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Numerical simulations using volume of fluid (VOF) method are performed to investigate the effects of the
surface microstructures of gas diffusion layer (GDL) on the dynamic behaviors of a water droplet in a
micro gas channel (GC) of proton exchange membrane fuel cells (PEMFCs). The detachment size of a drop-
let under different air velocity and GDL wettability is investigated. Simulation results show that the
microstructures of the GDL surface indeed affect the dynamics of water droplets. The directional distri-
butions of carbon fibers in the flow direction are desirable for detaching droplets from the GDL surface
and reducing flooding in GC. In addition, a force analytical model is developed, which takes into account
the effects of microstructures of GDL surface as well as the surface tension force due to droplet deforma-
tion with some simplified assumptions. It is found that surface tension force due to the droplet deforma-
tion cannot be simply ignored when analyzing forces acting on the droplet, as the contact angle hysteresis
is usually relatively large.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Many researchers have highlighted the requirement of proper
water management in proton exchange membrane fuel cell (PEM-
FC), and carried out extensive studies to investigate liquid water
transport processes in PEMFC. Reviews of these studies have been
presented in Refs. [1–3]. To enhance water management, liquid
water transport processes in the porous components, namely gas
diffusion layer (GDL) and catalyst layer (CL), and in the GC should
be fully understood. Liquid water transport process in GDL is
essentially the transport process of liquid water in microscopic
porous media with anisotropic structures and mixed wettabilities
[4,5]. Liquid water transport process in GC is of great importance
as GC acts as the first step to distribute reactant to the reactive site
and as the last step to drain the liquid water out of PEMFC. This
transport process in GC can be generalized as liquid water trans-
port processes in micro channels, which is affected by various
operating conditions such as airflow rate [6], inlet humidity [7],
operating temperature [8], and operating load [9]. It is also affected
by several geometrical parameters including layouts of GC [10],
cross sections of GC [11], the number of channels and the land/
channel width ratio [12] and GC surface wettability [13].

In the GC, liquid water emerging from the GDL may develop
into different flow patterns including films, droplets or slugs,
depending on the operating conditions and geometries and wetta-
012 Published by Elsevier Ltd. All r
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bilities of GDL and GC [14]. Among them, water droplet movement
in the GC is one of the most observed and important phenomena.
Using a transparent PEMFC, Yang et al. [14] observed the dynamic
behaviors of droplet emergence, growth departure and coalesce.
They found that liquid water droplets emerge from GDL at a spe-
cific, repeated location at the GDL/GC interface. Theodorakakos
[15] experimentally predicted the detachment processes of water
droplets in the GC. The dynamic contact angles and detachment
size of droplets for the surface of different GDL materials under
varying air velocities were investigated in detail. The dynamic
behaviors of a droplet are combined results of several forces
including shear force, pressure force and surface tension force.
Zhang et al. [6] analyzed forces acting on a static water droplet
on GDL surface and predicted the detachment diameter of water
droplets under different air flow rates. Kumbur et al. [16] proposed
a simplified model to predict the onset of water droplet instability
on a GDL surface subjected to air flow based on a macroscopic force
balance analysis. More recently, Hao and Cheng [17] further took
into account the effects of the surface tension force due to the con-
nection between a droplet and the GDL pore which was neglected
in Refs. [6,16]. However, they ignored the surface tension force due
to droplet deformation in their macroscopic force balance analyti-
cal model for the convenience of calculation, leading to underesti-
mation of the droplet detachment size [17].

Obviously, CFD modeling can provide more details of the
dynamics of a droplet under various operating conditions and geo-
metrical conditions. Recently, the volume of fluid (VOF) method
has also been applied to explore dynamic behaviors of water drop-
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Nomenclature

a acceleration [m s�2]
A area [m2]
b distance between the top of the droplet and the top face

of the control volume [m]
C volume fraction function
C1 geometric factor of rough GDL surface
d carbon fiber diameter [m]; equivalent diameter of the

GDL emergence pore [m]
F momentum source term related to surface tension [N]
g gravity acceleration [m s�2]
H height of the GC [m]
l length [m]
k mean curvature of the interface [m]
m mass [kg]
n surface normal
P pressure [Pa]
R radius [m]
t time [s]
u velocity vector [m s�1]
Uin average air inlet velocity [m s�1]
w width of the droplet base [m]

Greek symbols
a azimuthal angle
e porosity
l dynamic viscosity [N s m�2]
r surface tension coefficient [N m�1]
h contact angle [�]
q density [kg m�3]
m viscosity [m2 s�1]
x,y coordinate

