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a b s t r a c t

The sensitivity of liquid water to geometry of cathode gas microchannel in low-temperature fuel cells
is investigated numerically. The two-phase flow is resolved using 3D CFD simulations with the volume-
of-fluid (VOF) method. Simulations for microchannels with different cross-sections, including rectangle
with aspect ratios in a range of 0.1–2, trapezoid, upside-down trapezoid, triangle, rectangle with a curved
bottom wall, and semicircle are compared. The 0.5 aspect ratio rectangle yields the longest detach-
ment time and the largest detachment diameter, whereas the longest removal time occurs for the 0.25
aspect ratio case. With decreasing aspect ratio for the rectangle the pressure drop increases and the
coverage ratio decreases. The 0.1 and 2 aspect ratios rectangles have the largest water saturation. For
microchannels with different cross-sections, the detachment time, detachment diameter, and removal
time of the water droplet are found to be in this order: triangle < trapezoid < rectangle with a curved bot-
Shape

Friction coefficient
Volume-of-fluid

tom wall < rectangle < upside-down trapezoid. The friction coefficient increases by a factor of 2–4 in the
presence of water. The upside-down trapezoid yields the maximum coverage ratio and water saturation,
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. Introduction

Low-temperature fuel cells, such as polymer electrolyte mem-
rane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs),
ave similar membrane electrode assembly (MEA) materials and
tructure. The MEA is sandwiched between two bipolar plates,
hich have machined channels for distributing fuel (hydrogen and

queous methanol solution for PEMFC and DMFC, respectively)
nd oxidant (mostly oxygen from air). The porous electrodes, com-
only referred to as gas diffusion layers (GDLs), are typically made

f a regular or random matrix of carbon fibres (carbon cloth or car-
on paper). At the cathode side of a PEMFC or DMFC, oxygen diffuses
hrough the GDL and reacts with protons and electrons to produce
ater. Since these fuel cells are operated at fairly low tempera-

ure (below 100 ◦C), the product water in the gas channels tends
o be in liquid form. The formation, phase change, and transport
f water have a major impact on the operation, performance, and
urability of fuel cells. Water management therefore has been the

entre of many papers in the past decade on low-temperature fuel
ells ([1,2] among many others). Since liquid water shares the same
ow passages with gas reactants, when liquid water is not removed

rom the cell at a sufficient rate, the transport of reactants is hin-
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dered and the so-called flooding may occur as a result. Flooding in a
low-temperature fuel cell occurs over a wide range of length scale,
i.e. in the meso-pores of the catalyst layer, micro-pores of the GDL
and sub-millimeter gas channels. The heterogeneous wettability of
the surfaces forming the microchannels, combined with the small
hydraulic diameter (ca. 500 �m) and low gas velocity (Reynolds
number of order 103 or less), yield two-phase flow regimes quite
different from those in more conventional engineering applications
(e.g. [3,4]).

From fuel cell design standpoint, two key considerations on
the water transport in the gas channel are: (1) the dynamics of
liquid water droplets, including the detachment process, the ensu-
ing entrainment, and interaction with the channel walls and other
droplets and (2) correlation of pressure drop as a function of two-
phase flow regimes and operating conditions. On the other hand,
the bipolar plate, which accounts for more than 60% of the weight
and 30% of the total cost in a typical, graphite-based fuel cell stack
[5], is a vital component of fuel cells because it functions as an elec-
tron and heat conductor as well as provides flow passages for fuel,
oxidant and product water, and provides mechanical support for
the unit cells in the stack. The geometry and topology of the gas

channels therefore affect the weight, cost and mechanical strength
of the bipolar plates. All these factors will ultimately affect the
power density of a stack. The topologies of the bipolar plates can
include straight, serpentine, or interdigitated flow fields, internal
manifolding, internal humidification, and integrated cooling [5].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhuxun@cqu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.08.021
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through the GDL. A structured orthogonal computational mesh
with 62,835 cells is used for the baseline case. The grid dependency
was tested by increasing and decreasing the number of grid nodes
by 20% and 40% for the baseline case, and similar water droplet
02 X. Zhu et al. / Journal of Pow

he fluid flow channels are typically rectangular in cross-section,
ven though other configurations such as trapezoidal, triangular,
emi-circular, etc. have been explored [6].

