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Abstract

The transport of liquid water is crucial in water management in Proton Exchange Membrane Fuel Cell (PEMFCs) since the
presence of too much liquid water in Porous Transport Layers (PTLs) may block gas transport and cause flooding in the
interdigitated cell structure. This study develops a pore-scale Lattice Boltzmann Model (LBM) for liquid water transport in
comptessed porous media of interdigitated PEMFCs using the Shan-Chen pseudopotential method and the Multiple-Relaxation-
Time (MRT) collision operator. The developed model is first validated against Laplace's law, droplet contact angle, and correlations
for permeability for single-phase flow in the PTL. The results of the validated model are used to analyze the impact of liquid water
injection location on water saturation and drainage. The water is injected into three different locations: beneath the gas inlet,
beneath the middle 1ib region, and beneath the gas outlet. The results show that water saturation and drainage are highly dependent
on the water injection location. The highest average water saturation (0.34—0.35) was achieved in the case of inlet-side injection,
while the lowest average water saturation (0.12—0.15) was observed when water was injected on the outlet side.

Keywords: Proton exchange membrane fuel cell, Porous transport layer, Liquid-water transport, Water saturation, Multiphase
flow, Multiple-relaxation-time lattice Boltzmann method, Pore-scale simulation, Water management.

1| Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) have gained popularity in recent decades as an alternative
energy source for several applications, including providing traction power in FCEVs (fuel cell electric vehicles)
[1], [2]- Some of the major benefits of the PEMFC include low operating temperature, high power density,
high efficiency, less noise, and lower pollution [3]. Gas Diffusion Layer (GDL) of the PEMFC, which is made
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up of porous materials such as carbon fibers, facilitates mass transfer and conductance in the CL (catalyst
layer) [4]. The compression force exerted on the GDL does not destroy carbon fibers and does not reduce
their volume but only reduces the pore space. Moreover, porosity beneath the rib is reduced due to the
compression force. Hence, the compression force alters its diffusivity and conductivity [1]. For the cell to
achieve optimal performance, it must be able to remove water droplets formed in the CL from the GDL.
Compression and deformation of the GDL play a significant role in the ejection of droplets from the GDL
and control of water in the GDL [5].

However, it should be taken into consideration that, when the produced water is not removed at a proper
rate from the electrode, it will accumulate in the form of a water film that fills up the pores in GDL and leads
to flooding, making the transportation of reactants difficult [6], [7]. Several measures have been taken to
mitigate the flooding problem by increasing the hydrophobicity of GDL and CL through the introduction of
highly hydrophobic material such as Polytetrafluoroethylene (PTFE), insertion of Microporous Layer (MPL)
between GDL and CL, and advanced designs of the flow field [3].

One of the famous and efficient flow fields that has been introduced is the interdigitated flow field introduced
by Nguyen [8]. In this flow field, the creation of the in-plane pressure gradient in the GDL causes the gas to
flow in-plane under the land. This flow helps in the transportation of the reactants' supplies towards the
reactive sites, and also the transport of the water through the alternate mechanism from the diffusion to the
forced convection in the GDL; consequently, this flow field has solved the flooding problem at the cathode
site. As a result, the interdigitated flow field increases the performance of the PEMFC in comparison to the
parallel flow field [9-13].

The performance of the interdigitated PEMFCs has been investigated by several studies using different
physical parameters. The first parameter under consideration is the influence of the GDL compression.
Different studies have been performed in this respect. For instance, Su et al. [14] performed a numerical
simulation to investigate the influence of the compression forces on the PEMFC performance. They tested
the performance of three different types of GDL and concluded that in the case of non-homogeneous GDL,
there would be a marked improvement in the predicted cell performance. By means of numerical simulation,
Shin and Wang [15] demonstrated that the influence of the compression forces would become significant in
the high current density region. It was found that in the case of ignoring the assembly compression, there
would be an overprediction of the fuel cell performance.

Lin et al. [16] investigated the Effect of compaction on two types of GDL fuel cells. The results showed that
in the high compression region, the performance and the limiting current of the fuel cell decreased and
accordingly, an optimal value for the fuel cell performance was determined. Chipper et al. [17] indicated that
the non-uniform compression of the GDL and intrusion of the GDL layer would significantly influence the
increase in the degree of non-uniformity in the liquid saturation, the oxygen concentration, and current density
distribution. By means of the Lattice Boltzmann Method (LBM), Molaecimanesh and Nazemian [18] proved
that the application of compression leads to poorer oxygen distribution and more water vapor
accommodation near the catalyst layer surface. Moreover, they obtained the optimal value for the
compression ratio for the maximum average current density. Ramiar et al. [19] investigated the effects of the
inhomogeneous GDL compression on the performance of PEMFC with an interdigitated flow field. All of
the above-mentioned efforts indicate that increasing the compression from 10% to 35% leads to an increase
in the flooding of GDL, limited transfer of reactants, and a decrease in the efficiency of the PEMFC.

Shi et al. [20] investigated the Effect of the GDL deformation. It was found that the GDL deformation causes
lower oxygen concentration at the reaction sites and an increase in the saturated liquid water level along the
flow direction.

Thonan et al. [21] examined the effects of four commercial GDL materials. They concluded that increasing
the clamping pressure leads to flooding of the fuel cell because of the reduction in porosity and the
temperature gradient between the GDL and the current collector. In this study, the presence of water is
assumed to be a continuous liquid. In contrast, the continuous movement of liquid water through the pores
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of the GDL structure is not reported as an in situ observation. On the contrary, the environmental scanning
electron microscope observations show that there are small water droplets that exist within the fibrous
structure of GDL [22], [23].

LBM can be considered a strong numerical method that enables one to simulate pore-scale multiphase flows
such as flow in porous media as well as mass transport in the real structures of GDL [24], [25]. There are
many studies that have been done concerning the application of the LBM method in the investigation of
liquid water and the transfer process of reactants and the structure of GDL [26-31].

