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Abstract: Water management is a crucial aspect in the efficient functioning of proton exchange membrane fuel
cells (PEMECs). The presence of two-phase flow, consisting of water and reactive gas, in the channel of the
PEMEC is of utmost importance for effective water management. This study focuses on investigating the
removal of liquid water in 3D wave channels and 2D straight channels using the volume of fluid method. The
study analyzes the dynamic behavior of droplets emerging from the gas diffusion layer (GDL) into the channel
under the influence of gas flow. The study also explores the effects of droplet growth, deformation, detachment,
force, and pore size on critical water behavior and water content in the channel. The results indicate that the
3D wave channel is more effective in removing liquid water compared to the 2D straight channel. It is observed
that increasing the velocity facilitates the discharge of liquid water. However, excessively high velocities lead
to parasitic power losses. Furthermore, while larger pore sizes in the GDL are not advantageous for PEMFC
performance, a moderate increase in pore size aids in the discharge of liquid water. The knowledge gained
through this study deepens the understanding of droplet dynamics in PEMFC gas channels and assists in
optimizing the design and operational conditions of these channels.

Keywords: PEMFC; Two-phase flow; Droplet dynamics behavior; 3D and 2D flow field; Water
management; volume of fluid

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) directly convert chemical energy into electrical
energy without the need for heat conversion, resulting in high efficiency [1]. In a PEMFC, hydrogen
(H-) serves as the reductant and oxygen (Oz) as the oxidant, producing water through electrochemical
reactions [2]. This reaction principle ensures that PEMFCs have zero carbon dioxide emissions and
are environmentally friendly. Furthermore, PEMFCs have solid mechanical structures and do not
contain any moving parts, making them highly reliable power generation devices [3]. PEMFCs allow
for arbitrary scaling between power and capacity, easily ranging from watt to megawatt levels. In
comparison to conventional batteries, PEMFCs have the potential to provide high energy density [4].

Proton exchange membranes are composed of perfluorosulfonic acid ionomer (PSA). Dry PEMs
absorb a portion of water, which combines with protons to form HsO* ions, while another portion
dissolves sulfonic acid groups, establishing water-sulfonic acid hydrogen bonds. With increasing
absorbed liquid water, reverse micelles are formed within the polymer matrix. As more water is
absorbed, these clusters become larger and eventually connect with each other, forming a transport
channel through which protons are transferred as HsO* ions to the other side of the membrane. On
the other hand, the generated water can block the pores in the porous media (catalyst and gas
diffusion layers) as well as the internal flow channels, preventing the efficient transportation of the
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reactant gas to the reaction interface. Therefore, water management plays a crucial role in ensuring
the stability, durability, and high efficiency of PEMFCs [5]. The presence of liquid water in the
cathode is mainly caused by the electrochemical reactions occurring in the cathode catalytic layer.
This liquid water emerges from the porous catalytic layer and gas diffusion layer and travels into the
flow channel. Some of the liquid water remains in the porous medium and is transported to the anode
with protons. On the other hand, liquid water in the anode mainly permeates from the cathode. The
uneven distribution of temperature in the PEMFC results in the condensation of water vapor on the
hydrophilic surface of the channel wall. Water in PEMFCs plays a dual role - it facilitates proton
transfer but hinders reactant mass transfer. Thus, maintaining a proper balance of water is essential
to achieve stable performance in PEMFCs.

When the liquid water in the cathode is excessive, the GDL of PEMFC may lose efficacy, which
will greatly influence the performance and durability of PEMFC. Mustaphanajjari et al. established a
two-dimensional model based on diffusion equation analysis to study the effect of water
accumulation in GDL on PEMFC. The results show that the liquid water will accumulate in the pores
of GDL, which can reduce the porosity of GDL and the function of gas diffusion layer to transport
gas is invalid [6]. The proton exchange membrane plays an important role in isolating the anode and
cathode of PEMFC, which avoid the internal short circuit of PEMFC, and prevent the direct contact
between hydrogen and oxygen. While the protons need to be accompanied by the migration of water
through the proton exchange membrane. If the water in the proton exchange membrane is
insufficient, the efficiency of proton transmission will be greatly reduced. On the contrary, when too
much water in the proton exchange leads to saturation, the pore of the catalytic layer on the cathode
side will be blocked. The interface between catalyst and proton exchange membrane is the place
where the electrochemical reaction occurs, and the cathodic catalyst is more prone to flooding. Nara
et al. carried out electrochemical impedance spectroscopy (EIS) analysis on the immersion effect of
the cathode catalyst layer of PEMFC by using the transmission line model (TLM), and determined
the distribution of the catalytic reaction in the primary and secondary pores. The results show that
water flooding occurs in the primary porosity, and water production reduces the active sites [7].