Subscripts
a advancing contact angle
c constant
f fiber
GC gas channel
in inlet
k kth fluid
l liquid water
g gas
r receding contact angle
s static contact angle
stf surface tension force
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lets in the GC, due to its capacity of considering surface tension
force and wall adhesion and of tracking liquid–gas interface
[15,18–38]. These studies using VOF can be divided into different
categories. For the computational domain, some focused on the
GC [15,18–29,36–38], some further considered the cathode of the
PEMFC [30–32,35], and some took the whole PEMFC into account
[33,34]. For initial liquid water distribution, some started the sim-
ulation with initial given liquid water distribution [18–
25,30,33,34,37,38] while others performed the simulation with li-
quid water gradually entering the GC from GDL pores [15,26–
29,31,32,35,36]. For the GC bottom surface consisting of GDL, some
simply used smooth bottom surface [15,18–29,37,38] while some
tried to involve the GDL surface microstructures [24,29,35,36]
For the coupling process of liquid water and reactants transport,
some concentrated on the liquid water behaviors [15,18–32,36–
38] and some further [33–35] simulated the coupled process of li-
quid water transport and reactant transfer. Note that as a macro-
scopic interface-capturing method, VOF requires additional
artificial algorithms for constructing the phase interfaces; besides,
the no-slip boundary condition at the solid surface is inconsistent
with the actual moving of the triple-phase line over the solid
phase. Since the interface phenomena essentially results from the
molecular interactions, some more fundamental methods involv-
ing these interactions have been adopted to simulate two-phase
flows in GC, such as lattice Boltzmann method (LBM) [17]. Never-
theless, the VOF has shown itself as an powerful and efficient tool
for exploring liquid water dynamics in GC, as demonstrated by
large amounts of previous studies [15,18–29,36–38].

In PEMFC, the GDL is made of porous materials structured by
carbon fibers, such as carbon paper and carbon cloth. In a carbon
paper GDL, the carbon fibers are disarranged and misaligned, lead-
ing to microscopically complex structures of GDL with random dis-
tribution of pore sizes. Therefore, the GDL surface, or the bottom
surface of the GC is very rough, as shown in Fig. 1. Obviously, the
surface microstructures of the GDL will affect liquid water behav-
iors in micro GC, since surface tension force, one of the dominant
forces acting on a droplet, is closely related to the surface micro-
structures. As have been demonstrated in the subject studying slid-
ing behaviors of droplets on titled rough surface [39], surface
microstructures significantly influence the shape, length and conti-
nuity of the triple-phase contact line which is directly related to
the water droplet detachment and movement. However, the force
analysis method mentioned above usually neglects the effects of
GDL surface microstructures, and very few CFD simulations have
considered such effects [24,29,36]. Therefore, further work is re-
quired to study the effects of the GDL surface microstructures on
liquid water behaviors in the GC.

This paper is organized as follows. First, dynamic behaviors of a
water droplet in the GC with GDL of different microstructures are
studied. Emphasis is placed on the effects of the GDL surface
microstructures on liquid water detachment process. Then, an ana-
lytical model for predicting the droplet detachment size based on
previous studies [16,17] is developed, where the effects of GDL sur-
face microstructures as well as the force due to droplet deforma-
tion (both of which are usually neglected in previous studies) are
considered. Finally, conclusions are presented.
2. Physical model and numerical method

2.1. Numerical method

CFD commercial software FLUENT 6.3.26 [40] in conjunction
with VOF method is used to investigate the liquid water behaviors.
FLUENT uses a control-volume-based technique to discretize gov-
erning equations into forms that can be solved numerically. Pres-
sure-based segregated solver for an unsteady laminar flow with
Green–Gauss cell based gradient evolution and first order implicit
temporal discretization are used. An explicit VOF formulation is
adopted to track the interface between the liquid water and air.
The PISO scheme is used for the velocity–pressure coupling. For
all the simulations in this study, the residual of the continuity
and velocity are set to 10�4 to ensure the simulation converged.

The first algorithm of VOF was developed by Hirt and Nichols
[41]. In the VOF method, a volume fraction function Ck of the kth
fluid which is computed in each computational cell is defined.
Ck = 1 means the computational cell is full of the kth fluid,
0 < Ck < 1 means the computational cell is partially occupied by



Fig. 1. SEM image of the microstructures of a carbon paper GDL (TGP 60 with 5%
PTFE content, taken by the author’s group in Xi’an Jiaotong university, China).
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the kth fluid, and Ck = 0 means there is no kth fluid in the compu-
tational cell. The sum of Ck in a computational cell is unit:X

Ck ¼ 1 ð1Þ

The tracking of the interface is accomplished by solving the follow-
ing equation in each computational cell:

@ðCkqkÞ
@t

þr � ðCkqkukÞ ¼ 0 ð2Þ

where t is the time, q is the density and u is the velocity. The gov-
erning equations of velocity field are the continuity equation and
the Navier–stokes equation:

@ðqÞ
@t
þr � ðquÞ ¼ 0 ð3Þ

@ðquÞ
@t

þr � ðquuÞ ¼ �rpþr � ½lðruþruTÞ� þ qgþ F ð4Þ

where p is the pressure, q and l are volume averaged density and
dynamic viscosity, respectively, which are calculated with linear
interpolation using the volume fraction function Ck:

q ¼
X

qkCk ð5Þ

l ¼
X

lkCk ð6Þ

F in Eq. (4) is a momentum source term related to surface tension
by adopting the continuum surface force (CSF) model [42]:

