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Abstract: Water management of proton exchange membrane fuel cells (PEMFCs) is crucial to maintain
high performance and stable operation. The flow channel is an indispensable part of PEMFCs, which
allows the reactant gases to flow into the system, and the liquid water to be removed from the fuel
cells. A transient 3D model based on volume of fluid methodology is used to study the dynamic
characteristics of gas-liquid two-phase flow in a PEMFC flow channel. The structure of the flow
channel, the wettability of channel surfaces, the air inlet velocity, the dimensions of the water droplets,
and the effect of phase transition are considered to obtain the optimal solution. The results show that
the water droplet transport process is seriously affected by the wettability of the channel surfaces.
A modified surface design with varied static surface contact angle could perform the detachment
without external force with an appropriate initial velocity. Besides, phase transitions could seriously
influence the form and the distribution of water existing in the channel.
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1. Introduction

PEMFCs represent one of the most promising clean energy technologies [1–4]. Good water
management is important to maintain high performance and stable operation for fuel cell commercial
use. Humidified and reaction product water [5] could easily become supersaturated inside the fuel
cell due to consumption of reactant gases, and excess water would cause flooding inside the fuel cell,
which leads to not only performance losses and component damage [6,7], but also the safety issue of
cell reversal. Investigations of water transport in PEMFC are important to guide the design of fuel cells.

So far, a number of studies [8–15] have discussed the fuel cell water transport issue by numerical
simulation and experimental research. Lottin et al. [11] used a pseudo-2D model of a PEMFC including
mass transport limitations during the process of electrode flooding, and the limiting current defined by
the appearance of liquid in the cell could be determined. A condenser was introduced to recover water
in the exhaust gas by Wan et al. [12,13], and their experimental results showed that water recycling
could easily realize the air self-humidifying by a proper condensation temperature. Liu et al. [14]
investigated the influence of phase transition on heat balance in a PEMFC stack, which was theoretically
and experimentally proved to be negligible. Djilali and Lu [15] presented an analysis of transport
phenomena in a PEMFC focusing on the effects of temperature and pressure. It was found that water
transport was greatly affected by non-uniform effects.

The above references study the water transport of the whole fuel cell, with the limitations of
mass transport, temperature distribution and so on. Water droplet dynamics in PEMFC flow channels,
in the term of two-phase flow, as the most intuitive formulation of water transport from the inside to
the outside, is receiving increased attention. Anderson et al. [16] summarized gas-liquid two-phase
flow in gas channels of PEMFCs. Experimental approaches and computational fluid dynamics (CFD)
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simulations to solve water flooding issue were presented in details in the paper. Zhu et al. [17] studied
the mechanism of a water droplet emerging from a hole in the gas diffusion layer surface using
a transient 3D two-phase model by means of the volume of fluid (VOF) methodology. The main
conclusion was that the emerging water droplet behavior depended on the wettability of the gas
diffusion layer (GDL) surface. Jiao et al. [18] proposed three types of innovative GDLs to solve the
liquid water flooding problem using transient 3D two-phase model in FLUENT. The results showed
that the liquid water flow patterns would be greatly affected by the GDLs’ design. Amara et al. [19]
studied the droplet behavior in a PEMFC flow channel using a Lattice Boltzmann simulation based
on the Shan-Chen scheme. The droplet behavior was presented under different capillary number
Ca and the wettability conditions. Banerjee et al. [20] focused on quantifying the liquid water and
identifying the flow patterns in the channels using MATLAB. The results showed the dominant flow
patterns and liquid water was quantified in the flow channels for conditions of different temperature,
inlet RH and current density. Gao et al. [21,22] studied the impact process and the coalescence process
of nanodroplets using a molecular dynamics (MD) simulation, which would be helpful to gain insight
into the mechanism of the dynamical behavior of the nanodroplets.

