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Abstract  
 

Removal of liquid water from the surface of the gas diffusion layer (GDL) in the flow channel is an effective method for water 
management in a proton exchange membrane fuel cell (PEMFC). To enhance the water removal, we modify the conventional 
flow channel by adding a micro-rib to it. Numerical simulations are conducted to explore the water behaviors in the modified 
channel and the output performances of PEMFCs. The height and width of the micro-rib, as well as the wall contact angles, 
are investigated through the volume-of-fluid method to optimize the micro-rib. The results exhibit that the micro-rib can 
remove the liquid water from the GDL surface by the capillary effect when its height is 0.6 mm, width is 0.3 mm, and contact 
angle is lower than the GDL surface. Besides, output performances of PEMFCs with the conventional channel and the modified 
channel are investigated through PEMFC simulations. The results exhibit that the modified channel can improve the output 
performance of PEMFC by enhancing oxygen diffusion efficiency. Therefore, the modified channel is a superior alternative to 
the conventional channel for high-output PEMFCs. 
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1. Introduction 

Proton exchange membrane fuel cell (PEMFC) has been 

regarded as one of the most promising energy devices 

attributed to their low emission, high efficiency, rapid startup, 

no noise, and high energy conversion efficiency.[1-4] However, 

it still has some insurmountable difficulties that need to be 

overcome before commercialization, one of which is water 

management.[5-7] In an operating PEMFC, an electrochemical 

reaction at the cathode catalyst layer (CL) produces liquid 

water, which is conducive to maintaining the water content in 

the proton exchange membrane (PEM). When the produced 

liquid water is excessive, it would diffuse through the gas 

diffusion layer (GDL) into the cathode flow channel.[8] The 

liquid water that emerges in the flow channel usually hangs on 

the GDL surface, thereby blocking the microchannels of the 

GDL for reactant diffusion. Severe blocking would seriously 

decrease the local reactant concentration and thus suppress the 

output of PEMFC. 

Since the flow channel is the last pathway for the drainage 

of liquid water,[9] water behavior in the flow channel is an 

important research object of water management.[10] 

Visualization techniques, including optical perspective,[11] 

neutron imaging,[12-15] and magnetic resonance imaging,[16] 

have been widely used in research on water management, of 

which the optical perspective technique is the most common, 

direct, and effective. Using the optical perspective technique, 

Hussaini et al.[17] visualized water behaviors in the cathode 

flow channel and classified them into four categories, which 

are single-phase flow, droplet flow, film flow, and slug flow. 

These four flow patterns contain almost all the flow states of 

liquid water. Although the optical perspective technique 

provides a useful insight into the understanding of flow 

patterns in the flow channel, it still has some disadvantages, 

such as high cost and low efficiency for flow channel design. 
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Compared with the visualization experiment, computational 

fluid dynamics (CFD) simulation is a more efficient and low-

cost method. Common two-phase flow simulation techniques 

in this area of research include the multi-fluid model,[18] 

mixture model,[19] volume-of-fluid (VOF) model,[20] and lattice 

Boltzmann method (LBM).[21,22] Among them, the VOF model 

is the most appropriate method since it can simulate the flow 

conditions with two or more types of fluids and track the 

location and shape of the interfaces between different fluids. 

Quan et al.[20] used this method to simulate the two-phase flow 

in the flow channel of a PEMFC for the first time. From then 

on, the VOF model was widely used in this area.[23-26] 

Water management in the flow channel usually includes 

two aspects: one is to accelerate the water transport in the flow 

channel, and the other is to remove the liquid water from the 

GDL surface. To clear the liquid water on the GDL surface and 

improve the reactant diffusion efficiency, many visualization 

experiments and CFD simulations have been conducted. The 

main method for liquid water removal is designing the channel 

structures and the channel wall wettability.[27-29] Metz et al.[28] 

proposed a hydrophilic flow channel with a special section 

consisting of a trapezoid and a rectangle. With this structure, 

water droplets could be easily detached from the GDL surface 

by the capillary effect of the declining walls and then lifted to 

the channel bottom. Qin et al.[30,31] modified the conventional 

channel by inserting hydrophilic needles or plates in it and 

carried out CFD simulations with the VOF method to reveal 

the effect of the needles or plates. Their results showed that 

the hydrophilic needles or plates could transfer the droplet to 

the channel bottom and thus clear the GDL surface. Utaka and 

Koresawaa[32] processed sloping micro-grooves on the 

hydrophilic sidewalls of the flow channels and carried out 

experiments on PEMFC output. The sloping micro-grooves 

were proved to be able to reduce cell voltage fluctuation and 

improve cell voltage at a certain current, owing to the 

enhancement of water removal.  

