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EFFECTS OF ROUGHNESS OF GAS DIFFUSION LAYER
SURFACE ON LIQUID WATER TRANSPORT IN MICRO
GAS CHANNELS OF A PROTON EXCHANGE
MEMBRANE FUEL CELL

Li Chen, HuiBao Luan, Ya-Ling He, and Wen-Quan Tao
Key Laboratory of Thermo-Fluid Science and Engineering of MOE,
School of Energy and Power Engineering, Xi’an Jiaotong University,
Xi’an, Shaanxi, P.R. China

Effects of surface roughness of a gas diffusion layer (GDL) on liquid water transport in a

micro gas channel (GC) of a proton exchange membrane fuel cell (PEMFC) are investi-

gated by using the volume of fluid (VOF) method in the commercial CFD package, FLU-

ENT 6.3.26. An array of cubic holes under the GDL surface is used to describe the GDL

surface roughness. The simulation results show that a Cassie droplet is inclined to form on

the hydrophobic rough GDL surface and the surface roughness greatly affects the transport

of the droplet. Effects of GDL surface roughness on forces acting on the droplet are carefully

studied, and it is found that GDL surface roughness reduces the retentive forces and increases

the detaching forces. In addition, effects of GDL surface roughness on the time required for a

droplet to be removed out of the GC, liquid water coverage area ratio on GDL surface, and

pressure drop in the GC are explored. The removal time of the water droplet decreases as the

GDL roughness increases. The water coverage ratio of the GDL surface decreases as GDL

surface roughness increases. The pressure drop in the GC increases as the GDL surface

roughness increases.

1. INTRODUCTION

The proton exchange membrane fuel cell (PEMFC) is a promising candidate of
power source for a range of applications because of its notable advantages such as
high power density, high efficiency, low operation temperature, low noise, and no
pollutions. However, PEMFC requires further improvements to achieve wide com-
mercial use, particularly in regard to cell performance. To improve performance
of PEMFC, proper water managements are urgently demanded. Successful water
management in the PEMFC, particularly in the cathode side, is crucial to the cell
performance, as poor water management results in either dehydration of the mem-
brane or flooding issues. On the one hand, membrane dehydration increases the
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proton conductive resistance and thus reduces the cell performance owing to great
ohmic loss across the membrane. On the other hand, flooding problems occur if
excessive liquid water accumulates in the components of a PEMFC including gas
channel (GC), gas diffusion layer (GDL), and catalyst layer (CL). Flooding can ser-
iously debilitate cell performance which concretely presents as three sub-category
flooding issues. On the microscopic scale, liquid water covers the CL surface, cre-
ating hindered oxygen transport and reduced reactive surface. On the mesoscopic
scale, liquid water clogs pores of GDL, decreasing the effective transport of gaseous
reactant to the reactive site. On the macroscopic scale, liquid water blocks the GC,
resulting in mal-distribution of oxygen and an increase in parasitic pumping power
to overcome the increased pressure drop. Therefore, much research has highlighted
and emphasized the requirement of proper water management and have endeavored
to investigate liquid water transport processes in the components of a PEMFC.
Reviews of these studies have been conducted in references [1–3].

Liquid water dynamics in the GC is one of the most important issues in the
process of water management, which has been extensively studied during the past
several years [3]. Liquid water transport and distribution in the GC are affected
by various operating conditions: air flow rate significantly affects liquid water distri-
bution and leads to different water flow patterns [4]; decreasing the inlet humidity of
the reactants can greatly mitigate buildup of liquid water [5]; raising the operating
temperature can considerably reduce the liquid water content [6]; and operating
PEMFC under different loads’ results in various liquid water distribution [7]. In
addition, liquid water distributions in the GC are also affected by several geometrical

NOMENCLATURE

Ar liquid water area fraction at the outlet

of GC

Aw area of water at the GC outlet, m2

Aoutlet total area of the GC outlet, m2

b height between the top of the droplet

and the top wall of the GC, m

C volume fraction function

Fad surface tension force due to interface

pressure difference across the water-air

interface, N

Fb buoyancy force, N

Fg gravity force, N

Fl lift force, N

Fp pressure force, N

FR surface tension force due to water

deformation, N

Fr surface tension force due to water

connected to the emergence pore, N

Fs shear force, N

g gravity acceleration, m s�2

h the height of the liquid water

droplet, m

H height of the GC, m

l diameter of the contact area between

liquid water and the GDL surface, m

n surface normal

P pressure, Pa

r radius of the emergence pore, m

R radius of the water droplet, m

Re Reynold number

t time, s

u velocity, m s�1

V volume of the water droplet, m3

m dynamic viscosity, N s m�2

r surface tension between water and air,

N m�1

h contact angle

ha advancing contact angle

hr receding contact angle

q density, kg m�3

t kinematic viscosity, m2 s�1

Subscripts

a air

in inlet

w water
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Table 1. Simulations of liquid water transport dynamics in the GC using the VOF method