Aside from the studies mentioned above, there are also lots of visualization experiments of
water transport in a PEMFC. Ous et al. [23] used a transparent PEMFC to visualize the water droplet
formation process. The results showed that the water accumulation occurred first in the central section
of the serpentine channel, while no droplets were found in the bends, and flooding was susceptible to
the airflow. Lee et al. [24] conducted a visualization experiment to investigate the flow phenomena
in the channels and the PEMFC stack. The results clearly revealed that anode flooding was more
severe than cathode flooding, and voltage fluctuations were strongly related to flooding in the PEMFC
stack. Focusing on observation of liquid water flow state in the turns of gas channels of PEMFCs,
Zhan et al. [25] studied water behavior under different operating conditions with a high-speed camera.
Using a combined theoretical and experimental study, Kumbur et al. [26] paid close attention to the
influence of controllable engineering parameters on liquid droplet deformation. The results showed
that droplet dimension, channel size and wettability all influenced the instability of the droplets.

In this paper, a transient 3D model of three different configurations based on the VOF methodology
is developed to study the dynamic characteristics of gas-liquid two-phase flow in the flow channels of a
PEMFC. The configuration of a straight channel with a water droplet initialized at the inlet is used for a
basic study applied to hydrogen/air fuel cell. The proposed modified surface design with varied static
surface contact angle is a novel hydrogen/oxygen fuel cell design for spontaneous detachment of water
droplets. The configuration of a straight channel with a water inlet hole in the GDL is closer to practice,
and the phase transitions during water transport have also been considered by adding user-defined
functions (UDFs). Although the configurations ignore the mechanism of water production, the study
results should is beneficial for fuel cell design.

2. Numerical Methodology

2.1. Mathematical Models

The volume of fluid (VOF) model is a multi-phase model which uses an advanced Lagrangian
interface tracking scheme for simulating the motion of gas-liquid interfaces in micro-channels.

2.1.1. Configuration 1: Conventional Straight Channel

The physical dimensions of the micro-channel shown in Figure 1 are 1 mm (width) × 1 mm
(height) × 5 mm (length), with hexahedral mesh grids. The number of grids is 320,000. The water
droplet is set at the center of the gas channel 0.25 mm from the inlet, and the droplets initialized at
other positions could be predicted based on the center position condition. In addition to variables
such as air inlet velocity, static contact angles of GDL surface (the bottom surface) and side walls,
the supplementary settings are listed below:
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(a) The operating pressure is set to 1 atm.
(b) The gas-liquid surface tension coefficient is set to 0.072 N·m−1.
(c) The time step size is set to 10−6 s.
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Figure 1. A straight channel with a water droplet initialized at the inlet.

2.1.2. Configuration 2: Modified GDL Surface

In a hydrogen/oxygen dead-end system, the gas flow is too weak to overcome the wall adhesion
force. To accelerate the spontaneous detachment of droplets, the GDL surface has been modified as
shown in Figure 2. There are many studies discussing the water transport issue in the gas diffusion
layer of PEMFCs [27–30], and the contact angle of the GDL varies with the structure characteristics of
the GDL, with contact angles ranging from 110◦ to 156◦, so the GDL surface is divided into five parts,
and for our numerical simulation the static surface contact angles are set to 145◦, 135◦, 125◦, 115◦ and
105◦ from the inlet to the outlet, respectively. Moreover, except for the time step size which is set to
1 × 10−5 s, the other supplementary settings are the same as in configuration 1.
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Figure 2. Modified GDL surface with varied static surface contact angle.

2.1.3. Configuration 3: Straight Channel with a Water Inlet Hole

Due to the porous structure of the gas diffusion layer in PEMFCs, liquid water emerges from the
hole in the GDL surface, then accumulates in the gas channel until it is blown away by the reactant
flow. Adding a water inlet hole is closer to the actual operation conditions of fuel cells. Moreover,
phase transition during the operating process will be considered in the simulation. The air inlet
velocity is set to 5 m·s−1, while the water inlet velocity is 0.5 m·s−1. The time step is 10−5 s without
considering phase transitions, and when considering phase transitions, the time step size is 10−6 s.
Figure 3 presents the schematic illustration of the configuration.
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Figure 3. A straight channel with a water inlet hole.