Hao and Cheng [31] analyzed the Effect of GDL wettability on liquid water transport in GDL. The results
obtained in this study showed that the employment of hydrophilic passages leads to the improvement in the
removal of liquid water from the GDL. As a result, it reduces the possibility of flooding in the GDL and CL.
Li Chen et al. [32] studied the Effect of land width and GDL contact angle on the liquid water removal time
and found that the narrower land reduces the liquid water removal time. Higher contact angle enhances the

removal and decreases the residual saturation.

Kim et al. [30] investigated the liquid water transfer taking into account the MPL and GDL. The authors
concluded that there was a reduction in the liquid content of PTL when applying a thicker MPL and/or
increasing the hydrophobicity of the solid surface. Molacimanesh et al. [33] analyzed the Effect of GDL
compression on liquid water removal. It was revealed that in the case of hydrophobic GDLs, the Effect of
increased compression on the removal process does not depend on the compression amount. On the other

hand, compression may not always be effective for hydrophilic GDLs.

Deng et al. [34] applied the LBM method to study the Effect of GDL compression on liquid water removal
in PEMFC with an interdigitated flow field. It was found that there is an optimal level of compression for the
enhanced liquid water removal. Deng et al. [34] examined the Effect of the way of contact angle definition,
PTFE distribution, and pressure difference at the interface of gas diffusion and MPL s. It was found that for
the sample of GDL that dried under vacuum conditions, the PTFE distribution inside the whole GDL is

almost uniform, thus requiring less time to overcome the water barrier.

The primary objective of the current research work is to examine the effect of liquid-water injection location
on pore-scale water transport, drainage process, and water saturation in compressed Porous Transport Layers
(PTLs) of an interdigitated PEMFCs. In order to accomplish the above-mentioned objective, a pore-scale
multiphase MRT-LBM based on the Shan-Chen pseudopotential approach is established for the simulation
of gas and liquid transport in the PTLs.

Initially, the validity of the proposed numerical model is proved by comparing the results of the model with
Laplace's law, droplet contact angle behavior, and existing correlations of the single-phase flow through
porous media, showing that the model can precisely describe the physical mechanism of the process. Then,
after validation of the model, the effects of three representative liquid-water injection locations, such as under
the gas inlet, under the rib region, and under the gas outlet, on the liquid-water transport, drainage properties,
and water saturation time evolution are examined using the validated model.

2| Numerical Method

In this paper, Shan and Chen's multicomponent multiphase LBM with Multi-Relaxation Scheme (MRT) is
adopted because of its high stability and accuracy compared to that of the single relaxation scheme.
Furthermore, a pseudopotential function is applied to simulate the interparticle interaction in lattice
Boltzmann. Considering the component k, the collision operator for multicomponent multiphase flows in a
2D lattice can be written as follows:

£.5(x + e At t+ AY) — 5, (x, 1) = —Q[f*, (%, 1) — £,°°U(x, )] + AtSK, (x, 1), )]
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where f,¥ is the Density Distribution Function (DDF), f,* eq is its equilibrium distribution for component
k, Q is the collision matrix, t is the time, x is the spatial position, At is the time step, S¥, is the forcing term in
the velocity space. e, is the discrete velocity along the a™ direction; for D2Q)9, ea is defined as follows:

0 a=0,

(@a—Dm|  [@a=1Dm B
e, = (cos[ 2 ],sm[ 2 D a=1,234. 2

V2 <cos [@] ,sin [@D a=5,678.

The MRT shames offer higher stability, accuracy, low sputious velocity, and achievable density ratio [35-37].
Eq. (1) by the MRT method can be transformed to the following form:

m*K = mK — A[mK(x, t) — m®ed(x, ]| + At(I — 0.5A)F%,, 3)

where m¥(x, t) and m*®4(x, t) are vectors of moments and the equilibrium vectors of moments for component
k, respectively. M is the transformation matrix. A linear transformation can perform the mapping between
velocity and moment spaces.

mK = Mfk fk = M~1mk, )

For the D2Q)9 lattice, the equilibria m* and mk <4 can be written as

mk = (p; e; SJ ]XJ qx; ]y; qy; pXXJ pyy) . (5)
m*eq = p(1, -2 + 3(w? + vi?), 1 — 3(we? + vie), u, —uy, v, —v, u% — vZ,uv)T. (6)

A is the relaxation matrix and is diagonal in momentum space:

A= diag(Sl, Sz, S3, S4, Ss, Sﬁ' S7, Sg, Sg)

=diag(tp™! ' 1!

Tg

T.

] -1 T_l T_l), (7)

q

where S1, S4, and S¢ should be equal to each other and are considered to be one. Ss and S7 equal 1.1, and S=S;

and Sg = Sy are related to the bulk and kinematic viscosity, respectively:

A= (%—0.5) C2. ®)

v = (1 - 0.5)C2, (&)

where Cg = 1/+/3 is the lattice sound velocity, and T = Si; also, I is the unit tensor, and (I — 0.5A)FK is the
8

force term in momentum space.

Since in the MRT method the relaxation time is related to the kinematic viscosity, and at a temperature ratio
of —— = 0.5, the gas-to-liquid dynamic viscosity ratio is about 25, we set relaxation time g to 1.0 for the gas
phase, The relaxation time for the liquid phase is calculated using the ratio of kinematic viscosity.

To implement the external force into the LB framework, Gue's method, proposed by Gue et al. [38] is

incorporated. McCracken et al. [37], which is claimed to be derived directly from the Boltzmann equation.
In this scheme, the force term in the MRT model is derived as follows:
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FK., = [0,6(uF¥, + vE,X), —6(uF¥, + vFX)), FK,, —FK, FK , —FK  2(uF,* — vFX)),2(uFX,
k T
—VvF y)] .

