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Abstract: The mitigation of water flooding in the gas diffusion layer (GDL) at relatively high current
densities is indispensable for enhancing the performance of proton exchange membrane fuel cells
(PEMFCs). In this paper, a 2D multicomponent LBM model is developed to investigate the effects of
porosity distribution and compression on the liquid water dynamic behaviors and distribution. The
results suggest that adopting the gradient GDL structure with increasing porosity along the thickness
direction significantly reduces the breakthrough time and steady–state total water saturation inside
the GDL. Moreover, the positive gradient structure reaches the highest breakthrough time and water
saturation at 10% compression ratio (CR) when the GDL is compressed, and the corresponding values
decrease with further increase of the CR. Considering the breakthrough time, total water saturation
and water distribution at the entrance of the GDL at the same time, the gradient structure with
continuously increasing porosity can perform better water management capacity at 30% CR. This
paper is useful for understanding the two–phase process in a gradient GDL structure and provides
guidance for future design and manufacturing.

Keywords: gas diffusion layer; lattice Boltzmann method; porosity gradient distribution; compression;
liquid water distribution

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have emerged as highly promising
alternative vehicle power sources and attracted widespread attention owing to their notable
strengths such as zero pollution, high energy density, and low noise [1–4]. As one of the
essential components, the gas diffusion layer (GDL) plays the role of draining water out
of the catalyst layer (CL) and providing enough gas pathways [5–7]. The large–scale
commercialization of PEMFCs requires higher power and current densities [8,9]; however,
at high operating current densities, the massive accumulation of liquid water in the GDL
will lead to flooding and impede the gas diffusion, resulting in rapid degradation of cell
performance [10,11]. Accordingly, improving the water management ability of GDL is
imperative for pursuing better cell output performance.

Multiple visualization experiments have been carried out in order to comprehensively
understand the transportation mechanism of liquid water inside the GDL. Combining in–
situ radiography and tomography, Markötter et al. [12] observed that liquid water flow in an
operating fuel cell is facilitated by the large pores in the GDL and cracks on the micro porous
layer (MPL) that act as preferential pathways towards the flow channel (FC). Similarly,
Deevanhxay et al. [13] observed the dynamic process of liquid water transporting from MPL
cracks by using high–resolution soft X–ray imaging. Flückiger et al. [14] investigated the
liquid water saturation in a Toray GDL utilizing X–ray tomography (XTM) and the results
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revealed that the liquid water transport process was significantly influenced by the capillary
resistance of the GDL. Moreover, Ko et al. [15] observed and quantified the water content
inside the GDL and at the GDL/FC interface using X–rays, and the results suggested that
the liquid water inside the GDL increased at the beginning with the continuous production
of water and, once the liquid water accumulated to a certain level, the internal water content
remained constant. In addition, neutron radiography was also applied to reveal the water
distribution inside the GDL [16,17]. It is evident that the transfer of liquid water through
GDL microstructures is a complex process, and conducting experimental investigations
to understand the underlying mechanisms can be both time–consuming and expensive.
Therefore, in recent decades, there has been an increasing interest in utilizing modeling
and simulation techniques to study multiphase flows.

In contrast to continuum–scale models [18,19], pore–scale models are outstandingly
suitable for investigating the interaction between dynamic processes and microstructure
since they directly resolve the microscopic structures of GDL [20]. Shahraeeni et al. [21] and
Carrere et al. [22] developed pore network models (PNMs) to investigate the liquid water
transport process inside the GDL, and considered the impacts of different flow patterns and
working mechanisms, respectively. Niu et al. [23] further investigated the water dynamics
and acquired the interface between liquid and air within the GDL by employing the volume
of fluid (VOF) method. Additionally, Zhou et al. [24,25] utilized the VOF method to further
examine the dynamic behavior of liquid water under the influence of compression and
PTFE distribution.

In comparison with the above two methods, the lattice Boltzmann method (LBM)
has earned increasing attention because of its numerical stability, applicability to large–
scale parallelization, and applicability to arbitrary geometries [20,26–28]. Kim et al. [29]
analyzed the distribution and transport process of liquid water considering the structure
of MPL and GDL, and they observed that increasing the MPL thickness or enhancing the
hydrophobicity of the solid surface led to a decline in liquid saturation. Jinuntuya et al. [30]
investigated the liquid dynamic behavior among three GDL structures obtained from X–ray
computed tomography (XCT), adopting a single–component two–phase Shan–Chen model,
and the results indicated two different water transport behaviors within the GDL due to
differences in contact angles, as well as the divergences in liquid flow trends under the
individual structures. Furthermore, Deng et al. [31] proposed an enhanced stochastic model
to generate a three–dimensional model containing the actual GDL and MPL structures and
conducted a thorough investigation of the impact of MPL cracks on water transport and
the redistribution of liquid water at the GDL/MPL interface; the findings demonstrated
that the introduction of MPL reduced the incidence of water flooding. In addition, Sepe
et al. [32] examined the impact of pore size on liquid water transport by utilizing XCT and
concluded that the water saturation inside the GDL highly depends on its own geometry. It
can be clearly derived that the structural properties of the GDL significantly affect interior
water dynamics and distribution.