The gas can not reach the catalytic layer smoothly and decompose into protons and electrons
when the water content in the channel is abnormal. The experimental results show that water
flooding will lead to partial discharge of PEMFC, resulting in uneven gas distribution, pressure loss
and poor performance of PEMFC. Endoh et al. studied the degradation process of membrane
electrode assembly (MEA) under low humidity condition. The proton exchange membrane was
dehydrated due to water shortage. With the time increasing, MEA showed obvious degradation [8].
Healy and knights also observed that the proton exchange membrane under low humidity is easy to
enter dehydration state and the degradation rate will be significantly accelerated [9-10]. When the
proton exchange membrane is in dehydration state, the crystal structure of the proton exchange
membrane will be damaged to a certain extent, and the electrochemical activity of the proton
exchange membrane itself will be affected, which seriously affects the performance of PEMFC.

The movement of liquid water and the formation of two-phase flow in the cathode channel are
of great significance to the water management of PEMFC. Transparent PEMFC has become a mature
technology and has been used to study the water management of PEMFC. It has the advantage of
directly observing the formation and movement of two-phase flow. The research mainly includes in-
situ and ex-situ study, in which the ex-situ study includes whether there is a gas diffusion layer. At
the same time, through the transparent window to monitor the GDL surface liquid water coverage
and PEMFC inlet and outlet pressure drop, effective information can be obtained to prevent flooding.
Hasheminasab et.al found that when the liquid water coverage is greater than or equal to 3 and less
than or equal to 4, the flooding of PEMFC can be effectively prevented [11]. In order to ensure the
effective removal of liquid water, Ma et.al found that for the current density of 0.6, 1, 1.2 A/cm?2 of
PEMEC, the gas flow rate should not be less than 2, 3, 5 m/s, respectively [12]. The condensation
degree of liquid water in the flow field decreases with the increase of PEMFC temperature. Increasing
the reaction gas flow rate can effectively remove the liquid water in the cathode flow field and
improve the performance of PEMFC [13]. At low gas flow rate, slugs flow or semi-slug flow is easy
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to appear in the channel, which leads to uneven distribution of two-phase flow and fluctuation of
pressure drop. At high gas flow rate, it is easy to form water film in the channel, and the gas-liquid
distribution is more uniform. If the gas flow rate increases further, the accumulated water will
become mist flow and decrease greatly [14-15]. The liquid water in the parallel flow field is mainly
concentrated in the middle flow channel, and the serpentine flow field with filleted corner is not easy
to form droplets at the bend of the flow channel [16]. Compared with the parallel flow field and
serpentine flow field, grid (mesh, superparallel) flow field [17], interdigital flow field and cascade
flow field [18] can enhance the transmission of water and gas, easier to remove liquid water, and have
better water management performance. When too much liquid water is generated on the surface of
the catalytic layer and the water vapor is saturated, the droplets appear on the surface which is
emerge from the GDL. However, due to the compression of the gas diffusion layer during assembly,
the preferential path of liquid water is formed [19], and the water droplets are firmly fixed on the
GDL surface by the surface tension [20]. As the droplets grow, they contact the two sides of the flow
channel, and then are limited by three walls, Finally, the droplet forms a slug in the cross section of
the channel and contacts the four walls of the flow channel [21]. There are three main ways to remove
the liquid water from the GDL surface: the first way is to make the droplets separate and move
forward through the shear force of the air flow. The second form is the influence of temperature. The
increase of temperature leads to the decrease of surface tension, which leads to the decrease of
adhesion and the easier deformation of droplet surface. The third form is that under the action of
strong surface tension, the droplets grow large enough and then adsorb to the side wall to form
annular membrane flow or slug flow, which makes the flow channel blocked and instantly remove
the liquid water under the pressure of continuous gas inflow The transient variation of voltage with
dynamic water behavior is used to detect water flooding [22]. This method can help to improve the
understanding of the dynamic behavior of water inside fuel cells. However, it is unable to observe
the internal water distribution. Therefore, Cho et.al used transparent PEMFC to observe the water
vapor distribution during dynamic response [23]. The results show that the concentration of water
vapor appeared after loading for 2 s. Kim et.al found that it took about 7-10 s to change the water
vapor distribution in the channel after dynamic loading voltage [24]. This technique facilitates visual
observation of water behavior inside PEMFC. It is effective even in situations with low humidity[25].
The combination of voltage following and transparent PEMFC can prevent small changes in internal
water behavior under low humidity from being observed. This article adopts a transparent PEMFC
to observe the dynamic behavior of liquid droplets, and combines simulation results to more
accurately observe the dynamic behavior of liquid water under different operating conditions.

To address the issue of liquid water obstructing the reaction rate of reactive gas in a PEMFC,
Sugiura et al. implemented a water absorbing layer (WAL) and investigated its effectiveness using
visualization techniques. The findings demonstrated that the installed WAL successfully absorbed
the condensed liquid water in the flow channel [26]. Similarly, Chen et al. incorporated a porous
medium flow channel in a PEMFC and established its effectiveness in optimizing water management
[27].