(10)

In this model, the density of the component and velocity can be expressed as follows [38]:

Pk = Z fa- (1)

_ B (Zafuca +at3) 12)

Xk Pk '

where F = (Fy, Fy) is the total interaction force acting on the component and is expressed as:

Vk

Fk = choh + Fkadh: 13)
where FX g, is the fluid-fluid interaction force and is defined in the following:

Fkcoh = Fkk 4+ FKj, 14)

Fkk

where is the intra-molecular interaction force and can be written as:

PR = — Gl (0Cs? ) wllea WK+ eqeq (15)

In which y¥(x) is the interaction potential, Gy is the interaction strength, and w(|e4|?) are the weights only
depending on the length of the vector e,. The weights are set as w(1) = 1/3 and w(2) =1/12 for the nearest-
neighbor interactions on the D2QY lattice [39].

The FY is the interaction force between two components and is written as [40]:

8

Fiz = =G0, (%) Z w(leq|) o (x + eqdeq (16)
azl

Fp1 = —G21¢2(X)ZW(|%|2)¢1(X+ eq)eq a7)
a=1

where ¢, (%) and ¢, (x) are different from P¥(x) and are expressed as:

1 “P2
&1(p2) = 1~ exp (-72). 18)
$2(p1) =ao —exp (;TT) (19)

The values of pyg,p20,30, G12 and G, are critical for a multicomponent multiphase system [40—43]; the higher
value of which leads to limiting the magnitude of the mutual diffusivity in the gas phase.

In this paper we set ag = 0.005, pyo = %,pzo = 0.0003 [44], and Gy, = Gy, = 0.0001.
0

FX,qn is the fluid-solid adhesion force and is calculated by the following equation:

Faan (0 = ~Gaant (9 ) wllea?)S(x + eehteq (20)

In which G4y, is the adhesion factor that determines the strength of the fluid-solid interaction for component
k, Sis equal to 1 and 0 for solid and fluid domain nodes, respectively.
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Component 1 is water and component 2 is air. Air is considered an ideal fluid; thus, G2 = 0. Water is

considered a non-ideal fluid that follows the Carnahan-Statling (C-S) Equation of State (EOS) that is given

by [24]:

1+bp/4+(bp/4)? = (bp/4)°
(1-bp/4)?

,b = 0.8727%, and the critical temperature is T, = 0.3773 ﬁ. In the present study,
c

Peos = pPRT apz. (21)
R2T2
Pc
we set b=4, R=1, and c=1. Also, we set a=0.5 and T, = 0.047, the same as Li et al. [45]. The parameter a
affects the interface thickness; reducing its value results in a thicker interface, leading to decreased spurious

where a = 0.4963

velocity and increased stability in high density ratios. For the water component, the effective mass is given by
[46]:

2(PEOS - pCSZ) (22)
Gyqcd

Pl =

G is set to -1, as well as for the air component, the interaction potential is equal to its density [47].

To adjust the coexistence densities and surface tension, Li et al. [45] improved the forcing term. Similarly, for
the water component, the following relation is proposed for the force term [48]:
i 0 -
120]F|?
P26t(t, — 0.5)
120]|F|?
P28t(t, — 0.5)
Fl, = Fy , (23)
—F,
Fy
—Fy
2(uFy — vFy)
(uFy + vFy)

6(uFy + vFy) +

—6(uFy + vFy) —

where |F|? = F2 + F}Z, and o are used to achieve good thermodynamic consistency and to change the

mechanical stability condition [48].

In the MRT LB equation, surface tension cannot be tuned independently as it is related to the density ratio.
Hou et al. [49] added a source term Eg. (25) to the right-hand side of the MRT collision equation for a single
component. In the present model, we added it to the collision MRT equation for the water component as
written in the following:

A
m*! = m! — A[m?(x,t) — m>®9(x,t)]| + At (1 - E) Frn! 4 AtC. (24)

The source term in the above equation is expressed as:
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O —
1.5t H(Qxx + Qyy)
—1.5T, 7 (Qux + Qyy)
0
C= 0 . (25)
0
0
_Tv_l(Qxx - ny)

-1
—Ty Qxy J

The variables Qyy ,Qyy, and Qy are given by:
Q= KGy1
201 () Zw(leal?) (W1 (x+eq) — W) eqeq

In which the parameter K can be tuned to surface tension, with its value ranging from 0 to 1 [50]. It is
*,1

(26)

important to note that in Eg. (24), m** can be less than zero. Ahmed and Sung [51] employed a limiter
function A; with a smaller t,™" and t,~" in the relaxation matrix A; in order to return an MRT collision to

this point again, so for component 1 the new f1*,(x, t) is defined as:

A;:m*l(xt
A
m! — A[m!(x,t) — m¥®9(x,t)]| + At (l - E) S + AtCiff¥*(x, t + At) > 0, @7)
+ At) A
m! — A;[ml(xt) — m¥®d(x t)]| + At (I - 71> S + AtC otherwise.

Subsequently, after Ay, for higher stability, limiter function A is also used as a reserve, as follows:

fl*(x,t + ADiff*(x, t + At) > 0,

Ay f1*(x,t + Ab) < (28)
max

8
0,1/ Z fL*(x + e At t + At)) iff*(x, t + At) < 0.
i=0

For relaxation matrix A; we have set T, = t.~! = 0.02.

3| Model Validation

In this section, Laplace's law for a model of the circular droplet in which a radius of ry = 40 is initially placed
at the center of the domain is evaluated. Periodic boundary conditions are imposed in the x and y directions.