In practical applications, to prevent gas leakage and mitigate contact resistance, PEM-
FCs are commonly assembled with compressive loads, which lead to deformations in their
microstructure and consequently affect the transport and distribution of water within the
GDL [33,34]. Bazylak et al. [35] investigated the influence of compression on the transport
of liquid water through GDLs utilizing fluorescence microscopy, and they suggested that
the local hydrophilic pathways generated by the shedding of PTFE provide a preferential
pathway for water drainage. Zenyuk et al. [36] tested the impact of compression ratio
(CR) on water saturation under the ribs and flow channel using XTM and discovered that
there were significant distinctions in local distribution of water at elevated compression
levels. Further, Jeon and Kim [37] conducted a study on the influence of compression on
liquid water transport by employing a two–phase Shan–Chen model and a simplified 2D
GDL structure. The results revealed that low CR was favorable for water management,
and once the CR was excessively increased, liquid films tended to form in the rib–channel
interface, which inevitably retarded the gas transport, and the removal of liquid water
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became extremely difficult. Additionally, Moslemi [38] and Ira [39] demonstrated that
compression certainly altered the breakthrough time and the dynamic behaviors of the
water, respectively.

Additionally, it has been found that the inhomogeneous porosity distribution has a promi-
nent impact on the liquid water behavior inside GDL [32,40]. Both experiments [41–43] and
models [44–47] demonstrated that the gradient structure facilitates water transport and thus
enhances output performance. Ko et al. [43] experimentally observed that the porosity
gradient significantly promoted water drainage, and the output performance was also
advanced by comparing the polarization curves. Shangguan et al. [40] reconstructed the
three–dimensional GDL structure by employing the stochastic parameter method to explore
the water behaviors inside the GDL under five diverse porosity distributions by VOF model.
Yang et al. [48] built a 2D GDL model based on experimental data and demonstrated that
the porosity distribution has a profound impact on the dynamic behavior of water within
the GDL. Habiballahi et al. [49] developed a 2D model of a cathode GDL with varying
linear porosity gradients to simulate the liquid water invasion process. The results demon-
strated that a positive through–plane (TP) porosity gradient is crucial for enhancing water
management capability in the GDL. Moreover, by proposing a pore–scale model based on
the LBM method, Guo et al. [50] investigated the impact of porosity distribution on water
saturation, oxygen concentration and current density, and found that a gradual increase in
porosity from the bottom of the GDL to the top of the GDL can effectively diminish water
saturation at both the inlet region and the entire model, and consequently acquired higher
current density.

Based on previous literature, it can be found that the LBM method has been broadly
used in two–phase studies of GDL and is highly suited to further investigate the effects of
structural changes in GDL. However, there is still a lack of sufficient reports on the impact
of diverse gradient distribution of porosity with respect to the thickness direction, as well
as on the variations of liquid water dynamic migration processes inside GDL for different
gradient porosity structures at certain CR. Accordingly, in this paper, a two–dimensional
model combining GDL and FC is reconstructed under several reasonable assumptions,
whose porosity distribution can be devised as homogeneous, positive gradient and negative
gradient structure using homemade code. In the meantime, a 2D two–phase multicompo-
nent LBM model is established to explore the impact of porosity distribution under various
compression ratios on liquid water dynamics and distribution.

