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Pore-level modeling of isothermal drying of pore networks
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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
is replaced by vapor by two fundamental mechanisms, partial-pressure-gradient-driven evaporation and pressure-gradient-driven liquid flow.
Using Monte Carlo simulation we find evaporation and drainage times; the shortest calculated indicates the controlling mechanism. Here we
report pore-level distributions of liquid and vapor as drying advances. For the calculation of transport properties, details of pore space and
displacement are subsumed in pore conductances. Solving for the pressure field in each phase, vapor and liquid, we find a single effective
conductance for each phase as a function of liquid saturation. Along with the effective conductance for the liquid-saturated network, the
effective permeability of liquid and diffusivity of vapor is calculated. 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.
© 2005 Published by Elsevier B.V.
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1. Introduction permeability of liquid and effective diffusivity of vapor, and
their dependency with liquid saturation, distribution of satu-
Drying is scientifically and technically important. As our ration and history of drying. Prat and coworkers f[&t10]
conceptual understanding and numerical expertise to simu-and Yortsos and coworkers laféd ,12]developed a pore net-
late complex drying processes increase, the accuracy of sim-work model of drying combining percolation concepts and
ulations hinges on the quality and completeness of input andcalculating diffusive transport of vapor in a gas phase. These
system parameters. Space limitations prevent us from a com+wo groups studied drying patterns and drying fronts both
plete review of the subject. We limit attention to the main theoretically and experimentally. Visualization experiments
contributions in the area of pore-level modeling of isother- of drying in 2D transparent micromodels are central in iden-
mal drying of rigid porous media. Daian and Salfthand tifying pore-level drying mechanisms. Among the first are
Nowicki et al.[2] proposed the first network model to de- those of Shaw13,14] According to Shaw the drying front
termine macroscopic transport parameters, namely relativedevelops a highly irregular morphology as it advances and
moves by a series of abrupt jumps. He found experimentally
that the process of drying can be modeled as a modified form
E-mail addresspetoledo@udec.cl (P.G. Toledo) of invasion percolation in which the liquid is removed from
1 Permanent address: Food Engineering Department, Universitjoef B the porg Struc_ture bY counterflow in the same pore segments
Bio, Chillan, Chile. as the displacing fluid. Pressure gradients that arise from flu-
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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 Toledd5,16]proposed a pore network

model of drying accounting for drainage and evaporation as E

competing mechanism of liquid removal, liquid wedges flow, '

and capillary-pressure-gradient-driven shrinkage. E
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pore networks to determine pore-level distributions of vapor
and liquid, drying curves, relative permeability of liquid and T
relative diffusivity of vapor as function of liquid content. Lig-

uid in pore corners allows for hydraulic connection through-
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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, Ly Ly
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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 Fig. 1. Pore network and parameters.

drying physics are described respectively in Sect®rsd

3. Pore-level vapor and liquid conductances are presenteda stream of air and evaporating species mix“!re flows past
in Section4. In Section5 gas and liquid pressure fields are slowly. The other edges of the network are considered sealed.

described. In SectioBimacroscopic vapor diffusivity and lig- '\N/Ietvyork orientation _respect.zjo grzvny can be. adjuzted a.tl IW ll
uid permeability are presented. The Monte Carlo simulation eniscl movement is considered quasistatic and capillary-

algorithm is presented in Sectighand simulation parame- controlled. Liquid accumulation in pore corners allows for
ters in Sectior8. Simulation results are detailed in Sectfn liquid connectivity throughout the network, no matter how

Finally, conclusions are summarized in Sectidn high the ca_pillary 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-
Porous media are represented by rigid 2D square and 3Dnificant external air convection; evaporation rate is thus very
cubic networks of cubic pore bodies connected by narrow low although not necessarily constant. Under these conditions
pore throats with polygonal cross-section circumscribing cir- _cap!IIary fo_rces are domlnar_mt' OVErvIScous forc;es andthe ‘?'W'
cles of given radii and depth. Throat radij or equivalently ing is considered as a modified form of invasion percolation

throat section side half-lengths, are randomly assigned ac-[17]' Fig. 2illustrates the events that occur during drying.

cording to probability density functionfr;). Pore throat The initigl pqsition of the gas—liqui_d interface_ is labeled 1.
depthh is constant. Pore-body-center to pore-body-center With drying, in the absence of gravity, the capillary pressure
distancel is chosen constant. Pore throat lengttis con- Pc increases and the liquid contained in the largest accessible

stantand equal to a fractigof L. Pore body side half-length pore throat, and in corners of already dry throats and bodies,
Lpis constant and equal to {1 8)L/2; body depth is also con-
stant and equal to the throat depth. Fixing the fagtfixes

the porosity of the network ondé;) andL are setFig. 1il-
lustrates the model and parameters. This network model first
presented by Laurindo and Pf&t7] captures precisely the
topology and statistically the geometry of the pore space of a
glass micromodel they used to study drying at the pore level,
results from these studies we have used to confront our own
simulationg15].