The initial density fields are given as follows:

Pin T Pout  Pin — Pout 2(1‘ - ro)
y) = - tanh [ ————|. 29
ooy =22 Lot tan ( - @9
In whichr = /(x — x)? + (y — yo)2.
The center of the domain is (x,, ) yc, and W is the interface thickness and is set to 2 lattice units. py, and

Pout are the densities inside and outside the droplet, respectively.

The grid size is 200 X 200, and the temperature is set to 0.5T,(T = 50°C), where for water pinqiquiay = 0.456
and poyt(vapory = 0.000055, while for the air component, it is set to 5 x 1077 and 0.000567 for inside and
outside of the droplet.

After achieving a steady state, the pressure of the system is calculated as follows [43]:
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1 1 .
Pays = ¢ ) o+ 562 Y G [ GOT? 456 > Gogd?(9 $7(9). (30)
(o} o 0*6
Laplace's law gives the system pressure difference between inside and outside of the droplet, which is linearly
related to the inverse of the droplet radius. For two-dimensional simulation, it is written as follows:

(Pin — Pout) = %, (31)

where Pin and Pou are respectively the pressure inside and outside of the droplet, y is the surface tension, and
R is the radius of the droplet.

As is seen in Fig. 1, for T/Tc=0.5 and the initial radius of 10=40, the distribution of density in a 200X200
lattice domain with k= 0.68. The lack of fluctuations in the phase change region and the absence of

fluctuations at the boundaries of the interface indicate the stability of the method used and its proximity to
the physical one.

17— — T T T T T T T T T T T
0.5 k-0.45

02 — Wuteip)
ai L —- area
0.05

0.02
0.01
0.005
0.002
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s f——

00002
0.0001
5E-5

|
w5 \1 |
|

Density

1E-5
SE-6 I
266 | |
1E-6 | \ E
56-7 -
P | T S S S R

1 20 40 o0 80 0o 120 140 160 180 200

X

Fig. 1. distribution of liquid density for % = 0.5 and initial radius 1r,=40.
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Fig. 4. Liquid droplet attached to the solid surface in

. T
different contact angles at —— = 0.5.
c

Fig. 2 is devoted to the visualization of the results obtained by the simulation at T/T_c =0.5 with different
values of k for the confirmation of Laplace's law. It is clear from the figure that there is a linear relationship
between the pressure difference and the inverse of the droplet radius. From the results, it is observed that by

changing the value of k, the surface tension could be varied independently of the density ratio. For this study,
we take k=0.68.
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Fig. 3 shows the pressure distribution in the x direction of the computational domain for different values of
k. It is clear from the figure that the pressure fluctuations near the vapor-liquid interface happen due to a
sharp variation of density, which is ignored in the calculation of AP.
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Fig. 3. Pressute distribution along the x direction at T/Tc = 0.5.
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¥

The contact angle characterizes the wettability of the surface. In fact, if the contact angle is less than 900, then
the surface is hydrophilic, and the liquid phase expands like a film on the solid surface. On the other hand, if
the contact angle is more than 900, then the surface is non-wetting or hydrophobic, and the liquid phase is
formed like a droplet on the solid surface.

In the simulations, the computational domain is 200 X 100. Periodic boundary conditions have been applied
on the left and right edges. Bounce-back boundary conditions have been employed on the bottom and top
solid surfaces. After convergence of the simulation, the contact angle has been evaluated according to the
following expression:

b
arcsin (2—) 0 <909,
0= r (32)

b
Tt — arcsin (—) 0 > 90,
2r

where r is defined as:
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4h? + b?
kL (33)
8h
where h and b are the height and the base length of the droplet on the surface, respectively. Fig. 4 is about
liquid droplets in different contact angles on a solid wall, indicating an almost linear relationship between the
adhesion factor and the contact angle.

150 - =

140

130 -

120

110 |-

100 -

Contact Angle{)

90 -

80 -

70

60 -

50 L& L L
-0.36 -0.33 -0.3 -0.27 -0.24 -0.2.’%| -0.18 -0.15 -0.12 -0.09 -0.06
Gy*

Fig. 4. Liquid droplet attached to the solid surface in

different contact angles at Tl =0.5.
3.1| Single-Phase Permeability Calculation

One of the parameters in order to study the flow in the porous media is the resistance to flow, which is the
permeability. According to Darcy's law, the permeability K of the porous medium is estimated using the
following equation:

K=t (34)

where U is the volume-averaged flow velocity,  is the dynamic viscosity of the fluid, and AP denotes the
pressure gradient. Darcy's law is applicable to porous media flows with low Reynolds number and negligible
convection effects [52]. It should be noted that the Reynolds number based on the fiber diameter for the
liquid water and air flows in the PTLs is lower than 0.1 in the cutrrent work; therefore, the Darcy equation is
applicable. The Gebart correlation has been extensively used in theoretical, numerical, and experimental
studies to estimate the flow permeability of ordered arrays of fibers. In the case of porous media with a
porosity of e and a mean particle radius of R, the Gebart relation in the limit of closely packed fibers provides
the estimation of the flow permeability K, which is as follows:

2.5

K 1—¢g.

- _ 35
R2 Cg["l—s o (33)

where ec is the critical porosity below which flow cannot happen (i.e., percolation threshold). Cg is the

) . S . 16
proportionality constant, which is also called the geometric factor. For a square arrangement C, = —= and
& 9my2

ee=1-", (36)
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Tamayol and Bahrami (TB) have used the scaling analysis to find the following relation for the permeability
of a fibrous medium and its microstructure and geometric parameters, including tortuosity, pore diametet,
and porosity.

K 004801 )(“)2 T
RZ- P\2g) " 20

where ¢ represents the solids volume fraction, i.e ¢=1-c. Tuble 7 shows the values of the flow permeability

[0}

©89— )05 ) )

+ 1] [1 +0.72

from the LBM results in comparison with Gebart's correlation and TB results, where the fiber radii range
between 5 and 15 pm and the porosity varies from 0.65 to 0.85, which is common for the GDL in the
PEMFC. It has been determined that there is a good agreement between the permeability-porosity
relationship from the LBM and Gebatrt's or TB's analytical solutions.