Authors and

published year

Components and GC dimensions 3-D:

Height�width� length (mm) 2-D:

Height� length (mm) Research aspects

Quan et al. [17] A U-shaped GC 1� 1� 20

Smooth GC bottom surface

without water inlet pore

Transport process of liquid water with

different initial distribution

Zhan et al. [20] Single rectangle GC 1� 1� 11.5

Single serpentine GC 1� 1� 23

Smooth GC bottom surface

without water inlet pore

Effects of air inlet velocity and GC wall

wettability on liquid water behaviors

Cai et al. [19] Single rectangle GC 1� 1� 20

GC Bottom surface: Smooth

without water inlet pore

Effects of GC wall wettability on liquid

water transport and distribution

Theodorakakos

et al. [25]

A small fraction of GC

Smooth GC bottom surface

with water inlet pore

Effects of air velocity on the droplet

detachment

Jiao et al. [18] Three parallel GCs 1� 1� 10

Smooth GC bottom surface

without water inlet pore

Transport process of liquid water with

different initial distribution

Jiao et al. [21] Serpentine rectangle GCs 1� 1� 10

Smooth GC bottom surface

without water inlet pore

Transport process of liquid water with

different initial distribution

Jiao et al. [31] U-shaped GCs with innovative GDL

1� 1� 30

Effects of innovative GDL structures on

liquid water transport and distribution

Zhu et al [26] Single rectangle GC (2-D) 0.25� 1

Smooth GC bottom surface

with water inlet pore

Effects of GC size, inlet pore size and air

velocity on liquid water dynamic

behaviors

Jiao et al. [32] A U-shaped GC with innovative GDL

1� 1� 30

Effects of GDL wettability on liquid

water transport and distribution

Ebrahim and

Shila [22]

Single rectangle GC (2-D) 0.125� 1

without water inlet pore

Effects of gas inlet velocity, the density

and viscosity of the gas, and the surface

tension coefficient on the droplet

deformation

Le and Zhou [33] Whole PEMFC 3-D general model for PEMFC involving

coupled process of liquid water

distribution and reactant transport

Zhu et al. [27] Single rectangle GC 0.25� 0.25� 1

Smooth GC bottom surface

with water inlet pore

Effects of inlet air velocity, GC wall

wettability, water inlet velocity, and

water inlet pore size on liquid water

distribution

Le and Zhou [34] Whole PEMFC 3-D general model for PEMFC involving

coupled process of liquid water

distribution and reactant transport

Zhu et al. [28] Single GC with different cross-sections

Smooth GC bottom surface

with water inlet pore

Effects of GC cross-sections on liquid

water dynamic behaviors

He et al [23] Single rectangle GC 1.05� 1.05� 10

Rough GC bottom surface

without water inlet pore

Effects of GC bottom wall surface

roughness on liquid water behaviors

Le et al. [30] Serpentine rectangle GCs and

homogenous GDL

Liquid water transport behaviors within

the GDL and GC

(Continued )
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parameters (e.g., GC layout, GC surface wettability, and land=channel width ratio).
Different layouts of GC (currently, parallel, interdigitated, and serpentine layouts
are the most commonly adopted layouts) create different liquid water distribution
in the GC [8]. The geometrical configuration of the channel also greatly impacts
the liquid water distribution in the GC, including the cross-section of the GC [9],
the channel number and the land=channel width ratio [10], and the GC surface
wettability [11].

Numerical simulations have been performed to investigate the effects of vari-
ous operating conditions and geometrical parameters on liquid water behaviors in
the GC. A multiphase mixture model [12, 13] and multi-fluid multi-phase model
[14–16] have been widely adopted in modeling two-phase flow problems. Recently,
the volume of fluid (VOF) method has also been applied to explore liquid water
behaviors in the GC, due to its capacity of considering surface tension and wall
adhesion and of tracking liquid-gas interface [17–34]. Table 1 presents a brief intro-
duction to those numerical studies using VOF. These studies can be divided to dif-
ferent groups based on different classifications. For the computational domain, some
focused on the GC [17–19], some further considered the cathode of the PEMFC
[30–32], and some comprehensively took the whole PEMFC into account [33, 34].
For initial liquid water distribution, some started the simulation with initial given
liquid water distribution [17–24, 30, 33, 34], while others performed the simulation
with liquid water gradually entering the GC from GDL pores [25–29, 31, 32]. For
the GC bottom surface which consisted of GDL, some simply used a smooth bottom
surface [17–29] while some tried to involve the GDL surface roughness [23, 29]. For
the coupling process of liquid water and reactants transport, some concentrated on
the liquid water behaviors [17–32] and some further [33, 34] simulated the coupled
process of liquid water and reactant transports. Besides, the above simulations put
an emphasis on different factors that affect liquid water formation and movement,
e.g., gas or liquid water velocity, contact angle hysteresis, wall wettability, surface
roughness, GC dimensions, cross-section shape of GC, and GC layout. The above
studies have revealed that liquid water distribution in the GC is highly variable
and liquid water transport in the GC is significantly complicated for its inherently
unsteady and nonlinear characteristics.