2.2. Governing Equation

2.2.1. Without Considering Phase Transition

ρ

∂t
+∇(ρ ·→u ) = 0 (1)

where ρ is the volume averaged density.
Volume conservation equation

∂αi
∂t

+
→
u · ∇αi = 0 (2)

αi is the volume fraction of species i, α1 represents the gas phase, and α2 represents the liquid phase.
Momentum conservation equation

∂(ρ
→
u )

∂t +∇ · (ρ→u→u ) = −∇p +∇ · [µ(∇→u +∇→u
t
)]

+ρ
→
g +

→
F

(3)

where,

Phase volume: α1 + α2 = 1
Volume averaged density: ρ = α2ρ2 + (1− α2)ρ1

Volume averaged dynamic viscosity: µ = α2µ2 + (1− α2)µ1

Source term of momentum conservation equation due to surface tension and wall adhesion:

→
F = 2σijρki∇αi/(ρi + ρj) (4)

σij is surface tension, and k is the radius of curvature.

2.2.2. Considering Phase Transition

Mass conservation equation
∂ρi
∂t

+∇(ρi ·
→
u ) = Sm (5)

Sm is the source term of mass conservation equation. For liquid water, Sm is the amount of water
condensed during the transport process. For water vapor, Sm is equal to the amount of condensed
water and opposite in sign.

Volume conservation equation

∂(ρiαi)

∂t
+∇(ρiαi ·

→
u ) = rw (6)
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where species i represents the species of liquid water, rw is the condensation rate [31].

rw = crmax([(1− ∂l)
Pwv − Psat

RT
Mw,H2O ], [−∂lρl ]) (7)

where −rw is evaporation rate, cr is the condensation rate constant, and the value is set to 100 s−1.
Energy conservation equation

∂(ρcpT)
∂t

+∇(ρcp
→
u T) = ∇ · (ke f f∇T) + SQ (8)

where cp is the mixture-averaged specific capacity, ke f f is the thermal conductivity. SQ is the source
term of energy conservation equation, which is the heat exchange quantity due to phase transition.

SQ = hLrw (9)

hL is the latent heat of vaporization.
The momentum conservation equation is the same as in the model without considering

phase transition.

3. Results and Discussion

3.1. Configuration of the Straight Channel

Figure 4 showed cases of hydrophilic GDL surfaces and sidewalls with static contact angles of 45◦

at different air inlet velocities. Deformation of water droplets occurred, where the bottom part of the
droplets spread on the GDL surface and the top part kept a spherical shape during the first period of
time. Then the whole droplet spread downstream and formed a water film covering the GDL surface
as time evolved. At 1 ms, the water films were in the latter part of the flow channel contacting with the
side walls at the air inlet velocity of 4 m·s−1 and 5 m·s−1, and when the inlet velocity was 6 m·s−1,
the film flowed out of the channel. Obviously, the droplet was closer to the outlet with higher air inlet
velocities, meanwhile more parasitic power was consumed.

Two representative contact angles, 45◦ and 135◦, was chosen to study the influence of wettability
on the droplet dynamics in the flow channel with the same flow inlet velocity of 5 m·s−1. Figure 5
shows the time evolution of the droplet in 1 ms with the interval of 0.2 ms, respectively. The water
droplet deformed, spread, and moved in the form of a water film when the contact angle was 45◦.
With the spreading of the water film, the liquid water extended to the side walls and was adsorbed at
0.8 ms. When the contact angle was 135◦, the initial regular spherical droplet deformed, rolled in the
flow channel, maintaining the basic spherical shape. At the time of 1 ms, the water droplet had already
reached the outlet of the flow channel for hydrophobic surfaces, though the water film was also close
to the outlet for the hydrophilic surface. Besides, the water film covering the bottom of flow channel
would definitely hinder the mass transfer of reactants and result in performance degradation of the
fuel cell. The results suggested that a hydrophobic surface would be considered to be a preferable
design for water drainage.
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The behavior of water droplets of different initial radius with the same air inlet velocity of 5 m·s−1

was also studied in the paper, and the selection criteria of radius referred to [32,33]. At the time of 1 ms,
as seen from Figures 6 and 7, the water droplets of 0.2 mm radius moved out of flow channel first, while
the water droplets of 0.1 mm just stayed in the flow channel, regardless of the boundary wettability.
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According to the force analysis of water droplets, for smaller droplets, the drag force was smaller
with smaller windward area, and the surface tension and wall adhesion were larger with larger
curvature, as calculated by Equation (4). Therefore the movement of the water droplet with radius of
0.1 mm was slower than that of droplets with a radius of 0.15 mm and 0.2 mm.