2. Methods
2.1. LBM Model

The present investigation utilizes the pseudopotential multicomponent model with
D2Q9 scheme, employing the single relaxation time collision operator (commonly known
as BGK model) to establish a 2D lattice Boltzmann method (LBM) model for simulating
liquid–air two–phase flow within a 2D computational domain. The density distribution
function evolution equation for various fluids is presented as follows:

fk
i (x + e i ∆t, t + ∆t) =fk

i (x, t)− 1
τk

[f k
i (x, t)− fk(eq)

i (x, t)] (1)

where k represents the kth component (1 is assigned to liquid phase and 2 is designated
for gas phase) and ei is the discrete velocity in the ith direction, which is defined in D2Q9
model as:

ei =


(0, 0)i = 0
c(cos[ π2 (i − 1)], sin[π2 (i − 1)])i = 1, 2, 3, 4√

2c(cos[ π2 (i − 1)], sin[π2 (i − 1)])
√

2i = 5, 6, 7, 8
(2)

τk denotes the dimensionless relaxation time, calculated by:

τk =
νk

c2
s ∆t

+
1
2

(3)
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where νk represents the kinematic viscosity, ∆t denotes the time step, cs is the lattice sound
speed and c2

s equals to (1 /3)∆x2/∆t2. Additionally, ∆x is the lattice unit.

The equilibrium distribution function, denoted as fk(eq)
i , is defined as:

fk(eq)
i = wiρk[1+

ei·ueq

c2
s

+
(e i·ueq

)2

2c4
s

−
u2

eq

c2
s
] (4)

where wi is called weight factor and equals to 4/9 for i = 0, 1/9 for i = 1− 4 and 1/36 for
i = 5− 9, respectively. The equilibrium velocity ueq is determined as:

ueq =
ρku′ + τkFk

ρk
(5)

The average velocity of different components (liquid phase and gas phase) u′ is
defined as:

u′ =∑k ρkuk/τk

∑k ρk/τk
(6)

Fk represents the force term, which is utilized to describe the muti–phase flow in
porous medium, is presented as:

Fk= Fk
coh+Fk

ads (7)

where Fk
coh is the cohesion acting on various fluid components, and Fk

ads is the interaction
force between fluid and solid phases. These two forces are denoted as follows:

Fk
coh = −ψk(ρk(x))∑

x′
∑
k′

Gkk′
(
x, x′

)
ψk′(ρk′

(
x′
)
)(x − x′

)
(8)

Fk
ads = −ψk(ρk(x))∑

x′
Gs
(
x, x′

)
s
(
x′
)
(x − x′

)
(9)

where ψk(ρk(x)) denoted the effective mass (also called pseudopotential), which is de-
scribed as a function of density, and is equal to ρk(x) in this work. The coefficient Gkk′(x, x′)
determines the intensity of interaction between the two fluids. Gs(x, x′) represents the
solid–fluid interaction strength. Therefore, the surface tension and various contact angles
can be attained by adjusting the above parameters appropriately. s(x′) is an indicator
function that takes the value of 0 for fluid nodes and 1 for solid nodes.

2.2. Computational Domain and Boundary Condition

Since the 2D computation domain could significantly save computing resources while
accurately reflecting the structure of GDL and FC, a 2D model is employed in the following
research. The rebuild of the computational domain is established on the following premises:

1. As the GDL beneath the channel does not have direct contact with the bipolar plate,
the porosity change after compression in that region has not been included in the anal-
ysis [37,48]; however, the microstructure changes of GDL intruded into the channel
are considered [51];

2. Under the compression of the flow–field plate, the strain in the GDL only occurs in
the TP direction. Previous studies have indicated that the Poisson’s ratio of GDL in
the TP direction is negligible [52,53];

3. According to previous research [54], compression affects only the pore volume of
the GDL, while the volume of the GDL fiber remains unchanged. As a result, the
correlation between compression ratio and porosity is derived as follows:

εcomp =
ε−CR
1−CR

(10)

where the ε is the initial porosity, CR represents the compression ratio (which is calculated
as the ratio of GDL thickness before and after compression), and εcomp means the porosity
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after compression. Furthermore, to realize the variation of porosity across the TP direction,
the GDL is divided into 24 layers in this work, and the correlation between the overall
porosity and local porosity is built as:

εtotal =
1
N∑i=N

i=0 εi (11)

where εtotal represents the total porosity of the GDL, ei denotes the porosity of the ith layer,
and N means the total layer number of GDL.

According to the above assumptions, the complete computation domain is built as
shown in Figure 1. The rectangular domain consists of the buffer zone, GDL, FC and two
ribs with dimensions of 2000 lu × 610 lu (lattice unit). The height of the buffer zone, GDL
and the channel are 10 lu, 200 lu and 400 lu, respectively. The width of the channel and
a single rib are 1000 lu and 500 lu. The GDL fiber possesses a diameter of 8 lu. The total
average porosity is 0.8. To model the process of liquid water invasion within the GDL, the
inlet boundary at the bottom side is subjected to the Zou–He velocity boundary, and the
water generation velocity is maintained at 1.0 × 10−4 lu, and the value corresponding to
the real unit is 2.184 × 10−4 m/s [44]. Moreover, the top boundary is configured as an
outflow boundary, while the remaining sides exhibit periodic boundaries. Additionally, the
bounce–back boundary is implemented to all solid surfaces.
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2.3. Numerical Procedure