In recent years, we have also been committed to the study 

of water management and proposed a water-removing method 

with hydrophobic channel walls. Based on this method, we 

have presented three modified flow channels which exhibited 

excellent water removal and transportability.[33-35] However, 

these modified flow channels can remove the water droplets 

from the GDL surface only when the droplets are transported 

to the channel turns or located at the channel sidewalls.  

In this work, we proposed a modified flow channel 

including a micro-rib fixed on the channel bottom, which can 

remove the droplets located in the middle of the flow channel 

from the GDL surface, simultaneously reduce their volumes 

and enhance their transport speed. This modified flow channel 

overcomes the disadvantages of the channels in our previous 

works. CFD simulations with the VOF method were carried 

out to reveal the effect of the micro-rib on water behaviors. To 

optimize the micro-rib, the height and width of the micro-rib, 

as well as the wettability, were investigated. Besides, PEMFC 

simulations were also carried out to explore the effect of the 

micro-rib on cell output. 

 

2. Model formulation 

2.1 CFD simulations with VOF method for water behaviors 

in channels 

2.1.1 Computational domain and assumptions 

Geometry models for the conventional and modified channels 

were shown in Fig. 1. The conventional channel is a 20 mm 

long straight channel with a rectangular cross-section of 1 mm 

× 1 mm. The modified channel includes a micro-rib fixed on 

the bottom of the conventional channel. 

 
Fig. 1 Geometry models for the conventional channel (a) and the 

modified channel with a micro-rib (b). 

 

Generally, liquid water in the flow channel emerges from 

many micro-holes on the GDL surface and in a large variety 

of velocities. Such a complicated flow is impractical for CFD 

simulations and not conducive to observing water behaviors in 

detail. Therefore, the GDL was simplified to a homogeneous 

surface with only one micro-hole, which has been adopted in 

many previous studies.[36-38] The micro-hole is 1.0 mm away 

from the inlet and its diameter is 0.08 mm. Besides, diffusions 

of air through the GDL were ignored. The air was regarded as 

an incompressible ideal gas and its flow in the channel was 

laminar (the Reynolds number is about 300). Air and water 

were considered immiscible and phase change between air and 

water phases was neglected. The channel was assumed to be 

isothermal and the surface tension coefficient at the interface 

between the two phases was assumed a constant of 0.618. 

 

2.1.2 Governing equations 

CFD simulations with the VOF model were conducted in 

available Fluent. The governing equations involved are as 

follows: 

Continuity equation 
𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌�⃗�)  =  0                              (1) 

 

Momentum equation 

𝜕(𝜌�⃗�)

𝜕𝑡
+ 𝛻 ⋅ (𝜌�⃗� ⋅ �⃗�)  =  −𝛻𝑃 + 𝜇𝛻 ⋅ (𝛻�⃗� + 𝛻�⃗�𝑇) 

+𝜌�⃗� + �⃗�𝑆………………………(2) 
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where 𝜌  is the averaged density, 𝜇  the averaged viscosity, �⃗� 

the fluid velocity vector, 𝑃  the pressure and �⃗�  the 

gravitational acceleration. 𝐹𝑆 is a source term representing the 

surface tension effect, which is expressed as[39]:  

�⃗�𝑆  =  −𝜎
𝜌𝑘𝛻𝑓1

0.5(𝜌1+𝜌2)
                            (3) 

where 𝜎  is the surface tension coefficient, 𝑓1  the volume 

fraction of the air phase, 𝜌1 and 𝜌2 are the densities of air and 

water, and 𝑘 is the surface curvature at the interface between 

the two phases that can be calculated by: 