Table 1. Flow permeability, K/R?, in the GDL.
Prosity Flow Permeability, K/R? in the GDL

€ LBM Gebart Difference TB Difference
0.65 6.692x102  6.9905x102  0.5% 6.5153%102  6.8%

0.75 0.1702 0.20779 18.11% 0.20088 15.29%
0.85 0.773 0.746 3.75% 0.8155 5.11%

4| Results and Discussion

A standard PEMFC electrode utilizing the interdigitated gas distributor as designed by Nguyen [8] is depicted
in Fig. 5. According to Fig. 5a, air enters the multilayer hydrophobic PTLs (GDL and MPL) and is directed
through the lands into the outlet channel fingers. In Fig. 55, the computational domain used within the present
study is illustrated. This domain encompasses half the inlet channel, half the outlet channel, one land, and
PTFL. The CL is taken to function like an extremely thin interface attached to the bottom of the PTLs.

In Fig. 5b, the GDL (tegion "A") layer is formed by randomly positioning circular solids of average diameter
16 pm in the layer with thickness 150 um. The porosity of the GDL layer is approximately equal to 0.8 prior
to analyzing the PLTs, and its contact angle is taken to be 115-135 degrees. After that, an MPL layer with a
thickness of 25-70 um (region "B") is created through the random positioning of square particles (4 um edge
length). MPL averages 0.76 with respect to porosity, whereas its contact angle equals 150 degrees.

The standard PEMFC electrode having the structure of an interdigitated gas distributor as invented by
Nguyen [8] is shown in Fig. 5. From Fig. 5a, it can be seen that air is fed into the multilayer hydrophobic PTLs
(GDL and MPL) and is carried via the lands into the outlet channel fingers. In Fig. 55, the computational
domain utilized in the current study is shown. The computational domain includes half the inlet channel, half
the outlet channel, one land, and PTFL. It is considered that the CL acts like a very thin interface connected
to the bottom of the PTLs.

Inlet Air flow

Outlet Air Flow

_ Z{micrometer)

x(micrometer)

Fig. 5. A typical PEMFC electrode with interdigitated gas distributor.
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In Fig. 5, the GDL (region "A") layer is generated by random placement of circles having an average diameter
of 16 yum in a layer having a thickness of 150 pm. The porosity of the GDL layer is about 0.8 before analysis
of the PLTs, and its contact angle is 115-135 degrees. Then the MPL layer, having a thickness of 25-70 pm
(region "B"), is generated by random placement of squate solids having an edge length of 4 pm. MPL has a
porosity of about 0.76, and its contact angle is 150 degrees. The values of the parameters used in the
computational domain are given in Table 2.

Table 2. Geometry parameters.

Parameters Value
Dimensions of the computational domain

Width of the inlet/outlet channel 500 pm
Width of the land 500 pm
Height of the PTL(H) 200 um
Height of the MPL(HT) 35-70 um
Operating conditions

Velocity of air inlet to PTFL V=0.5-1 m/s
Operation temperature T=323K
Outlet pressure of GC 1 atm

Capillary number of liquid water inlet

The location of liquid-water injection into the PTLs is a critical parameter governing water management in
PEMFCs. The injection location directly affects the liquid-water transport pathway, its accumulation within
the porous structure, the spatial distribution of water saturation, and the time required for the system to reach

a quasi-steady state.

In general, when liquid water is generated or injected at a location farther from the outlet, it must travel a
longer distance through the porous media before being removed. This extended transport pathway promotes
liquid-water accumulation within the PTLs, resulting in higher water saturation and an increased risk of
flooding.

In the present study, the Effect of the liquid-water injection location on water transport through the PTLs
was investigated under identical operating and structural conditions. The compression ratio was set to 85%,
the capillary number was Ca = 0.0004, and the MPL thickness was 70 um. The initial porosities of the GDL
and MPL were set to 82% and 79%, respectively, while the inlet air velocity was maintained at 3 m/s. Five
water injection points with an average diameter of approximately 5 um were considered at different locations
within the computational domain.

Based on their relative positions with respect to the gas inlet, rib, and outlet, three representative injection
configurations were examined: 1) injection beneath the gas inlet region, 2) injection in the middle region
beneath the rib, and 3) injection beneath the gas outlet region. The corresponding injection locations are
summarized in Table 3.

Table 3. Different liquid-water injection locations
considered in the simulations.

Configuration Water Injection Location

1 Beneath the gas inlet region
2 In the middle region beneath the rib
3 Beneath the gas outlet region

4.1| Temporal Evolution of Water Saturation

The temporal progression of the water saturation distribution in the PTLs under investigation is shown in
Figs. 6-8 for each water injection location. As illustrated in Fzg. 6, in the case of liquid water injection below
the gas inlet zone (Configuration 1), liquid water needs to move through a long drainage distance prior to
reaching the outlet. In the early stage of simulation, liquid water mainly resides in the region around the water
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injection area. With progressing time, liquid water moves forward through the PTLs up to the outlet point,

causing expansion of the saturated water region.

Configuration 1 features a relatively long drainage distance, which results in more water accumulation inside
the porous structure and hence in high water saturation. Additionally, increased drainage distance causes more
time needed to remove liquid water from the computational domain. This configuration features a relatively
long transient process until the quasi-steady state is reached. Liquid water accumulation can impede the mass
transfer of reactant gases into the catalyst layer due to partial blocking of gas pathways inside the PTLs.

With the movement of the injection site to the middle region under the rib (Configuration 2), the effective
distance between the water injection point and the outlet becomes shorter. As a result, the movement of the
liquid water to the outlet becomes easier in Comparison 2 than in Comparison 1. The smaller drainage
distance leads to a lower liquid-water accumulation in the upstream region of the PTLs and an improved

spatial distribution of water saturation.

