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HIGHLIGHTS GRAPHICAL ABSTRACT

« Air-water flow through thin porous
layers is studied using a state-of-the-
art dynamic pore-network model.
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cathode gas diffusion layer of a
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ABSTRACT

Thin porous layers, that have large aspect ratios, are seen in many applications such as hydrogen fuel cells
and hygiene products, in which air-water immiscible flow is of great interest. Direct numerical simula-
tions based on Navier-Stokes equation are computationally expensive, and even prohibitive for low cap-
illary number flow such as water flooding in low-temperature polymer electrolyte fuel cells.
Alternatively, the pore-network modeling needs much less computational resources, while still retaining
essentials of the pore-structure information. In this work, a dynamic pore-network model of air-water
flow with phase change has been developed. We focus on drainage processes through thin porous layers,
in which liquid water is the nonwetting phase. Three test cases are conducted, namely, air-water flow
through a thin porous layer, air-water flow through a bilayer of fine and coarse thin porous layers, and
water flooding in the gas diffusion layer of a polymer electrolyte fuel cell with phase change between
water and its vapor. Using these test cases, we aim to demonstrate the application of dynamic pore-
network modeling in thin porous media studies. In particular, we discuss the challenge of modeling thin
porous media at the average scale, and highlight the role of phase change in removing liquid water from
the cathode gas diffusion layer.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Thin porous media are seen in a variety of applications, such as
fuel cells, inkjets, filters, textiles, and hygiene products. In general,
a thin porous medium/layer is characterized by its much larger lat-
eral dimensions than the layer thickness, i.e., large aspect ratio
(Prat and Agaésse, 2015; Qin and Hassanizadeh, 2014). Regulating
flow and transport in thin porous layers plays an important role in
the performance of their applications (Tavangarrad et al., 2018).
For example, in a low-temperature polymer electrolyte fuel cell
(PEFC), balancing hydration of electrolyte and liquid water flooding
in thin diffusion layers is crucial to the cell performance and long-
evity, which is referred to as water management (Park et al., 2015).

At the continuum scale, the extended Darcy’s law has been
widely used to predict two-phase flow in porous media (Pinder
and Gray, 2008). However, new challenges arise in modeling flow
and transport through thin porous layers. They include heavy com-
putational costs because of the meshing along layer thickness, fail-
ure of the REV (representative elementary volume) concept along
layer thickness, and layer-layer interfacial effect (Qin and
Hassanizadeh, 2015; Wargo et al., 2013). Over the past two dec-
ades, air-water flow through/in thin porous layers has gained
much attention due to its important role in the operation of PEFCs.
However, to date, it is still an open question if the framework of
multiphase flow models, originally developed in hydrogeology
and petroleum engineering, is suitable to the modeling of liquid
water flooding in thin diffusion layers. In particular, the capillary
number of water flow in an operating PEFC is extremely small,
on the order of 1078, Such low-capillary flow may be beyond the
applicability of the extended Darcy’s law.

To gain insight into developing an efficient and reliable
continuum-scale model of thin porous media, researchers resort
to the pore-scale modeling (Médici and Allen, 2013; Qin, 2015;
Sinha et al,, 2007; Straubhaar et al., 2016; Wu et al., 2012a). Fur-
thermore, the pore-scale modeling has been widely used to obtain
material properties of porous media, such as capillary pressure, rel-
ative permeability, and effective diffusivity and thermal conductiv-
ity (Garcia-Salaberri et al., 2015; Gostick et al., 2007; Wu et al.,
2012b). Regarding two-phase flow in porous media, there are sev-
eral pore-scale modeling approaches available, including direct
numerical simulations (e.g., volume of fluid model (Qin et al.,
2012c; Raeini et al., 2014), level-set model (Wang et al., 2009),
lattice-Boltzmann model (Mukherjee et al., 2009), smoothed parti-
cle hydrodynamics (Kunz et al., 2016), Navier-Stokes-Cahn-Hilliard
model (Shokrpour Roudbari et al., 2016)), and pore-network mod-
els (Huang et al., 2016; Joekar-Niasar et al., 2010; Sweijen et al.,
2016; Thompson, 2002). In principle, direct numerical simulations
can furthest preserve pore structures of porous media, which may
be obtained by noninvasive visualization techniques. Significant
computational resources, however, are required for direct simula-
tions of two-phase flow in porous media, which makes the model-
ing of a REV-size porous medium prohibitive. This would be even
worse when low capillary number flow is of interest. Alternatively,
the pore-network modeling has attracted much attention because
of much more computationally efficient. The basic idea of a pore-
network model is as follows. First, the porous medium of interest
is geometrically represented by a network of pore elements, in
which pore bodies are used to denote large pore spaces while nar-
row regions between large pore spaces are denoted by pore
throats. Then, flow and transport equations assisted by local rules
are solved based on those pore elements, which are mostly ideal-
ized in shape. In the present work, we use a dynamic pore-
network model to understand fundamentals of air-water flow
through thin porous layers under low capillary number values.
Water management in PEFCs is one of the typical relevant applica-

tions. In the following, water management in low-temperature
polymer electrolyte fuel cells is introduced in Section 1.1. Then, a
brief review of the pore-network modeling of two-phase flow in
porous media is given in Section 1.2. Finally, we present the objec-
tives of this work in Section 1.3.