F ¼ 2rk
qrCk

ðq1 þ q2Þ
ð7Þ

where r is the surface tension coefficient and k is the mean curva-
ture of the interface which is computed from the local gradient of
surface normal n at the interface:

k ¼ r � n
jnj

� �
ð8Þ

and n is defined as the gradient of Ck:

n ¼ rCk ð9Þ
2.2. Computational domain

In this work, only the microstructures created by fiber ridges
are considered, while the microscopic roughness of the individual
fiber is neglected. Fig. 2(a)–(c) show three types of microstructures
of GDL surface under consideration, where the carbon fibers are
represented by lathy rectangles with square cross-section. The car-
bon fibers are cylinders in practice but here rectangles are used for
the purpose of grid generation convenience. In Fig. 2(a), these rect-
angles evenly crisscross generating uniformly distributed square
cavities between adjacent carbon fibers, and this type is called
crisscross distribution. The rectangles are only distributed parallel
to the flow direction in Fig. 2(b) (called parallel distribution) while
they are only aligned orthogonal to the flow direction in Fig. 2(c)
(orthogonal distribution). The side length of the square cross sec-
tion of each carbon fiber is 16 lm, which is somewhat large than
the typical diameter of carbon fibers in the GDL of 7 lm. This is be-
cause in a real GDL the PTFE coating and overlap of carbon fibers
would increase the apparent diameter of carbon fibers. In the study
of Park et al. [5], such relatively large fiber size is also used to
investigate liquid water transport in a porous GDL. The gap be-
tween adjacent carbon fibers is 24 lm. The above structures are
somewhat simplified models of the real structures of the GDL. Nev-
ertheless, manufacturing GDL with directional carbon fibers is
practically possible as reported by Naing et al. [43].

Fig. 2(d) shows the computational domain composed of a rect-
angle GC with bottom surface of the GDL with surface microstruc-
tures constructed above. The width, height and length of the GC are
340, 300 and 1200 lm, respectively. The size of the GC is typical for
micro PEMFC and such size is also widely used in previous studies
about liquid water dynamic behaviors in GC [17,26,27]. The bot-
tom surface of the GC, namely the GDL surface, is partly rough with
the remaining part being smooth, which is for the consideration of
saving computational resources as excessive meshes are required
to adequately describe the rough region. However, the part with
GDL surface microstructures is sufficiently long, with length of
about 680 lm, that the formation, detachment and subsequent
movement of a droplet can be completely captured. A square mi-
cro-pore with side length of 60 lm is located on the rough GDL
surface, which serves as emergence pore where liquid water enters
the GC from the GDL. The size of the emergence pore is typical pore
size of GDL in practical PEMFC. Similar size is also used in previous
studies of liquid water dynamic behaviors in GC. For example, the
pore size is 60 lm in Ref. [26] and is 90 lm in Ref. [17]. The whole
computational domain is discretized by about 770,000 hex meshes
after grid dependence check. The grid independence is checked by
using three different grids of 431,650, 770,462 and 908,460 for the
crisscross distribution case. Time step is set as 10�7 s. The time step
independence is checked by using three time steps as 10�7,
1.5 � 10�7 and 88 � 10�8 s for the crisscross distribution case with
grids of 770,462. The criteria used for determining the grid and
time step dependence is the time evolution of amount of liquid
water in the computational domain.

The top wall and two side walls of the GC are hydrophilic with
contact angle of 60�. The GDL is hydrophobic with contact angles
varying from 120� to 160�. Inlet velocity of the liquid water
through the emergence pore is fixed as 0.1 m s�1 [26]. For a fuel
cell current density as 1 A cm�2, assumed all the water generated
is liquid, liquid water generation rate is about 9.34 � 10�5 ml s�1 -
cm�2. For a reactive area of 10 cm2, the liquid water injection rate
specified here is enough to drain all the liquid water from CL
through GDL to the GC. The air velocity at the GC inlet ranges from
5 m s�1 to 15 m s�1 in the simulations, typical range studied in the
literature [17,26]. Outflow boundary condition is applied to the
outlet of the GC. No-slip boundary conditions are used for all the
solid walls in the computational domain.
3. Results and discussion

3.1. Droplet behaviors in the GC

Figs. 3–5 show the dynamic behaviors of a water droplet in GC
with the three different GDL surface microstructures, where the



Fig. 2. Computational domain with rough GDL of different surface structures. (a) Crisscross distributions, (b) parallel distributions, (c) orthogonal distributions, (d) the final
computational domain composed of a rectangle GC with GDL.
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GDL contact angle is 140� and the air inlet velocity is 10 m s�1. It
can be observed from the three sets of images that the overall dy-
namic behaviors of the droplet are similar. Therefore, only the sim-
ulation results in Fig. 3 for crisscross distributions of carbon fibers
are discussed. In Fig. 3, liquid water enters the GC forming a drop-
let (Fig. 3(a)). The droplet initially maintains a nearly spherical-cap
shape due to the dominated surface tension force (Fig. 3(b)). As the
droplet grows bigger, the GC is more blocked and air flow around
the droplet becomes increasingly faster. The faster air flow exerts
stronger shear force and pressure force on the liquid droplet and
thus stretches the liquid water towards downstream (Fig. 3(c)),
leading to the formation of a neck between the bulk droplet and
the emergence pore. As time progresses, the droplet grows so big
that the shear force and pressure force surpass the surface tension
force and greatly displace the bulk of the droplet downstream.
Consequently, the bulk droplet detaches from the emergence
GDL pore and moves rapidly towards the outlet of the GC
(Fig. 3(d)). Fig. 3(e) shows the typical flow field around a droplet
at t = 0.00764 s. The above dynamic behaviors of water droplets
in the GC in Figs. 3–5 can be generally described as droplet forma-
tion, deformation, detachment and final removal, and are similar to
that in Ref. [27], thus validating the simulations of the present
study to some degree.