In the literature, investigations of the effect of rectangular chan-
el dimensions on cell performances have been reported by some
esearchers [7–9]. Few researchers reported the effect of chan-
el shape on the cell performance, e.g. [10], where it was shown
hat triangular and hemispherical shaped cross-section resulted in
ncrease in hydrogen consumption by around 9% at the anode, and
onsequently, use of such channel would lead to improvement of
uel cell efficiency. However, none of them reported the effects of
hannel geometry on the dynamics of water droplet subjected to
ir stream in a microchannel, which is the motivation of the present
tudy.

Many modelling works on water transport for PEMFCs to date
ave focused on the issues of water flow in the porous compo-
ents of the cell, e.g. water in the form of saturation in porous
edia driven by capillary pressure [11–17] and water in the form

f absorbed water in the ionomer phase [18–20]. The transport
quations derived for these models assumed that water appears
s a homogeneous phase within the representative volume. Such
n assumption does not extend to liquid water moving in the gas
hannel due to the presence of large liquid interfaces as a result of
nteractions between surface tension and the channel walls. Anal-
ses focused on stability and water motion have been reported by
hen et al. [21], Jiao et al. [22] and Quan et al. [23]. These numer-

cal studies considered water droplets as either suspended in the
hannel, or attached to the channel wall, or a water film on the
hannel wall without taking into account the process of emer-
ence of liquid water from the GDL into the gas channel. Recently
heodorakakos et al. [24] reported on a thorough investigation on
he dynamics of water droplets in a microchannel based on PEMFC
y experiments and three-dimensional simulations based on the
olume-of-fluid (VOF) methodology. In their work the process was
nitiated assuming the presence of spherical droplets on the sur-
ace without accounting for the emergence process from a pore.
he VOF method was also adopted by Zhu et al. in two-dimensional
imulations [25,26]. A key aspect of both works was the considera-
ion of flow emerging from a GDL pore and tracking of liquid water
mergence into the channel. It was found that accounting for the
nitial connection of a droplet to a pore yield significantly different
ynamics as well as the critical air velocity. While these simulations
ave provided some valuable, qualitative insights, a complete rep-
esentation of the dynamic processes requires three-dimensional
imulations, cf. [27]. In [27], the authors reported on the physical
echanism of a water droplet emerging from a GDL pore, and an

nalysis of the growth, deformation, detachment, motion, coales-
ence and film formation and the associated water coverage and
riction factors as a function of operation parameters and surface
arameters.

In the present work, the work in [27] is extended to systemat-
cally investigate the effect of channel geometry on the dynamic
ehavior of an emerging water droplet, and to analyze the impact
n pressure drop, water saturation, and coverage ratio. The remain-
er of this paper is organized as follows. The numerical model and
he VOF method are briefly outlined, followed by a description of
he geometry, physical problem and boundary conditions of the
ases considered. Simulation results for different cross-sections of
as channels are then presented, analyzed and compared, closing
ith and overall assessment of the various channel geometries.
. Numerical model and VOF method

The VOF method used in this study was initially developed in the
980s [28], and has been adopted in a number direct numerical sim-
lations of time-dependent flows with multiple, immiscible liquids.
urces 195 (2010) 801–812

In VOF method, the position of the interface between the fluids of
interest is determined by applying a surface-tracking technique to
a fixed Eulerian mesh, which is advantageous over methods such
as lattice Boltzmann method (LBM), e.g. [29], or boundary inte-
gral method [30], because it can be readily integrated into existing
computational fluid dynamics (CFD) framework. A volume frac-
tion indicator is used to determine the location of the interfaces
of different phases in all cells of the computational domain [28],
and a surface reconstruction scheme is then utilized to determine
the shape of the interface [31]. The VOF method also allows for
modelling of surface force based on the continuum force approach,
making it possible to capture surface tension effects.

2.1. Numerical method

Unsteady, isothermal laminar flow conditions are assumed to
prevail for both air flow and water droplet motion inside the
microchannel, since the bulk flow Reynolds number is less than
170 in the present study and the heat generation and heat transfer
are negligible. The three-dimensional numerical model was imple-
mented using the commercial CFD package, FLUENT 6.3.26, and the
volume-of-fluid (VOF) method was employed in conjunction with
an interface reconstruction algorithm to track the dynamics of the
deforming water droplets [32]. More details about the VOF method
have been described in reference [27].