𝑘 =  𝛻 ⋅ �̂�  =  𝛻 ⋅
�⃗⃗�

|�⃗⃗�|
                             (4) 

where �̂� is the surface unit normal and �⃗⃗� is the surface normal 

Considering the wall adhesion effect is the surface unit normal 

�̂� at the channel, walls can be calculated by 

�̂�  =  �̂�𝑤 𝑐𝑜𝑠(𝜃) + �̂�𝑤 𝑠𝑖𝑛(𝜃)                  (5) 

where �̂�𝑤 is the unit vector normal to the walls, �̂�𝑤 is the unit 

vector tangential to the walls, and 𝜃 is the static contact angle 

at the walls. The surface normal �⃗⃗�  is the gradient of the 

volume fraction of the air phase: 

�⃗⃗�  =  𝛻𝑓1                              (6) 

And the volume fraction of the air phase 𝑓1 satisfies 

𝑓1 + 𝑓2  =  1                                      (7) 

where 𝑓2 is the volume fraction of liquid water, which satisfies 

the second phase continuity equation as follows: 

𝜕𝑓2

𝜕𝑡
+ 𝛻 ⋅ (𝑓2�⃗�)  =  0                                (8) 

Besides, the averaged density 𝜌  and averaged viscosity 𝜇 

involved are calculated by 

𝜌 =  𝜌1𝑓1 + 𝜌2𝑓2 and 𝜇 =  𝜇1𝑓1 + 𝜇2𝑓2             (9) 

 

2.1.3. Boundary and initial conditions 

Velocity-inlet and pressure-outlet boundary conditions were 

applied at the channel inlet and outlet, respectively. The 

uniform velocity for the velocity-inlet was 6 m s–1, which is 

approximately equivalent to the airflow rate in a PEMFC with 

the single serpentine cathode channel and an active area of 5 

cm2, which operates at 2 A cm-2 and under the temperature of 

80 °C and the relative humidity of 50%. The pressure for the 

pressure outlet was 105 Pa, which is approximately equivalent 

to the cathode outlet directly connected to the atmospheric 

environment. At the GDL surface and all the channel walls, 

including micro-rib walls in the modified channels, a no-slip 

boundary condition is applied. The contact angle of the GDL 

surface and channel walls determines the wall adhesion effects. 

The contact angle of the GDL surface was 140° and the contact 

angles of the entire walls varied from 45° to 140°.  

Different water injection velocities including 1 m s–1, 0.5 

m s–1, and 0.25 m s–1 were considered and water captures in 

the conventional and modified flow channels were shown in 

Fig. 2. The water droplets in the same flow channel show 

similar behaviors and the water injection velocity of 1 m s–1 

was chosen in this work to save computing time. This value 

has also been used in other work and proved to be 

acceptable.[27,40] Gravity was considered the direction from the 

GDL surface towards the channel bottom.  

 

 
Fig. 2 Water captures in the conventional and modified channels 

with different water injection velocities: (a) 1 m s–1, (b) 0.5  

m s–1, and (c) 0.25 m s–1. 

 

2.1.4. Numerical 

The CFD simulations on water transport and dynamics were 

carried out on the available software ANSYS FLUENT. The 

pressure-based solver was used to solve the unsteady 

governing equations. The pressure implicit with the split 

operator (PISO) algorithm was selected for the pressure-

velocity coupling, the pressure staggering option (PRESTO) 

scheme was used for the pressure discretization, and the 

second-order upwind scheme was used to solve the 

momentum equation. The explicit scheme-based VOF method 

was used to track the interface between the air and water 

phases for the multiphase simulation and the geometric 

reconstruction (Geo-Reconstruct) scheme was used to 

construct the interface based on the volume fraction. 

 
Fig. 3 Water captures at 0.1 s in the conventional and modified 

channels with the grid sets of 16 × 16 × 120 (a), 20 × 20 × 160 

(b), and 24 × 24 × 200 (c). 