2. Network model

3. Drying physics

Initially, the network is fully saturated with liquid. Evap-

oration takes place by allowing the liquid to evaporate into Fig. 2. schematic representation of the various events that occur during
air from an open edge of the network. At the top of this edge drying.
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recedes towards a dry condition, except for liquid wedges in drainage and surface evaporation combined. Internal evapo-
corners. An accessible throat holds a liquid—vapor meniscus.ration should prevalil if the time required to evaporate the lig-
Evaporation drives menisci from their initial flat configura- uid transferred in a jump is less than the combined drainage
tion to configuration 2 such that one meniscus reaches theand surface evaporationtimes, otherwise drainage should pre-
largest accessible throat, at which vail.
2y When liquid evaporates from throats and bodies, liquid re-
Pc = —cosp (1a) mains at corners allowing for hydraulic connection through-
"t out the network at all times. Liquid volume \§ and gas
wherery is the radius of the largest throat apthe liquid—air volume isVy. Pore volume of the network ¥ (V| +Vg). The
interfacial tensionP is defined a®y — Pj, wherePy is the volume of liquid in the corners of a pore of arbitrary polygo-
pressure in the gas phase aRAdthe pressure in the lig- nal cross-section is given simply by Bustos and Toldj:
uid phase. Locally, at the largest accessible throaEigs2
shows, the meniscus advances smoothly from com‘igurationvI = Awl 2)
2 to configuration 2at constant capillary pressure until it where
becomes pinned at the opposite edge of that throat. The

equilibrium contact angle criterion, however, given by the A, = nr2 {sin(a + 6) cos@ + 6) + M
Young—Dupé equation, does not apply to edges. If other re- tana

quirements of stability are met, there is a range of contact T

angles at which the contact line can meet the throat edge. -5 tat 9} 3)
Here, configuration '2is considered unstable leading to a

Haines jump, a primary trait of fluid interface motift8]. is the cross-section area occupied by liquithe number of

Menisci move rapidly to new equilibrium positions, accom- Sides of the polygonal cross-section of the paréhe pore
panied by a sudden pressure drop. After the Haines jump,Ccorner half-angle, which is 450r square pore®;the contact
capillary equilibrium is enforced throughout the network and @ngleirw the radius of curvature of the longitudinal meniscus
capillary pressure returns to its prejump value, see configu-de'ne as

ration 3 inFig. 2 _ Crw=v/Pe 4)
In the presence of buoyancy pressure gradients, the capil-
lary pressure varies as a function of height wherey is interfacial tension an@; is prevailing capillary
5 pressure; anbthe pore segment length, either throat or body.
P(z) = —ycose + Apgz sing (1b) Liquid saturation is calculated &=V|/V.
It

Internal evaporation or drainage of liquid transferred in a
where the new terms amethe vertical position of a given  jump, or evaporation in a fusion of menisci, involves a time
meniscus from the open edggthe acceleration due to grav-  interval that is simply
ity, ¢ the network orientation angle respect to gravity, and t=Vi/0 )
Ap=p — py is the difference between liquid and vapor den-
sities of the evaporating species. In such a case the porenvhereVy is the volume transferred. For internal evaporation
throat drying first must be accessible and posses the low-Qis evaporation rate and for drainage is liquid flow rate. Both
est threshold capillary pressure; this pore throat is not nec-flow rates are the result of pore-level flows at the open bound-
essarily the largest available. In the case of buoyancy, theary ofthe network for drainage or at the vapor-liquid interface
change in capillary pressure over a distande given by for evaporation. Itis easy to anticipate that drainage occurs at
Apgrav=Apgr. Taking the ratio oA pgray andApe, Eq.(1a) early times of the drying process when a strongly connected
givesB = Apgr? sing/(2y cosd). B is called the Bond num-  network of liquid, composed of liquid-filled pores and thick
ber, and represents the local interplay between buoyancy andiquid wedges in largest pores, exists. Later, when the con-
capillary forces. nectivity of the liquid network weakens, internal evaporation

In a Haines jump, either a sudden local evaporation or a controls the drying process. The development of capillary
pressure-gradient-driven liquid flow removes liquid in single pressure as menisci turn concave induces shrinkage of the
bodies or assembly of bodies and interconnecting throats.matrix, which contributes to the pressure gradient that drives
Viscous liquid flow drives liquid to the surface of the network liquid toward the surface of the netwojk6].
from where evaporation takes place. Liquid driven to the surface of the network by capillary

Another fundamental event that occurs during drying is pumping evaporates when air passes over the outer surface of
fusion of menisci. A throat might hold two back to back the network. The time involved in this process is also given
menisci. Should capillary pressure rise to the threshold value by Eq.(5), with Vy the volume transferred ar@defined by
for that throat, these menisci would coalesce at constant cap-Q =knAAp whereky, is the mass transfer coefficiert,the
illary pressure. Evaporation removes liquid in such case.  total area of surface menisci, ang the difference between

The mechanism prevailing at any given stage of the dry- saturation pressure, right above the menisci, and partial pres-
ing process is always the fastest, either internal evaporation orsure of the evaporating species in the outer air stream.
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A Haines jump is a dynamic event, involving a complex 4.1. Gas conductance

interplay of viscous, inertia and capillary forces in a com-
plex geometrical-topological environment. Determining the

The volumetric flow of an evaporating species through a

precise pressure fields that develop during a jump requiresquiescent gas phase is given by E). To define the species
complex 3D fluid dynamics computations. An attractive sim- diffusive conductancg of each pore segment various gas
plification emerges when analyzing the pressure trace duringconfigurations need to be considered.