The infiltration of liquid water inside the GDL performs the characteristic capillary
fingering process, which can be characterized by three dimensionless quantities: Reynolds
number, capillary number and Bond number. The Reynolds number Re = ud/ν (u, ν
and d are velocity, the fluid kinematic viscosity and pore diameter, respectively), express-
ing the proportion of inertial force relative to viscous force, is equal to 0.06 in the model.
The Capillary number Ca = uµ/γ (µ and γ represent the fluid dynamic viscosity and
surface tension, respectively), denoting the proportion of surface tension with respect to
viscous force, equals 5.2 × 10−5 under the simulation condition, which closely resembles
the actual capillary number (10−9–10−6) in GDL. And the Bond number Bo = g∆ρd2/γ
(g and ∆ρ represent the acceleration of gravity and density differential between liquid and
gas, respectively), signifying the relationship between gravitational and surface tension,
exhibits on the order of 10−5. Accordingly, it can be deduced from the analysis of dimen-
sionless numbers that surface tension exerts a predominant influence on the simulation
of flow within a porous medium. In addition, to specify the initial liquid and gas density
fields, values of ρliquid = 1 and ρgas = 10−8 are assigned in the buffer zone, while the
corresponding values are set vice versa in the void region.

In the present study, dimensionless lattice units are commonly employed for the
conduction of LBM simulations, which can subsequently be converted to their correspond-
ing physical units through the application of several conversion factors. To differentiate
between physical and lattice units, the subscripts P and L are employed, respectively. Ac-
cordingly, to calculate the length scale Cl = ∆xP/∆xL, three distinct resolutions are adopted
in the mesh independence test, which are 1 lu = 0.5 µm, 1 lu = 1 µm and 1 lu = 2 µm. And



Energies 2023, 16, 6010 6 of 18

the results demonstrated that the resolution of 1 lu = 1 µm can meet the requirements of
accuracy and computation resources and, therefore, Cl equals to 1 µm. Moreover, since the
PEMFC normally operates at 353 K, the properties of water including density, kinematic
viscosity and surface tension at 353 K are utilized in the simulation, which are 978.1 kg/m3,
3.64 × 10−7 m2/s and 0.06257 N/m, respectively. The time scale can be calculated as
Ct = c2

s(τ− 0.5)C1/νp, since the relaxation time τ is set to 1.0 in the model, Ct equals to
4.5788 × 10−7 s.

Additionally, in the present study, water saturation is characterized as the ratio of
liquid water volume relative to the total pore volume within the GDL, both quantities can
be derived through directly quantifying the regions occupied by liquid water and the entire
pore space within the GDL model. In addition, to determine steady–state conditions for
the flow of liquid water, a total saturation variation of less than 0.001 over a time period of
about 100,000 lattice steps was specified as the criterion. To reduce the impact of random
error arising from the regenerated computational domain, each case was reconstructed a
minimum of five times. The self–developed LBM code is written in C++, and OpenMP is
used to realize the remarkable parallelism between muti–processors. The computational
cost for each LBM model is approximately 25 h on 64 Intel Xeon @2.1 GHz processors.

3. Results and Discussion
3.1. Model Validation

In this section, to further validate the developed LBM model, the Laplace test and
static droplet contact angle test are performed, respectively.

3.1.1. Laplace Test

The Laplace test is principally associated with phase separation and the interplay
between liquid and gas, leading to the emergence of surface tension. In accordance with
Laplace law, the pressure differential ∆P across a droplet varies directly with the surface
tension γ and inversely with the bubble’s radius R, as described by the following equation:

∆P =
γ

R
(12)

Initially, a droplet of circular configuration possessing a particular radius is located at
the center of a lattice domain comprising 100 × 100 lattice units. The density of the liquid
phase within the droplet is established at 2, while that of the gas phase is set to 1 × 10−5,
and conversely outside the droplet. Moreover, the parameter Gkk′= Gk′k= 0.2 is carefully
adjusted to ensure a clear demarcation between the gas and liquid phases. Figure 2 depicts
that the modification in pressure differential is linearly dependent on 1/R, which evidently
concurs with the Laplace equation.