Nevertheless, there is a significant accumulation of liquid water in the central region of the PTLs. This fact
shows that despite the improvement in liquid-water removal caused by the movement of the injection site
toward the outlet, the liquid-water removal process is affected by the complicated interplay between capillary
and viscous forces and gas-phase movement through the porous medium.

The best water distribution is achieved in Configuration 3, where liquid water is injected in the area near the
outlet point (Fig. 8). In this comparison, the shortest transport path for the liquid water is observed before

the movement to the outlet point.

As a result, water is removed from the PTLs faster than in Configurations 1 and 2. An important observation
is that no significant liquid-water accumulation occurs beneath the rib or in the gas inlet region in
Configuration 3. This behavior is particulatly advantageous for PEMFC water management because the gas
transport pathways remain relatively unobstructed. Consequently, reactant-gas transport through the PTLs
can be facilitated, while the risk of local flooding is reduced. These characteristics are expected to contribute

to improved mass transport and, consequently, enhanced PEMFC performance.

* =1.733ms

o t=10.4ms
..

t=19.416ms

Fig. 6. Water saturation distribution within the PTLs for water
injection beneath the gas inlet region at a compression ratio of 85%,
T=50 °C, MPL=70 pm, V.;;=3 m/s, and Ca = 0.0004.
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t=10.401ms

t=13.868ms

Fig. 7. Water saturation distribution within the PTLs for water
injection in the middle region of the computational domain at a
compression ratio of 85%, T=50 °C, MPL=70 pm, V,;=3 m/s, and
Ca =0.0004.

t=1.733ms

t=3.467ms

t=6.934ms

t=8.668ms

t=10.401ms

Fig. 8. Water saturation distribution within the PTLs for water
injection beneath the liquid-water outlet region at a compression
ratio of 85%, T=50 °C, MPL=70um, V=3 m/s, and Ca = 0.0004.

The analysis of the differences between the water saturations achieved in each of the three injections proves
the considerable effect of injection point on liquid water accumulation in PTLs. As seen in Figs. 9- 77, the
maximal water saturation in Configuration 1(Fg. 9) is almost twice as high as in Configuration 3 (Fig. 77),
which can be explained by the longer drainage path corresponding to the inlet point of injection.
Configuration 2 (Fig. 70) is characterized by the intermediate water distribution behavior between
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Configurations 1 and 3. The decrease in water saturation corresponds to the movement of liquid water out
of the injection area towards the outlet. In comparison with Configuration 1, the decreased distance of

transportation of liquid water contributes to water removal and less accumulation in the PTLs.

At last, Configuration 3 shows the highest efficiency in liquid water removal among all considered cases. The
nearness of the injection point to the outlet decreases the residence time of liquid water in the PTLs and,
consequently, prevents the appearance of highly water-saturated areas. Thus, it is obvious that shifting the

injection point towards the outlet helps to prevent the accumulation of water.
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Fig. 9. Temporal evolution of water saturation distribution
within the PTLs for liquid-water injection in the middle region
beneath the rib at a compression ratio of 85%, Ca = 0.0004, MPL
thickness of 70 pm, and inlet air velocity of 3 m/s.
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Fig. 10. Temporal evolution of water saturation distribution
within the PTLs for liquid-water injection beneath the gas outlet
region at a compression ratio of 85%, Ca = 0.0004, MPL thickness
of 70 pm, and inlet air velocity of 3 m/s.
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Fig. 11. Comparison of the temporal evolution of average water saturation within
the PTLs for different liquid-water injection locations at a compression ratio of
85%, Ca = 0.0004, MPL thickness of 70 um, and inlet air velocity of 3 m/s.

Fig. 12 displays the time behavior of the average water saturation of the PTLs for the three water injection
locations. In the first stage, the average water saturation rises steadily for the three configurations, which
means that the liquid water gradually builds up and propagates through the PTLs. Despite the relatively similar
behaviors of the three configurations in the beginning, their behaviors differ significantly in the course of the
development of the liquid-water distribution.

For Position 1, where water is injected under the gas inlet, the average water saturation keeps rising to a quasi-
steady level of 0.34-0.35 until around 15 ms. This is due to the relatively long drainage path for the liquid
water to the outlet. As a result, the liquid water stays in the PTLs for a longer time, resulting in higher average

water saturation.

In Position 2, where water is injected in the middle region under the rib, the average water saturation initially
shows a trend somewhat resembling Position 1. After around 12 ms, however, the saturation starts leveling
down and stabilizes at around 0.26. When compared to Position 1, a lower steady-state water saturation
suggests that moving the injection point closer to the middle of the computational domain increases the
efficiency of liquid-water elimination and minimizes the accumulation of liquid within the PTLs.

Position 3, characterized by water injection under the liquid-water outlet, demonstrates the lowest average
water saturation. In this position, the average water saturation attains values within the range of 0.12-0.15
after the transient period and then shows oscillations. These oscillations arise due to the shorter drainage path
from the point of injection to the outlet, ensuring that liquid water is removed from the PTLs faster. As a
consequence, the amount of liquid water accumulation within the porous matrix is much lower than in
Positions 1 and 2.

Under quasi-steady conditions, the average water saturation for Position 3 is approximately 57—-65% lower than
that for Position 1 and approximately 42-54% lower than that for Position 2, based on the representative
saturation values obtained from the plotted results. In contrast, Position 2 exhibits an average water saturation
approximately 23—26% lower than Position 1. These results clearly demonstrate that moving the water injection
location toward the outlet substantially enhances liquid-water removal and suppresses water accumulation
within the PTLs.