a jump. Capillary pressure drops suddenly in a jump, a fea-

ture we have used to unravel the structure of porous media by I

volume-controlled mercury porosimeti30]; 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 configuratian Eig. 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 dP¢/dVy < 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
possibility, only evaporation. At some time during the drying
process, once the liquid network is unable to support viscous
flow, mainly thin pores and wedges compose wetting paths
to the outer surface, internal evaporation takes place exclu-
sively. We call this a dry regime. Remaining liquid may well
be considered hydraulically disconnected and thus conform-
ing isolated liquid clusters or islands of one or more pore
segments. Experimental observations of the dry regime re-
veal that islands closer to the outer surface dry first, when
gravity is not a factor. Evaporating an island or a fraction of
an island requires a time also given by E8), whereVy is
liquid volume transferred in the drying event aQds inter-

nal evaporation rate. Evaporation from liquid wedges in pore
corners represents the last stage of the drying process.

4. Pore-level gas and liquid conductance

Details of pore space and pore occupancy by gas and lig-
uid are subsumed respectively in pore gas and pore liquid
conductances such that the volumetric fluid flgpthhrough a
given pore is given by

q=gAp (6)

whereg is the conductance of the pore ang the pressure i

drop across the pore. Next, we find pore-level gas and liquid
conductances for the various configurations adopted by the
two phases.

Gas at pore center and liquid at pore corne¥§hen gas
occupies the center of a pore and liquid its corners, the
pore-level species diffusive conductance in the gas phase
is
AD M 1 7

8= AV URT %
whereD is the diffusion coefficient of the evaporating
species in the gas phas¢ andd respectively the molec-
ular weight and the density of the evaporating speétes,
the ideal gas constant, afidhe temperature. If a given
pore throat and connecting pore bodiesdj are all dry
and liquid is confined to pore corners, Eg. 3a shows,
then A is the cross-section of the pore space available
to gas defined a8; — Ay, whereA is the throat cross-
section andh,, the area occupied by liquid as defined in
Eq. (3). Ais assumed constant along the pore space be-
tween pore bodiesandj. | is pore-body-to-pore-body
length. Pressure drop across the poreAs=Pj —P;,
where Py =In(p — px) with p the total pressure anpk
the species partial pressure at the center of pore kody

Species diffusive conductances in dry pore bodies with
liquid interface,Fig. 3 and ¢ show examples, are also
governed by Eq(6). In calculating the conductance be-
tween the center of pore bodwand a given meniscus,
Ais assumed as the cross-section of the pore space avail-
able to gas flow in the pore body, thatdg — Ay, where
Ay is the body cross-section ag, the area occupied
by liquid as defined in E(3), andl is the distance be-
tween the meniscus and the center of the body. Pressure
drop across the pore space between the center of the body
and the meniscus iap=P; — Py, whereP; =In(p — p;)
with p the total pressure arm the species partial pres-
sure at the center of pore bodyand Py =In(p— py)
with py the saturation pressure right above the
meniscus.

ii. Surface meniscudhe species diffusive conductance for

a surface meniscus is simply=knA whereky, is the
mass transfer coefficient addhe meniscus surface area.
Fig. 3e shows an example of a surface meniscus. Pres-
sure drop across the pore space between the meniscus
and the outer gas iAp=py — Pext, Wherepy and pext

are respectively the saturation pressure at the meniscus
surface and the species partial pressure in the outer gas
stream.

Bridge of liquid In this case, there is no gas flow
through the pore segment connecting bodiesnd |,

as Fig. 3 shows, and the gas conductance is set to
zero.
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Fig. 3. Pore-level liguid and gas configurations.

2. Liquid conductance

Eq. (6) defines the liquid conductangeof each pore seg-

ment. Three liquid configurations need to be considered.

Liquid-saturated poreFor a fully liquid-saturated pore
segment, including a throat and adjoining bodiasdj
asFig. 3d shows, the liquid conductance of the pore space

is calculated as the harmonic mean of the conductance of jj.

throat and bodieR1], that is,

1 1 1 1 1
S==+z +
g & 2\gbi &b

(8)

wheregp andg; are conductance of the individual bodies
and throat respectively and are given by

4
_ Treg

8=g.l )

wherey, is the liquid viscosity, andes the mean radius
betweerr, eitherr; or Lp, and the radius of an effective
cylinder of liquid with lengthl equal to that of the pore,
either throat or body, i.e.,

r+ JA/m
2

whereA is pore cross-section, either throat or body.

Gas at pore center and liquid at pore cornefBhroat

and adjoining bodies hold liquid wedges onfjig. 3a
shows an example. For liquid wedges, the conductance
is calculated according {@1]:

reff =

(10)