1.1. Water management in low-temperature polymer electrolyte fuel
cells

To provide sufficient power, a PEFC stack as shown in Fig. 1a is
composed of hundreds of repeating units which are connected in
series. A typical PEFC unit (see Fig. 1b) can be divided into the
anode and cathode sides, with a solid electrolyte membrane sand-
wiched in between. Each side consists of a bipolar plate (BP) with
grooved gas channels (GCs), a gas diffusion layer (GDL) coated with
a micro porous layer (MPL), and a catalyst layer (CL). Its operating
principles are as follows. Hydrogen and air are delivered into the
GCs at the anode and cathode, respectively. At the anode, hydrogen
diffuses through the GDL and evenly enters into the CL, where each
hydrogen molecule splits into two electrons and two protons. Pro-
tons migrate into the cathode CL via the membrane, while elec-
trons travel through an external circuit to the cathode side. At
the cathode, electrons further transport into the CL through the
solid phase, and oxygen diffuses into the CL, where they combine
with protons and electrons to form water and heat. In automotive
applications, the GDL, MPL, and CL usually have the thicknesses of
150 ~ 300 um, 20 ~ 50 um, and 5 ~ 30 pm, respectively. In the in-
plane, they can have the dimensions of around 50 cm by 50 cm.
Thus, they are typically thin porous layers stacked upon each other.

A low-temperature PEFC has major advantages of quick startup
and high efficiency. Usually, it operates below 90 °C. As a result,
water management could be crucial, especially at high current
densities. On the one hand, the electrolyte needs to attain high
water content for effective proton conductivity; on the other hand,
too much water would flood the diffusion layers and GCs, giving
rise to the potential loss of mass transport. Therefore, in practice,
both air and hydrogen are humidified before being delivered into
the GCs, particularly to prevent electrolyte dehydration at the inlet
region. What is more, water flooding is mitigated by increasing the
stoichiometry at the cathode and proper designs of the GDL, MPL,
CL, and GC. For instance, the diffusion layers are made hydrophobic
for good water removal; and it has been shown that the MPL plays
an important role in the mitigation of water flooding (Deevanhxay
et al., 2013).

1.2. Pore-network modeling of two-phase flow in porous media

There has been a long history of the application of the pore-
network modeling in two-phase flow studies of porous media.
Quasi-static pore-network models are invasion-percolation based,
which are widely used to obtain material properties of a porous
medium (Blunt et al., 2002; Patzek, 2001). In comparison, a
dynamic pore-network model is more complex and computation-
ally expensive. Usually, thermodynamic variables are defined over
each pore element, such as saturation and pressure. Mass conser-
vation is solved for each pore body. In general, there are single-
pressure and two-pressure pore-network models. A single-
pressure model considerably reduces computational efforts. But,
no local capillary pressure is defined in a pore body; a pore throat
is assumed to be fully occupied by one phase; and, corner flow is
neglected. As a result, some pore-scale dynamic events cannot be
modeled. For example, Sinha and Wang (2007) used a single-
pressure model to study liquid water transport in the GDL of a
PEFC, in which spherical pore bodies and cylindrical pore throats
were used.
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Fig. 1. (a) Schematic of a polymer electrolyte fuel cell (PEFC) stack; and (b) two-dimensional schematic of a PEFC unit.

In a two-pressure pore-network model, mass conservation
equations of both phases are solved. In each pore body, two phase
pressures are coupled by a local capillary pressure, which is geo-
metrically determined by either wetting or nonwetting saturation.
This corresponds to the assumption of local equilibrium. Since
local capillary pressure is tracked in each pore body, this gives
the possibility of including the effect of pore-body irregularity on
two-phase flow dynamics in porous media. Meanwhile, corner
flow in a pore body or pore throat can be easily implemented. In
the literature, among many references, Thompson (2002) devel-
oped a dynamic two-pressure model to simulate fluid transport
in disordered fibrous materials, Lee et al. (2009) developed a sim-
ilar model to study liquid water transport in a hydrophobic GDL,
and Joekar-Niasar et al. (2010) improved the dynamic pore-
network modeling by introducing a semi-implicit scheme for the
saturation equation. It was reported that this latter model provided
more numerical stability, compared to previous models, particu-
larly for unfavorable viscosity ratios and small capillary number
values. Later on, Qin (2015) extended the model of Joekar-Niasar
et al. into the study of water flooding in PEFCs. Also, evaporation
was coupled with liquid water dynamics.

Dynamic pore-network models have been mostly used to quali-
tatively investigate fundamentals of two-phase flow in porous
media (Joekar-Niasar et al., 2010; Lee et al., 2009; Qin, 2015). Few
verification studies of the dynamic pore-network modeling exist
in the literature, because (1) experimental data with high temporal
resolution is difficult to obtain, and (2) highly simplified pore ele-
ments cannot well represent the complex pore structure. Recently,
a comparison of the dynamic pore-network modeling of primary
drainage against micromodel experiments has been reported
(Yang et al., 2017). The authors showed that at the breakthrough,
the distribution of the nonwetting phase saturation along the flow
direction matches experimental data well. Also, there are a few ver-
ification studies of the quasi-static pore-network modeling, in
which good matches of relative permeability and capillary pressure
have been reported (Patzek, 2001; Valvatne and Blunt, 2004).

1.3. Objectives of this work

In this work, we extend our previous dynamic pore-network
model with respect to the coupling algorithm between vapor
transport and air-water two-phase flow, and use it to study air-
water flow through thin porous layers under low capillary number
values (107> ~ 10~8). Because we focus on a qualitative under-
standing of the flow dynamics, we use artificial pore networks gen-
erated numerically by calibrating porosity and permeability. Liquid

water is treated as the nonwetting phase. Through a number of
case studies, we (1) explain why the extended Darcy’s law cannot
describe extremely low capillary number flow; (2) present two
water drainage scenarios through a thin porous bilayer with the
contrast of pore size (i.e. from fine to coarse and from coarse to fine
layers); and (3) highlight the important role of phase change in
determining liquid water flooding in the cathode GDL of a PEFC.

The paper is organized as follows. In Section 2, we briefly review
our dynamic pore-network model with a focus on the discussion of
coupling water vapor transport and air-water two-phase flow. The
model is tested in terms of capillary pressure, and drainage rates
under different viscosity ratios in Section 3. In Section 4, we pre-
sent three case studies including air-water flow through a thin por-
ous layer, air-water flow through a thin porous bilayer, and water
flooding in the GDL of a PEFC. Implications from the case studies
are discussed in Section 5, which is followed by conclusions given
in Section 6.