 

The time step was set to 10–6 s and the relative residual in 

each time step was set to 1×10-3 for convergence criteria. All 

the grids were structured with hexahedral mesh. Grid 

independence verification was conducted with the 
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conventional and modified flow channels with three sets of 

grid numbers: 16 × 16 × 120 (represent the grid numbers in 

𝑥 × 𝑧 × 𝑦 coordinates, respectively), 20 × 20 × 160 and 24 × 

24 × 200. Water captures at 0.1 s were shown in Fig. 3. 

Because the water is injected into the flow channel 

continuously, the locations of the generated droplets are 

different. But the water behaviors in the same flow channel 

have few differences. Therefore, the grid set of 20 × 20 × 160 

was finally selected for subsequent simulations considering 

both accuracy and efficiency. This geometric model is similar 

to that in our previous work,[34] which has been verified to be 

reliable; hence the verification was not conducted in this work. 

 

2.2 PEMFC simulations with PEMFC module in Fluent 

2.2.1 Computational domain and assumptions 

PEMFC simulations consider almost all the main processes in 

an operating PEMFC, including electrochemical reaction, 

mass transfer, reaction heating, etc. The three-dimensional 

model for PEMFC simulations is composed of current 

collectors, flow channels, GDLs, CLs, and the membrane, as 

shown in Fig. 4. The flow channels for PEMFC simulations 

have the same cross-section as in CFD simulations for water 

transport, but their length is extended to 100 mm to enhance 

accuracy. The thicknesses of the GDLs, CLs, and membrane 

are 0.2 mm, 0.01mm, and 0.05 mm, respectively. The wall 

contact angle of all the flow channels considered in this 

section was set to 90°, and the height and width of the micro-

rib in the modified channel are 0.6 mm and 0.3 mm, 

respectively. The modified channel is applied at both sides of 

the PEMFC.  

 
Fig. 4 Three-dimensional model for PEMFC with modified 

channels. 

 

2.2.2. Governing equations 

Ohmic heating, reaction heating, and multiphase transport 

were considered. The governing equations, including the 

conservation equations of mass, momentum, water saturation, 

energy, current, and species transport, are expressed as follows: 

Continuity equation: 
𝜕(𝜀𝜌)

𝜕𝑡
+ ∇ ∙ (𝜀𝜌�⃗�)  =  𝑆𝑚                         (10) 

where 𝜀 is porosity, 𝜌 is density, and 𝑆𝑚 is a mass source term. 

Momentum equation: 
𝜕(𝜀𝜌�⃗⃗�)

𝜕𝑡
+ ∇ ∙ (𝜀𝜌�⃗��⃗�)  =  −𝜀∇𝑃 + ∇ ∙ (𝜀𝜇∇�⃗�) + 𝑆𝑣        (11)                        

where 𝜇  is viscosity, 𝑃  is pressure, and 𝑆𝑣  is momentum 

source term. 

Water saturation equation: 
𝜕(𝜀𝜌𝑙𝑠)

𝜕𝑡
+ ∇ ∙ (𝜀𝜌𝑙𝑣𝑙⃗⃗⃗⃗ 𝑠)  =  𝑆𝑠                    (12) 

where 𝜌𝑙  is the density of liquid water, 𝑠  is water saturation 

(volume fraction of liquid water), and 𝑆𝑠 is the term for the 

water source. 

Energy equation: 
𝜕(𝜀𝜌𝑐𝑝𝑇)

𝜕𝑡
+ ∇ ∙ (𝜀𝜌𝑐𝑝�⃗�𝑇)  =  ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇) + 𝑆𝑄         (13)                              

where 𝑐𝑝 is constant-pressure specific heat, 𝑇 is temperature, 

𝑘𝑒𝑓𝑓 is effective thermal conductivity, and 𝑆𝑄 is the term for 

an energy source. 