Vir2
— 11
8= (11)

whereV, is given by Eq(2), ry is given by Eq(4), and

n 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 E®). | is either the length of ~ conductance of &-directed pore segment connecting nodes
a throat or a body. (x,y) and &, y— 1); P(x, y) is the pressure at nodg, {/) and
iii. Liquid bridge Adjoining bodies hold liquid wedges. nx andny are the number of nodes in teandY directions,
Fig. 3 shows an example. Liquid conductance in this respectively.
case is calculated as a series array of liquid wedges and To find the distribution of nodal pressures in each flow
bridge conductances. EflL1) gives the conductance of network once an external pressure gradient is imposed we
liquid wedges of length. Eq. (9) gives the conductance use an iterative solution of the system of equations. The sys-
of a liquid bridge of length and effective radius given  tem is optimally stored and solved with a conjugate gradient
by Eg.(10). method with successive overrelaxation. This method is part
A particular case occurs when one of the adjoining of the ITPACK routine libraries that are publicly available
bodies is saturated with liquidkig. 3c shows the case. atthe web sitéttp://rene.ma.utexas.edu/CNA/ITPACKhe
The liquid conductance of the saturated body is given relaxation parameter is chosen as 1.84.
by Eq.(9). The overall liquid conductance is calculated Boundary conditions for the pressure field in the liquid
again according to E{8). 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-
5. Gas and liquid pressure fields trated inFig. 2 The dashed meniscus, in the largest avail-
able throat, when it touches the solid corner has a curvature
Determination of the mechanism prevailing at any stage we approximate as &/m, whererym = (3° rtz) with the
of the drying process requires calculation of internal evapo- rt corresponding to the two throat radii making up the cor-
ration, drainage, and surface evaporation times which requirener. Capillary pressure drops B min=2y/rym. Since the
calculation of volumetric flow rates which in turn require cal- gas pressure remains constant and equal to the ambient pres-
culation of pressure fields both in the liquid and gas phases.sure, the pressure in the liquid phase locally increases up
Calculations of pressure fields are carried out at the onset ofto P; max= Pc,min — Pg. Boundary conditions for the pressure
an instability or Haines jumkig. 2is useful to fix ideas. For ~ field in Fig. 2are thus the liquid pressure behind each menis-
the pressure field in the liquid phase, configuration 2 and the cus in configurations 2, that iB; = P; — Py, whereP is the
dashed meniscus, in the largest available throat, are considprevailing capillary pressure, amlmax behind the dashed
ered. For the pressure field in the gas phase, configuration 2neniscus. Boundary conditions for the partial pressure field
is considered. in the gas phase are the saturation pressure, at the tempera-
For any given gas—liquid capillary pressure each phase,ture of the system, above each meniscus and the partial pres-
gas or liquid, develops its own flow network to which con- sure of the evaporating species in the outside air. Meniscus
ductance can be assigned in much the same way as for singlecurvature corrections to the saturation pressure are not con-
phase flow. Several approaches are available for computingsidered. With the pressure fields in hand, the flow rates of
the pressure fields in either phase once the pore-level satugas and liquid everywhere are determined, the time needed
rations are established. Here we use direct solution of nodalfor internal evaporation, drainage, and surface evaporation

material balances for each phase (see for instf@&23). are calculated, and the prevailing mechanism for liquid re-
A nodal material balance for each phase leads to a systemmoval in a jump selected. Selecting the correct mechanism
of linear equationsiGp =b, whereG is a matrix of conduc- is computer intense. Once internal evaporation consistently

tancesp is a vector containing the unknown pressures,land prevails over drainage, in the dry regime, we use P{a}’s

is a vector depending on the pore pressures at the upper an@pproach to continue the drying simulation. In an interesting
lower boundaries of the network and the conductances of thepaper Praf3] calculates the evaporation rate of each liquid
throats connected to these boundaries. Conductance of a porisland in the medium, in a fashion identical to that described
segment is zero when a different fluid phase occupies its poreabove, and then using E(p) calculates the time needed to
space. For example, in two dimensions for a square network,dry the largest accessible throat, and adjoining body, in the
a typical material balance in a node for a given phase leadsgas-liquid interface delimiting each island. The shortest time

to indicates the island to dry. Here we use Pri@kcriterion
¥ v X only to select the island to dry. To calculate the drying time
g (e, Y)P(x—1y)+g (x,y)Plx,y—1)—[g" (x, ) we use Eq(5) with Q the evaporation rate of the island and

Vy the total volume transferred in the process, which accord-
X v ing to capillary principles might correspond to a single pore
+8  (x+1, y)P(x+1,y) + ¢ (x,y+ 1)P(x,y + 1) =0, or an assembly of pores; after all an island should remain in
capillary equilibrium.

To avoid network size effects we calculate macroscopic
where §, y) represents the position of the node inside the parameters, such as vapor diffusivity and liquid permeabil-
network; gX(x, y) is the conductance of aX-directed pore ity, on a central section of the pore networks. In these cases
segment connecting nodesy) and &— 1,y); g¥(x, y) is the we assign fixed pressures to the upper and lower flow bound-

+87(x, ) + ¥+ 1 y) + g" (x. y + DIP(x, )

x=1...,nx;y=1...,ny (12)
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aries and use a uniformly increasing pressure as an initial (a) Specify evaporating species properties such as liquid vis-

guess.

cosity, liquid and vapor density and surface tension.

(b) Specify fluid—solid properties such as contact angle.

6. Vapor diffusivity and liquid permeability

(d)

With the nodal pressures of a given flow network in hand, (€)

the flow rate everywhere is calculated and the network con-
ductance computed from

Qj

_— 13
Pin — Pouyt ( )

8j=

whereyg; is the network fluid conductance of thehaseQ); the

total flow of phas¢throughout the network ari®}, — Poyithe

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:

) (&)=

A

where Qy is the volumetric flow rate of the evaporating
species in the gas phadé,andd respectively the molecular
weight and density of the evaporating speciethe ideal gas
constantT the temperature Ap/L)y the pressure gradient on
gas in the direction of the main flow, the vapor network
conductance, anb,, the vapor effective diffusivity. The va-
por relative diffusivity,Dyy, is defined a®,/Dy (§ =0%).