3.2. Configuration of Modified GDL Surface

From the inlet to the outlet, gradually increasing and decreasing static surface contact angles are
the two basic ways to modify the GDL surface. The GDL surface was divided into five parts, and the
static surface contact angles were 105◦, 115◦, 125◦, 135◦ and 145◦ from the inlet to outlet or from the
outlet to inlet, respectively.

Figure 8 shows the motion characteristics of the droplet in the channel with varied wettability
at different moments. At the time of 2 ms, the water droplet passed the first interface of wettability
discontinuity in both the two form flow channels, and the moving distance along the decreasing
contact angle flow channel was slightly greater than that along an increasing contact angle flow
channel. In addition, the droplet was almost a standard sphere in a decreasing contact angle flow
channel, while part of the droplet infiltrated the bottom of increasing contact angle flow channels.
Then the water droplet had arrived the third region with decreasing contact angle, while the droplet
stayed in the second region with increasing contact angle at 4 ms. This was due to the larger contact
angle of the inlet part where a smaller contact area led to a smaller wall adhesion, so the droplet in a
decreasing flow channel moved farther with the same initial kinetic energy. As well, the water droplet
reached the outlet in the decreasing flow channel at 10 ms, almost 2 mm distance ahead of the water
droplet in an increasing flow channel. Because the initial movement resistance was large, the moving
distance was short in the initial stage in the increasing flow channel, and the advancement of the
optimization structure could not be realized.
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Figure 8. Water droplet behavior in the channel with varied wettability at different moments.

Although the average contact angles of the two forms of channels were the same, the droplets
couldn’t move to the outlet in the increasing flow channel to realize “self-draining”. The results
indicate that decreasing the contact angle flow channel is beneficial for water drainage in the fuel cells.

In order to verify that the modified GDL surface is available for water drainage, the conventional
GDLs with constant static contact angles, 105◦ and 145◦, were also studied in the following research for
comparison. The water droplet dynamics in the flow channel with varied wettability compared with
the conventional flow channel with an initial droplet velocity of 0.5 m·s−1 is shown in Figure 9. The left
three figures correspond to the time instant of 2 ms, while the right three are at 10 ms. In the first few
milliseconds, the location of the droplet was nearest to the entrance of the traditional surface with
a contact angle of 105◦, which indicated that the smaller the hydrophobic angle was, the slower the
droplets moved.

Energies 2018, 11, x FOR PEER REVIEW    10 of 23 

 

 
(c) t = 10 ms 

Figure 8. Water droplet behavior in the channel with varied wettability at different moments. 

Although the average contact angles of the two forms of channels were the same, the droplets 

couldn’t move  to  the outlet  in  the  increasing  flow  channel  to  realize “self‐draining”. The  results 

indicate that decreasing the contact angle flow channel  is beneficial for water drainage  in the fuel 

cells. 

In order to verify that the modified GDL surface is available for water drainage, the conventional 

GDLs with constant static contact angles, 105° and 145°, were also studied in the following research 

for comparison. The water droplet dynamics in the flow channel with varied wettability compared 

with the conventional flow channel with an initial droplet velocity of 0.5 m∙s−1 is shown in Figure 9. 

The left three figures correspond to the time instant of 2 ms, while the right three are at 10 ms. In the 

first few milliseconds, the location of the droplet was nearest to the entrance of the traditional surface 

with a contact angle of 105°, which indicated that the smaller the hydrophobic angle was, the slower 

the droplets moved. 

GDL/°  t = 2 ms  t = 10 ms 

105 

   

145-105 

   

Figure 9. Cont.



Energies 2018, 11, 1770 11 of 23

Energies 2018, 11, x FOR PEER REVIEW  11 of 23 

 

145 

  

Figure 9. Water droplet dynamics in the flow channel with varied wettability compared with the 

conventional flow channel (velocity is 0.5 m·s−1). 