In PEMFC, the GC is usually carved in the bipolar plate which is directly
adjacent to the porous GDL. Therefore, three walls of a GC (the top and two side

Table 1. Continued

Authors and

published year

Components and GC dimensions 3-D:

Height�width� length (mm) 2-D:

Height� length (mm) Research aspects

Ding et al. [29] Single rectangle GC 0.25� 0.25� 1.25

Partially rough GC bottom surface

with water inlet pore

Effects of water inlet pore structure, water

inlet velocity, and GC wall wettability

on liquid water distribution

Akhtar and

Kerkhof [24]

Single tapered channel length: 20

Height�width (inlet): 1� 1

Height�width (outlet): 0.5� 1

Smooth GC bottom surface

without water inlet pore

Effects of wall wettability on liquid water

behaviors.
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walls in this study) consist of bipolar plate material and the fourth wall (the bottom
wall in this study) is composed of the GDL. The GDL has very complex microscopic
structures. Figure 1 shows an SEM image of a carbon paper GDL. Clearly, the com-
plex and nonuniform structures of GDL create a rough bottom surface of a GC. In a
micro GC, such a rough bottom surface significantly affects liquid water transport
and distribution [29]. This is because surface tension force, which plays an important
role on liquid water dynamics in micro GC, is closely related to surface roughness.
However, to the best of our knowledge, few studies have considered the rough sur-
face of the GDL when studying liquid water dynamic behaviors in the GC. Only very
recently, He et al. [23] distributed long rectangles on the GC bottom surface to
describe GDL surface roughness, and the simulation results revealed a great impact
of GDL surface roughness on liquid water transport processes. Ding et al. [29]
arranged cube holes dispersed on the GDL surface and they found out that the
GDL surface microstructures give rise to various liquid water flow patterns.

The objective of the present study is to investigate the effeets of GDL surface
roughness on liquid water behaviors in a micro GC of a PEMFC. Emphasis is placed
on the effects of roughness on forces affecting liquid water transport and the resulting
pressure drop in the GC, liquid water coverage area on the GDL surface, and liquid
water removal rate. The following sections are arranged. The computational domain,
computational methodology, and boundary and initial conditions are introduced in
section 2. In section 3, the effects of GDL surface properties on forces acting on liquid
water, liquid water removal rate, liquid water coverage area onGDL surface, and press-
ure drop in the GC are investigated in detail. Finally, a conclusion is given in section 4.

2. NUMERICAL MODEL

2.1. Computational Domain

As mentioned above, liquid water transport processes in the GC are affected by
many operating parameters and geometrical parameters. In this study, we focus on
the effects of GDL surface roughness on liquid water behaviors in the GC. There-
fore, all the operating conditions including air inlet velocity, operating temperature,
and operating pressure are kept constant. Geometrical parameters including GC

Figure 1. Microstructure of carbon paper GDL.
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height, GC width, and GC length also are fixed. Only the GDL surface wettability
and the roughness of the GDL surface are varied during the simulations. It is worth
mentioning that temperature plays an important role on cell performance. It causes
evaporation or condensation between liquid water and water vapor, affects transport
parameters including diffusivity and iron conductivity, and changes the electro-
chemical reaction rate. In the present study, emphasis is put on liquid water dynamic
behaviors in the GDL and thus phase change is not considered. Neglecting phase
change is a common assumption in the literature, where the focus was on liquid
water transport processes [17–29]. Besides, species diffusion, iron conduction, and
electrochemical reaction are also not considered in the present study. On the whole,
the effects of temperature is limited and the isothermal assumption is reasonable in
the present study.

Figure 2 shows the schematic of the 3-D computational domain, which is a rec-
tangle with a square cross-section. The height of the GC is 300 mm and the length of
the GC is 1000 mm. Similar to reference [27], a relatively large square pore is located
at the midline of the GDL surface, which serves as the emergence pore for liquid
water from the GDL. The width of the emergence pore w1 is 60 mm and the distance
between the pore and GC inlet L1 is 200 mm.