3.1.2. Static Contact Angle Test

The contact angle is a crucial parameter in the context of multiphase flow, exerting
a notable impact on the flow pattern within the porous medium. In this investigation,
the equilibrium contact angle simulation of a semicircular droplet placed on a uniform
horizontal solid wall is conducted. Once the droplet reaches a static state above the
horizontal surface, it attains an equilibrium state with an unaltered shape owing to the
impact of surface tension, as depicted in Figure 3. The contact angle is evaluated using the
methodology proposed in ref [50]. A contact angle θ less than 90◦ indicates a hydrophilic
solid surface, while it implies a hydrophobic surface vice versa. In addition, the fluid–fluid
interaction coefficient remains fixed at 0.2, while the interaction strength between the fluid
and solid varies between −0.06 to 0.08.
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The findings are presented in Figure 3. The segment highlighted in red signifies the
liquid droplet, while the blue region represents the gas phase. By specifying Gs, diverse
levels of solid surface wetting (or non–wetting) characteristics can be attained.

3.2. Effects of Porosity Distribution

In this section, effects of different porosity distributions on the liquid water dynamic
behaviors and saturation are investigated. Five different porosity distribution structures
were designed as illustrated in Figure 4a,b. The uniform porosity GDL (U_P) is defined
as the porosity with respect to the TP direction that remains constant, while the gradient
porosity is divided into layered and linear structures. The layered structure is composed
of three parts with different porosity, which either increases or decreases along the TP
direction, marked with La_P and La_N, respectively. Particularly, the linear structure
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increases or decreases continuously from the CL/GDL interface to that of the GDL/FC,
denoted as L_P and L_N, respectively. In addition, for a better follow–up study, the
uncompressed GDL model is used in this section, and the porosity distributions under the
rib and under the flow channel are kept consistent. The total average porosity of all three
structures was 0.8, and the contact angle was set to 120◦ in all subsequent studies.
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3.2.1. Liquid Water Dynamic Behaviors

Figure 5a–e illustrates the liquid water dynamic process corresponding to five different
porosity distributions at a contact angle of 120◦. To begin with, for the U_P case depicted
in Figure 5a, as time advances, the liquid water in the buffer region gradually intrudes
into the GDL, where a characteristic capillary fingering process can be observed [55]. Since
the pores with low capillary resistance are easier to invade, the liquid will migrate along
both through–plane (TP) and in–plane (IP) directions. Accordingly, as the picture shows,
although there exists several water clusters that have nearly reached the top region of GDL,
water breakthrough does not occur until a suitable path is found at 1,425,000 lattice steps
(652.48 ms) after a large number of non–ideal movement of liquid. Thereafter, a droplet
formed by liquid accumulation at the GDL/FC interface is identified and grows larger
over time. Additionally, in uniform structure, as the effective flow path forms, water will
preferentially invade through this path, and the water saturation and distribution inside
GDL gradually stabilizes.

In contrast to the uniform porosity structure, the water dynamics in gradient struc-
ture shown in Figure 5b–e also exhibits an evident capillary fingering pattern, yet the
corresponding water distribution differs significantly due to the capillary pressure gra-
dient [41,56] induced by the variation of porosity in the TP direction, which could guide
and accelerate the invasion of liquid water in positive gradient cases, and the opposite is
true in the negative gradient structures. On the one hand, for the La_P case, as the bottom
layer has a porosity of 0.75 and thus performs relatively higher capillary resistance, the
number of water clusters including those in this region and penetrating to the middle
region is notably less than that in the uniform structure. At 825,000 lattice steps (377.75 ms),
water rapidly breaks through the GDL due to the reduction of capillary resistance in the
upper region. Moreover, it is worth noting that due to the sudden increase in porosity at
the interface between different parts of the La_P structure, as shown in Figure 5b, once
entering the higher part, the liquid water flowing out of the lower part in the GDL tends
to move along the IP direction due to the sudden decrease in capillary resistance, which
will become more severe when the liquid water penetrates GDL under the rib. On the
other hand, for L_P structure, as discussed before, the decreasing capillary resistance in
the thickness direction guides the liquid water and nearly intrudes along the TP direction.
Moreover, compared to the layer–by–layer decrease in capillary pressure, the continuous
decrease in capillary pressure induced by the continuous increase in porosity allows the
liquid water to complete the breakthrough more quickly (331.96 ms) and the trapped water
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clusters are significantly reduced, as illustrated in Figure 5c. Moreover, when liquid water
penetrates under the rib, not only will it migrate along the IP direction close to the rib,
but also the water clusters at lower locations will slightly intrude along the IP direction
because of the continuously decreasing capillary resistance along the TP direction. As for
the negative gradient including La_N and L_N, since the porosity of the bottom layer is
high, the liquid water fills almost the entire lower and middle parts of the GDL, and the
water flooding phenomenon is obvious.
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3.2.2. Liquid Saturation and Distribution