More careful inspection of the simulation results reveals some
differences directly caused by the microstructures. The movement
of a droplet on the GDL surface is essentially the advancement of
the triple-phase contact line, which depends on the shape, length
and continuity of the triple-phase contact line. For the parallel dis-
tributions, along each fiber the triple-phase contact line is contin-
uous in the flow direction. Thus, for the parallel distributions, the
droplet can advance smoothly in the flow direction. For the orthog-
onal distribution, along each fiber the triple-phase contact line is
continuous perpendicular to the flow direction. It appears that
the regularly spaced carbon fibers create periodic barriers to the
movement of the water droplet in the flow direction, leading to
discontinuous movement of the triple-phase contact line in the
flow direction. The triple-phase contact line is pinned to the edge
of the foremost carbon fiber until the front of the droplet arrives
at the next carbon fiber in the flow direction and the triple-phase
contact line then jumps to the next carbon fiber. Thus, the triple-
phase contact line proceeds in a pin-jump fashion which is differ-
ent from the continuous movement in the parallel distributions.
For the crisscross distributions, the characteristics of movement
of triple-phase contact line falls between that for parallel and
orthogonal distributions.

Generally, depending on how a droplet forms on a rough solid
surface, at least two different wetting types exist. For the first type,
the water droplet completely fills the gaps between neighboring
rough elements, and such wetting type is described by Wenzel’s
model [44]. The second type occurs when the water droplet only
sits on the top surface of the roughness elements, leaving gas
trapped in the gap beneath the droplet, and is described by Cassie’s
model [45]. In the Cassie’s type of wetting, the contact area be-
tween the droplet and the rough surface is composite including
both water–gas area and water–solid area. Fig. 6 shows the li-
quid–gas interfaces at certain cross-sections. As can be seen in
Fig. 6, all the droplets sit on the top surface of carbon fibers and
don’t fill the gap between the neighboring carbon fibers, and air
pockets are trapped in the gaps. This suggests that Cassie’s droplets
are formed on the rough GDL surface. Note that if the distance be-
tween the adjacent carbon fiber is relatively large, the droplet will
infiltrate the gaps and is likely to form a Wenzel droplet. In the
above simulation, the distance between neighboring carbon fibers
lf, which can be roughly considered as the pore size of the GDL sur-
face, is 24 lm. Generally, the intrinsic pore size of a carbon paper
GDL is in the range of 1–100 lm [46]. In our previous work, we
simulated the formation process of a droplet on the hydrophobic
GDL surface with crisscross distributions of carbon fibers, where
lf varies from 20 to 60 lm. All the simulation results clearly show
the formation of Cassie’s droplets on rough hydrophobic GDL sur-
face [36]. In fact, our simulation results agree with the experimen-
tal results in Ref. [47] where the transition from Cassie to Wenzel
occurs when distance between pillars is greater than 110 lm. It is
worth mentioning that the wetting type is not only related to the
fiber gap but also related to depth of the gap, and if the depth de-
creases, wetting type may change to Wenzel’s type. In fact, as
shown in SEM of the carbon paper GDL (Fig. 1), Wenzel’s and Cas-
sie’s wetting type coexist when a droplet sits on the GDL surface as



Fig. 3. Dynamic behaviors of the water droplet at the GDL/GC interface for crisscross distribution case with GDL contact angle of 140� and the air inlet velocity of 10 m s�1. (a)
t = 0.00364 s, (b) t = 0.00764 s, (c) t = 0.0104 s, (d) t = 0.01044 s, (e) is the flow field around the droplet at t = 0.00764 s.

Fig. 4. Dynamic behaviors of the water droplet at the GDL/GC interface for orthogonal distribution case with GDL contact angle of 140� and the air inlet velocity of 10 m s�1.
(a) t = 0.0074 s, (b) t = 0.0108 s, (c) t = 0.0144 s.
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the depth of pores varies from one layer of fibers to tens of layers of
fibers. In the present study, we consider the other layers of the car-
bon fibers in carbon paper GDL follow the same arrangements of
the first layer that described in our simulations (Manufacturing
carbon paper GDL with such regular structures is practically possi-
ble currently as reported by Naing et al. in Ref. [43]). Thus, each gap
between adjacent fibers can penetrate the whole GDL, the depth of
which is the thickness of the GDL with typical value of about
200 lm. Under such circumstance, only Cassie’s droplets form.