Darcy’s law describes the creeping flow of a single viscous
liquid in a porous medium:

RTd
M

L

RTd
Ap

M

L

Dy 2

= 8v (14)

\

0=-4a""

AT (15)

whereQ is the volumetric flow ratep the fluid viscosity,

A the cross-sectional area of the porous mediaf/L the
pressure gradient in the direction of flow, anthe intrinsic

or absolute permeability. By neglecting any viscous coupling
effects and assuming that the simultaneous flow of gas and
liquid in a porous medium can be described by Darcy’s law
one can write for the permeability of the liquid phase

wn(ss)

k= i

whereQ) is the volumetric flow rate of liquidy the viscosity
of liquid, (AP/L), the pressure gradient on liquid in the direc-
tion of the main flowg, the network conductance of liquid,
andk; the effective permeability of liquid. The liquid relative
permeabilityky, is defined a%i/k (§ =100%).

L

AP

L

= 8IM—

1 (16)

(k)

7. Monte Carlo algorithm

Here we present the sequence of steps and the various pa-

rameters used to simulate dryingbadimensional networks
of pore segments with distributed radii.

)

(h)

(c) Choose a lattice of specified dimensions, mean coordi-

nation number, and boundary conditions.
Set pore network orientation respect to gravity.
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.
Decorate the underlying lattice with independent pore
features. We select rectilinear pore segments with polyg-
onal cross-section and distributed size. Choose pore
shape.
Selectthe parametgi(see Sectiof) and the pore-body-
center to pore-body-center
(i) Set the pore size distribution, this, wighandL, fixes

the porosity of the network and also the length of pore

throats and size of pore bodies.
(i) 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
threshold capillary pressure, in the presence of gravity.
Calculate the evaporating species partial pressure field
in the gas phase. Boundary conditions are the satura-
tion pressure, at the temperature of the system, above
each meniscus and the partial pressure of the evaporat-
ing species in the outside gas. With the partial pressure
field calculate the evaporation flow rate. Let the criti-
cal meniscus advance at constant capillary pressure until
it becomes pinned at the throat opposite edge. Calcu-
late the volume of liquid evaporated. Remaining liquid
is confined to pore corners in capillary equilibrium and
distributed according to pore size and capillary pressure
level. With the evaporated liquid volume and the evapo-
ration flow rate calculate the evaporation time. The last
configuration with the pinned meniscus is highly unstable
leading to a Haines jump. Menisci move rapidly to new
equilibrium positions, accompanied by sudden pressure
drops. After the jump, capillary equilibrium is recov-
ered throughout the network and the capillary pressure
returns to its prejump value. In a jump, either a sudden
local partial-pressure-gradient evaporation or a pressure-
gradient-driven flow removes liquid in single bodies or
assembly of bodies and interconnecting throats.
Determine, according to capillary principles, the local
advance of the drying front after a jump, that is, find
the new accessible pore throats. At the end of the jump,
capillary pressure is at its prejump value. Calculate the
liquid volume transferred in a jump. Determine if this
liquid volume is transferred by sudden internal evap-
oration or by drainage to the surface first and evapo-



244

o

(m)

L.A. Segura, P.G. Toledo / Chemical Engineering Journal 111 (2005) 237-252

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{n)

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 (o)

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 lig-

culate the evaporation time. The shortest time indicates
the island drying first.

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

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.

uid pressure behind each meniscus Binghy, as defined
in Sectionb, in the throat leading to the jump. With the
liquid pressure field calculate the liquid flow rate. With  (q)
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- g, Simulation parameters
tion 3. Compare the times required for internal evapora-

tion and for drainage and surface evaporation combined.  The mechanistic model of isothermal drying of rigid pore
The shortest indicate the prevailing transferring liquid networks is used here to find pore-level distributions of
mechanism. gas-vapor and liquid, drying curves, and corresponding lig-
Notice that fusion of menisciin asingle throat may occur, yid conductivity and vapor diffusivity, and their sensitivities
notably at low liquid saturations; evaporation removes to network size, network dimensionality, network orienta-
liquid in such cases. Remaining liquid is confined to pore tjon respect to gravity, and pore shape and size distribution.
corners in capillary equilibrium and distributed accord-  simulations are run at ambient conditions. The gas phase
ing to pore size and capillary pressure level. Calculate s ajr and the evaporating species is hexane. Liquid hexane
the liquid volume transferred in a fusion of menisci. Cal- perfectly wets the solid surfaces and thus contact angle, mea-
culate the evaporating species partial pressure field ingyred trough the liquid, is zero. Network parameters used in

the gas phase. Boundary conditions are the saturationthe simulations are given ifiable 1 Hexane properties are
pressure, at the temperature of the system, above eachyiven inTable 2

meniscus at the beginning of the fusion, and the partial

pressure of the evaporating species in the outside gas.

With the partial pressure field calculate the evaporation Table 1

flow rate. With the liquid volume transferred in the fusion  Pore network parameters

()

Continue the drying process, steps (j) to (p), until nomore
liquid remains.