The oscillatory behavior observed for Position 3 may be associated with the intermittent detachment and
removal of liquid-water clusters near the outlet. As water accumulates locally, capillary forces promote the
formation of liquid clusters, which are subsequently transported and discharged through the outlet. This
dynamic process results in temporal fluctuations in the spatially averaged water saturation. Nevertheless, the

overall saturation level remains considerably lower than those obtained for Positions 1 and 2.
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The average water saturation of Position 3 is roughly 57-65% and 42-54% lower compared to Position 1 and
Position 2, respectively, by taking into account the representative water saturations for each position according
to the graph results. However, for Position 2, the average water saturation is about 23-26% less than that of
Position 1. Such results show cleatly that the relocation of the water injection point towards the outlet improves

the removal of liquid water and minimizes its accumulation in the PTLs.

The oscillations recorded at Position 3 can be related to the occasional removal of liquid-water clusters near
the outlet. Indeed, as water collects locally due to the accumulation process, capillary forces cause the
formation of water clusters, which are then carried out of the domain through the outlet. This phenomenon
leads to the temporal variations in the water saturation averaged spatially. But in any case, the average water

saturation is still relatively low compared to Positions 1 and 2.
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Fig. 12. Temporal evolution of the average water saturation within the PTLs
for different liquid-water injection locations at a compression ratio of 85%, T =
50, MPL thickness of 70 pm, inlet air velocity of 3 m/s, and Ca = 0.0004.

5| Conclusion

In this study, a pore-scale multiphase MRT-LBM model was developed to investigate liquid-water transport
and accumulation within the PTLs of an interdigitated PEMFC. The model was validated against Laplace's
law, droplet contact-angle behavior, and permeability correlations, showing good agreement with analytical
and empirical results. The simulations demonstrated that the liquid-water injection location strongly affects
water accumulation and drainage within the PTLs. Injection beneath the gas inlet resulted in the highest
average water saturation (approximately 0.34-0.35), whereas injection beneath the outlet produced the lowest
values (approximately 0.12—0.15). The outlet-side injection configuration reduced the average water saturation
by approximately 57-65% compared with the inlet-side configuration and by 42-54% compared with the
middle-region configuration.

Overall, positioning the liquid-water injection location closer to the outlet promotes more efficient water
removal, reduces water accumulation, and helps maintain open gas transport pathways within the PTLs. The
developed pore-scale MRT-LBM framework provides a useful tool for analyzing multiphase transport and
optimizing water management in PEMFCs.
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     f a k  ( x +  e a Δ t , t + Δ t ) −    f k a  ( x , t ) = − Ω  [    f k a  ( x , t ) −    f a  k , eq  ( x , t ) ] + Δ t    S k a  ( x , t )


     f a k


     f a  k ,


  Ω


  Δ t


     S k a


   e a


   e a =  {    0                                                                                                                       a = 0 ,    (  cos ⁡   [    ( a − 1 ) π 4 ] ,  sin ⁡   [    ( a − 1 ) π 4 ] )         a = 1 , 2 , 3 , 4 .    2  (  cos ⁡   [    ( a − 1 ) π 4 ] ,  sin ⁡   [    ( a − 1 ) π 4 ] ) a = 5 , 6 , 7 , 8 .


   m  ∗ , k =  m k −  Λ  [  m k  ( x , t ) −  m  k , eq  ( x , t ) ] | + Δ t  ( I − 0 . 5 Λ )    F k m ,


   m k ( x , t )


   m  k ,   eq ( x , t )


   m k = M  f k ,  f k =  M  − 1  m k .


   m k =    ( ρ , e , ε ,  j x ,  q x ,  j y ,  q y ,  p xx ,  p yy ) T .


   m  k , eq = ρ    ( 1 , − 2 + 3  (    u k 2 +    v k 2 ) , 1 − 3  (    u k 2 +    v k 2 ) ,  u k , −  u k , v , − v ,  u 2 −  v 2 , uv ) T .


  Λ


  Λ = diag  (  S 1 ,  S 2 ,  S 3 ,  S 4 ,  S 5 ,  S 6 ,  S 7 ,  S 8 ,  S 9 ) = diag  (       τ ρ  − 1     τ e  − 1     τ ς  − 1     τ j  − 1     τ q  − 1     τ j  − 1     τ q  − 1   τ  − 1   τ  − 1 ) ,


  λ =  (  1   S 2 − 0 . 5 )    C s 2 .  


  ν =  ( τ − 0 . 5 )  C s 2


   C s =  1   3


  τ =  1   S 8


   ( I − 0 . 5 Λ )  F m k


   T Tc = 0 . 5


   τ g


     F k m =    [ 0 , 6 ( u    F k x + v    F y k ) , − 6 ( u    F k x + v    F k y ) ,    F k x , −    F k x ,    F k y , −    F k y , 2 ( u    F x k − v    F k y ) , 2 ( u    F k x − v    F k y ) ] T .  


   ρ k =   ∑ a   f a .  


   V k =     ∑ k   (   ∑ a   f a  e a + Δ t  F 2 )    ∑ k   ρ k ,  


  F = (  F x ,     F y )


   F k =    F k coh +    F k adh ,


     F k coh


   F k coh =  F kk +  F kj ,


   F kk


   F kk = −  G kk  ψ k  ( x )    C s 2  ∑  w  (    |  e α | 2 )  ψ k  ( x +  e α )  e α .  


   ψ k  ( x )


   G kk


  w  (    |  e α | 2 )


   e α


   F kj


   F 12 = −  G 12  ϕ 1  ( x )   ∑  a = 1 8  w  (    |  e α | 2 )  ϕ 2  ( x +  e α )  e  α .


   F 21 = −  G 21  ϕ 2  ( x )   ∑  a = 1 8  w  (    |  e α | 2 )  ϕ 1  ( x +  e α )  e α ,


   ϕ 1  ( x )


   ϕ 2  ( x )


   ψ k  ( x )


   ϕ 1  (  ρ 2 ) = 1 −  exp ⁡   (   −  ρ 2   ρ 20 ) .