2.2. Simulation domain and mesh

A microchannel with square cross-section 250 �m wide and
1000 �m long and a pore of diameter D = 50 �m on the GDL surface
is chosen as the baseline case in this study. Fig. 1 shows a schematic
illustration of the computation domain and the corresponding
mesh for the baseline case. These dimensions are representative of
gas flow channels used in PEMFCs/DMFCs, and the pore size con-
sidered is typical of mean hydraulic diameter values observed in
microscope images of GDL [33]. The fixed location of the GDL pore
is consistent with experimental observation that indicates water
usually appears preferentially on certain site of the GDL surface
[33]. In the present model, air flow enters the channel with a veloc-
ity U, and water enters the channel through the pore on the GDL
surface with a velocity V. This scenario is an idealized representa-
tion simulating the emergence into the channel of water produced
by electrochemical reaction on the catalyst sites and transported
Fig. 1. Computation domain and mesh for the three-dimensional simulations of the
baseline case.
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Table 1
Parameters for the channel geometry.

Channel geometry Height (mm) Width (mm) Hydraulic diameter (mm) Area (mm2) Reynolds number

Rectangle (H/W = 1), baseline 0.25 0.25 0.25 0.0625 157.3
Rectangle (H/W = 2) 0.354 0.177 0.236 0.0625 148.5
Rectangle (H/W = 0.5) 0.177 0.354 0.236 0.0625 148.5
Rectangle (H/W = 0.25) 0.125 0.5 0.2 0.0625 125.8
Rectangle (H/W = 0.1) 0.079 0.79 0.144 0.0625 90.4
Baseline with a curved bottom wall 0.25 0.25 0.209 0.05358 142.8
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Trapezoid (H/W = 1) 0.25 0.25
Upside-down trapezoid (H/W = 1) 0.25 0.25
Triangle (H/W = 1) 0.25 0.25
Semicircle (H/W = 0.5) 0.20 0.40

ransport and deformation processes were obtained with all three
rids. Therefore the mesh used in the simulation is considered ade-
uate. Preliminary simulations were performed with time steps of
0−6, 10−7 and 10−8 s, all yielding similar results, and all simula-
ions were consequently performed using a time step of 10−7 s.

In order to study the effects of cathode channel geometry on
he dynamic behavior of a growing water droplet, several chan-
el cross-sections including rectangle with different aspect ratios,
rapezoid, upside-down trapezoid, triangle, rectangle with a curved
ottom wall, and semicircle microchannel, are built as the compu-
ation domains to compare with the baseline case. The dimensions
ssigned to the trapezoid, triangle, and rectangle with a curved bot-
om wall channels are based on the same channel height and width,
hich is for the practical condition of a given bipolar plate, and the
imensions assigned to the rectangle of various aspect ratios and
he semicircle case are of the same area corresponding to the same
e member for air flow. The dimensions of the channel geometries
onsidered in the present study are summarized in Table 1.

.3. Boundary and initial conditions

All VOF simulations performed in the present study employed
niform velocity profiles for the incoming air in channel and water
rom the pore, cf. Fig. 1. A convective outflow condition is used at
he outlet. No-slip boundary condition is imposed on the walls of
he channel and the water pore. Constant surface tension and static
ontact angle are specified on the wall as a boundary condition. The
tatic contact angle of the bottom wall is set to 140◦ for all cases,
hich is based on the typical Teflon treatment for GDL of carbon
aper or carbon cloth. The contact angle of all other side walls of
he microchannel is 45◦ for all cases. The simulations start with
nitial condition of uniform air velocity with no liquid water in the
hannel.

For all simulations performed, an air velocity of 10 ms−1 at a
ressure of 1 bar and temperature of 298 K is used. The correspond-

ng Reynolds numbers for air flow, Rea, range from 105 to 170 based
n the hydraulic diameter of the channels. Water is injected at
ms−1 and the corresponding Reynolds number for water injec-

ion, Rew, is 50 based on the pore diameter. This velocity value
s of similar order of magnitude as those used in ex-situ fuel cell
xperiments, which corresponds to a fuel cell operation under high
urrent density and water production rates [34,35].