Figure 2. Computational domain. (a) Three-dimensional structure, (b) schematic of the GDL surface, and

(c) schematic of the roughness elements (color figure available online).
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In this study, the roughness of GDL surface is represented by an array of cubic
holes distributed on the GDL surface, as shown in Figure 2a. Both the depth D and
width w1 of the cubic holes are 20 mm. Five cases with different roughness of GDL
surface are considered. Different roughness is obtained by altering the gap between
square holes in the flow direction (S2 in Figure 2b). Obviously, a larger gap between
cubic holes indicates lower roughness. The roughness (or roughness factor) of the
GDL surface in the present study is defined as follows.

rGDL ¼ 1þ 4S2D=ðS2 þ w2Þ2 ð1Þ

Therefore, the roughness of the GDL for different simulated cases can be
quantitatively determined and is listed in Table 2. In Table 2, case 5 is the case with
a smooth GDL surface and no hole is arranged on the GDL surface.

In the present studies, cubic holes are only distributed downstream the emerg-
ence pore, as this was done in reference [23]. This is because liquid water from the
emergence pore can’t move upstream due to the air flow from upstream. Although
such treatment changes the flow field upstream in the GC, the change is believed
to be slight and has little effect on liquid water dynamic behaviors in the GC. There-
fore, to save computational resources, cubic holes are not arranged upstream the
emergence pore.

2.2. Computational Methodology

The two-phase unsteady problems taking place in the computational domain
can be briefly described as follows. Liquid water enters the GC from the emergence
pore and gradually grows bigger; since liquid water is subjected to the air flow from
the GC inlet, it deforms and moves towards the downstream. Due to the low
Reynolds number and negligible generated heat, the unsteady two-phase flow is
assumed to be isothermal laminar flow without phase change in this study.

The volume of fluid (VOF) method in the commercial CFD package,
FLUENT 6.3.26 is employed to simulate the two-phase flow in the GC. An explicit
VOF formulation is adopted to track the interface between the liquid water and air.
The pressure-implicit with splitting of operators (PISO) scheme is used for the
velocity-pressure coupling. Updating the interface location is achieved by using
the piecewise linear interface calculation (PLIC) [35]. For a more detailed description
of FLUENT 6.3.26 one can refer to reference [36].

Table 2. Simulation cases in this study

Case S1 (mm) S2 (mm) rGDL Contact angle (�)

1 20 20 2 60�, 125�, 145�

2 20 40 1.88 125�, 145�

3 20 60 1.75 125�, 145�

4 20 80 1.64 125�, 145�

5 — — 1 125�, 145�
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In the VOF method, volume fraction functions Ca and Cw are defined for air
and liquid water to track air-liquid water interface. The sum of Ca and Cw in a
computational cell is 1.

Ca þ Cw ¼ 1 ð2Þ

The tracking of the interface is accomplished by solving the following equation in
each computational cell.

qðCwÞ
qt

þr � ðCwuwÞ ¼ 0 ð3Þ

The governing equations are the continuity and the Navier-Stokes equations.

qðqÞ
qt

þr � ðquÞ ¼ 0 ð4Þ

qðquÞ
qt

þr � ðquuÞ ¼ �rpþr � ½mðruþruTÞ� þ qgþ F ð5Þ

where p is the pressure. q and m are volume-averaged density and dynamic viscosity,
which are calculated with linear interpolation using the volume fraction function Ck.

q ¼ qaCa þ qwCw ð6Þ

m ¼ maCa þ mwCw ð7Þ

F in Eq. (5) is the force term due to surface tension by adopting the continuum sur-
face force (CSF) model [37].

F ¼ 2rk
qrCw

ðqa þ qwÞ
ð8Þ

where r is the surface tension coefficient and k is the mean curvature of the interface
which is calculated as follows.

k ¼ r � rCw

jrCwj

� �
ð9Þ

2.3. Boundary and Initial Conditions

At the left inlet of the GC, air velocity is fixed as 10m s�1. The corresponding
Re is about 160 (based on the hydraulic diameter of the channel), which is of the
same order as flow encountered in automotive fuel cell stacks [38]. Besides, similar
air velocity is widely used in the literature where liquid water dynamic behaviors
in a micro channel was numerically investigated [23, 27, 28]. At the right exit, fully
developed flow is assumed. Liquid water injection rate from the emergence pore is
specified as 1m s�1. For a fuel cell with current density of 1 A cm�2, it’s assumed
all the water generated is liquid and the liquid water generation rate is about
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9.34� 10�5ml s�1 cm�2. For a reactive area at 10 cm2, the liquid water injection rate
specified here is sufficient to drain all the liquid water from CL through GDL to the
GC. It has been reported [27] that within a certain range of Re (50 in their study),
liquid water shows similar dynamic behaviors. As dimensions of the micro channel
and the emergence pore in the present study is quite similar to that in reference [27],
the relatively large liquid water inlet velocity used in reference [27] is also adopted in
the present study to help reduce the simulation time. Using such relatively large inlet
velocity, although leads to shorter liquid water removal time, will not change the
qualitative results obtained in the present study. Besides, as reported in reference
[27], such a liquid water injection rate is of the same order as that used in an ex situ
fuel cell experiment [39]. The surface tension coefficient between liquid water and air
is set as 0.0725N m�1. A hydrophilic GC is adopted because it is beneficial for liquid
water removal and reactants transport [19]. Therefore, the static contact angle is set
as 45� between liquid water and two side walls, and between liquid water and the top
wall. No slip boundary condition is applied to all the solid walls. The operating tem-
perature and pressure are 330K and 101325 Pa, respectively. The convergence criter-
ions for all variables are set as 10�6.