Figure 6a–e display the evolution curves of local saturation along the GDL thickness
direction at different times, which is established as the ratio of water volume to the total
pore volume at a specific thickness position. For the U_P distribution, as evidenced by
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Figure 6a, the liquid water saturation within the GDL gradually decreases along the TP
direction, which is in agreement with previous investigation [48]. Moreover, it can be clearly
derived that the liquid water saturation rises significantly with time advancing, which is
mainly caused by the continuous intrusion of liquid water along the TP and IP directions,
and a slight reduction in the water saturation curve is discernible after the breakthrough
due to the occurrence of the retreat phenomenon [50], which is mainly attribute to the fact
that the penetration path has the least resistance to flow and a large quantity of liquid
water will suddenly flow out after the breakthrough. After that, the distribution of water
saturation remains basically unchanged. Compared to the U_P structure, the distribution
of water saturation in the positive gradient GDL structure is significantly different, as
depicted in Figure 6b,c. The water saturation of those cases near the CL/GDL side is
remarkably lower than that of the U_P structure; however, the saturation of La_P structure
in that region is obviously higher than L_P structure, which is due to the low porosity of
the bottom region in the layered structure, which makes it difficult for liquid water to break
through directly, and thus forms a large deal of water clusters. Moreover, in the middle
region of GDL, since water clusters inside the L_P structure are prone to migrate in the
IP direction, the water saturation is higher than that in the La_P structure. Furthermore,
the positive gradient structure is more water saturated in the top region of the GDL than
the homogeneous structure due to the fact that liquid water flows more easily along the IP
direction in the highly porous region under its ribs as discussed before. In addition, for
the negative gradient illustrated in Figure 6d,e, the water saturation curve is significantly
higher than other structures, which is related to its porosity distribution and will not be
discussed further.

Figure 6f compares the liquid water breakthrough time, steady state time and total
water saturation under steady state corresponding to the five different porosity distribution
structures. Obviously, the values corresponding to the negative gradient structures are
all higher than those of the other structures, demonstrating the failure of their water
management; therefore, these distributions will not be discussed in detail. Considering
the breakthrough time, the value of the positive gradient structure is less than the uniform
structure, which is attributed to the acceleration of the capillary pressure gradient. More
specifically, the breakthrough time consumed by L_P and La_P is reduced by 47.54% and
44.8%, respectively, compared to the uniform structure. Moreover, due to the bottom
layer of the La_P structure being relatively difficult to penetrate, it consumes more time to
break through than L_P structure. As for the steady state time consumption, the values, in
descending order, are U_P, L_P and La_P structures. On the one hand, due to the reduction
of capillary pressure gradient in the TP direction, liquid water flows out more easily, so
the positive gradient structure is better than the uniform structure; however, the relatively
small discrepancy between those three cases is due to the fact that the region of positive
gradient structure under the rib will tend to have a large amount of water accumulation.
On the other hand, the consumption time is relatively longer for the L_P structure as water
clusters flow more easily along the IP direction under the ribs. As far as total saturation is
concerned, the U_P case > the L_P case > the La_P case, the value was reduced by 42.02%
and 44.66%, respectively. And the reasons are mentioned in the previous section and will
not be repeated.