Numerous studies have demonstrated that three-dimensional channels offer superior water and
gas management compared to conventional channels. Forced convection in these channels enhances
oxygen supply to the catalytic layer, resulting in increased local concentration and decreased
concentration polarization. Furthermore, the narrow regions of the channel experience increased
velocity and an eddy current effect, effectively removing liquid water accumulated in the gas
diffusion layer and catalytic layer. Building upon previous research, an investigation into the optimal
design of three-dimensional wave channels was conducted. The findings indicate that the minimum
water depth and wavelength should be 0.45mm and 2mm, respectively. At an output voltage of 0.4V,
the current density was found to increase by 23.8% compared to the traditional channel. Toyota has
developed a more intricate bipolar plate flow field, utilizing a three-dimensional fine grid flow field.
However, this design requires more complex processing technology. The optimal operating
temperature for PEMFCs is typically 60-70°C. It is worth noting that liquid water can be present not
only in the porous layer but also in the flow channel. While direct observation of liquid water flow is
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possible, it proves to be costly and complex due to the experimental device's high cost and
complexity. Therefore, optimizing water management strategies in PEMFCs remains of paramount
importance.

The volume of fluid (VOF) model is a reliable method for interface reconstruction, ensuring strict
mass conservation. This model allows for the simulation of immiscible fluids by solving a series of
momentum equations and accurately tracking the volume fraction of each fluid throughout the entire
region. Furthermore, the VOF model takes into account the impact of surface tension and wall
adhesion. Zhu et al. applied the VOF model to investigate the dynamic characteristics of liquid water
breakthrough in the gas diffusion layer (GDL) into the channel[31]. Following breakthrough, the
droplets exhibited a range of complex behaviors such as growth, deformation, collapse, wall
adhesion, fracture, recoil, and final film formation. Their study revealed that the wettability of the
channel surface significantly influenced the dynamics of water droplets[32]. On hydrophobic
surfaces, water droplets tended to split and rapidly convect, while on hydrophilic surfaces, they
tended to diffuse and form a film flow. Le et al. examined the dynamic behavior of liquid water in a
serpentine channel. They observed that the air velocity at the corners was insufficient to move small
droplets, resulting in droplet accumulation at these corners[33]. The accumulation of droplets in the
corners led to increased pressure drop at the inlet and outlet of the flow channels. Additionally, it
becomes more challenging to remove water since its viscosity causes a portion of the water that
should be discharged directly to gather in the corners, leading to blockage of the flow channels.

The flow mode of fluid within the flow field significantly influences the water management in
fuel cells. Various studies have demonstrated the numerous advantages of counter flow and cross
flow configurations. It has also been observed that PEMFC operate effectively in counter flow mode
without the need for external humidification[34]. This allows for efficient internal humidification of
dry reaction gases, resulting in sustained high battery performance. Most of the researches on the
removal of liquid water in three-dimensional wave channels are focused on the removal of liquid
water in porous structure [28,35-37].The introduction of forced convection is an effective method for
optimizing the internal water management of the flow field. Numerous researchers have explored
different shapes of blocked elements (such as rectangle [38-39], semicircle [40-41], trapezoid [42-43],
parallelogram [44]). However, these blocks' edges and corners result in greater pressure loss. To
mitigate this issue, this study proposes a streamlined design for the windward and leeward sides of
the block. This design shape influences the formation of vortices in the flow channel, inheriting the
advantages of rectangular baffle flow channels in terms of reducing flow resistance and eddy currents
[45].

Furthermore, there has been limited research conducted on the formation and movement of
liquid water in wave channels. Our own research has shown that proton exchange membrane fuel
cells (PEMFC) with wave channels and forced convection effect exhibit superior performance and
improved water management [46-47]. In order to gain a deeper understanding of the dynamic
behavior of water in these channels, it is important to uncover the mechanism behind the enhanced
drainage performance caused by the forced convection effect.

2. Materials and Methods

2.1. Materials

In this study, the size of the flow channel is consistent with the flow channel used in our previous
research. The 2D straight channel and 3D wave channel models are established as shown in Figure 1.
The length of channel is 10 mm, the width W is 0.8 mm, the height H is 1 mm, and a water inlet is set
at 0.4 mm away from the inlet. According to the literature, the diameter of the holes range of SGL25
series carbon paper is 84.2-170.5 pm [48-49], so the water inlet diameter is set to 100 pm. The
phenomenon of liquid water overflowing from the surface of gas diffusion layer is simulated, and
the dynamic behavior of liquid water in 2D straight channel and 3D wave channel is analyzed. The
height h of the narrowest part of 3D wave channel is 0.4mm, and the height of the highest part is H,
which is Imm. The curve of flow channel is cosine as follow:
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Figure 1. Computational domain of 2D straight channel and 3D wave channel.
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The VOF model is utilized to examine the behavior of liquid water in the two channels
after it emerges from the gas diffusion layer into the channel. Mesh generation has a great
influence on the calculation results. The surface tension effect of tetrahedral mesh is less
accurate than that of hexahedral mesh, so hexahedral mesh should be used in the most
important area of surface tension effect. In order to verify the rationality of the meshing
strategy, an ex-situ transparent device is designed to study the shape of droplet emerge
from GDL, as shown in Figure 2. It is composed of transparent acrylic end-plate, gasket,
graphite plate, end-plate and clamp. A channel is hollowed out in the transparent end-plate,
and the side wall of channel is polished. GDL (SGL25AA) is placed between the transparent
end-plate and the graphite plate, and sealed with a gasket to prevent gas leakage. The
thickness of the gasket is 0.2mm. The deionized water is pumped into the air inlet of the
graphite plate by the water pump, and the air outlet is sealed. When the deionized water is
under a certain pressure, it will break through the gas diffusion layer and enter the
transparent channel. The air is transported to the transparent channel through the mass
flow controller located on one side of the transparent end plate. Which is the simulation of
PEMEFC in the operation of the liquid water breakthrough GDL into the flow channel in the
process of air flow under the condition of the movement state. Industrial high-speed camera
(Work Power, WP-UT130/M, China) is used to capture the movement of droplets.
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Figure 2. Schematic diagram of PEMFC experimental device.