The moving distances were almost the same in the channels with traditional surfaces with a 

contact angle of 145° and the modified GDL surface. Once the droplets moved across the first part, 

the advantage of modified GDL surface gradually appeared. The decrease of the wettability could 

lead to an increased area of infiltration and a more serious deformation in the forward direction, and 

would generate potential energy for rolling forward. Combined with the velocity contours in the 

channel given in Figures 10 and 11, which shed the velocity distributions of the interface x = 0 at the 

time instant of 1 ms, while the water droplets pass the first interface of wettability discontinuity in 

the channel with varied contact angle. The mixture velocity around the droplet was higher with 

varied wettability than that of constant contact angle of 145°, due to the decrease of contact angle 

accelerating the amount of water moving to and infiltrating the bottom. It was clearly seen that the 

water droplets moved the fastest with the modified surface design than the two conventional designs 

at 10 ms, though the constant contact angle of 145° was bigger than the average contact angle of the 

modified surface. 

 

Figure 10. Velocity contour in the channel with varied contact angle from 145° to 105° (t = 1 ms). 

 

Figure 11. Velocity contour in the channel with constant contact angle of 145° (t = 1 ms). 

The water droplet dynamics in the flow channel with a gradually decreasing surface contact 

angle from 145° to 105°, initial velocity of 0.5 m·s−1, and initial radius of 0.25 mm are shown in Figure 

12. The movement process took 10 ms from inlet to outlet, and the shape of water droplets changed 

Figure 9. Water droplet dynamics in the flow channel with varied wettability compared with the
conventional flow channel (velocity is 0.5 m·s−1).

The moving distances were almost the same in the channels with traditional surfaces with a
contact angle of 145◦ and the modified GDL surface. Once the droplets moved across the first part,
the advantage of modified GDL surface gradually appeared. The decrease of the wettability could lead
to an increased area of infiltration and a more serious deformation in the forward direction, and would
generate potential energy for rolling forward. Combined with the velocity contours in the channel
given in Figures 10 and 11, which shed the velocity distributions of the interface x = 0 at the time
instant of 1 ms, while the water droplets pass the first interface of wettability discontinuity in the
channel with varied contact angle. The mixture velocity around the droplet was higher with varied
wettability than that of constant contact angle of 145◦, due to the decrease of contact angle accelerating
the amount of water moving to and infiltrating the bottom. It was clearly seen that the water droplets
moved the fastest with the modified surface design than the two conventional designs at 10 ms, though
the constant contact angle of 145◦ was bigger than the average contact angle of the modified surface.
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The water droplet dynamics in the flow channel with a gradually decreasing surface contact angle
from 145◦ to 105◦, initial velocity of 0.5 m·s−1, and initial radius of 0.25 mm are shown in Figure 12.
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The movement process took 10 ms from inlet to outlet, and the shape of water droplets changed
while rolling in the channel. The water droplet was close to spherical in shape at the beginning,
and gradually spread on the hydrophobic surface in the flow channel in a hemispherical shape at the
exit. In addition, the distance of the droplet movement in 1 ms was gradually reduced, which was due
to the consumption of kinetic energy to overcome the wall adhesion. Figure 13 shows the advancing
and receding contact angles of the water droplet in the first 3 ms. Both contact angles decreased
with the moving process, and the more severe the advancing contact angles were. The contact angle
hysteresis was decreasing, leading to a slowing down of the velocity. Though the forward and receding
angles of the droplets were almost equal at 3 ms, the droplets would continue to flow to the outlet as
the droplets still have a velocity.
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Figure 13. Advancing and receding contact angles during water droplet moving in the flow channel.

Comparing the modified flow channel and a conventional flow channel, the times consumed for
the water droplets to reach and leave the division surfaces are shown in Figure 14. Before reaching
the first interface, the modified flow channel was equivalent to a conventional flow channel with
s contact angle of 145◦, so the times required to reach the first interface 1 mm from the entrance
were the same in the two cases. Moreover, the case with contact angle of 105◦ almost coincided with
the two cases, due to fact the initial velocity plas a more important role in the initial phase of the
movement. With the movement of the water droplet, the differences between the three cases became
evident. Taking a point 4 mm from the entrance as an example, the time used for reaching the fourth
interface were 7.29 ms, 8.07 ms, and 1.095 ms, while the leaving times were 8.79 ms, 9.77 ms and
1.484 ms, respectively. It was observed that water droplets moved the fastest with the modified surface
design than the two conventional designs, and the conventional design with bigger contact angle
showed better drainage properties. Furthermore, the movement of water droplets gradually slowed
down as kinetic energy was consumed for the same structure, while times needed for crossing the
interfaces were increasing. Taking the modified surface design for example, the time spent on passing
the interfaces from the inlet to the outlet was 1.13 ms, 1.26 ms, 1.32 ms and 1.50 ms, respectively.