3.2. Droplet detachment size

To further study the effects of the GDL surface microstruc-
tures, liquid water transport processes in the GC with GDL with



Fig. 5. Dynamic behaviors of the water droplet at the GDL/GC interface for parallel distribution case with GDL contact angle of 140� and the air inlet velocity of 10 m s�1. (a)
t = 0.00284 s, (b) t = 0.00764 s, (c) t = 0.00988 s.

Fig. 6. Liquid–gas interfaces at certain cross-sections of the computational domain. (a) Crisscross distributions, (b) orthogonal distributions, (c) parallel distributions.
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surface microstructures, as well as with a completely smooth
GDL are simulated under different inlet air velocities Uin and
GDL contact angles h. Detachment size (or critical detachment
radius), defined as the radius of a sphere the volume of which
equals the volume of the droplet just detached from the emerg-
ing pore, is an effective measurement of the capacity of a GDL
surface to shed droplets. Small detachment size indicates that
the GDL surface facilitates the detachment of a droplet adhered
to it. Fig. 7(a) and (b) shows the droplet detachment size at dif-
ferent GDL contact angles and different Reynolds number Re,
respectively. Re is calculated by Re = UindGC/tair with dGC being
the hydraulic diameter of the GC. As expected, the droplet
detachment size decreases as Re increases or GDL contact angle
increases. One interesting observation is that the detachment
size for the cases with GDL surface microstructures is always
smaller than that for the smooth GDL surface case, indicating
that GDL surface microstructures are helpful for shedding the
droplet. The effects of the GDL surface microstructures become
more apparent for smaller Re or lower GDL contact angle, due
to increased contact area between droplet base and the GDL sur-
face. In addition, the detachment size for the three cases with
microstructures differs from each other, the parallel distributions
result in the shortest detachment size, followed by the crisscross
distributions and finally the orthogonal distributions, demon-
strating that the parallel distribution of carbon fiber facilitates
movement of the droplet in the flow direction in GC. Thus, par-
allel distributions are the desirable surface structures for reduc-
ing the flooding in the GC. As mentioned above manufacturing
GDL with directional carbon fibers is practically possible as re-
ported by Naing et al. in Ref. [43].
4. Analytical model for a droplet at the GDL/GC interface

In this section, an analytical model regarding forces acting on
a control volume including a droplet is used to predict the drop-



Fig. 7. Numerical results and predicted results using force analytical model for
water droplet detachment size. (a) Droplet detachment size at different GDL contact
angles, (b) droplet detachment size at different Reynolds number Re (defined as
Re = UindGC/tair, where dGC is the hydraulic diameter of the GC, Uin is the air inlet
velocity and tair is the dynamic viscosity of the air).

Fig. 8. Schematic of the analytical force balance at the GDL/GC interface. (a)
Schematic of a droplet at the GDL/GC interface subjected to air flow, (b) control
volume including the droplet and the air around, (c) droplet base.

258 L. Chen et al. / International Journal of Heat and Mass Transfer 60 (2013) 252–262
let detachment size at the GDL/GC interface. This model is based
on the work of Zhang et al. [6], Kumbur et al. [16] and Hao and
Cheng [17]. In the present study, we further take into account
the effects of the GDL surface microstructures as well as the sur-
face tension force due to droplet deformation. We propose a
scheme to incorporate the effects of the surface microstructures.
Fig. 8(a) shows a schematic of a droplet at the GDL/GC interface
subjected to air flow. The control volume under consideration is
ABDC including the droplet and the air around, with a depth
equal to the diameter of the droplet, as shown in Fig. 8(b).
Forces acting on the control volume include the pressure force
Fp created by pressure difference, shear force Fshear1 and Fshear2

generated by the top wall and the bottom wall of the GC,
respectively, surface tension force Fx,stf2 between the bottom wall
of the GC and the droplet base and surface tension force Fx,stf1

between the droplet and the GDL emergence pore. The forces
mentioned above are analyzed as follows, with emphasis on
the surface tension force due to water droplet deformation and
the effects of surface microstructures while the details of other
forces can be found in [6,16,17].
4.1. Surface tension force due to water droplet deformation

Under the air flow from the inlet of the GC, the triple-phase con-
tact line between the droplet base and the GDL/GC interface is in
actual motion. The contact angle around the triple-phase contact
line doesn’t remain the static contact angle initially given. Instead,
it dynamically changes in the flow direction. The dynamic contact
angle at the front of the droplet is called advancing contact angle ha

and that at the rear is called receding contact angle hr. Thus, the
droplet presents a deformed shape deviating from spherical shape,
leading to the surface tension force Fx,stf2 due to droplet deforma-
tion as shown in Fig. 8(c). Fig. 8(c) shows the droplet base, i.e.,
the contact interface between the bottom of the droplet and the
GDL surface. Assume that the droplet base is circular (which is a
relatively strong assumption [48], but is widely adopted in previ-
ous analysis [16,17]), Fx,stf2 can be calculated by the following [16]