2. Dynamic pore-network model

We present our dynamic pore-network model in three parts.
The governing equations are presented in Section 2.1, which are
complemented by the closure equations given in Section 2.2. In
Section 2.3, the numerical implementation is described.

The following main assumptions are used in the dynamic pore-
network model.

e Pore spaces are represented by idealized pore bodies. No vol-
ume is affiliated with pore throats (refer to Fig. 2 for the water-
shed concept used in the network extraction).

e Pore-space hydraulic and diffusive conductance is assigned to
pore throats, which connect pore bodies together.

e Wetting phase is connected throughout the network via the cor-
ners of pore bodies and pore throats.

e Air and water are incompressible and immiscible.

e The dependence of air density and viscosity on water vapor con-
centration is neglected.

2.1. Governing equations

The volume conservation of each phase in a pore body is given
as:

ds? AN
ViE:—ZQ,-ﬁFa:n, w (1)
= i
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Fig. 2. Schematic of the representation of a porous medium by a pore network. In the left graph, the concept of watershed is used to generate discrete pore spaces, which are
connected by pore throats. The right graph shows the extracted pore network composed of idealized pore bodies (i.e., nodes) and pore throats (i.e., bonds).

where i is the pore body index, ij is the pore throat index, a is the
phase index with n and w denoting nonwetting and wetting phases,
respectively, N; is the coordination number of pore body i, V [m?] is
the volume, s [-] is the saturation, p [kg/m?] is the density, Qj [m3/
s] is the flow rate from pore body i to pore body j, and r [kg/s] is the
phase change term with the constraint of r}¥ 4+ 17 = 0.

The flow rate of each phase through pore throat ij is calculated
by Hagen-Poiseuille equation:

Q =K;(p-p), a=n w @

where Kﬁj [m3/Pa/s] is the a-phase conductance through the pore
throat, p [Pa] is the pressure. Note that with Hagen-Poiseuille
approximation, inertial effect cannot be considered which may be
important along Haines jump fronts (Berg et al., 2013).

The capillary pressure in a pore body is related to the phase
pressures by:

pi=pi-p 3)

Casting Egs. (1)-(3), together with the constraint of s} +s!' =1

and the definition of the mixture pressure of p; = s'p! + si'p¥, we
obtain the mixture pressure equation:

Ni

> (K5 +K5) (P py)

=1
- _é’; {[k5=sp) = Kysi]pg + [Kysr = K5 (1= 57) | s}

+(1/p" = 1/p")r]

Finally, in a pore body, the mass conservation of water vapor in
the wetting phase (i.e., air) is given as (Qin, 2015):

(4)

% =G imax(Qg’,O) - icjmin(q};ﬁ 0)

j=1 j=1

N:
i C:—C:
- DA} ’L“ e (5)
j=1 i

where C [kg/m?] is the water vapor concentration, ¢ [s] is the time,
Dy [m?/s] is the diffusivity of water vapor, Aj' [m?] is the wetting-
phase flow area in the pore throat, and L; [m] is the pore throat
length.

2.2. Closure equations

In this work, closure equations are given for an air-water sys-
tem. To consider corner flow at the pore scale, pore bodies are
assumed to be cubic, while pore throats are thin tubes with
square cross-section. Inside a cubic pore body, the equilibrium
relationship between capillary pressure and nonwetting satura-
tion is semi-analytically given as (Joekar-Niasar et al., 2010;
Qin, 2015):

B 20" cosl
~ Ri{1-—exp[-6.83(1—-s!)]}

pi (6)
where ¢™ [N/m] is the air-water surface tension, R; [m] is the
radius of the inscribed sphere in the pore body, and 6 [radian] is
the static contact angle of air in porous media. A similar relationship
was given in Lee et al. (2009).

The entry pressure of a pore throat is approximated by the
Mayer and Stowe-Princen (MS-P) theory (Ma et al., 1996):

o™ -
p; = . (cose +4/m/4—0+ schosH) (7)
"
where R;; [m] is the radius of the inscribed circle in the cross-section
of the pore throat. In a drainage process, a pore throat is invaded
once the upstream capillary pressure exceeds its entry pressure.
Phase conductance is required in Eq. (2). If a pore throat is one-

phase occupancy, the flow area of air phase is A‘,;’ = 4Ri2j. Then,

based on the concept of hydraulic diameter, its conductance is
approximated as:

2
A
K5 = 8(77;;32LU

8)

where p [Pa-s] is the dynamic viscosity. If a pore throat is two-phase
occupancy, the flow areas of air and water are, respectively, given as
(Ma et al., 1996):

A} =4r? {%COS(%-‘:— 9> - (g - 0)} 9)

A} = 4RZ — AY (10)

where 1y is the radius of the curvature of air-water interface in the
pore throat given by ry = ¢""cos0/p§. Then, the conductance of each
phase is calculated as (Ransohoff and Engineering, 1988):
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where f is a dimensionless resistance factor determined by the con-
tact angle and the half corner angle of the cross section of a pore
throat. Its full expression can be found in Qin et al. (2012a). We note
that explicit expressions of the above constitutive relations are geo-
metrically determined by idealized pore elements. For instance,
Fig. 3 shows five different cross-sections of a pore throat, with dif-
ferent saturation values of inscribed circles for the nonwetting
phase. If pore elements with complex shapes need to be considered
for a realistic porous medium, the associated constitutive relations
such as capillary-pressure-saturation relation in a pore body may be
obtained using image analysis and direct numerical simulations
(Riasi et al., 2016).