The meshing strategy is illustrated in Figure 3. The hexahedral mesh is used for the mesh, the
regular rectangular part is regular hexahedron, and the circular part at the liquid water inlet is
divided into two O-type divisions, one outside the circular inlet and the second inside the circular
inlet. The partition method is shown in Figure 3(b). The effect of mesh generation is shown in Figure
3(c). The same boundary conditions were used in the experiment and simulation. The actual current
density of 0.52 A/cm? was selected as the velocity boundary of liquid water inlet. The calculated liquid
water inlet velocity was 0.5m/s, the gas inlet velocity was 10 m/s (stoichiometric ratio was 2.85), and
the outlet was atmospheric pressure. The experimental and simulation results are shown in Figure 4.
From the experiment results, we can observe the morphology change of the droplet after breaking
through the GDL surface under the action of inlet gas. With the increase of pressure, the breakthrough
droplet increases slowly. As the size of the droplet increases, the forward angle also increases while
the backward angle decreases. This trend is observed both in the simulation results and the
experimental results, indicating that the meshing strategy is reliable. Furthermore, the change in
shape of the droplet in the simulations closely resembles that observed in experiments, further
supporting the reliability of the meshing strategy.

3(a) 3(b)

Figure 3. Schematic diagram of grid generation strategy. (a) is the block structure. (b) is the grid
generation diagram.

Simulation
Results

Figure 4. Comparison of experimental and simulation results.

During the calculation process, explicit formulas were utilized for calculation. The gas-
liquid surface tension coefficient was 0.072N/s, the working pressure was 101325Pa, the
inlet was the velocity boundary, and the transient calculation time step was 10-s. The solver
used a simple separation algorithm based on pressure, and the gradient calculation was
based on the least squares unit. For pressure interpolation, PRESTO was selected, and the
spatial discretization method of momentum was the second-order upwind method.

2.2. Numerical models
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Assumptions:

1.The simulation does not take into account the isothermal condition of temperature
change.

2.Detailed electrochemical mechanisms were not taken into consideration.

3.The GDL is modeled as a homogeneous porous medium without considering the
specific pore structure.

4.Due to the low velocity of gas flow and the small size of the channel and manifold,
the fluid flow in the channel is assumed to be laminar.

The volume of fluid method (VOF) in commercial CFD software FLUENT was used to simulate
the two-phase flow in channel. VOF model can simulate two or more immiscible fluids by solving a
set of momentum equations and tracking the volume fraction of each fluid in the whole region.

The initial phase volume fraction will be calculated according to the following constraints:

a,+a =1 )
where ai is the volume fraction, i represents the subscript of a corresponding fluid type i. ai is solved
by conservation equation of mass:

g(alp)+v~(aip1;)=0 3)

The density of two-phase flow is given by the following formula:
P=a.p, +d=-a)p, (4)

where g and | are gas and liquid, respectively.
Momentum conservation equation:

%(pﬁ)+v-(pﬁﬁ)):—Vp+V-[,u(Vﬁ+VﬁT)]+pg+F ®)

u and p represents the velocity and viscosity, respectively. Considering the surface tension due to
intermolecular attraction in the fluid, continuous surface force (CSF) is used to explain the continuous
three-dimensional effect across the interface. The surface tension effect is simulated by adding a
source term to the momentum equation. The surface tension is constant along the surface, in which
only the force perpendicular to the interface is considered. The surface tension can be expressed by
the pressure jump on the surface, and the force on the surface can be expressed as the volume force
by the divergence theorem. It is this volume force that is the source term added to the momentum
equation. Its form is as follows:

g PV ©)
0.5(p,+pg)
n=Vg, @)
K=V.A ®)
= ©)

In the interface of the channel wall and water, the surface curvature is determined by the contact
angle Ow

iA=h,cosf, +f, sinb, (10)

where 7, f,are the unit vectors normal and tangential to the wall, respectively.
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2.3. Computational domain and grid independency test

Due to the shape of the 3D wave channel is more complex than that of the 2D straight channel,
it is necessary to check the grid independence of the 3D wave channel. In this study, three kinds of
grid numbers were calculated, including 1158912 grids, 965760 grids and 772608 grids. The time step
of the transient calculation was set to 10-¢. The position and shape of droplets in the channel at
different time were selected as the evaluation index. The results show that, as shown in Figure 5,
there is no significant difference in the change of droplet size with time under three different grid
sizes, which indicates that the water droplets have undergone almost the same transmission process.
Considering the compromise of calculation cost, the 965760 grids system is selected to study the
dynamic behavior of water droplets in this study.