Species transport equation: 
𝜕(𝜀𝜌𝑌𝑖)

𝜕𝑡
+ ∇ ∙ (𝜀𝜌�⃗�𝑌𝑖)  =  𝐷𝑖∇2(𝜌𝑌𝑖) + 𝑆𝑖       (14)                                  

where 𝑌𝑖 is the volume fraction of species 𝑖, 𝐷𝑖 is the gaseous 

diffusivity of species 𝑖, and 𝑆𝑖 is the source term of species 𝑖. 
Conservation of charge: 

∇ ∙ (𝜎𝑠∇𝜑𝑠) + 𝑆𝑒𝑠  =  0                       (15) 

∇ ∙ (𝜎𝑚∇𝜑𝑚) + 𝑆𝑒𝑚  =  0                      (16) 

where 𝜎𝑠 is the electrical conductivity of the solid phase, 𝜎𝑚 

is the ionic conductivity of the membrane, 𝜑𝑠 is the potential 

of the solid phase, 𝜑𝑚 is the potential of the membrane phase, 

𝑆𝑒𝑠  is the term for electronic current source, and 𝑆𝑒𝑚  is the 

term for the ionic current source. 

 

2.2.3 Boundary and initial conditions 

PEMFC simulations have the same operating conditions. The 

temperature is 353 K and the absolute pressure is 1.01 × 105 

Pa at the outlet. H2 and air are used as fuel and oxidants, 

respectively. The flow direction of H2 in the anode flow field 

is opposite to that of air in the cathode flow field. The flow 

rates at the inlets of the anode and cathode are 1.24 × 10−7 kg 

s−1 and 2.87 × 10−6 kg s−1, where the relative humidity is 30% 

and 60%, respectively. 

 

3. Results and Discussion 

To explore whether the micro-rib is conducive to water 

removal, a comparison between the modified and 

conventional channels was investigated. The effects of the 

height and width of the micro-rib, as well as wall contact 

angles, were also considered to optimize the micro-rib. In 

addition to the investigation on water transport and dynamics, 

we also conducted PEMFC simulations integrated with the 

modified channel and conventional channel to find out 

whether the modified channel is conducive to PEMFC output. 

Table 1 displays all the Cases considered in this work, 

including VOF simulations and PEMFC simulations. 

 

3.1 Effect of the micro-rib height on water behaviors 

The comparison of the water behaviors between the 

conventional channel and the modified channel was 

investigated and shown in Figs. 5a-d. Liquid water is injected 

into the flow channel from the micropore set on the GDL  
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Fig. 5 Water transport in the conventional channel (a) and the modified channels with different heights of the micro-ribs (b-d); time 

evolution of water volume fractions in the channels (e) and water coverage ratios on the GDL surface (f) in different cases. (The 

width and contact angle of the micro-ribs in Cases 1, 2, and 3 are all 0.2 mm and 45°, respectively.) 

 

Table 1. All the cases are considered in this work. 

 
Cases 

Height of micro-rib / 

mm 

Width of micro-rib / 

mm 

Wall contact 

angle 

VOF 

simulations 

Conv. case - - 45° 

Case 1 0.5 0.2 45° 

Case 2 0.6 0.2 45° 

Case 3 0.7 0.2 45° 

Case 4 0.6 0.3 45° 

Case 5 0.6 0.4 45° 

Case 6 0.6 0.3 67.5° 

Case 7 0.6 0.3 90° 

Case 8 0.6 0.3 112.5° 

Case 9 0.6 0.3 140° 

PEMFC 

simulations 

Case 10 Conventional channel 90° 

Case 11 Modified channel 90° 

 

surface. In the conventional channel (Fig. 5a), as the quantity 

of the emerged liquid water increases, the shearing force from 

the air stream separates the liquid water and then water 

droplets generate. The generated water droplets are 

transported forward until drained out of the channel. During 

the whole transport process, the water droplets are always 

hanging on the GDL surface against gravity due to the 

dominant capillary effect. This result is consistent with 

previous work.[37, 41] 

When a micro-rib is inserted into the conventional channel, 

the water behavior may change. In the modified channel in 

Case 1 with the micro-rib height of 0.5 mm, the water transport 

is accelerated and the water volume fraction decreases a little 

as shown in Fig. 5e, which is attributed to the decrease of 

sectional area. In this case, the water behavior has not changed 

fundamentally. 