In the test case 3 of water flooding in the GDL (Section 4.3),
phase change between liquid water and water vapor is involved.
The following phase change model is used:
= —ka?W(Cf“ -G) (12)

i

where k [m/s] is the phase change rate constant, a™ [m?] is the
interfacial area between nonwetting and wetting phases in the pore
body (Joekar-Niasar et al., 2010), and Ci* [kg/m?] is the saturated
vapor concentration. The nucleation process of vapor condensation
in dry pores is not considered. Therefore, in a pore body, the inter-
facial area is assumed to be equal to the wall area if the nonwetting
saturation is smaller than 0.52 (the saturation value of inscribed
sphere in the pore body).

Finally, the diffusivity of water vapor is empirically calculated
by (Qin et al., 2012b):

af T\ /101325
D; = 0.2982 x 10 <333 v (13)

where the temperature, T [K], and air pressure, p“, in the pore
throat are approximated by the values in its upstream pore body.

2.3. Numerical implementation

Governing Egs. (1), (4), and (5) are numerically solved for three
primary variables, namely, water saturation, s, mixture pressure,

p;» and water vapor concentration, C; (when phase change is con-
sidered). At the end of each time step, the remaining quantities
are updated based on the primary variables. The numerical dis-
cretization of governing equations was given in detail in Qin
(2015). We note that the semi-implicit scheme for water saturation
update stabilizes the modeling at extremely small capillary num-
ber values. But, it can cause a little mass imbalance in a pore body.
In our previous study, it was shown that the drainage modeling in
the GDL was very time-consuming with a small capillary number

Saturation of inscribed circle for nonwetting phase

s"=n/(3+2+3) =B /o

/ﬁﬁ

Irregular triangle Equilateral triangle

value (e.g., 1078). This is because the time for filling a pore body
is much longer than the time step determined by the criterion of
Eq. A16 in Qin (2015). To reduce computational efforts, for the test
case 3, we decouple liquid water transport into two parts: local
accumulation due to phase change, and migration under capillary
action. The reduced equation of water conservation,
Vids?/dt = 1/ p}, can be solved with a large time step. In the inter-
val of a few large time steps, we solve the full form of Eq. (1) for
redistributing liquid water in the GDL, while the used time step
is determined by Eq. A16 in [8]. In this way, computational efforts
are considerably reduced. Also, we have checked that this numer-
ical treatment has indiscernible effect on water transport in the
GDL.

3. Capillary pressure and drainage rates

Before we present the case studies of air-water flow through
thin porous layers, in this section, we test our model with respect
to capillary pressure and drainage rates under different viscosity
ratios of the nonwetting phase to the wetting phase. A small net-
work of 10 x 10 x 10 is numerically generated. The details of the
network structure and physical parameters are given in Table 1.
The nonwetting reservoir pressure (at X=0m) was set to
10000 Pa. At the outlet, the mixture pressure was set to zero, the
wetting phase saturation was set to one, and the gradient of capil-
lary pressure was set to zero. The periodic boundary condition was
imposed to the four side faces. The flow is along the through-plane
direction (positive X axis).

Fig. 4a shows the comparisons among the quasi-static capillary
pressure, the capillary pressure under dynamics, and the phase
pressure difference (mass-averaged over the whole network) ver-
sus the wetting saturation over the whole network. It is seen that
the capillary pressure curve under dynamics is above the quasi-
static one, while the curve of the phase pressure difference is even
higher than the capillary pressure curve under dynamics. The dif-
ference between the phase pressure difference and the capillary
pressure is characterized by the well-known tau term as follows:
p" —p¥ — p¢ = —19S" /ot, where S is the network wetting satura-
tion, and 7 is a material property which needs to be experimentally
determined (Hassanizadeh and Gray, 1990). The same observations
have been found in both experiments (Zhuang et al., 2017) and
direct numerical simulations (Kunz et al., 2016). Then, we reduced
the viscosity of the wetting phase to test the dependence of the
drainage rate on the viscosity ratio of the nonwetting phase to
the wetting phase. Fig. 4b shows the drainage rates under three
different viscosity ratios of 54 corresponding to an air-water sys-
tem, 1.0, and 0.1 corresponding to an unfavorable drainage process.
As expected, the drainage rate decreases notably as the viscosity
ratio decreases. Meanwhile, the drainage front evolves to a
viscous-finger pattern with the viscosity ratio of 0.1.

=r/4

Circle

Square Regular hexagon

Fig. 3. Schematic of the nonwetting phase (in red) occupancies in five different cross-sections of a pore throat. The saturation value of each inscribed circle for the nonwetting
phase is also given. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Pore-network structure and physical properties® used in model test.
Lattice distance 2.0x10™*m
Domain size, X x y x z (in lattice) 12 x 10 x 10
Number of pore bodies and pore throats 1163/2552
Minimum/maximum/mean size of pore 2.0 x 107° m/1.0 x 10~*
body” m/5.0 x 107> m
Standard deviation of truncated lognormal 0.4
distribution
Porosity 0.22
Permeability 7.7 x 10712 m?
Air-water surface tension 0.0728 N/m
Contact angle for water 0rad

1.0 x 103/1.84 x 10°5 Pa-s
998/1.204 kg/m?

Water/air viscosity
Water/air density

2 Properties are given at the room temperature (20 °C).
b The size of a pore body means the radius of the inscribed sphere in the pore
body.

4. Modeling of air-water flow through thin porous layers

To pursue the objectives given in Section 1.3, three test cases
have been run. They include (1) air-water flow through a thin por-
ous layer, (2) air-water flow through a bilayer of fine and coarse
thin porous layers, and (3) water flooding in the GDL of a PEFC with
phase change between liquid water and water vapor. In the follow-
ing, numerical setups and results of the case studies are presented
in detail.

4.1. Air-water flow through a thin porous layer

In this test case, we mainly present water distribution profiles
through a single thin layer under different operation conditions.
Later on, in Section 5, we will discuss its continuum-scale
modeling.

