane diffusivity in 3D 15× 30× 15 pore networks. Pore segments with sq
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creases slowly. For liquid saturations in the medium range,
as large populations of pore segments become dry, the va-
por diffusivity increases faster, abruptly in theg> 0 case.
At low enough saturations, liquid hexane exists mainly as
liquid wedges in pore corners; vapor diffusivity recovers a
low increasing pace, as liquid wedges become thinner, be-
fore reaching its highest value which is insensitive to network
orientation.

10. Conclusion

A mechanistic pore-level model of drying incorporat-
ing pressure-gradient-driven liquid flow and partial-pressure-
gradient-driven evaporation in pore networks is used to de-
termine pore-level distribution of vapor and liquid, drying
curves, liquid permeability and vapor diffusivity as a func-
tion of liquid content. Sensitivities to embedding space, pore
size distribution, pore shape and network orientation with
respect to gravity are examined. Pore network dimension-
ality, pore size skewness, and variance to some extend, and
negative gravity produced a pronounced effect on saturation
distribution and drying parameters. Pore shape has a minor
effect, except once saturation is mainly composed by thin
liquid wedges.
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