Energies 2018, 11, x FOR PEER REVIEW  13 of 23 

 

 

Figure 13. Advancing and receding contact angles during water droplet moving in the flow channel. 

Comparing the modified flow channel and a conventional flow channel, the times consumed for 

the water droplets to reach and leave the division surfaces are shown in Figure 14. Before reaching 

the first interface, the modified flow channel was equivalent to a conventional flow channel with s 

contact angle of 145°, so the times required to reach the first interface 1 mm from the entrance were 

the same in the two cases. Moreover, the case with contact angle of 105° almost coincided with the 

two cases, due to fact the initial velocity plas a more important role in the initial phase of the 

movement. With the movement of the water droplet, the differences between the three cases became 

evident. Taking a point 4 mm from the entrance as an example, the time used for reaching the fourth 

interface were 7.29 ms, 8.07 ms, and 1.095 ms, while the leaving times were 8.79 ms, 9.77 ms and 1.484 

ms, respectively. It was observed that water droplets moved the fastest with the modified surface 

design than the two conventional designs, and the conventional design with bigger contact angle 

showed better drainage properties. Furthermore, the movement of water droplets gradually slowed 

down as kinetic energy was consumed for the same structure, while times needed for crossing the 

interfaces were increasing. Taking the modified surface design for example, the time spent on passing 

the interfaces from the inlet to the outlet was 1.13 ms, 1.26 ms, 1.32 ms and 1.50 ms, respectively. 

 

Figure 14. Comparison of time consumed between the modified flow channel and a conventional flow 

channel. 

The time consumed for a water droplet to reach and leave the division surfaces with different 

initial velocities is shown in Figure 15. Obviously, it took less time to arrive at the same position with 

higher initial velocity. Water droplets with a velocity of 1.5 m·s−1 reached the outlet first using less 

than 3 ms, while nearly 10 ms were needed with a velocity of 0.5 m·s−1. Moreover, the higher the 

Figure 14. Comparison of time consumed between the modified flow channel and a conventional
flow channel.

The time consumed for a water droplet to reach and leave the division surfaces with different
initial velocities is shown in Figure 15. Obviously, it took less time to arrive at the same position with
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higher initial velocity. Water droplets with a velocity of 1.5 m·s−1 reached the outlet first using less
than 3 ms, while nearly 10 ms were needed with a velocity of 0.5 m·s−1. Moreover, the higher the
initial velocity was, less time would be spent across the interface between two parts with different
surface wettability.
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Figure 15. Comparison of times consumed with different initial velocities.

A comparison of different modified surface designs with same the initial velocity is shown in
Figure 16. The fixed variation of surface static contact angle was respectively set to 5◦, 10◦, and 15◦

from the inlet to outlet. It was clear that the modified surface with 15◦ variation showed the best
drainage properties, due to the fact it resulted in the shortest time for water droplets to be removed
out of the flow channel. This seems contradictory with what was previously mentioned, that bigger
contact angles showed better drainage properties, a bigger variation indicating a smaller average
contact angle. This was because the bigger variation leads to a more severe deformation of the water
droplets, and more surface energy would be transformed into kinetic energy. The times for water
droplets to reach the exit were respectively 1.069 ms, 9.84 ms and 8.84 ms with the increasing contact
angle variation.
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The effect of different initial water droplet radius is shown in Figure 17. The case of 0.3 mm
radius showed the best performance, though the case of 0.2 mm left the first part of the flow channel
firstly. At the beginning of the movement, the water droplets of different radius were almost the same,
and the 0.2 mm radius, with a smaller forward resistance due to its smaller windward area moved
faster than droplets with other radii. When the water droplets rolled in the channel, those with a larger
radius with more severe deformation gradually moved faster than the other two radii. The water
droplet of 0.3 mm radius took 9.43 ms to reach the exit, while the 0.25 mm and 0.2 mm radius droplets
took 9.84 ms and 10.66 ms, respectively.
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3.3. Straight Channel Configuration with a Water Inlet Hole