Here, an artificial thin porous layer was created. The network
information is given in Table 2. Along the through-plane direction,
there are 10 layers of pores excluding inlet and outlet pores, which
gives a layer thickness of 2.0 mm. Fig. 5 shows the detailed pore-
network information including the pore-body size and coordina-
tion number distributions, which are similar to those used in the
model test in Section 3. The size of a pore throat was correlated
with the sizes of its two connected pore bodies (Joekar-Niasar
et al.,, 2010). Two types of inlet boundary condition were tested
(at X=0m), namely, uniform pressure boundary condition and
uniform flux boundary condition (Fazeli et al., 2015). The remain-

9000
7200 - . e
e ] o
E 5400 r
L AA, Ba
o A““AAAAA
=
3 -
o 3600
a A Capillary pressure AA
i . A
1800 M Phase pressure difference
Quasi-static capillary pressure
0
0 0.2 0.4 0.6 0.8 1

Wetting saturation

(a)

Table 2
Pore-network structure used in test case 1, and physical properties® used in test case
1 and 2.

Lattice distance 2.0x10™%m
Domain size, X x y x z (in lattice) 12 x10x 10
Number of pore bodies and pore throats 10619/23781
Minimum/maximum/mean size of pore 2.0x10°m/1.0 x 1074
body” m/5.0 x 1075 m
Standard deviation of truncated lognormal 0.4
distribution
Porosity 0.2
Permeability 7.5 x 10712 m?
Air-water surface tension 0.0728 N/m
Contact angle for water Orad

Water/air viscosity
Water/air density

1.0 x 103/1.84 x 107° Pa's
998/1.204 kg/m>

2 Properties are given at the room temperature (20 °C).
P The size of a pore body means the radius of the inscribed sphere in the pore
body.

ing numerical settings are the same as given in Section 3 for the
model test.

Fig. 6 shows the water pressure and capillary pressure distribu-
tions along the through-plane direction when a nearly steady-state
situation was reached (Qin, 2015). Based on the curve of quasi-
static capillary pressure versus saturation in Fig. 4a, three inlet
water pressure values were used, namely, 4000 Pa, 5000 Pa, and
7000 Pa. At 4000 Pa, the capillary front of water stopped in the
middle of the layer without a breakthrough. As such, a uniform dis-
tribution of the water pressure is seen in Fig. 6. The water phase
pressure is very close to the capillary pressure although they have
different definitions at the average scale. Notice that at 5000 Pa,
small fluctuations of pressure along the flow direction are due to
the heterogeneity of pore sizes. They are expected to be smoothed
out as increasing the network size.

Fig. 7 shows the temporal evolutions of network-averaged cap-
illary pressure and phase pressure difference at the inlet water
pressure of 7000 Pa. As more and more water invaded into the
layer, the difference between capillary pressure and phase pressure
difference decreased to the value of around 250 Pa. This difference
is much smaller than the capillary pressure. Two temporal evolu-
tions of capillary number values during the drainage process are
given in Fig. 8. It is seen that even small inlet water pressure values
gave rise to relatively large capillary number values. This is
because of the low viscous resistance of a thin porous layer.

Fig. 9 shows the water saturation profiles along the through-
plane direction. Clearly, saturation values increased as the increase
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Fig. 4. (a) Distributions of the quasi-static capillary pressure, the capillary pressure under dynamics, and the phase pressure difference versus the network saturation; (b) the
drainage rates under three different viscosity ratios of the nonwetting phase to the wetting phase: 54, 1.0, and 0.1.
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mass-weighted. Three inlet nonwetting-phase pressure values, namely, 4000 Pa,
5000 Pa, and 7000 Pa, were studies. No breakthrough of water was obtained for the
inlet pressure value of 4000 Pa.

of the inlet water pressure. Meanwhile, there was an obvious
switch of the shape of saturation profile, i.e., from concave to con-
vex. However, at the continuum scale, for capillary dominant water
flow, the Richards equation together with the widely used power-
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Fig. 7. Temporal evolutions of capillary pressure and phase pressure difference at
the inlet water pressure of 7000 Pa. All pressure values are averaged over the entire
network. The capillary pressure is interfacial-area-weighted, while the phase
pressures are mass-weighted.

law relative permeability and Leverett | function of capillary pres-
sure (Wang and Wang, 2008), predicts only a convex profile of

water saturation distribution. This is because d®s/dx? (s denotes
the water saturation, and x is the spatial coordinate) is always neg-
ative for the entire range of saturation values. A concave shape of
the saturation distribution may indicate that the flow and
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Fig. 9. Distributions of water saturation along the through-plane direction at three
different inlet water pressure values, namely, 4000 Pa, 5000 Pa, and 7000 Pa.

transport is close to quasi-static, which corresponds to a very small
capillary number value.

Under the uniform flux boundary condition, a flow rate of liquid
water was introduced into the network by means of source term in
the water conservation Eq. (1). This type of boundary condition is
relevant to the water flooding in the GDL of a PEFC. Fig. 10 shows
the water saturation distributions under four different capillary
number values. A high current density of 1.5 A/cm? in the opera-
tion of a PEFC (Qin et al., 2012b) corresponds to a capillary number
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Fig. 10. Distributions of water saturation along the through-plane direction under
uniform flux boundary condition. The current density of 1.5 A/cm? corresponds to a
capillary number value of around 1.8 x 1075,

value of around 1.8 x 108 which is extremely small. It is seen that
increasing the capillary number value by 100 times had negligible
influence on the water saturation distribution in the layer. Also, the
profile of water saturation along the layer thickness showed a con-
cave shape, which is in accordance with the experimental observa-
tion in Lee et al. (2015). For an assumed current density of 1500 A/
cm? (corresponding to a capillary number value of 1.8 x 107°),
more liquid water accumulated in the layer and the saturation pro-
file started to switch to a convex shape.