Fx;stf 2 ¼
Z 2p

0
rw

2
cosðp� hÞ cosðaÞda ð10Þ

where w is the droplet contact width on the GDL surface orthogonal
to the flow direction, which can be obtained by the following
expression based on the assumption of circular droplet base

w ¼ 2R sin hs ð11Þ

where R is the radius of the droplet, and hs is the static contact angle
of the GDL surface which equals the contact angle prescribed ini-
tially. To calculate the integral in Eq. (10), a relationship between
dynamic contact angle h and the azimuthal angle a is required. Dif-
ferent relationships exist in literature. For example, Ref. [16] sug-
gested that the contact angle lineally changes from the front to
the rear of a droplet along the triple-phase contact line, while Ref.
[17] assumed that the contact angle at the front half part and the
rear half part of a droplet is assumed to be constant advancing or
receding contact angle. If the contact angle lineally changes from
the front to the rear of a droplet along the triple-phase contact line,
Fx,stf2 becomes [16]

Fx;stf2 ¼ rp w
2
ðsin hr þ sin haÞ

hr � ha

ðhr � ha þ pÞðhr � ha � pÞ

� �
ð12Þ

On the other hand, if the contact angle at the front half part and the
rear half part of a droplet is assumed to be constant advancing or
receding contact angle, respectively, Fx,stf2 is expressed as [17]



Fig. 10. Contac angles inside the droplet base (for the orthogonal distributions).
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Fx;stf2 ¼ rwðcos hr � cos haÞ ð13Þ

The above analysis of Fx,stf2 is for the case of smooth GDL surface. To
the best of our knowledge, there is no study considering the effects
of GDL surface microstructures in literature. In the present study,
we try to take into account the effects of GDL surface microstruc-
tures. For the GDL with surface microstructures, the droplet formed
is Cassie’s type and the contact interface is composed of both li-
quid–solid interface and liquid–air interface. Fig. 9 schematically
shows the composite contact interface and the shape of the triple-
phase contact line on the GDL with microstructures. Obviously,
the composite contact interface generates discontinuous triple-
phase contact line, as schematically shown in Fig. 9, which leads
to reduced Fx,stf2. Clearly, the shape and length of the triple-phase
contact line greatly depends on the specific structures of the GDL
surface, implying that it is difficult to obtain general expressions
for Fx,stf2 on the GDL surface with microstructures as a function of
the bulk properties of a GDL. Here, we assume that the ratio of
the length of the triple-phase contact line to the whole perimeter
of the droplet base equals the porosity of the GDL (1 � e) with e
as the porosity of the GDL. Thus for the crisscross distribution and
parallel distribution, Fx,stf2 can be calculated by the following
expression which is a modified version of Eq. (10)

Fx;stf2 ¼
Z 2p

0
ð1� eÞrw

2
cosðp� hÞ cosðaÞda ð14Þ

The porosity e for crisscross distributions, parallel distributions and
orthogonal distributions are calculated by

ec ¼
l2
f

ðdf þ lf Þ2
; ep ¼

lf

df þ lf
; eo ¼

lf

df þ lf
ð15Þ

respectively, where df is the diameter of the carbon fibers and lf is
the distance between the carbon fibers.

Eq. (14) only considers the peripheral triple-phase contact line
of the droplet base. Obviously, triple-phase contact line also exists
within the contact interface between the droplet base and the GDL
surface. However, contact angle difference is not observed in this
region, as shown in the dashed circle in Fig. 10. Thus, such inner
part of the triple-phase contact line contributes little to the surface
tension force Fx,stf2.

For the orthogonal distribution, the receding contact angle and
the advancing contact angle form on the last and the first carbon
fiber that contact with the droplet base, respectively, as shown in
Fig. 9(c). The two carbon fibers greatly increase the surface tension
force as the length of the triple-phase contact line w1 on them is
relatively long. Obviously, w1 changes as the droplet moves. Here,
we simply assume that it can be calculated by the following
expression

w1 ¼ C1w ð16Þ
Fig. 9. Droplet base and triple-phase contact line on the GDL surface with microstructure
where C1 is a geometric factor. Note that C1 is not constant because
it changes as the droplet moves, and in the present study it is set as
0.1 because this value leads to the best agreement with the numer-
ical simulation results in Section 3. Thus, Fx,stf2 for the orthogonal
distributions of carbon fibers is obtained by

Fx;stf2 ¼
Z 2p

0
ð1� eÞrw

2
cosðp� hÞ cosðaÞdaþ C1rwðcos hr

� cos haÞ ð17Þ
4.2. Surface tension force due to the connection between the water
droplet and the emergence pore

The connection between the droplet and the emergence pore
generates the following surface tension force [17]

Fx;stf1 ¼ �prd ð18Þ

where d is the equivalent diameter of the emergence pore.