3.3.1. Without Considering Phase Transition

Figure 18 shows the time evolution of the water droplets emerging from the hole in a hydrophobic
GDL surface with a static contact angle of 135◦. In the first few milliseconds, water gradually gathered
around the GDL hole and formed a droplet attach to the GDL surface (t = 3 ms). As the droplet grew,
it began to move away from the edges of the hole, and then the shaped water droplet rolled along
the GDL surface under the shear stress of air flow while water continually gathered around the GDL
hole. At the time instant of 12 ms, there were three droplets inside the flow channel, two shaped and
one growing. Then, as time went on, the droplet closer to the outlet was blown out of the channel
(t = 15 ms). Moreover, the movements of water droplets were along the middle of the channel without
contacting the side walls. That way, the dynamics of water droplets for hydrophobic GDL surfaces was
not affected by the wettability of channel side walls, whether they were hydrophilic or hydrophobic.
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Figure 18. Time evolution of the water droplets emerging from the hole in a hydrophobic GDL surface
(the GDL surface contact angle is 135◦).

Different properties of side walls presented different evolution progress of the water droplet
emergence from the hole in a hydrophilic GDL surface, shown in Figure 19. For a hydrophilic GDL
surface, water spilt from the GDL hole, and spread downstream towards both side walls of the channel
in the form of water film. When the side walls were hydrophilic, the water film attached to them and
tore into two parts, gathering in the interfaces of side walls and the surface of the GDL. As time went
on, the water gathering around the interfaces would not be easily blown away.

Before the water film reached the side walls, the characteristics of water transport were the same,
regardless of the wettability of side walls. The water film would keep spreading downstream along
the GDL surface while it attached to hydrophobic side walls. The GDL surface with large coverage
by a water film would severely hinder the reactants’ transfer from flow channels to the GDLs, which
severely affected the performance of the fuel cell. Compared with Figure 18, hydrophobic surface of
channel walls would accelerate the removal of water.
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Figure 19. Time evolution of the water droplet emerging from the hole in hydrophilic GDL surface
(The GDL surface contact angle is 45◦).

The pressure difference between air inlet and outlet with different surface properties is shown in
Figure 20. Due to the similar water droplet dynamics for the hydrophobic surface of the gas diffusion
layer, with hydrophilic side walls or hydrophobic side walls, there are only three curves in Figure 18.

For a hydrophobic GDL surface, the pressure drop tended to be on the rise before 13 ms, and then
the pressure level dropped sharply followed by a continuous rise. The sharp pressure drop was caused
by the blowing away of the water droplets, and the continuous rise corresponds to the emergence of
the new droplets.

For a hydrophilic GDL surface, the time evolution of the pressure drop kept increasing with
hydrophobic side walls. Hydrophobic side walls forced the water film to spread along the GDL surface,
and the area covered by the water film increased with the increasing number of iterations. Within the
first 5 ms to 6 ms, the curve of hydrophilic side walls was coincident with the curve of hydrophobic
side walls. However, the curve of hydrophilic sidewalls showed a fluctuation at 8 ms. The pressure
drop was due to the appearance of adsorption of water by the side walls, while the rise was due to the
water accumulation along the interface between the GDL surface and side walls.
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Figure 20. Pressure drop.

In a word, the pressure drop characteristics were consistent with the droplet movement
characteristics. Though a hydrophobic GDL surface was beneficial for water removal, the pressure
drop was much larger than that of a hydrophilic gas diffusion layer surface. The energy consumption
due to pressure change was not so obvious in the whole fuel cell system, so a hydrophobic GDL with
contact angle about 130◦ was used in practical applications.

3.3.2. Considering Phase Transition

Phase transition during the operation of PEM fuel cell should be considered, which would have
important effects on water transport, due to the coexistence of liquid water and water vapor in the
flow channel. The source terms of mass and energy had been added by UDFs, which contain five
parameters: saturation vapor pressure, actual water vapor partial pressure, source term of liquid water,
source term of water vapor and the latent heat due to phase transition. Saturation vapor pressure
could be calculated using the parameters of temperature, actual water vapor partial pressure which
is related to the mass fraction and the molecular weight of each species. The source term of liquid
water and water vapor could be calculated according to Equation (7), and the latent heat due to phase
transition could be obtained according to Equation (9). Based on configuration 3, the temperature
boundary condition had been set to 353 K, and the initial liquid water volume had been set to 0.1 in the
phase transition condition. Similarly, hydrophilic and hydrophobic surfaces are discussed in the paper.