In the modified channel in Case 2 with the micro-rib height 

of 0.6 mm, it is observed that the liquid water would contact 
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the micro-rib before it grows to the size in the conventional 

channel (Fig. 5c 0.008 s). Then the capillary effect of the 

micro-rib, together with the shearing force from the air stream, 

cut off the liquid water, and an isolated water droplet forms 

and hangs on the micro-rib (Fig. 5c 0.009 s). Because the 

droplet is still too large and the top wall cannot accommodate 

it, the droplet contacts the sidewall of the micro-rib and then 

is lifted to the channel bottom by the sidewall capillary effect. 

From then on, the droplet is transported to the channel bottom 

until drained out of the channel. The snapshot at 0.200 s in Fig. 

5c indicates that all the droplets in Case 2 are efficiently 

removed from the GDL surface. 

In the modified channel in Case 3 with the micro-rib height 

of 0.7 mm, the liquid water can also be removed from the GDL 

surface but its behavior is different from that in Case 2. As 

shown in Fig. 5d, after attaching the micro-rib, the droplets are 

transported forward on the top wall of the micro-rib rather than 

in the channel bottom as in Case 2. This result is attributed to 

the higher micro-rib, which causes the formed droplets to be 

smaller. The small size of the droplets enables the top wall of 

the micro-rib to accommodate these droplets and maintain this 

state throughout the whole transport process. 

The efficient liquid water removal in Case 2 and Case 3 

can significantly decrease the water coverage ratio on the GDL 

surface as shown in Fig. 5f. The faster contact between liquid 

water and the micro-rib even results in a lower water coverage 

ratio in Case 3 than in Case 2. However, because the droplets 

are attached to the hydrophilic walls, their transports are 

weakened, especially in Case 2. As shown in Fig. 5e, the water 

volume fraction in Case 3 is a little higher than in Conv. case 

due to the higher capillary effect from the top wall of the 

micro-rib. While for Case 2, the droplets are located at the 

channel bottom and attached to three hydrophilic walls. The 

extremely strong capillary effect from these walls seriously 

hinders the transport of water droplets, thereby increasing the 

water volume fraction to a large extent.  

The above analysis indicates that the micro-rib should be 

as high as possible to enable the water removed from the GDL 

surface and ensure the removed water is transported on the top 

wall of the micro-rib to enhance transport velocity. However, 

the micro-rib should not be too high because a higher micro-

rib leads to a larger pressure drop as shown in Fig. 6, which 

would cause excess power loss. Moreover, high micro-rib 

would increase processing difficulty and cost. Therefore, the 

water behavior, pressure drop, and processing should be 

considered together in the height selection of the micro-rib. 

Besides, there is an obvious peak with the pressure drop of 

Case 2 in Fig 6. This peak is generated by the serious 

accumulation of liquid water in the channel bottom as shown 

in Figs. 5c and 5e. With the accumulation of liquid water, the 

pressure drop gradually rises. When the accumulated water is 

drained out of the channel at around 0.13 s, the pressure drop 

suddenly drops and thus forms the peak. 

 

3.2. Effect of the micro-rib width on water behaviors 

The micro-rib with a height of 0.7 mm exhibits superior water 

management to the micro-rib with a height of 0.6 mm or 0.5 

mm. However, high micro-rib increases pressure drop and 

processing difficulty. Therefore, we conducted further 

simulations to investigate whether the width of the micro-rib 

affects the water removal or not. The heights of the micro-ribs 

in cases considered in this section are all 0.6 mm. 

 
Fig. 6 Pressure drops in the conventional channel (Conv. case) 

and the modified channels with different heights of the micro-ribs 

(Case 1, 2, and 3). 

 
The effect of micro-rib width on water transport in the 

modified channels is shown in Figs. 7a-c. The droplets in Case 

4 and Case 5 can also be removed from the GDL surface as in 

Case 2, but they are not lifted to the channel bottom. In these 

two cases, after the droplets form on the top wall of the micro-

rib, the area of the top wall is large enough to accommodate 

them. The capillary effect of the top wall of the micro-rib 

would prevent the droplet from exceeding the boundary and 

contacting the micro-rib sidewall. Therefore, the droplets are 

transported forward always on the top wall of the micro-rib, 

similar to Case 3. This behavior of liquid water results in much 

higher transport velocity. As a result, the water volume 

fractions in Cases 4 and 5 are much lower than in Case 2 as 

shown in Fig. 7d. 