From Figs. 9 and 10, we conclude that for a thin porous layer,
the shape of cross-sectional saturation profile evolves from con-
cave to convex with the increase of capillary number. Finally,
Fig. 11 shows the snapshot of liquid water distribution in the net-
work at the inlet water pressure value of 7000 Pa. Clearly, liquid
water showed a capillary-type distribution pattern.

4.2. Air-water flow through a bilayer of fine and coarse thin porous
layers

In practice, a number of thin porous layers, varying in material
properties and pore structures, are stacked upon each other to reg-
ulate flow and transport processes. Diapers and PEFCs are two typ-
ical applications, in which unsaturated water flow is of great
interest (Diersch et al., 2011; Lee et al., 2015; Morgan and Datta,
2014). In this test case, we have investigated drainage processes
in a bilayer of fine and coarse thin porous layers (Belgacem et al.,
2016; Ji et al., 2010). Still, liquid water is the nonwetting phase.
To reduce the computational effort, in the Z direction, only one
layer of pores was generated to represent the coarse porous layer.
The parameters used for the network generation are the same as
those in the test case 1 (see Table 2), except that the generated
coarse layer has around 400 pore bodies and 865 pore throats.
Then, reducing the mean pore size and the lattice distance by five
times, the fine layer was generated with the domain size of
10 x 196 x 6 lattices (lattice distance of 4.0 x 107> m) along the
X, Y, and Z direction, respectively. Finally, the two layers were
combined at the layer-layer interface by constructing interface
pore throats. The detail can be found in Qin et al. (2016).

Two different drainage processes were investigated. One is that
liquid water invaded into the domain from the fine layer, while the
other is that liquid water invaded into the domain from the coarse
layer. In either process, two pressure values (25000Pa and
30000 Pa) of the water reservoir were employed, which are slightly
larger than the breakthrough pressure value. The wettability of the
bilayer was assumed to be uniform. The same physical and fluid
properties as those in the test case 1 were used.

Fig. 12a shows the liquid water penetration patterns from the
fine layer to the coarse layer. It is seen that the water distribution
in the coarse layer was directly related to the breakthrough points
at the layer interface. This is because the capillary barrier in the
coarse layer is much smaller than that in the fine layer. Fig. 13a
shows the water distributions along the through-plane direction
after drainage processes. There was a huge jump of the saturation
at the interface only under the high reservoir pressure of 30000 Pa.
Under the low reservoir pressure of 25000 Pa, only three break-
through points were observed at the interface. As a result, a non-
monotonic water profile was built along the through-plane
direction under the capillary action.

Fig. 12b shows the liquid water penetration patterns from the
coarse layer to the fine layer. Due to the much higher capillary bar-
rier of the fine layer, the coarse layer was almost saturated with
liquid water before water could further penetrate the fine layer.
The water content in the fine layer was directly related to the
water reservoir pressure at the inlet. The corresponding water dis-
tributions along the through-plane direction are shown in Fig. 13b.
It is seen that water was quite uniformly distributed in the coarse
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layer. Furthermore, it is observed that the water profile was con-
cave under the low reservoir pressure of 25000 Pa, while convex
under the high reservoir pressure of 30000 Pa. In the PEFC opera-
tion, placing a fine layer above the GDL would cause the severe
flooding of the GDL, which will shut down the cell immediately
(Owejan et al., 2010).

4.3. Water flooding in the cathode GDL of a PEFC

It is well known that phase change between liquid water and
water vapor plays an important role in the water management
(Basu et al., 2009). A large temperature gradient along the GDL
thickness can be built up by decreasing its thermal conductivity.
This helps water removal mostly in the vapor form, which is sim-
ilar to the heat pipe effect (Wang and Wang, 2008). In this test case
study, we demonstrate, at the pore scale, two possible water flood-
ing scenarios in the GDL. Given the fact that the in-plane thermal
conductivity is much larger than the through-plane one
(Sadeghifar et al., 2014), as a first attempt, a linear temperature
distribution along the through plane of the GDL was assumed
based on the cell voltage and current density, and the GDL thermal
conductivity. The latent heat released by phase change was also
lumped into the assumed temperature gradient.

The used pore network for an uncompressed GDL, fluid proper-
ties, and operating conditions are given in Table 3. A large value of
the phase change coefficient was chosen to approximate the local
equilibrium condition between water and its vapor. A typical cell
operating temperature of 80 °C was used. The saturated vapor con-
centration, C;*, is dependent on the temperature given in Qin et al.
(2012b). Two thermal conductivity values of the GDL were used,
namely, 0.6 W/m k and 0.3 W/m k (Owejan et al., 2010). Given a
low thermal conductivity of the MPL, water would enter into the
GDL in the vapor form. In the GDL, liquid water may form due to
the phase change. The inlet vapor flux was calculated from the cur-
rent density. At the outlet, water vapor was saturated under the
channel area; and no flux boundary condition was imposed under
the land area (see Fig. 14). The GC is assumed to be free of liquid
water such that the same boundary condition for water phase as
in the test case 1 was used here.

Table 3
Pore-network structure, fluid properties,” and operating conditions used in test case
3.

Lattice distance 2.5x107° m
Domain size, X x y x z (in lattice) 12 x 40 x 10
Number of pore bodies and pore throats 4686/10190

Minimum/maximum/mean size of pore 9.0 x 1075/1.1 x 10~°

body” m/1.25 x 10> m
Standard deviation of truncated lognormal 0.1

distribution
Porosity 0.81
Though-plane permeability 3.5 x 10712 m?
Air-water surface tension 0.0625 N/m

Contact angle for water® 0rad

Water/air viscosity 3.5 x 1074/2.12 x 107> Pa's
Water/air density? 972/2.0 kg/m>

GDL thermal conductivity, scenario 1/ 0.6 W/m k/0.2 W/m k

scenario 2
Cell temperature 80°C
Cell current density 1.0 A/cm?
Cell voltage® 0.68V
Relative humidity in the GC 100%
Phase change coefficient, k 1.0 m/s

¢ Fluid properties are given at the temperature of 80 °C.

b The size of a pore body means the radius of the inscribed sphere in the pore
body.