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

dence interval of 95%.

and the evaporation flow rate calculate the evaporation Description Value
time. Porosity,¢ 0.4
Calculate the evaporation rate of each liquid island once Pore-body to pore-body length,(1.m) 1000
internal evaporation consistently prevails over drainage. Geometrical parametes, 0.7746
For each island find the largest accessible throat, in theggzoa;:f'j?et:L{h(fn? ) Z;S
absence of gravity, or that accessible with the lowest Thrgat and bc?dy dbeppttﬂn (xm) 1000

threshold capillary pressure, in the presence of gravity.
Thus, each island has a throat that is candidate to ex-
perience a jump. For each island (i) determine the local Table 2

advance of the drying front after the jump that is. find Hexane properties at ambient conditionsT=293.15K and
) . ' ' Y p=1.013x 10°Pa

the new accessible pore throats, capillary pressure is at — |
its prejump value; (ii) calculate the liquid volume trans- 2¢5¢Pton Value
ferred in the jump; (iii) calculate the evaporating species 'V'O'egu'ar_We'?(ht/a"ﬁ(kg’mo') 86.172
partial pressure field in the gas phase, boundary condi- 52 4ensitdl (ko/m) 8 .
. . Liquid viscosity,u (kg/(ms)) 3.26x 10~
tions are the saturation pressure, at thg temperature o_f thesyface tensiony (N/m) 1.843% 10-2
system, above each meniscus for the initial configuration saturation pressure, (Pa) 16160.57
and the partial pressure of the evaporating species in thePartial pressure in outer apex: (Pa) 0
outside gas; (iv) with the partial pressure field calculate g%ntaqt;ng'e_@ (3( 2 g 106

: . H H H ITTUSIvIty In air, me/s x 10~
the evaporation flow rate; and (v) with the liquid volume Mass transfer constarky, (kg/(n? s)) 3.61x 10-2

transferred in the jump and the evaporation flow rate cal-
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Fig. 4. Truncated log-normal pore throat size distributions.
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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 Sectiof?. Fig. 9 shows non-normalized liquid
permeability and vapor diffusivity for the optimum-sized 3D
pore network. Pore size distributionshigs. 6—%re the log-
normal distributions shown ifig. 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 Fig. 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 processHig. 6a and b the tran-
sition from drainage to evaporation occurs after 2 and 3 h of
drying respectively. The drying curves themselve§ig. 6

andB are adjustable parameters defining mean pore radius,suggest two distinct regimes; a fast drying rate period fol-

u, and standard deviatiom,, of the parent normal distri-
butions.Fig. 4 shows the truncated pore size distributions
used. Throat radius ranges from 50 to 300. Mean pore ra-
dius is 15Qum, standard deviations ase= 10pm (Fig. 4a),
o =30um (Fig. 4b), ando =80um (Fig. 4c).

lowed by a significantly slower rate period. Experimental re-
sults in transparent micromodels strengthen this perception
[5-7]. As others have mentiondd,6,7,11-14}he fast rate
period is a result of viscous pressure-gradient-driven liquid
flow that reaches the surface of the network from where evap-

Pore shapes studied correspond to regular polygons of 3, 4 oration takes place. The slower rate period is aresult of evapo-
5and 6 sides. Graphical representations of the various shapegation of liquid islands so poorly connected that are unable to

are shown irFig. 5.

To explore the effect of network size on vapor diffusivity
and liquid conductivity we use networks of 6060, 80x 80,
100x 100, 120x 120, and 140 140 nodes in 2D and
14x 28x 14, 15x 30x 15, 16x 32x 16 and 17 34 x 17
nodes in 3D. As expected the variance of both the vapor dif-

sustain liquid flow. Experiments carried out by Laurindo and
Prat[6,7] probe the importance of pressure-gradient-driven
liquid flow, or capillary pumping, and hydraulic connection
through wedges in pore corners. Our pore-level drying model,
which incorporates both capillary pumping and evaporation,
precisely captures the trend of the experimental data with no

fusivity and the liquid permeability, decreases as the size of significant or sustained departuf&s]. The goodness of such

the network increases. We found that networks of $AM0O
(20 200 throats) in 2D and 1630 x 15 (21 375 throats) in

fit suggests a right selection of the pore-level drying physics.
As expected, the drying curveshig. 6display no significant

3D are enough to minimize network size effects. Drying sensitivity to pore variance and skewness. Dimensionality has
curves are determined for these Optlmum-SIZed networks. |na pronounced effect however. Dry|ng is a|WayS faster in net-

calculating vapor diffusivity and liquid permeability however
attention is restricted to a central core of the optimum-sized
networks, i.e., a 10@ 50 pore corein 2D and a 2615 x 15
core in 3D. The reduced dimension is along the direction per-

works embedded in 3D than in 2D; more strictly, drying is
faster in networks with higher connected pore spaces even if
they are embedded in the same space dimension.