3.3. Effect of Compression

This section further investigates the effect of different compression ratios on liquid
water transport and distribution under different porosity distributions including the U_P,
L_P and La_P cases. Under standard operational circumstances of PEMFC, the compression
ratio (CR) of the GDL could achieve an upper limit ranging from 25% to 30% [57,58]; Senthil
Velan and Mahmoudi [59] have proved that the cell performance will decline sharply as
the CR exceeds 30%. Thus, three compression ratios (CRs) 10%, 20% and 30% are adopted
drawing from precedent investigations [37,60].
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Figure 7a–c displays the water distribution of the three different porosity distribution
structures after reaching the steady state at different CRs. It can be clearly seen that the
intrusion of liquid water after compression still performs a typical capillary fingering
mechanism, and the specific process will not be repeated; however, it can be observed
that the increase of CR significantly affects the distribution of liquid water inside the GDL.
As mentioned before, this paper considers that compression only changes the porosity
distribution under the rib, while that under the FC remains unchanged; therefore, this
section will focus on comparing the effects of compression under the flow channel and
under the rib, respectively. Figure 8a–f represents the liquid water distribution curves along
the thickness direction with varying porosity distributions under the FC and under the rib
at different CRs.
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As shown in Figure 8a, for the U_P structure, it can be observed that the local water
saturation distribution curves at each compression ratio (CR) basically overlap near the
entrance of the CL/GDL interface, while the deviation between the curves begins to appear
as the distance increases. Due to the reduction in porosity after compression, the capillary
resistance under the rib increases, so the liquid water pressure under the FC increases,
while the porosity remains unchanged, which makes it relatively easier to break through
from the region under the channel; thus, the water distribution under the channel after
compression is evidently lower than uncompressed case. However, the corresponding
water saturation curve under 20% CR is slightly higher in the middle region than the other
two, and this phenomenon can be attributed to the following reasons. In the first place,
as depicted in Figure 7a, as the CR increases, the water pressure under the flow channel
will also increase to a certain level, which subsequently allows the liquid water to enter
the local region with higher capillary pressure, so its water saturation increases instead.
Afterward, since the water pressure is high enough when the CR continues to increase, the
liquid water is more likely to complete the breakthrough along the TP direction, thus 30%
CR corresponds to the lowest water saturation curve. Additionally, at the outlet region
of the GDL, there are discrepancies in the water saturation curves because the different
cases have distinct locations to complete breakthrough. Unlike under the FC, the water
saturation curve beneath the rib shown in Figure 8b exhibits a substantial decline with the
increase of CR, which is due to the increased capillary resistance and the difficulty of liquid
water intrusion at the entrance, resulting from the decrease of the porosity under the rib
by assembly force. Moreover, compared to cases of uncompressed and 10% CR, when the
CR is 20% and 30%, the liquid water does not complete the penetration under the rib, thus
significantly preventing flooding.

Similarly, for the positive gradient porosity distribution structure, as shown in
Figure 8c–f, in the beginning, the liquid water also invades into the GDL by capillary
fingering, and the water saturation curves at each CR mainly overlap and all decline
rapidly. After that, the water distribution differs between the La_P and L_P structures
at different CRs. In the first place, for L_P structure under the channel, it is evident that
the differences between the water distribution curves at different CRs are comparatively
small at the inlet as well as outlet of the GDL, while at the relative thickness between 0.15
and 0.4, there exists more obvious differences. Unexpectedly, the lowest water saturation
curve arises in the uncompressed case, and the order of the other three is as follows: 10%
CR > 20% CR > 30% CR; this is because, as illustrated in Figure 7b, on the one hand, the
compression makes liquid water gather more under the channel, leading to the increased
water pressure; thus, it is more liable to break through the high capillary barrier areas
at the entrance under the channel, forming a number of water clusters. Therefore, the
water saturation increased after compression; yet, on the other hand, due to the existence
of capillary pressure gradient, liquid water can quickly break through the lowest region
with the increasing pressure of liquid water, so the water saturation decreases at the en-
trance with further increase of CR. Thereafter, the water saturation curve at 30% CR is
slightly higher when the relative thickness exceeds 0.4 since more liquid water clusters
can penetrate to the middle of the GDL. As for the phenomenon under the rib, as shown
in Figure 8d, it is obvious that the water saturation curve gradually decreases with the
increase of the CR similar to the uniform cases. Moreover, as mentioned earlier, although
the porosity decreases after compression, the capillary pressure gradient still exists; thus,
except for 30% CR, liquid water completes penetration under the rib, but compared to the
uncompressed model, a massive amount of water aggregation is not observed in the IP
direction after compression. Secondly, for La_P distribution, the water saturation curves are
substantially higher after compression, for the same reasons discussed in the L_P structure,
as also shown in Figure 7c. More specifically, for the uncompressed and 10% CR models,
the curve rises slightly at the 0.3 relative thickness position due to the lateral movement of
liquid water in the middle region after penetrating from the bottom area and, after that,
the curve will continue to fall slowly due to reduced capillary resistance. And for 20% CR
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and 30% CR, the water saturation ascends compared with the other two cases when the
relative thickness is less than 0.3. This is because the water pressure under the flow channel
is higher, and the water clusters in the bottom layer will increase substantially, in which
the capillary pressure gradient does not exist yet. Moreover, the sufficiently high water
pressure also allows the liquid water to move as far as possible in the TP direction, so the
water saturation curve keeps descending along the TP direction under 20% CR and 30%
CR. Moreover, the liquid water saturation curves under the rib decline in the central region
with increasing CR, which is consistent with other distribution structures. However, when
the relative thickness is greater than 0.6, the curves appear to rise at 10% and 20% CR, and
at the top of the GDL, the local water saturation under 10% CR is nearly the same as that of
the uncompressed model, which is due to the fact that the porosity of the upper layer in
the GDL is still high even after compression. In addition, when the CR is 30%, the liquid
water does not penetrate and the water saturation is the lowest because the porosity of the
bottom layer is extremely low.