¢ A fully hydrophobic GDL is assumed.

9 The operating pressure is 2 bar.

¢ The cell voltage is assumed based on a typical polarization curve of a PEFC
(Owejan et al., 2010).

Fig. 14 shows the temporal evolutions of liquid water clusters in
the GDL. For the GDL with the high thermal conductivity (0.6 W/
m k), the temperature difference through the GDL is around
1.8 °C. Liquid water emerged throughout the GDL, mostly under
the land area. Later on, liquid water started to spread under the
capillary action (the top row in Fig. 14). Fig. 15a shows the corre-
sponding water distributions along the through-plane direction.
It is seen that at the beginning (30 s) more water was observed
at the outlet of the GDL. Afterwards, water preferentially accumu-
lated at the inlet due to the blocking of pores. At the steady state,
the distribution profile was nonmonotonic with the lowest water
saturation close to the outlet region.

For the low thermal conductivity (0.3 W/m k), the GDL has high
capacity of water removal in the vapor form. At the beginning, liq-
uid water was only seen under the land area due to the mass trans-
fer limitation (the bottom row in Fig. 14). Later on, water mitigated
back to the GDL inlet mainly under the land area. Once large inter-
facial areas between liquid and gas phases were built up, the sim-
ulation reached the steady state. Around 60% of the inlet water was
removed in the vapor form by molecular diffusion, while the rest
was removed in the liquid form assisted by the phase change.
What is more, the GDL under the channel area was dry. Fig. 15b
shows the distributions of water saturation along the through-
plane direction. High saturation was seen at the outlet, while low
saturation at the MPL-GDL interface. Obviously, this type of satura-
tion profile was caused by the phase change.

5. Discussion

The extended Darcy’s law has been widely used in the modeling
of two-phase flow through thin porous layers (Pinder and Gray,
2008). However, for a layer with only a few pores along the thick-
ness (e.g. GDLs of a PEFC and top sheets of a diaper), the REV sup-
port fails. This causes the confusion and difficulty in explaining
numerical results along the layer thickness from the extended
Darcy’s law. Second, the dimension of a layer-layer interface is usu-
ally comparable to layer thickness. This indicates the importance of
layer-layer interfaces in flow and transport through stacked thin
porous layers (Tavangarrad et al., 2018). However, how to incorpo-
rate this effect into some measurable material property used in the
Darcy’s law is still unclear. Recently, we reformulated flow and
transport through thin porous layers with thickness-averaged
material properties, which is called the reduced continua model
(RCM) (Qin and Hassanizadeh, 2015, 2014; Tavangarrad et al.,
2018). In the RCM, layer-scale material properties are experimen-
tally measurable. Further, it reduces the 3D modeling to the 2D,
which is much more computationally efficient. It is noted that
through-plane distribution information is lost due to the averaging
over the layer thickness.

Capillary pressure and relative permeability, as two key mate-
rial properties, need to be provided in the extended Darcy’s law.
In convention, they are determined by experiments which were
operated under pressure conditions (Zhuang et al., 2017). For
instance, to obtain the capillary pressure saturation curve for the
primary drainage, the sample under test is connected to a nonwet-
ting reservoir on one side, and connected to a wetting reservoir on
the other side. The curve is obtained by continuously increasing
the nonwetting reservoir pressure with a small increment. How-
ever, in the test case 1, we showed that a very small capillary num-
ber value could not be reached under the pressure boundary
condition (Fig. 8). This indicates that material properties obtained
in the conventional way would not apply to the case of an extre-
mely small capillary number flow, for instance, a capillary number
value of 1078 in the water flooding of a PEFC. We also showed that
water distribution in the layer was insensitive to the imposed flow
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Fig. 14. Temporal liquid water distributions in the GDL. The top is the scenario 1 with the high thermal conductivity of 0.6 W/m k; and the bottom is the scenario 2 with the
low thermal conductivity of 0.3 W/m k. For better visualization, invade pore bodies are represented by spheres, while invaded pore throats are represented by cylinders. The
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Fig. 15. Water saturation profiles along the through-plane direction at three time instances: (a) for the GDL with the high thermal conductivity, and (b) for the GDL with the

low thermal conductivity.

rate under low capillary number values. This is in accordance with
experimental observations (Deevanhxay et al., 2013; Lee et al,,
2015), which was further confirmed by our PDMS micromodel-
based drainage experiment (see Appendix A). Obviously, this can-
not be predicted by the Darcy’s law with conventionally measured
material properties (Qin and Hassanizadeh, 2015), unless a
capillary-number-dependent relative permeability is provided
under low capillary number values.

For low capillary number flows in a thin porous layer under
either pressure or flow rate boundary condition, our pore-
network modeling predicted a concave profile of water saturation
distribution along the layer thickness. However, a convex satura-
tion profile was always predicted by the Darcy’s law (Rebai and
Prat, 2009) as explained in Section 4.1.

To sum up, the two-phase Darcy’s law with conventionally
measured material properties cannot be used to model extremely
low capillary number flow through thin porous layers for two rea-

sons: (1) the failure of the REV concept, and (2) the failure of the
measurement of material properties under low capillary number
values. Based on our pore-scale studies, it is confirmed that water
migration in the layer under small capillary number values (e.g.,
the operation regime of PEFCs) is percolation-based; its distribu-
tion is mainly determined by the pore structures. When modeling
at the REV scale, the dynamics of water migration may be consid-
erably simplified. For instance, only the mass balance is needed to
track the water distribution, together with upscaled geometric
information.