Liquid hexane relative permeability iRig. 7 and vapor

pendicular to the open side of the networks. hexane relative diffusivity iffig. 8from both 2D and 3D pore

networks show expected trends. As liquid content decreases
liquid permeability decreases and vapor diffusivity increases.
Liquid relative permeability approaches a typical s-shaped

; 4 e VN form. Permeability is high at high saturations of the liquid
/ry /rr ( y d ) phase. Permeability decreases abruptly once mainly small-
\ . o, saturated pores and liquid wedges composed liquid satura-

tion. The inflection point in the permeability marks the point
Fig. 5. Graphical representations of the various pore shapes considered. where wedges of liquid control its conductivity; at this point
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Fig. 6. Pore size variance and skewness effect on simulated drying curves in pore networks saturated with hexane: (a)@Bpd@® networks, (b) 3D
15x 30 x I5-pore networks. Pore segments with square cross-section.
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the liguid network is unable to sustain significant liquid flow. as large populations of pore segments become dry, the va-
The permeability of liquid hexane shown kig. 9 for 3D por diffusivity increases faster, abruptly both in 2D and in
networks exhibits little sensitivity to pore size variance and/or 3D. At low enough saturations, liquid hexane exists mainly
skewness at high liquid saturations. A strong liquid-saturated as liquid wedges in pore corners; vapor diffusivity recovers a
pore network exists. As liquid saturation decreases a pro-low increasing pace, as liquid wedges become thinner, before
nounced spread of the liquid permeability is observed as thereaching its highest valu€igs. 8 and B show that at high-
pore size variance and/or skewness changes, se€iglso enough liquid saturations, the vapor diffusivity displays no
Atany given high saturation iRig. 9a the higher the variance  significant sensitivity to the variance and skewness of the pore
and/or skewness in pore size the higher the liquid permeabil- size distribution. However, the same figures show that the im-
ity. The effect of the skewness is even more pronounced thanpact of pore size variance and skewness is significant at low
the effect of the variance of the pore size distribution. In all liquid saturations (below 50%). For these saturation regimes,
cases of variance and/or skewness, the larger pore segmentst any given liquid saturation, the lower the variance and/or
available in larger number in pore populations with higher the skewnessin pore size the higher the vapor diffusivity. The
variance and/or skewness, control de conductance of the lig-skewness effect being more pronounced. Pore networks dec-
uid network. The situation is the opposite at lower saturations, orated with pore size distributions exhibiting high pore size
which is of course not evident when the liquid permeability variance and/or skewness attain given saturations with larger
is reported normalized as relative permeability. At any given populations of small liquid-saturated pore segments as com-
saturation, in the low saturation range, the higher the variancepared with distributions having low pore size variance and/or
and/or skewnessin pore size the lower the liquid permeability. skewness. At low saturations of liquid hexane, pore segments
Again, the effect of the skewness is even more pronouncedholding liquid wedges in corners control de diffusivity of hex-
than the effect of the variance of the pore size distribution. In ane vaporFigs. 8 and B show that in this saturation regime,

all cases of variance and/or skewness, the smaller pore segthe vapor diffusivity displays no significant sensitivity to the
ments, available in larger number in pore populations with variance and/or skewness of the pore size distribution.
higher variance and/or skewness, control de conductance of

the liquid network. Large pore segments saturated with liquid 9.2, Pore shape

merely act as liquid connectors.