4.3. Shear force on the control volume

When upstream air encounters the droplet, it will flow in the
space between the droplet and the front wall (with flow rate Q1),
the back wall (with flow rate Q2), and the top wall of the GC (with
flow rate Q3). For the convenience of calculating the corresponding
shear force, it is commonly assumed that the upstream air flow
flows in the space between the droplet and the top wall of the
GC [16,17]. Under such assumption, the flow rate between the
droplet and the top wall of the GC is Q = Q1 + Q2 + Q3, and the total
shear force at the front, back and top faces of the control volume
now is approximately calculated on the top face of the control vol-
s. (a) Crisscross distributions, (b) parallel distributions, (c) orthogonal distributions.
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ume (Note that the shear force is a linear function of velocity as
shown in Eq. (19), hence it is also a linear function of the volume
rate, thus it can be summed up). The air flow exerts a shear force
on the top wall of the GC. Thus, the top wall imposes a counter
shear force on the top face of the control volume. The shear force
can be calculated by [16,17]

Fshear1 ¼ �
24R2HgaUin

b2 ð19Þ

where b is the distance between the top of the droplet and the top
face of the control volume, H is the height of the GC and Uin is the
average air inlet velocity (see Fig. 9(a)).

Note that in Ref. [17] an additional assumption is made, namely
the droplet should be far from the front wall and the back wall. We
consider this assumption is unreasonable. This is because if the
droplet is far from the front and back walls, the air flow will mainly
flows between the droplet and the front wall (and back wall),
rather than flows between the droplet and the top wall. Actually,
based on the first assumption that upstream air flow flows in the
space between the droplet and the top wall of the GC, we believe
that whether the droplet is close to the front and back walls or
not has slight effect on the shear force calculated by Eq. (19), as
the shear force at the front and back walls have already been
implicitly considered in Eq. (19).

Little air flows around the bottom wall of the GC and shear force
there can be neglected. Furthermore, the shear force due to the
droplet motion also can be ignored because the movement of the
droplet is extremely slow. Overall, the shear force on the bottom
face of the control volume is negligible.

4.4. Pressure force

The pressure force along the flow direction can be calculated by
the pressure difference Dp between the left and right faces of the
control volume

FP ¼
48H2R2gaUin

b3 ð20Þ

where A is the cross sectional area of the control volume equal to
2wH.

4.5. Other forces

In the analysis, only forces in the flow direction are considered
because liquid water mainly moves streamwisely. Other forces
including gravity force, buoyancy force and lift force perpendicular
to the flow direction are not taken into consideration. In fact, the
above three forces are volume force, which are much smaller com-
pared with other forces, as roughly evaluated in our previous study
[36].

4.6. Force balance on the control volume

According to Newton second law, the product of the quality and
the acceleration is equal to all the forces acting on the mass

Fsum ¼ mairaair þmdropletadroplet ð21Þ

The first term on the right hand is zero due to the fully developed
air flow assumed. Further, the second term also can be ignored as
the acceleration of the droplet is extremely slow. Thus

Fsum ¼ FP þ Fshear þ Fx;stf1 þ Fx;stf2 ¼ 0 ð22Þ

Substituting the derived expressions of the four forces and replacing
b in terms of R, (b = H � R⁄(1 � coshs)) lead to the final form of force
balance on the control volume
48R2H2gaUin

ðH � Rð1� cos hsÞÞ3
¼ 24HR2gaUin

ðH � Rð1� cos hsÞÞ2
þ prdþ Fx;stf2 ð23Þ

In Ref. [17] it is assumed that the droplet keeps a spherical-cap
approximately with the neglect of the deviation from the spherical
shape. Based on this assumption, surface tension force Fx,stf2 was
considered to be very small compared with Fx,stf1 and was ignored
[17]. Such a treatment leads to solution convenience of Eq. (23).
However, it does not agree with the practical situation where the
droplet greatly deforms before detachment as shown by the simu-
lation results in the present study as well as in the experiments
by Theodorakakos et al. [15] (see Fig. 7 in Ref. [15]) and Kumbur
et al. [16]. Table 1 lists the receding contact angle and advancing
contact angle measured for inlet air velocity of 10 m s�1 obtained
by the present simulation and the experiments in Refs. [15,16]. It
can be seen that the contact angle hysteresis is as much as 70�–
90�. Obviously, such considerable deformation of the droplet gener-
ates sufficiently big Fx,stf2 according to Eq. (12) or Eq. (13). Here, the
values of Fx,stf1 and Fx,stf2 on a smooth GDL surface are roughly esti-
mated. In the estimation, hs, ha and hr are assumed to be constant as
140�, 155� and 70�, respectively, based on the date listed in Table 1.
The diameter of the emergence pore d is 60 lm. Fig. 11 shows the
variations of the surface tension forces with the width of the droplet
base. The droplet base width varies from 100–240 lm, typical value
for a droplet on the set of detachment at the GDL/GC interface
[16,27]. As shown in Fig. 11, Fx,stf2 is comparable to or even greater
than Fx,stf1 and it cannot be simply neglected.

4.7. Droplet detachment size

Eq. (23) indicates a critical point at which the droplet is on the
set of detachment. This point is called the point of instability [16].
Any increase in the driving pressure force at this point will lead to
the entrainment of the droplet. Thus, Eq. (23) can be used to pre-
dict the critical radius of the droplet prior to its detachment from
the emergence pore, which is the key to understand the mecha-
nisms of droplet retention on the GDL surface. Before solving Eq.
(23), the main difficulty is to determine the two dynamic contact
angles ha and hr which depend on several parameters including
air flow rate in the GC, droplet size and GDL surface wettability
and structures [16]. It is difficult to obtain meaningful expressions
for the two dynamic contact angles that completely account for all
the factors involved. In fact, the mechanism of the formation of the
contact angle hysteresis (difference between ha and hr) is still un-
clear. In this study, the following expressions are used which are
somewhat simple

hr ¼ hs � hw;r ; ha ¼ hs þ hw;a ð24Þ

where hw,r and hw,a are set to be constant values of 45� and 10�,
respectively.