From the test case 2, it is seen that the water distribution profile
along the through-plane direction in the coarse layer was directly
related to the breakthrough points at the layer interface. A non-
monotonic water profile was seen when there were few break-
through points at the layer interface. Meanwhile, much less
water presented in the coarse layer. The similar phenomenon
was also observed in the experiment of water flooding in PEFCs



C.-Z. Qin et al./Chemical Engineering Science 202 (2019) 194-207

(Lee et al., 2015). However, the authors only attributed the non-
monotonic water profile to the heterogeneity of the GDL pores
along the through-plane direction. When an MPL is used in the
cathode of a PEFC, at a relatively low operating temperature (i.e.,
phase change is not dominant in the water removal), it can reduce
water flooding in the GDL by limiting its access to liquid water at
the MPL-GDL interface. In addition, the pore size of the MPL is
comparable to that of the CL, such that the CL will not be fully cov-
ered by liquid water. That is why the MPL is required for water
management at high current densities (Nam et al., 2009). From
the nonmonotonic saturation profile, it is observed that at the
average scale water migrated from low saturation to high satura-
tion along the through-plane direction. This definitely cannot be
predicted by the extended Darcy’s law.

The GDL is the thickest porous layer in a PEFC, which may result
in large mass activation loss (O’hayre and Cha, 2016). In the test
case 3, by playing with the thermal conductivity of GDL, we
showed the crucial role of phase change in reducing liquid water
flooding in the GDL. By building up a relatively large thermal gra-
dient along the layer thickness, water condensation can be local-
ized just under the land area (see Fig. 14). Subsequently, liquid
water migrated back to the MPL-GDL under the capillary action.
With the GDL of high thermal conductivity, severe water flooding
was found, which indicates that the addition of an MPL is neces-
sary to mitigate water flooding in the GDL. However, with the
GDL of low thermal conductivity, large thermal gradients can cause
water to be removed mainly in the form of water vapor, which
notably mitigates water flooding in the GDL. In this case, the addi-
tion of an MPL would have litter influence on the GDL performance.
Our numerical findings are in consistence with the experimental
observations by Owejan et al. (2010). When phase change is dom-
inant in the GDL, to relieve water flooding, practically a coarser
layer may be added between the BP and the conventional GDL. This
would enhance liquid water removal towards the hydrophilic GC,
and meanwhile prevent water migration back into the MPL-GDL.

6. Conclusions

A dynamic pore-network model, as an effective pore-scale
model, has been developed to understand air-water flow thought
thin porous layers, particularly under low capillary number values.
One typical application is water management in low-temperature
PEFCs. Three test cases were conducted to shed light on developing
an efficient and reliable continuum-scale PEFC model, the utiliza-
tion of a bilayer for regulating flow and transport, and the role of
phase change in water flooding in the GDL. Specifically, we con-
clude the following:

(1) Under low capillary number values (in the regime of quasi-
static), the extended Darcy’s law with conventionally mea-
sured material properties is not applicable to water trans-
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port in a hydrophobic thin porous layer. Without phase
change, water pathways in the layer is insensitive to the
imposed flow rate. This indicates that at the REV scale the
modeling of water flooding in the diffusion layers of a PEFC
can be simplified dramatically.

(2) For a bilayer of fine and coarse thin porous layers, when
water invades from the fine layer to the coarse layer, water
pathways and distribution in the coarse layer are mainly
determined by the breakthrough points at the layer-layer
interface. This could explain why the MPL can reduce water
flooding in the GDL. Furthermore, a nonmonotonic satura-
tion profile may be built up along the coarse layer thickness.

(3) When phase change is dominant in the water removal, by
reducing the thermal conductivity of GDL moderately, con-
densation of vapor can be localized just underneath the land
area. Furthermore, to prevent liquid water invading back the
MPL-GDL, a slightly coarser layer compared to the GDL may
be added between the BP and the GDL. This would keep the
pores under the land dry and enhance the reactant diffusion
into the CL.
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Appendix A. PDMS micromodel-based drainage experiment
under small capillary number values

With the help of micromodel experiments, we demonstrate that
under extremely small capillary number values, liquid water distri-
bution in the layer at the breakthrough is insensitive to the
imposed flow rate. This is because they are very close to the
quasi-static regime.

Fig. A1 shows the used PDMS micromodel. The porous domain
is composed of ducts of the same length and depth but various
widths. The length and depth are 1000 um and 100 pm respec-
tively. The width is varied from 50 um to 500 pm. The number of
ducts is 30 and 5 in the x and y directions, respectively. The top
of the micromodel faces an outlet channel, while its bottom is con-
nected to a water reservoir.

Initially, the micromodel was saturated with air. Then, liquid
water as the nonwetting phase was injected into the domain using
a syringe pump (Harvard Apparatus, 11 Plus, USA). The injection

Outlet channel
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!

o= Duct
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X Inlet channel

Fig. A1. Schematic of the used PDMS micromodel.
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Fig. A2. Liquid water distribution patterns at the breakthrough moment under two different inject rates: (a) 1 pl/min, and (b) 10 pl/min. The two flow rates correspond to the
capillary number values of 1077 and 10°. In the calculation of capillary number, the velocity was computed by averaging the flow rate over the whole cross section of the

micromodel.

was stopped, once liquid water reached the breakthrough. The pro-
cess of water invasion was recorded using a high-speed camera
(Vision Research, Phantom V5.1, USA) equipped with a macro lens
(Tokina, 100F2.8D, Japan). In the experiment, dye agent was not
used in liquid water to avoid alteration of the wettability. The
obtained images need to be processed to present clearly the distri-
butions of liquid water in the micromodel. The detailed image pro-
cessing procedure can be found in Wu et al. (2016).

Two injection rates were used in the experiment, i.e. 1 pul/min
and 10 pl/min, which correspond to the capillary number values
of 1077 and 1075, respectively. The distributions of liquid water
at the breakthrough in the two cases were compared in Fig. A2.
The final distributions were almost the same, except one more duct
was invaded for the flow rate of 10 ul/min.

Appendix B. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ces.2019.03.038.
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