2.4. Mesh and Time Step

There are about 101,088 structured orthogonal meshes in the computational
domain, with the meshes in the cubic holes and the emergence pore refined twice.
Figure 3 shows the meshes at x¼ 260mm for case 1. The mesh independency is vali-
dated by performing simulations for case 1 with three different mesh sizes. It is found
that 101,088 meshes are adequate to capture the water behaviors. Simulations with
time steps of 1� 10�7, 5� 10�7, and 5� 10�8 s are also performed for case 1, and
no obvious difference is found. Therefore, the time step is set as 1� 10�7 s in the
simulation.

Figure 3. Mesh at x¼ 260mm for case 1.
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3. RESULTS AND DISCUSSION

Water management inside GC can be optimized by reducing the liquid water
coverage area on the GDL surface, increasing the removal rate of liquid water
and minimizing pressure drop in the GC. Therefore, we focus on the effects of the
roughness of the GDL surface on the above three parameters.

3.1. Effects of GDL Surface Wettability

Previous to investigating the effects of surface roughness, the effects of GDL
surface wettability are studied. GDL surface wettability plays a significant role on
liquid water behaviors in the GC. The contact angle is commonly used to quantify
the wettability of a solid surface. It is defined as the angle at which the liquid=gas
interface meets the solid surface. If the contact angle is less than 90�, the solid surface
is hydrophilic and liquid water spreads as film. If the contact angle is greater than
90�, the solid surface is hydrophobic and liquid water forms droplets. In this section,
simulations are performed for case 1 to investigate liquid water behaviors in GC with
hydrophilic and hydrophobic GDL surfaces. The contact angles are set as 60� and
145� for the hydrophilic GDL surface and hydrophobic GDL surface, respectively.

Figures 4a and 5a show the liquid water distribution in the GCwith hydrophilic
GDL and hydrophobic GDL surfaces, respectively. It can be seen that the liquid
water distribution is quite different. In GC with a hydrophilic GDL surface shown
in Figure 4, liquid water tends to spread on the GDL surface. Due to the hydrophilic

Figure 4. Liquid water distribution in GC with hydrophilic GDL at t¼ 4.85ms (case 1, GDL contact

angle¼ 60�). (a) Three-dimensional distribution, and (b) distribution on the GDL surface (color figure

available online).
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surface of the top and side walls, liquid water also climbs along the side wall and cov-
ers almost half of the top wall. On the contrary, liquid water presents as water dro-
plets and does not spread in GC due to the hydrophobic GDL in Figure 5.

Figure 4b shows the hydrophilic GDL surface covered by liquid water. It can
be seen that many holes are filled by liquid water and thus are not available for reac-
tant transport. For the hydrophobic GDL, only a few holes are blocked as shown in
Figure 5b, indicating that reactants can favorably pass through the GDL. Therefore,
a hydrophobic GDL surface is desirable for effective reactant transport and thus
high cell performance. In the following simulations, the GDL is hydrophobic and
emphasis is focused on the effects of GDL surface roughness on the behaviors of
the liquid droplet.

3.2. Effects of GDL Surface Roughness

Now, we return to the subject of this study to investigate the effects of GDL sur-
face roughness on liquid water transport in the micro GC. Five cases listed in Table 1
with different GDL surface roughness are simulated for the GDL contact angle at
125� and 145�. For all cases, liquid water dynamic behaviors in the micro GC with
a hydrophobic GDL surface are similar and can be briefly described as droplet emerg-
ence (Figure 6a), droplet growth (Figure 6b), droplet detachment (Figure 6c), and
movement of detached droplet towards the GC outlet (Figures 6d and 6e). (For more
details, one can refer to reference [27]). Figure 7 shows the time evolution of liquid

Figure 5. Liquid water distribution in GC with hydrophobic GDL at t¼ 1.5ms (case 1, GDL contact

angle¼ 145�). (a) Three-dimensional distribution and (b) distribution on the GDL surface (color figure

available online).
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water area fraction Ar at the outlet of GC for different cases with GDL contact angle.
Ar is defined as Aw=Aoutlet, where Aw is the area of water at the outlet and Aoutlet is the
total area of the outlet. Initially, Ar equals 0, implying that the detached water droplet
has not arrived at the outlet. As time progresses, Ar undergoes a parabola when the
liquid water is passing through the outlet, indicating that liquid water presents as dro-
plets for all the simulation cases. Finally,Ar returns to zero when the detached droplet
is completely removed out of the GC. Interestingly, Figure 7 shows that curves for
cases with a rough GDL surface are different from that for case 5 with smooth
GDL, implying that the GDL roughness really affects the liquid water behaviors.
Besides, less time is required for a droplet to be completely removed out of the GC
with a rough GDL surface compared with smooth GDL surface, indicating that
rough GDL is advantageous for the removal of a water droplet. In order to better
understand howGDL surface roughness affects the removal of a water droplet, forces
acting on a droplet are analyzed in detail in the following section.