Mesh:1158912 . g e =
- 5 [ ] L £ P ]
9.0ms 12.0ms 13.0ms 14.0ms 14.8ms 15.8ms
Mesh:965760
N -] [ $] /] < L -0
9.0ms 12.0ms 13.0ms 14.0ms 14.8ms 15.8ms
Mesh:772608
-0 A A a A o

9.0ms 12.0ms 13.0ms 14.0ms 14.8ms 15.8ms

Figure 5. Numerical results for grid independency test of 3D wave channel.
3. Results

3.1. Dynamic behavior of droplets in 3D wave and 2D straight channels

The time evolution of the dynamic behavior of liquid water spilling from the GDL surface,
exiting the pores, and progressing towards the outlet of the flow channel is analyzed, as depicted in
Figure 6. The pore diameter of GDL is 0.1 mm, the liquid water inlet velocity is 0.5 m/s, the gas inlet
velocity is 6 m/s, and the contact angle of walls in channel is 120°. During the period of time before
the droplets are divorced from the pores(0-9.0ms), the shape and size of the droplet in the two kinds
of channels are basically similar. At 9.2ms, the droplet in 3D wave channel leaves the pore and
continue to move downstream under the action of pressure. The droplet moves to the position about
to enter the narrow area of the flow channel at 11.2ms, which is 0.9mm away from the initial position.
While the droplet in 2D straight channel are still in the initial position and are not divorced from the
pore. At 14.4ms, the droplet in 3D wave channel has moved to the position of 5.3cm away from the
initial position, and the droplet in the water inlet is also increasing, which is 0.25mm larger in
diameter and 0.2mm larger in height than when the droplet just peeled off. At this time, the droplet
in 2D straight channel breaks away from the aperture and starts to move forward. Because of the
delay of the droplet leaving GDL aperture, the height of the droplet in 2D straight channel is 0.08mm
higher than that in 3D channel. The previous study has shown that the droplet diameter is larger, the
deformation degree of the droplet is larger [50]. This is the reason why the gas viscous force is the
dominant force when the droplet diameter is very small. However, when the droplet height is larger,
the hydraulic diameter of the channel becomes smaller, and the pressure force is the main guiding
force and greater than the viscous force, which is more conducive to the forward movement of the
droplet from the channel. In the same time period of 2ms (9.2-11.2ms for 3D wave channel / 14.4-
16.4ms for 2D straight channel), the droplet in 2D straight channel moves forward by 0.5mm, while
the droplet in 3D wave channel moves forward by 0.7mm. This shows that although the height of the
droplet is small, there is still a large deformation and faster movement speed in the 3D wave channel.
The droplet motion in the two kinds of channels presents a continuous increasing acceleration mode.
When the droplets in 3D wave channel move to the outlet of flow channel at 16.4ms, the droplets in
2D straight channel move to 0.5 mm away from the initial position, so it can be found that 3D wave
channel is more conducive to the discharge of liquid water than 2D straight channel.
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Figure 6. Evolution of droplet motion distance from initial position with time.

Previous studies have demonstrated that the separation of liquid water from the pores of a GDL
is quicker in 3D wave channels compared to 2D straight channels [14]. This advantage is crucial in
preventing the accumulation and subsequent connection of droplets, which can lead to flooding in
PEMEFC. As a result, it is essential to investigate the evolution of droplet shape over time during their
separation from the pores.