   ϕ 2  (  ρ 1 ) =  a 0 −  exp ⁡   (   −  ρ 1   ρ 10 ) .  


   ρ 10


   ρ 20


   a 0


      G 12


   G 21


   a 0 = 0 . 005


   ρ 10 =   − 0 . 0008   log ⁡ (  a 0 )


   ρ 20 = 0 . 0003


   G 12 =  G 21 = 0 . 0001


     F k adh


     F k adh  ( x ) = −    G k adh  ψ k  ( x )  ∑  w  (    |  e α | 2 ) S  ( x +  e α Δ t )  e α .


     G k adh


   P Eos = ρ RT   1 + b  ρ 4 +    ( b  ρ 4 ) 2 −    ( b  ρ 4 ) 3     ( 1 − b  ρ 4 ) 3 − a  ρ 2 .


  a = 0 . 4963    R 2  T c 2   P c , b = 0 . 8727   R  T c   P c


   T c = 0 . 3773  a bR


   T c ≈ 0 . 047


   ψ 1  ( x ) =    2  (  P EOS − ρ  c s 2 )   G 11  c s 2 .  


     F 1 m =  [    0   6 ( u  F x + v  F y ) +   12 σ    | F | 2   ψ 2 δ t  (  τ e − 0 . 5 )   − 6 ( u  F x + v  F y ) −   12 σ    | F | 2   ψ 2 δ t  (  τ ς − 0 . 5 )    F x   −  F x    F y   −  F y   2 ( u  F x − v  F y )   ( u  F y + v  F x ) ] ,


     | F | 2 =  F x 2 +  F y 2


  σ


   m  ∗ , 1 =  m 1 −  Λ  [  m 1  ( x , t ) −  m  1 , eq  ( x , t ) ] | + Δ t  ( I −  Λ 2 )    F m 1 + Δ tC .


  C =  [    0   1 . 5    τ e  − 1  (  Q xx +  Q yy )   − 1 . 5    τ e  − 1  (  Q xx +  Q yy )   0   0   0   0   −    τ v  − 1  (  Q xx −  Q yy )   −    τ v  − 1  Q xy ] .


   Q xx


   Q yy


   Q xy


  Q =   K  G 11  2  ψ 1  ( x )  ∑  w  (    |  e α | 2 )  (    ψ 1   ( x +  e α ) −  ψ 1  ( x ) )  e α  e α .


   m  ∗ , 1


     τ e  − 1


     τ ς  − 1


   Λ 1


     f  1 , ∗ a  ( x , t )


   A 1 :  m  ∗ , 1  ( x , t + Δ t )  {     m 1 −  Λ  [  m 1  ( x , t ) −  m  1 , eq  ( x , t ) ] | + Δ t  ( I −  Λ 2 ) S + Δ tCif  f  1 , ∗  ( x , t + Δ t ) ≥ 0 ,    m 1 −   Λ 1  [  m 1  ( x , t ) −  m  1 , eq  ( x , t ) ] | + Δ t  ( I −    Λ 1 2 ) S + Δ tC                               otherwise .


   A 2 :  f  1 , ∗  ( x , t + Δ t )  {     f  1 , ∗  ( x , t + Δ t ) if  f ∗  ( x , t + Δ t ) ≥ 0 ,    max ⁡   ( 0 ,  1 9   ∑  i = 0 8   f  1 , ∗  ( x +  e a Δ t , t + Δ t ) ) if  f ∗  ( x , t + Δ t ) < 0 .


   Λ 1


     τ e  − 1 =    τ ς  − 1 = 0 . 02


   r 0 = 40


  ρ  ( x , y ) =    ρ in +  ρ out 2 −    ρ in −  ρ out 2  tanh ⁡   (   2  ( r −  r 0 ) W ) .


  r =     ( x −  x c ) 2 +    ( y −  y c ) 2


   (  x c ,    )


   ρ in


   ρ out


  200 × 200


  0 . 5  T c ( T = 5  0 0 C )


   ρ  in ( liquid ) = 0 . 456


   ρ  out ( vapor ) = 0 . 000055


  5 × 1  0  − 7


   P sys =  c s 2   ∑ σ   ρ σ +  1 2  c 2   ∑ σ   G  σ σ    [  ψ σ  ( x ) ] 2 +  1 2  c s 2   ∑  σ ≠  σ ̄   G  σ  σ ̄  ϕ σ  ( x )  ϕ   σ ̄  ( x ) .


   ( Pin − Pout   ) =  γ R ,


  γ


    𝐓  𝐓 𝐜 = 𝟎 . 𝟓


    𝐓    𝐓  𝐜 = 𝟎 . 𝟓 .


    𝐓  𝐓 𝐜 = 𝟎 . 𝟓


    𝐓  𝐓 𝐜 = 𝟎 . 𝟓


  θ =  {     arcsin ⁡   (  b  2 r ) θ ≤ 9  0 0 ,   π −  arcsin ⁡   (  b  2 r ) θ > 9  0 0 ,


  r =   4  h 2 +  b 2  8 h ,


    𝐓    𝐓  𝐜 = 𝟎 . 𝟓


  K =   μ U  ∆ P ,


   K   R 2 =  C g    [    1 −  ε c  1 − ε − 1 ]  2 . 5 ,


   C g =  16  9 π  2


   ε c = 1 −  π 4


   K   R 2 = 0 . 048  ( 1 − φ )  [    (  π  4 φ ) 2 −  π  2 φ + 1 ]  [ 1 + 0 . 72  φ     ( 0 . 89 − φ )  0 . 54 ] ,  


  𝛆


  500   μ m


  500   μ m


  200   μ m
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