Figure 9a–c compares the breakthrough time, steady state time, and total water
saturation at different CRs for different porosity distributions. Firstly, from Figure 9a,
we can find that for the U_P structure, the time consumed for breakthrough satisfies
uncompressed > 20% CR > 10% CR > 30% CR. However, for L_P structure, the value sat-
isfies 10% CR > uncompressed > 20% CR > 30% CR. The reason can be attributed to the
elevation in water pressure under the low CR, resulting in the increasing quantity of water
clusters inside the GDL, and thus increase the breakthrough time, while the water readily
breaks through with higher water pressure as the CR further increases. Moreover, the
conclusions of the La_P structure are consistent with the L_P structure and will not be
repeated. Secondly, considering the time to reach the steady state, as depicted in Figure 9b,
among all the structures, the value decreases with the increase of the CR due to the fact
that the water distribution under the flow channel is basically unchanged, and the liquid
water under the rib declines with the increase of the CR; thus, the simpler the water dis-
tribution under the rib, the shorter the time is required to reach the steady state. In the
end, considering the total water saturation under the steady state, which is defined as the
ratio of the liquid water volume under the channel and the ribs to the total pore volume of
the compressed GDL, as shown in Figure 9c. On the one hand, for U_P distribution, the
value in descending order is uncompressed, 20% CR, 10% CR and 30% CR, the reason is
related to the dynamic behaviors and distribution of liquid water described in the previous
section. On the other hand, for positive gradient distribution, the value in descending order
is 10% CR, uncompressed, 20% CR and 30% CR, which is also consistent with the previous
analysis of water distribution.

Additionally, the positive gradient GDL structure significantly reduces the time re-
quired for liquid water breakthrough as well as the steady–state water saturation. Since the
liquid water in the positive gradient structure at 20% CR still penetrates the GDL under
the rib, the time required for the steady state in these structures is slightly higher than that
of the uniform structure, while the consumption time in those structures is reduced at all
other CRs. Consequently, it can be drawn that the breakthrough time, steady–state time
and total saturation is the lowest under 30% CR with the La_P distribution.
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4. Conclusions

In this study, a two–dimensional microstructure of a GDL with diverse porosity
distribution is reconstructed. And the impact of porosity distribution and compression
ratios on liquid water dynamic behaviors and saturation distribution is investigated using a
2D multiphase LBM model. The outcomes of the analysis led to the following conclusions:

1. The gradient structure characterized by an increase in porosity along the thickness
direction results in a considerable reduction in both the breakthrough time of liquid
water and the total water saturation within the GDL; compared to uniform distri-
bution, the values are reduced by 47.54% and 42.02% for the linear structure, and
44.08% and 44.66% for layered structure, respectively. Moreover, although the overall
water saturation of the layered structure is lower than that of the linear structure,
it has higher water saturation at the entrance and longer breakthrough time; conse-
quently, at the uncompressed condition, the linear structure instead has the best water
management ability improvement;

2. At high CR, the positive gradient structure can achieve dramatic liquid water transport
improvements, especially under the ribs. Since the porosity under the rib decreases
after compression, the water saturation under the rib is effectively reduced among all
porosity distribution structures. But compared to the uniform structure, as the capil-
lary pressure gradient still exists under the rib with the positive gradient, the water
still penetrates the GDL under 20% CR, which is not conducive to water management,
resulting in a higher CR for the positive gradient structure to successfully promote
the water distribution under the rib. And under the flow channel, unlike the uniform
distribution structure, the positive gradient structure has the highest breakthrough
time and overall water saturation at 10% CR instead of the uncompressed case, while
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the corresponding values all decrease as the CR continues to increase. Consequently,
for the positive gradient structure, better water management can be achieved at a
relatively high CR;

3. As the CR increases, the linear positive gradient porosity structure provides better
water management at the entrance of the GDL. When a GDL of such distribution
is compressed, the water saturation under the flow channel increases first and then
decreases, and because the capillary pressure gradient exists along the entire thickness
direction, liquid water is prone to invade along the TP direction, and thus the water
saturation at the entrance of the GDL is relatively low. Accordingly, despite the lower
breakthrough time and total water saturation, layered positive porosity distribution
is less efficient in improving water discharge under the channel after compression
due to the fact that liquid water clusters prefer to gather in the bottom of it with the
increase of CR.
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