Compared with the cases without considering phase transition, the amount of liquid water in
Figure 21 was less than that in Figures 18 and 19. The main reason was that the liquid water volume
fraction was set to 0.1 in the phase transition model instead of 1 in the simple flow model. In addition
to the quantitative change, the flow pattern of liquid water displayed a big difference. Whether a water
droplet or a water film was considered, the behaviors were continuous, smooth, attached to or limited
by GDL surface and side walls in the simple flow model. At the same time, water droplets and water
films were irregular, scattered and rough, and even suspended in the flow channel when using the
phase transition model. The irregular shape of water droplets was the result of the non-uniformity of
the temperature distribution with the flow of air.

For hydrophilic or hydrophobic surfaces, liquid water gathered around the hole at the time
instant of 1 ms. With the continuous influent mixture of liquid water and water vapor, water droplets
overcame the adsorption of the GDL hole and began to spread on the hydrophilic GDL surface, while
new droplets would form around the initial droplet for hydrophobic surfaces.
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Figure 21. Time evolution of water transport (All the surfaces contact angles are 45◦ and all the surfaces
contact angles are 135◦).

With time, the amount of liquid water gathered in the flow channel increased, leading to a larger
area covered by water film and larger droplets above the GDL hole. At last, the water film spread to
the side walls, was absorbed by the side walls, and flowed to the outlet. Water droplets grew, split into
several small ones, and grew again, partly on the surfaces of the flow channel, and partly suspended
in the flow channel.

It is clearly seen that hydrophilic condition was beneficial for water drainage, with a water film in
the middle section of the flow channel at 5 ms while water droplets were just in the inlet of the flow
channel for hydrophobic conditions. The water removal rate and the effective diffusion area should
be balanced.

4. Conclusions

Three simplified configurations were proposed for numerical simulation of the water transport in
a PEMFC flow channel, based on the VOF method. In an open system, a higher inlet flow velocity
accelerated water drainage in the conventional straight channel. A hydrophobic surface was the
preferable design for water removal. Unexpectedly, the droplets with larger radius were easier to
remove from the flow channel. Due to the comparatively higher air shear force and surface tension,
the larger radius droplets with more severe deformation moved faster in the later phases of the flow.

Besides, water droplet emergence from the water inlet hole without considering phase transition,
led to the same conclusion. However, when considering phase transition, hydrophilic conditions were
beneficial for water drainage with a faster removal rate. Droplets of different sizes would suspend in
the flow channel for hydrophobic conditions, which would be suitable for reactant diffusion, but water
might accumulate leading to flooding in the flow channel. The water removal rate and the effective
diffusion area should be balanced in practical use.

In a closed system, water droplets could flow out of the flow channel without external force,
just requiring an appropriate initial velocity with varied and decreasing surface contact angle of
the hydrophobic surface. Compared with the conventional case of constant surface contact angle,
the channel with varied wettability performed the best. The performance of the modified model was
related to the initial state of droplets and surface optimization characteristics.

Visualization experiments to observe the motion characteristics of liquid water in the flow channel,
and the influence of optimized channel shape [34,35] on droplet behavior will be considered in our
future studies. And we have studied the optimal structural design of heat transfer element [36–39]
based on Multi-Objective Genetic Algorithm, which could be used in the optimization design of fuel
cell to obtain the good water and thermal managements in our future investigation.
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Abbreviation

cp Specific heat capacity kJ·kg−1·K−1

cr Condensation rate constant s−1

hL Latent heat of vaporization kJ·kg−1

i Species
k Curvature
keff Effective thermal conductivity W·m−1·K−1

rw Condensation rate kg·m−3·s−1

t Time s
u Velocity m·s−1

α Volume fraction
µ Dynamic viscosity N·s·m−2

ρ Volume average density kg·m−3

σ Surface tension N·m−1
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