For comparisons between Case 4, 5, and Case 3, the water 

droplets generated in Case 3 are generally smaller than in the 

other two cases (Fig. 5d) because the distance between the top 

wall of the micro-rib and the GDL surface is shorter. The 

smaller size of droplets leads to lower adhesion force from the 

hydrophilic top wall of the micro-rib, thereby increasing the 

water transport velocities and thus reducing the water volume 

fraction in the channel. Therefore, the water volume fraction 

in Case 3 is a little lower than in Cases 4 and 5, but this 

superiority is not very significant. Considering that the 

structure of the high and narrow micro-rib in Case 3 may be 

difficult to process, the micro-rib with the height of 0.6 mm in 

Cases 4 and 5 may be more economical and practical. For 

comparison between Case 5 and Case 4, Case 4 may be more 
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Fig. 7 Water transport in cases with different widths of the micro-rib (a-c); time evolution of water volume fractions (d) and pressure 

drops (e). (The height of the micro-ribs in Case 2, 4, and 5 are all 0.6 mm; the height and width of the micro-ribs in Case 3 are 0.7 

mm and 0.2 mm, respectively; the wall contact angles from Case 2 to Case 5 are all 45°.) 

 

beneficial for PEMFCs because the pressure drop in Case 4 is 

smaller as shown in Fig. 7e, which is due to the smaller 

sectional area of the micro-rib. Therefore, comprehensively 

considering the water management, processing difficulty, and 

pressure drop, the micro-rib with a height of 0.6 mm and width 

of 0.3 mm (Case 4) may be appropriate for the flow channel 

design of PEMFC. 

 

3.3. Effect of the wettability of the micro-rib on water 

behaviors 

Wettability has a great effect on water behavior and water 

transport velocity in the modified flow channel. Thus, 

different wall contact angles are investigated in this section to 

figure out the appropriate wettability. The height and width of 

the micro-ribs in all the cases considered in this section are 0.6 

mm and 0.3 mm, respectively. 

The effect of micro-rib wettability on water transport in the 

modified channels is shown in Figs. 8a-d, and the water 

volume fraction and Z coordinate of droplet centroid are 

shown in Figs. 8e and 8f, respectively. The Z coordinate of the 

droplet centroid represents the average Z coordinate of the 

mass centroid for liquid water in the channel. It can be 

calculated by 

𝑍𝑐𝑒𝑛𝑡  =  
∫ 𝜌𝑍𝑓2𝑑𝑉

∫ 𝜌𝑓2𝑑𝑉
                                   (17) 

In Fig. 8f, the Z coordinate of 0.0 mm represents the 

position of the GDL surface. A larger Z coordinate means a 

longer distance of the droplet centroid away from the GDL 

surface. 

It is seen from the figure that the liquid water in Cases 6, 7, 

and 8 can also be removed from the GDL surface except for 

the little droplet in Case 7, which is an accident with a small 

probability. While in Case 9, almost all the droplets cannot be 

removed from the GDL surface. These results indicate that a 

lower contact angle of the micro-rib than that of the GDL 

surface could be able to enhance the water removal ability 

attributed to the higher capillary effect. Besides, the lower the 

contact angle of the micro-rib, the higher the water removal 

ability, which can be derived from Fig 8f. As shown in this 

figure, the Z coordinate of the droplet centroid decreases as 

the contact angle of the micro-rib increases, indicating that the 

contact angle of the micro-rib should be small enough to 

prevent the droplet that has been removed from returning to 

the GDL surface by accident. However, a small contact angle 

of the micro-rib would result in a strong adhesion force, which 

hinders the water transport and thus increases the water 

volume fraction as shown in Fig. 8e. Therefore, the wettability 

of the micro-rib should be carefully selected by 

comprehensively considering both the water removal ability 

and water transport velocity. In the cases investigated in this 

work, a contact angle of about 90° may be suitable.  

 

3.4. Output of PEMFCs with the modified and 

conventional channels 
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Fig. 8 Water transport in the modified channels with different wall contact angles (a-d); time evolution of water volume fractions in 

the flow channels (e) and Z coordinate of droplet centroids (f) in different cases. (The wall contact angle in Case 4 is 45°; the height 

and width of the micro-ribs in all the cases in this figure are 0.6 mm and 0.3 mm, respectively.) 