The contact angle at the front half part and the rear half part of a
droplet is assumed to be constant advancing or receding contact
angle, respectively, corresponding to Eq. (13). Newton iterative
method is used to solve Eq. (23) and the critical radius R for differ-
ent air inlet velocity, GDL static contact angle and GDL emergence
pore size are obtained. The predicted results are shown in Figs. 7
and 12. The values of geometrical parameter and physical param-
eters required for solving Eq. (23) are the same as that in the sim-
ulations in Section 3.

Fig. 7(a) shows the dependence of the critical detachment ra-
dius on contact angle, together with results obtained from simula-
tions using VOF in Section 3 as well as that predicted using Eq. (24)
in Ref. [17] in which Fx,sft2 is ignored. It can be observed that ignor-
ing Fx,sft2 always underestimates the droplet detachment size, as
also reported in Ref. [17]. With this surface tension force taken into
account, the present results predicted using Eq. (23) are in better



Table 1
Contact angles of a droplet on the GDL surface with air inlet velocity as 10 m s�1.

GDL Contact angle Ref

Static Advancing Receding

Crisscross distribution 140� 154� 73� The present study
Parallel distribution 140� 151� 68�
Orthogonal distribution 140� 149� 64�
Carbon paper 1 125� 140� 50� [15]
Carbon paper 2 130� 140� 70�
PTFE 5% ha � hr = 58�, Obtained by linear interpretation of Fig. 7 in Ref. [16] [16]
PTFE 20% ha � hr = 76�, Obtained by linear interpretation of Fig. 7 in Ref. [16]

Fig. 11. Evaluation of the surface tension forces acting on a droplet.

Fig. 12. Droplet detachment radius for different GDL emergence pore size.
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agreement with the simulation results. The discrepancies between
the present predicted values and the simulation results are mainly
due to the simple calculation of the receding and advancing con-
tact angles using Eq. (24). Fig. 7(b) shows the dependence of the
critical detachment diameter on Re, which confirms the necessity
of taking Fx,sft2 into consideration. The agreement between the pre-
dicted value using Eq. (23) in the present study and the simulated
results are not perfect for small and high Re, compared with that
for moderate Re. This may be due to the incompletely precise esti-
mation of the hysteresis. The ignorance of the droplet creeping
velocity is another possible reason, as pointed out in Ref. [17].
Overall, fully accounting for the contact angle hysteresis is very
important to accurately predict the detachment behaviors of the
droplet.

Fig. 12 shows the dependence of the critical detachment diam-
eter on GDL emergence pore size. The droplet detachment size in-
creases as the GDL emergence pore size increases, due to increased
Fx,stf1 according to Eq. (18). Besides, effects of the GDL surface
microstructures gradually become weaker as the diameter of GDL
emergence pore increases, since Fx,stf1 dominates over Fx,stf2 for
large GDL emergence pore size. Recently, several groups perforated
large pores in the GDL, with diameter significantly greater than the
average pore size of the GDL [49], to improve the water manage-
ment within the GDL. Liquid water generated in the catalyst layer
permeates the GDL mainly through these large pores, with the
remaining space in the GDL freely available for transport of reac-
tant gas. Thus, the modified GDL helps to alleviate the flooding in
the GDL and improve the cell performance. However, such design
of carving large pores in the GDL may increase the danger of flood-
ing in the GC, as the droplets emerging from these large GDL pores
can grow sufficiently big according to the results in Fig. 12. These
large droplets can seriously block the GC and cause ineffective dis-
tributions of the reactant gas, causing flooding in the GC.
5. Conclusion

In the present study, the formation, growth, detachment and
movement of a droplet in the GC are investigated using CFD com-
mercial software FLUENT 6.3.26 in conjunction with the VOF meth-
od, with emphasis on the effects of the microstructures of GDL
surface. Three surface microstructures of GDL are considered
including crisscross distributions of carbon fibers, parallel distribu-
tions of carbon fibers in the flow direction and orthogonal distribu-
tions of carbon fibers perpendicular to the flow direction. It is
found that the surface microstructures do affect droplet detach-
ment and movement in the GC. Liquid water appears to be more
likely to form Cassie’s droplets at the GDL/GC interface and surface
microstructures helps to shed the Cassie’s droplet. The specific sur-
face structures of the GDL also affect droplet behaviors and the par-
allel distributions of carbon fibers show the best capacity of
detaching droplet adhered and reducing flooding in the GC. Finally,
an analytical force balance model, in which effects of microstruc-
tures on surface tension force due to droplet deformation are par-
ticularly estimated, is developed to predict the droplet detachment
size in the GC. The predicted results confirm the effects of micro-
structures of GDL surface.
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