Figure 7 shows the time evolution of the interface during droplet detachment from the pore. In
the whole stage, the behavior characteristics of liquid water can be divided into three stages: the
droplet breaks through the pore for 7(a)-7(c), the liquid separates from the pore for 7(d), and the
droplet moves downstream 7(e). When the water enters the gas channel from the GDL hole, a droplet
forms on the surface of GDL, and the flow of air prevents the liquid water from diffusing upstream
under the action of inertial force. Under the action of surface tension, the droplet keeps smooth and
spherical(t=0.6ms). After 5.4ms, the shear force of the gas is greater than the surface tension of the
droplet, and less than the adhesion force of the droplet on the water delivery surface, so the contact
angle of the droplet lags behind. The shape of the droplet in the two channels is similar, which
indicates that the force is basically the same (t = 6ms). When the height of the droplet increases, the
decrease of the hydraulic diameter of the flow passage leads to the increase of the velocity of the gas
above and the shear force, which pushes the droplet downstream. However, due to the
intermolecular force of water, the adhesion force on the GDL surface and the low momentum of the
liquid water at the inlet, the droplet appears a neck (9.0ms for 3D wave channel, 14.2ms for 2D straight
channel). As time goes on, the droplet size continues to increase and the inertia force increases until
the surface tension is overcome and the wall adhesion force is finally separated (9.2ms for 3D wave
channel, 14.4ms for 2D straight channel). The time of droplet separation in 3D wave channel is much
shorter than that in 2D straight channel. When the distance from the initial position to the same
position is 1.45mm, the time of droplet separation in 3D wave channel is 5.6ms less than that in 2D
straight channel, which indicates that 3D wave channel is beneficial to overcome the surface tension
and wall adhesion of droplets. It also has a great advantage in promoting the droplet to move
downstream.
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Based on the aforementioned analysis, the dynamic behavior of water droplets can be
summarized as follows: the droplets enter the gas channels from the GDL pores and commence their
growth. After reaching a certain volume, they detach from the pore size under external force, and
then move towards the outlet of the flow channel until they exit the flow channel. However, the shape
change characteristics of droplets under gas action are not clear, so it is necessary to study the changes
in droplet length L, width W, and height H over time from the time the droplet protrudes from the
pore until the first droplet leaves the flow channel.

Figure 8 shows the change of droplet length L, width W and height H with time from the time
when the droplet protrudes from the pore to the time when the first droplet leaves the flow channel.
There are three characteristic stages: growth, vibration and equilibrium. The growth stage is the
process of the droplet leaving the water inlet. In the vibration stage, the droplet moves forward, and
the boundary layer is developing at the entrance length. Due to momentum diffusion, the boundary
layer will grow and finally converge at the center line. During this period, the velocity gradient on
the droplet surface is constantly changing, and the deformation of large droplets is mainly affected
by the force, which is the integral of the velocity. Therefore, oscillation occurs at vibration stage.
During the vibration period, the droplet moves faster. When the boundary layer no longer changes,
it reaches the stable stage, and the change of L, W and h of the droplet is small. The results show that
there is no equilibrium phase, only growth and vibration phase in the 3D wave channel as shown in
Figure8(a). This is also because the cross-sectional area of the channel changes periodically, which
leads to more obvious gas velocity mutation and increases the degree of droplet deformation until
the droplet is discharged. The deformation of droplets in the narrow region of 3D wave channel is
greater than that in 2D straight channel, because the gas velocity increases and the force is greater in
the narrow region.
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Figure 8. Dynamic behavior of water droplets in channel. (a) It is the outline of the droplet moving in
the flow channel. (b-d) are the change of L, H and W for droplet with time.

To further observe the forces exerted by the two flow channels on the discharge of liquid water,
the shear forces of gas on the surface of droplets at different positions in the two flow channels were
plotted. Figure 9 shows the force of the flowing gas on the surface of the droplet. The force on the
droplet in the growth region of the 2D straight channel is relatively stable, but when it reaches the
vibration region, the force on the droplet begins to increase. This is also because the force on the
droplet in the stable region begins to stabilize with the increase of the velocity boundary layer. The
force of droplets in the inner growth region of 3D wave channel is similar to that of 2D channel, but
the force of droplets in the vibration region will change greatly due to the sudden change of velocity,
which is conducive to the discharge of droplets.
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Figure 9. Force on droplet surface.

3.2. Effect of velocity on liquid water behavior in 3D channel

PEMFC needs to constantly switch between a certain power range when supplying electricity,
the gas supply also needs to change with the power generation at this time. Sometimes, it also uses
rapid gas injection for blowing to alleviate water flooding. Under high-speed airflow, liquid droplets
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grow due to wall adhesion after breaking through GDL, resulting in an increasing area of liquid water
covering GDL and affecting gas transmission, Therefore, studying the effect of gas velocity on the
size of droplet detachment aperture and the time of droplet detachment aperture is of great
significance. Figure 10 shows the critical separation diameter and critical separation time of water
droplets leaving the aperture in the 3D flow passage as a function of gas flow velocity. With the
increase of gas velocity, the critical separation diameter and critical separation time decrease, which
is because the force on the droplet increases with the increase of gas velocity. However, when the gas
velocity increases to more than 7 m/s, the critical separation time and critical separation time do not
increase, which indicates that the infinite increase of gas velocity is not necessarily conducive to the
removal of droplets, but consumes more additional power. The time for the first droplet to leave the
water hole completely decreases with the increase of velocity, and the time from the beginning of
droplet leaving the water hole to the exit channel also decreases with the increase of velocity, but the
slope is far less than the time of droplet leaving. This is because once the droplet starts to move, the
adhesion will be reduced, and the friction will be the minimum when the droplet moves. It shows
that the increase of velocity reduces the discharge time of droplets, mainly the critical separation time.
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Figure 10. The critical separation diameter and critical separation time of droplets in 3D flow passage
vary with the flow velocity.