According toFigs. 8 and B, vapor hexane diffusivity in 2D Figs. 10-12show respectively calculated hexane drying
and 3D approaches aninverted s-shaped form, rising abruptlycurves, liquid relative permeability and vapor relative diffu-
once a cluster of hexane vapor traverses the network for thesivity in the 2D and 3D optimum-sized pore networks in-
firsttime. Then diffusivity increases smoothly as liquid satu- troduced in Sectiory. Fig. 13 shows non-normalized lig-
ration decreases. Vapor diffusivity is nil for liquid saturations uid permeability and vapor diffusivity for the optimum-sized
high enough. At some liquid saturation, higher in 3D than in 3D pore network. Pore size distribution Figs. 10-13is
2D, a sort of percolation threshold of sample-spanning pathsthe log-normal shown ifig. 4c. Results correspond to 95%
of vapor-filled pore segments is reached and the vapor diffu- confidence intervals around the mean of four realizations of
sivity reaches a small steady non-zero value. As liquid sat- the pore size distribution. Pore segments are rectilinear with
uration decreases, vapor diffusivity increases slowly both in triangular, square, pentagonal and hexagonal cross-sections.
2D and in 3D. For liquid saturations in the medium range, Again pore networks are disposed horizontally and thus grav-
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ity plays no role. As expected, the drying curves, vapor rela- displays the effect of gravity on the drying curves of the 2D
tive diffusivity and liquid relative permeability display a pro- and 3D optimum-sized pore networks introduced in Section
nounced dependence on the dimensionality of the embeddingr. Fig. 16 displays the effect of gravity on non-normalized
space and a clear insensitivity to pore shape. Again, dryingliquid permeability and vapor diffusivity for the optimum-
is faster in networks with higher connected pore spaces. Insized 3D pore network. Pore size distributiorFigs. 14-16
Fig. 10a and b drainage switches to evaporation after 1.4 andis the log-normal shown iRig. 4c. Results irFigs. 15 and 16
4 h of drying respectively. correspond to 95% confidence intervals around the mean of
Fig. 13 and b however reveal respectively that non- four realizations of the pore size distribution. Pore segments
normalized liquid permeability and vapor diffusivity in 3D  are rectilinear with square cross-section. Pore networks are
networks show some sensitivity to pore shapes. However, thedisposed in three different ways respect to gravity (1) hor-
overall shapes of the curves are maintained. For a given poreizontally ¢ =0°, gravity plays no roleg=0 and thusB=0,
size distribution and liquid saturatioRig. 13 and b reveals  (2) inclined, with the open side upwards=87.02, g>0
that liquid permeability and vapor diffusivity are higher in and thuB=0.35, and (3) inclined, with the open side down-
networks with pore segments showing higher angularity such wards,p = —3.6°, g<0 and thu8=—-0.022. The angle is
as the triangular pores. Triangular pore segments, circum-measured respect to the horizontal.
scribing circles of the same radius as lower angularity pores, Fig. 14 shows a comparison of simulated morphologies
remain open to vapor flow at higher liquid saturations than of drying fronts affected variously by gravity at equivalent
do less angular pores. At any given capillary pressure, lessliquid saturations. Drying fronts in the images move from
angular pore segments built liquid bridges with lower liquid top to bottom. Pores filled with hexane vapor are shown in
saturations. Thus for any given liquid saturation the higher black; regions filled with liquid hexane are shown in white.
the pore angularity the higher the probability of finding pores Left and right boundaries are sealed. The leftmost column
open to vapor flow. This explains the higher vapor diffusivi- in Fig. 14 displays a sequence of saturation maps and dry-
ties observed iifrig. 13 in triangular pore segments respect ing fronts for the casgg=0. The sequence shows that at
to the other higher-sided pore segments. However, lower-early stages of the process, when the average velocity of
sided pores open to gas flow maintain higher corner liquid the drying front is high, a roughly compact front forms. As
inventories and thus liquid remains more fully and strongly the front velocity slows, the size of the front roughness in-
connected thanin higher-sided pores. This explains the highercreases and capillary fingers develop. Islands of liquid of var-
liquid permeability observed ifrig. 13 in triangular pore  ious sizes appear. Notable is the compact front that evolves
segments respect to higher-sided pores. The situation is parbehind the rough front. Similar analysis has been offered
ticularly clear at low liquid saturations when liquid recedes first by Shaw[13,14] and then by Laurindo and Prg&g,7].
mostly in pore corners and tiny pores; triangular pores built Important is the striking resemblance of the simulated dry-
thicker liquid wedges and thus liquid permeability is higher. ing pattern when compared to experimental patterns at the
same drying timegl3—15] According to the model, the dry-
9.3. Gravity ing pattern at the beginning of the process is determined by
drainage, or capillary pumping, then by the interplay between
Fig. 14displays the effect of gravity on saturation distribu- drainage and evaporation, and later, when only islands of
tion and drying fronts in 2D 108 100 pore networkg:ig. 15 liquid remain, by evaporation. From here on, by drainage
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Fig. 14. Gravity effect on simulated morphologies of hexane drying fronts, and corresponding saturations, for increasing drying times @igkidapot
is white). Pore segments with square cross-sectiog£d), (b)g>0, and (c)g<O0.

we mean the combined process of moving liquid to the sur- cess a compact front forms which is determined almost exclu-
face and evaporating it from there, by evaporation we meansively by partial-pressure-gradient-driven evaporation. The
liquid removal by internal evaporation. The compact front rightmost column irFig. 14 displays the corresponding se-
behind the rough is determined almost exclusively by evap- quence of saturation maps and drying fronts for the case
oration. Liquid removal switches from drainage to evapo- g<0. The sequence shows that at any stage of the process
ration after 2 h of drying and thus the fronts in the image a rough front forms, dominated by long and initially weakly
sequence in the left column &fg. 14are all controlled by connected vapor fingers, which is determined almost exclu-
evaporation. The central columnig. 14displays the cor-  sively by pressure-gradient-driven liquid flow. In this case
responding sequence of saturation maps and drying frontsdrainage switches to evaporation after 1 h of drying, how-
for the caseg>0. In this case drainage switches to evapo- ever enough to remove 57% of the liquid. The exact mo-
ration after 2.4 h of drying and thus the fronts in the image ment of the drainage-evaporation transition is captured in
sequence in the central columnia§. 14are all evaporation-  the second frame from the top of the rightmost column in
controlled. The sequence shows that at any stage of the pro+Fig. 14
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The pronounced effect of gravity on drying rates, satu- expected trends, that is, as liquid content decreases liquid
ration distributions and drying front morphologies is clearly permeability decreases and vapor diffusivity increases. In all
manifested also in the drying curves, liquid permeability and three cases @, liquid permeability approaches the typical s-

vapor diffusivity shown inFigs. 15 and 16These results

Fig. 14 For the 3D pore network, for the cage 0 drainage

switches to evaporation quickly after 2.8 h of drying, drying

is evaporation-controlled and is thus very slowFag. 1%
shows; for the casg<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 proaches the inverted s-shaped form, rising abruptly once a

the large masses of liquid transferred by pumping.

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

;%ggn."
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Fig. 16. Gravity effect on: (a) liquid hexane permeability and (b) vapor hexane diffusivity in 303Bx 15 pore networks. Pore segments with square
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shaped form. The permeability of liquid hexane exhibits little
are also strongly dependent on the dimensionality of the em- sensitivity to network orientation at high liquid saturations. A
bedding space, an aspect already discussed. For the 2D porstrong liquid-saturated pore network exists. As liquid satura-
network, the transition from drainage to evaporation for the tion decreases a pronounced spread of the liquid permeability
three cases of gravity was discussed around the results ins 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 ggs@. 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 ofy, according toFig. 16b, the vapor diffusivity ap-

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-
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