 

 
Fig. 9 PEMFC output performances in cases with the 

conventional channel and modified channel. (The wall contact 

angle of all the flow channels considered in this section are 90°, 

and the height and width of the micro-rib in the modified channel 

are 0.6 mm and 0.3 mm, respectively.) 

 

In the above analysis, the modified channel with a micro-

rib height of 0.6 mm, a width of 0.3 mm, and a contact angle 

of 90° in Case 7 has been proved to be appropriate for both 

water removal ability and transport velocity. However, 

whether the modified channel will weaken the cell output 

performance is not clear. Therefore, we conducted simulations 

on PEMFC single cells to reveal this question.  

The output performances of PEMFCs with the 

conventional and modified channels are shown in Fig. 9. It can 

be seen that the modified channel could improve the power 

density of PEMFCs to a certain extent in the range of large 

current densities. To figure out the reason for this result, we 

investigated the oxygen mass fractions at the voltage of 0.6 V 

as shown in Fig. 10. The oxygen mass fractions are extracted 

from Plane 1, 2 and 3, which are perpendicular to the y-axis 

and 25 mm, 50 mm and 75 mm away from the inlet at the 

cathode side, respectively. It is seen from the figure that the 

area of high oxygen mass fraction is larger in the modified 

PEMFC than in the conventional PEMFC, indicating that 

oxygen in the modified PEMFC diffuses more efficiently. The 

higher oxygen diffusion efficiency is attributed to the higher 

pressure caused by the lower sectional area of the channel. It 

leads to a higher oxygen concentration in GDL and CL, which 

directly promotes the electrochemical reaction and thus 

generates higher current density at the same cell voltage. In 

the range of low current density, the consumption and demand 

of oxygen are relatively small and the difference in current 

density at the same cell voltage is very small. While in the 

range of high current density, the consumption and demand of 

oxygen is large and the effect of oxygen diffusion efficiency 

on electrochemical reaction is important. Therefore, the max 

power density of the PEMFC with the modified flow channel 

is a little higher than that with the conventional flow channel. 

Moreover, the transport and dynamics of liquid water are not 

considered in the simulations for PEMFC performance in this 

section and thus the water removal ability of the modified 

channel has not been exerted yet. Therefore, the actual 

performance of the modified flow channel for PEMFC could 

be even better. 
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Fig. 10 Distribution of oxygen mass fractions on Plane 1, 2, and 3 for PEMFCs with the conventional channel (a) and modified 

channel (b) operating at the voltage of 0.6 V. (Plane 1, 2, and 3 are perpendicular to the y-axis and 25 mm, 50 mm and 75 mm away 

from the inlet at the cathode side, respectively.) 

 

4. Conclusion 

In this work, we proposed a modified flow channel with a 

micro-rib and conducted simulations to investigate its 

performance on water transport and PEMFC output. The 

results of the water transport simulations show that liquid 

water can be effectively removed from the GDL surface if the 

design of the micro-rib is reasonable. In a flow channel with a 

cross area of 1 mm × 1 mm, a height of 0.6 mm and width of 

0.3 mm may be appropriate for the micro-rib to ensure stable 

water removal ability and high water-transport efficiency. The 

contact angle of the micro-rib should be smaller than that of 

the GDL surface to ensure that the capillary effect of the 

micro-rib is sufficiently strong to remove liquid water from the 

GDL surface. On this basis, it could be relatively high to 

accelerate water transport. Additionally, the results of the 

PEMFC simulations show that the modified channel could 

even enhance the oxygen diffusion efficiency and thus 

improve the cell output performance. Overall, the modified 

channel could effectively improve water management and cell 

output performance, indicating that it is an alternative to the 

conventional flow channel and is helpful for the designing of 

high-performance PEMFCs. It is noted that GDL is simplified 

to a smooth wall in this work due to the limitations of the VOF 

method. In our future work, the LBM will be adopted to 

investigate the effect of the realistic GDL on the water 

behaviors in the modified flow channel. 
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