3.2.1. Forces acting on a water droplet. The transport process of a droplet
in this study involves two stages: droplet growth stage (when the droplet still connects
to the emerging pore, Figures 6a and 6b and the droplet detachment stage (the droplet
has detached and moves towards the outlet of the GC, Figures 6c–6e). Obviously,

Figure 6. Time evolution of liquid water behaviors in GC (case 1, GDL contact angle¼ 145�) (color figure
available online).
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liquid water dynamic behaviors in the two stages are combined results of several
forces including shear, pressure, surface tension, gravity, buoyancy, and lift forces.
In the present article, a force is called a retentive force if it holds the droplet to the
GDL surface or to the emergence pore, whereas a force is called a detaching force
if it tends to detach the droplet from the GDL surface or the emerging pore, or helps
to remove the droplet out of the GC.

Figure 8 schematically shows a droplet suffered to air flow in GC with hydro-
phobic GDL. The main forces acting on a droplet when the droplet connects to the
emergence pore are schematically shown in Figure 9. These forces are expressed as
follows [40, 41].

Detaching forces

x direction:
FP ¼ 24gaUinH

2 R2=b3; pressure force
Fs ¼ 24gaUinHR2=b2; shear force
y direction:
Fad ¼ prr2=ð2RÞ; surface tension force due to the interface
pressure difference across the water - air surface
Fb ¼ qagV ; buoyancy force

Fl ¼ 0:761ðf qaU2
in=2Þ

1:5q�0:5
a R3=ga; lift force

8>>>>>>>>>><
>>>>>>>>>>:

ð10Þ

Figure 7. Time evolution of liquid water area fraction Ar at the outlet of GC for different cases. (a) GDL

contact angle¼ 125� and (b) GDL contact angle¼ 145� (color figure available online).

Figure 8. Schematic of a water droplet in the GC (color figure available online).
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Retentive forces

x direction:
FR ¼ �rðcos hr � cos haÞpl; surface force due to the water droplet deformation
y direction:
Fr ¼ �2prr; surface force due to droplet connection to the pore
Fg ¼ �qwgV ; gravity force

8>>>><
>>>>:

ð11Þ

where ta is gas kinematic viscosity, qw is density of water, qa is density of air, and r is
the surface tension of water-air interface. Uin is the inlet air velocity, R is the radius
of the water droplet, r is the radius of the emergence pore, and l is the diameter of the
contact area between liquid water and the GDL surface. ha and hr are the advancing
contact and the receding contact angles, respectively. H is the height of the GC, h is
the height of the liquid water droplet, and b is the height between the top of the drop-
let and the top wall of the GC. V is the volume of the water droplet. f for a droplet in
GC is defined as 16=Re, and Reynold number Re is Re¼UinH=ta.

After the water droplet detaches from the emergence pore, the bottom of the
droplet contacts the solid surface instead of connecting to the emergence pore. Com-
pared to forces acting on the water droplet during the droplet growth process, Fr

vanishes as the droplet no longer connects to the emergence pore. The other forces
have the same expressions as that in the growth process.

In order to roughly estimate the magnitude of the above forces, a typical con-
dition is selected with hr as 115�, ha as 155�, and the static contact angle as 145�.
Using the physical parameters previously given, forces are calculated and presented
in Figure 10. It can be seen that buoyancy force and gravity force are extremely small
compared to other forces. Therefore, the influences of the two forces on water drop-
let behaviors can be neglected.

In this study, Uin and H are set as constant. As the simulation is performed
under isothermal condition, physical parameters qa, ta, r, and qw also are fixed.

Figure 9. Forces acting on a water droplet (color figure available online).
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Therefore, the alterable parameters are b, R, ha, hr, and l. Since forces acting on a
droplet are directly related to these alterable parameters, effects of roughness on
these parameters are explored. As the water droplet mainly moves along the flow
direction, i.e., x direction, emphasis is placed on forces which are in the x direction
including forces Fp, Fs, and FR. It is worth mentioning that liquid water may be lifted
from the GDL surface and moves in the y direction when the GDL contact angle
exceeds certain values [27], which is beyond the scope of the present study.