To further understand the impact of gas velocity on droplet shape changes in 3D wave channel.
As shown in Figure 11, the shape distribution of droplets at the same position in a 3D wave flow
channel was studied under different velocities. It can be observed that in the first half of the flow
channel, the droplet exhibit both forward and backward angles under the action of gas. While in the
second half of the flow channel, the moving droplets exhibit drag phenomenon and a neck appears
between the head and tail. This phenomenon becomes more pronounced with increasing velocity.
The size of the droplets on the head decreases with increasing velocity, and the length of the neck
also increases with increasing velocity, which is similar to the results of reference [51]. The time for
the droplet to completely leave the flow channel decreases with the increase of velocity. When the
gas velocity is 4m/s, the time required for the droplet's head to cross the outlet of the flow channel is
26.4ms. When the velocity is increased to 6m/s, 8m/s, and 10m/s, the required time decreases by
37.87%, 57.58%, and 65.15%, respectively. When the gas velocity is 4m/s, 6m/s, 8 m/s, and 10m/s, the
time required for the liquid droplet to reach the outlet from below the first narrow area is 5.2ms,
4.4ms, 3.6ms, and 3.2ms, respectively. It can be observed that once the water droplet begins to move,
the adhesion will decrease, and the friction force when the water droplet moves is the smallest. This
indicates that the increase in velocity reduces the discharge time of the liquid droplet, mainly by
reducing the critical detachment time.

Figure 11 (a) - (c) show the variation of droplet length L, width W, and height H over time in a
3D wave flow channel. The results showed that under different flow rates, the droplets in the 3D
wave flow channel only have growth and vibration stages, without an equilibrium stage, indicating
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that the 3D wave flow channel still has good drainage capacity under low-speed airflow. At different
gas velocities, all droplet deformations can be described as stretching droplets with large heads on
the upstream side, and such droplet morphology corresponds to the relaxation stage of droplet shape
characteristics. According to previous analysis, it can be seen that when the gas velocities are 8m/s
and 10m/s, the size of the droplets when they detach from the pores is similar. Compared to the gas
velocity of 8m/s, when the gas velocity is 10m/s, the length L of the droplet rapidly increases in the
flow channel and the second half, while the width H changes relatively small. This may lead to an
excessive area of liquid water covering the surface of GDL, affecting gas mass transfer. Therefore, the
next study will investigate the changes in liquid water coverage on the surface of GDL at different

velocities.
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Figure 11. Effect of gas velocity on dynamic behavior of water droplets in 3D wave channel. (a-c) are
the change of L, H and W for droplet with time.

Figure 12 shows the variation of liquid water coverage on the GDL surface over time in 3D wave
channels under different gas velocities. Aw is the surface coverage of liquid water on GDL, defined
as the ratio of the surface water area of GDL to the GDL area. When the droplet has not yet left the
aperture, the liquid water coverage Aw shows a linear increase over time. When the droplet leaves
the aperture, the liquid water coverage begins to oscillate to a certain extent, but it shows an upward
trend overall. This is because when the droplet leaves the aperture, new droplets begin to enter again,
and the droplets that begin to move will undergo a certain degree of deformation under the action of
gas. According to previous analysis, increasing the gas velocity at 7m/s does not reduce the time for
the droplets to leave the pore size, so the droplet sizes of 8m/s and 10m/s are similar. It can be seen
that the surface coverage rate decreases rapidly as it increases to a certain level from Figure 12. This
is because the liquid droplet leaves the flow channel. When the gas velocity is 10m/s and 8m/s, the
time for the liquid droplet to leave the flow channel is 9.2ms and 11.5ms, respectively. Although the
increase in velocity reduces the time for the liquid droplet to stay in the flow channel, compared to
the liquid droplet with a gas velocity of 8m/s, the surface coverage rate is the highest at this stage,
which increasing by 35%.
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Figure 12. Surface coverage of liquid water in 3D channel.

3.3. Effect of hole diameter of GDL on liquid water behavior in 3D channel

Many researchers have proposed that laser drilling of gas diffusion layer can promote the
discharge of liquid water, so it is of certain significance to study the influence of water pore size on
liquid hydrodynamic behavior. Sw is defined as the ratio of the volume of water in the microchannel
to the volume of the microchannel. Figure 13(a) shows the effect of pore size on Sw. When the pore
size is 100 um, 150 pm and 200 pm, the time for liquid water to discharge from the flow channel is
7.5ms, 8ms, and 9ms, respectively. The larger the pore size is, the easier the liquid water is to break
through the gas diffusion layer from the catalytic layer through the microporous layer and enter the
channel. But it's not that the larger the aperture, the better. When too much liquid water covers the
surface of the gas diffusion layer and cannot be discharged, the diffusivity of air in liquid water is far
less than that in air, which will lead to more serious concentration polarization of reactants in the
high current density region and the performance of the PEMFC will be degraded. Aw is defined as
the ratio of the surface coverage of water on the GDL. Figure 13(b) shows the change of surface
coverage with time under different pore sizes and purging speeds. When the aperture is 200 um, it
indicates that the coverage rate of liquid water on GDL has reached a maximum of 10%, which will
hinder the mass transfer of the reaction gas. Therefore, with the increase of pore size, the surface
coverage increases, which indicates that a larger pore size is not conducive to the operation of PEMFC
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Figure 13. Saturation and surface coverage of liquid water in 3D channel for different water inlet