3.2.2. Effects of roughness on Fr, Fp, and Fs. From the expression of FR in
Eq. (11), it can be seen that FR is the integral around the triple-phase contact line. In
order to clearly show how the GDL surface roughness affects the triple-phase contact
line, liquid water distribution at z¼ 0.14mm at different times for different cases with
GDL contact angles at 125� and 145� are given in Figures 11 and 12, respectively. It
can be seen from the figures that the detached droplet does not fill the holes for all
cases. Instead, it moves on the top surface of the holes. Generally, a droplet on a rough
surface can be described by two models: namely, the Wenzel [42] and Cassie and
Baxter models [43]. The Wenzel’s model assumes that liquid wets and fills the rough
surface completely. On the contrary, the Cassie and Baxter model assumes that the
liquid water doesn’t fill the rough surface, and the interface between the liquid water
and rough surface is composed of both solid and gas. As can be seen in Figures 11 and
12, liquid water sits on the top surface of the roughness elements and air is trapped in
the hole which meets the Cassie and Baxter model. Thus, the detached droplet can be
called a Cassie droplet. Compared to the contact area between a water droplet and
smooth GDL surface, the contact area between the Cassie droplet and the rough
GDL surface consists of air-water and water-solid interfaces (schematically shown
in Figure 13), leading to a discontinuous triple-phase contact line. Therefore, the
triple-phase contact line on the rough GDL surface is shorter than that on the smooth
GDL surface, resulting in lower FR and thus smaller retentive force. For the contact

Figure 10. Forces acting on a water droplet on a smooth surface as a function of water droplet size (color

figure available online).
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area between a water droplet and rough GDL surface at 125� with a radius of about
70 mm (shown in Figure 13a), the triple-phase contact line is only about 50% of that on
the smooth GDL surface, leading to considerably reduced FR.

In order to compare the water distribution in GC with a rough GDL surface to
that in GCwith a smooth GDL surface, water distribution in GCwith a smooth GDL
surface (case 5) is also presented (as shown in Figure 14). It is clearly shown that the
apparent contact angle (the appeared contact angle labeled in Figure 14a) on the
rough GDL is higher than that on the smooth surface, although the initially given sta-
tic contact angle is the same. This is expected because surface roughness can enhance
the hydrophobicity of the rough surface [43]. A higher apparent contact angle gives
rise to the following impacts on forces. On the one hand, for the same water droplet

Figure 11. Liquid water distribution at z¼ 0.14mm at different times for different cases with a GDL

contact angle as 125�. (a) Case 1, (b) case 2, (c) case 3, and (d) case 4 (color figure available online).
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volume a higher contact angle means a relatively taller droplet. As can be clearly seen
in Figure 8, a taller droplet leads to a smaller b. According to Eq. (10), both Fp and Fs

increase when b decreases, resulting in higher detaching forces. On the other hand, for
the same water droplet volume a higher contact angle indicates a smaller contact area
between the droplet and the GDL surface. A smaller contact area leads to a shorter
triple-phase contact line and thus reduces the retentive force FR.

3.2.3. Effects of roughness on droplet removal time. The time required
for a water droplet to be removed out of the GC is a key parameter in water manage-
ment in the GC. Figure 15 presents the removal time of a water droplet for different

Figure 12. Liquid water distribution at z¼ 0.14mm at different times for different cases with a GDL

contact angle as 145�. (a) Case 1, (b) case 2, (c) case 3, and (d) case 4 (color figure available online).
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cases. Removal time of a droplet is defined as the time from the moment that a water
droplet just emerges from the emergence pore to the moment that the droplet has
finally been completely removed out of the GC. It can be seen that removal time in
GC with rough GDL surface is shorter than that in GC with smooth GDL surface,
implying quicker removal of a droplet in GC with a rough GDL surface. Obviously,
the total removal time of a droplet consists of the time of the droplet growth stage
(before the droplet is detached), and the time of the droplet detachment stage (after
the droplet is detached). The droplet detaches if the detaching force exceeds the

Figure 14. Liquid water distribution at z¼ 0.14mm at different times for the smooth case. (a) GDL

contact angle¼ 125�, and (b) GDL contact angle¼ 145� (color figure available online).

Figure 13. Schematic of the contact area between the detached droplet and GDL surface. (a) Rough

surface, and (b) smooth surface. Blue: liquid water, white: air (color figure available online).
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retentive force [44].

Fs þ Fp > FR ð12Þ

As discussed in section 3.2.2, GDL surface roughness can reduce the retentive force
and increase the detaching forces. Thus, it can be concluded that detachment occurs
earlier for a rough GDL based on Eq. (12), implying a shorter time of the droplet
growth stage. Additionally, a rough GDL surface also reduces the time of the droplet
detachment stage as the resistance force (namely FR) decreases and the driving force
(namely Fs and Fp) increases. Consequently, a rough GDL surface gives rise to
quicker removal of the droplet and decreases removal time of the droplet. In reference
[23], He et al. also studied the GDL surface roughness on liquid water removal time.
Their simulation results, however, found out that the removal time increases as the
GDL roughness increases. The contrary results obtained in the present study and
in reference [23] are due to different arrangements of the roughness elements. In ref-
erence [23], roughness elements (long rectangle ribs) are prominent above the bottom
GDL surface, thus hindering the liquid water movement.

3.2.4. Effects of roughness on the water coverage area on GDL
surface. Another important parameter related to water management in the GC is
the water coverage area on GDL surface. A smaller water coverage area on the
GDL surface is desirable for reactant transport. Figure 16 shows the time evolution
of the liquid water coverage ratio Acov on GDL surface for different cases with con-
tact angles at 125� and 145�. The x axis time s has been united by the liquid removal
time of each case. In Figure 16, the water coverage ratio on the GDL surface
decreases as GDL surface roughness increases. This is due to two factors. On the
one hand, higher surface roughness gives rise to a smaller detached droplet. On
the other hand, higher surface roughness enhances the hydrophobicity of the

Figure 15. Removal time of the water droplet in GC for different cases (color figure available online).
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GDL surface, and thus decreases the contact area between the droplet bottom and
the GDL surface.

3.2.5. Effects of roughness on pressure drop. Pressure drop in the GC is
another important parameter for fuel cell design. Compared to two-phase flow in
GC with a smooth GDL surface, pressure drop in GC with a rough GDL surface
will change due to two factors: one is the existence of roughness elements, and the
other is the change of droplet shapes due to the surface roughness. First, for
single-phase in micro-scale channels, surface roughness, even very small, will sig-
nificantly influence the friction factor [45, 46]. Mala and Li [45] reported that
the pressure drop in micro-channels is higher than the predictions using conven-
tional theory. Shen et al. [46] experimentally studied single-phase convective heat
transfer in rough rectangular micro-channels. They found that friction factor in
the regime of higher Re is higher than the predictions using conventional theory
and increases with increasing Re instead of keeping constant. Second, for
two-phase flow in micro-channels, surface roughness significantly affects the flow
patterns, which certainly affects the pressure drop. In this study, the surface rough-
ness gives rise to a taller detached droplet, as discussed in section 3.2.2. Figure 17
shows the pressure drop for different cases with contact angles at 125� and 145�.
The pressure drop in the figure is an averaged value by the removal time. It can
be observed that pressure drop increases with the increasing GDL surface rough-
ness, which is due to the increased roughness and the increasingly taller droplet for
higher roughness.

Finally, it may be useful to note that in our paper the characteristic of the sur-
face structure of the GDL is described by the terminology of roughness. This may
not be the most accurate description of the surface character of the GDL, but it is
accepted in reference [23] studying effects of GDL microstructures on liquid water
behaviors, and is also widely used in other fields where liquid water movements on
a surface with microstructures are considered [47–49]. From our understanding,
although the GDL is something like a porous medium when the movement of a
water droplet over the surface of GDL is concerned, its effects on the drop

Figure 16. Time evolution of water coverage ratio on a GDL surface for different cases. (a) GDL contact

angle¼ 125�, and (b) GDL contact angle¼ 145� (color figure available online).
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movement are actually very similar to a roughened surface. In addition, the pore
size and porosity adopted in our simulation (20 mm and about 0.5, respectively)
are quite close to the typical values of a carbon paper GDL (pore size 1-100 mm
and porosity about 0.8, which will be reduced if a hydrophobic agent PTFE is
added). The surface structure reconstructed based on such dimensions (Figure 2)
may be regarded as a surface with micro-roughness.

4. CONCLUSION

In this study, liquid water transport in a micro GC with a rough GDL surface
is investigated. Effects of GDL surface roughness on forces acting on a water droplet
are carefully explored. Effects of GDL surface roughness on liquid water removal
time, liquid water coverage area ratio on GDL surface, and pressure drop in the
GC also are studied. The main conclusions are derived as follows.

. A Cassie droplet is inclined to form in the micro GC with rough and hydrophobic
GDL surfaces. The GDL surfaces roughness increases the apparent contact angle
between the droplet and GDL surface, and decreases the triple-phase contact line.
Thus, the GDL surface roughness leads to lower retentive forces and higher
detaching forces acting on the water droplet.

. The GDL surface roughness accelerates the removal of a droplet. The higher the
roughness is, the less the removal time.

. The GDL surface roughness reduces the water coverage ratio on the GDL surface
because the roughness enhances the surface hydrophobicity. The rougher the sur-
face is, the less the GDL surface is covered by water.

. The GDL surface roughness increases the pressure drop in the GC. The rougher
the surface is, the higher the pressure drop is.

Figure 17. Averaged pressure drop for different cases (color figure available online).
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