diameter. (a) is the change of saturation of liquid water in the channel with time. (b) is the change of

the coverage of liquid water on GDL with time.".
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Previous analysis showed that an increase in pore size would increase the surface coverage of
liquid water on GDL. Therefore, we specifically investigated how the change in droplet shape in the
3D wave channel increases the surface coverage of GDL, as shown in Figure 14. The shape changes
of liquid water in the flow channel under different pore sizes and velocities was studied. The research
results indicated that at the same speed, the deformation of droplets becomes more pronounced as
the pore size increases. When the droplet L is longer, the pore size is 200 um and speeds of 4m/s,
6m/s, 8m/s, and 10m/s, the maximum distance of droplet L as a percentage of the channel length is
21.05%, 22.63%, 23%, and 25.13%, respectively. It can be seen from the result that the increase of pore
size has a greater impact on the shape of liquid water. As the droplet gets closer to the outlet, the
drag phenomenon becomes more obvious. When the purging speed is higher, the wave phenomenon
also appears (as shown in black wire frame) [51], which means that the droplet is about to break.
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Figure 14. Droplet motion shape in 3D channel with different water inlet diameters and velocity. (a),
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The above research has observed that as the pore size increases, the time for the droplet to reach
the outlet gradually decreases. However, the longer the drag length of the droplet, the longer the time
for complete discharge of the droplet. Only when the droplet is completely discharged can it indicate
its high drainage capacity. Therefore, the next step is to investigate the trend of the critical time for
droplet detachment from the pore size and the time for droplet complete discharge from the flow
channel at different gas velocities and pore sizes. Figure 15(a) is the curve of spalling time versus
velocity under different pore sizes. Under different pore sizes, the law is same as Figure 10. The time
of droplet leaving the flow channel decreases with the increase of velocity. At lower velocity, the
increase of pore size is beneficial to the spalling of droplets, but with the increase of pore size, the
discharge time tends to be stable. This is because when the pore size is smaller, the protruding droplet
volume is smaller, the velocity ratio is smaller, and the force on droplets is smaller, However, with
the increase of droplet size, the force on the droplet will also increase. Figure 15(b) is the curve of the
critical time of droplet leaving the channel with the pore size at different velocities. When the
velocities are 8m / s and 10m / s, the droplet discharge time does not change with the increase of the
pore size. When the velocities are 4m / s and 6m / s, the droplet discharge time decreases with the
increase of the pore size. When the pore size is less than 1.2mm, the drop discharge time decreases
obviously, and when the pore size is larger than 1.2mm, the drop discharge time decreases rapidly.
From the point of view of liquid water coverage and droplet discharge time, the increase of pore size
is not conducive to the discharge of liquid water, but the appropriate increase of pore size is
beneficial.
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Figure 15. Time of droplet leaving 3D wave channel. (a) is the influence of gas velocity for droplet
totally leave channel. (b) is the influence of hole diameter of GDL for droplet totally leave channel.

4. Conclusions

1.As the electrochemical reaction progresses, liquid water in the catalyst layer is pushed through
the GDL pores under pressure, forming droplets in the flow channel. These droplets continue to grow
and eventually leave the pores when they reach a certain volume, influenced by the shear force of the
gas. Increasing gas velocity reduces the critical diameter and separation time for droplets to leave the
pore size, but this effect stabilizes as gas velocity further increases.

2. In 2D channel, liquid water goes through three stages - growth, vibration, and balance - from
the moment it breaks through the GDL pores until it is discharged from the channel. In contrast, 3D
channel only experiences the growth and vibration stages. Additionally, the force fluctuation during
the vibration stage is greater in a wave channel compared to a straight flow channel.

3. At various velocities, a wave channel can effectively eliminate droplets of varying sizes and
water films, while also reducing the critical time it takes for liquid water to exit the pore size. The
movement of droplets required 28.8ms to reach the exit of the 2D channel, which is 12.6ms longer
compared to the time taken in the 3D channel. This discrepancy can be attributed to the periodic
fluctuation in the cross-sectional area of the optimized flow channel, which imparts greater shear
force on the gas and consequently leads to greater deformation of liquid water.

4.Increasing the GDL pore size and gas velocity appropriately can aid in the discharge of liquid
water. However, if the pore size becomes excessively large, it can lead to increased water flooding.
The optimal GDL aperture size is typically between 1.0-1.2mm, while the recommended gas velocity
range is 6-8m/s.

5.Smaller droplets experience smaller gas shear forces, making it more difficult for them to exit
the flow channel. In comparison to 2D channel, 3D channel is more effective at removing smaller
droplets and mitigating the issue of liquid water blocking the flow channel.
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