. Results and discussion

In the following discussion, a series of computational results for
he dynamic behaviors of a water droplet in the microchannels with

ifferent cross-sections or aspect ratios are shown first, followed
y analysis on the observations of these simulations. The geom-
try considered includes rectangle and rectangle with a curved
all, trapezoid and upside-down trapezoid, triangle and semicir-

le. Channels with rectangular cross-section are easy to machine
0.207 0.04575 141.8
0.207 0.04575 141.8
0.155 0.03125 105.8
0.244 0.0625 167.3

and are the most common geometry. The case of rectangle with a
curved wall is in fact a rectangular channel with the intrusion of
GDL material into the channel due to compression. The width of
the channel determines the opening for water flow out of the GDL
and oxygen into the GDL. For a limited design space, the channel
width will inherently affect the width of the land where the bipolar
plate is in contact with the GDL, which effectively affects electron
and heat conduction between the MEA and the bipolar plate. The
channel height, on the other hand, will determine the thickness of
the bipolar plate, which in turn affects the mechanical strength.
Aside from these static effects, channel geometry may affect the
dynamics of fuel cell operation because of the interactions of liquid
water with channel walls. In this paper we focus on the impact on
the dynamic behavior of water due to channel geometry.

3.1. Rectangular microchannel

Fig. 2 shows the time evolution of water droplet interface for
the baseline case, which is a square channel cross-section, i.e.,
unity aspect ratio. Because of the hydrophobic bottom wall, water
emerges from the pore into the gas channel and forms a droplet
(t = 0.6 ms). Surface tension dominates over other forces and keeps
the shape of the water droplet fairly spherical at this moment.
As time progresses, the water droplet grows larger gradually and
nearly blocks the channel. Meanwhile the increasing shear stress
and pressure difference between both sides of the water droplet,
due to increasing air velocity through the blocked channel, over-
whelm surface tension and viscous resistance and remove the
water droplet downstream quickly. This makes the upcoming water
unable to follow the motion of the main body of the water droplet,
leading to a narrow neck (t = 1.3 ms). Then the water droplet breaks
up and detaches from the neck at t = 1.4 ms, and moves rapidly to
leave the domain (t = 1.6 ms).

Figs. 3–6 show the time evolution of water movement for rect-
angular channels with different aspect ratios. The cross-section
area of these cases is kept the same as the baseline case. In Fig. 3
(aspect ratio = 2), one can see that a water droplet emerges and
grows similarly to the baseline case at early time (t = 1.0 ms). How-
ever, because of the narrower channel width for this case, the
growing water droplet attaches to one side wall (t = 1.2 ms), and
soon the attached water droplet quickly spreads on the hydrophilic
side wall and detaches from the origin due to surface tension
(t = 1.4 ms). The spreading water film and the second emerging
water droplet make the air path flexuous, resulting in a complicated
pressure profile. Along with the water film being pushed further
downstream by air flow, the air flowing around the protuberant
water film on the side wall causes a static pressure difference,

which then moves the water film upwards to touch the hydrophilic
top wall (t = 2.0 ms). This is a phenomenon similar to the so-called
Coandă effect. Then part of the water film leaves the computational
domain, and the remainder of it remains in the channel due to the
corner effect. It is noted that in the next cycle water grows and
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Fig. 2. Time evolution of the dynamic behavior of water droplet in a rectangular microchannel with aspect ratio 1.0.
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Fig. 3. Time evolution of the dynamic behavior of wate

ttaches to the side wall again (t = 2.3 ms). Water movement simi-
ar to the first cycle occurs again, and the rising water film from the
rigin later reaches the remaining water film at the top corner near
he channel outlet (t = 2.7 ms). The remaining water in the channel
orner appears to become larger, leading to an increase of pressure
rop with time.

The time evolution of the water droplet in Fig. 4 (aspect ratio 0.5)
hows that the dynamic behaviors of the emerging water droplet

re very much similar to those observed in the baseline case. This
an be attributed to the movement of isolated water droplet with-
ut any effects from the side/top walls. As the aspect ratio is further
educed to 0.25, cf. Fig. 5, the effect of the hydrophilic top wall
ecomes obvious. Since the height of the channel in this case is
let in a rectangular microchannel with aspect ratio 2.0.

much lower than previous cases, there is no sufficient room for the
water droplet to grow to be as large as the baseline case. The water
droplet touches the top wall at an early time (t = 0.8 ms), and once
this occurs, the water droplet quickly adheres to the hydrophilic
top wall and forms a water film due to surface tension, leaving
a mushroom neck shape near the pore (t = 1.0 ms). Then the water
film retracts due to the principle of minimum interfacial free energy
and is pushed downstream by the air flow. This leads to the detach-

ment of the water film from the mushroom neck (t = 1.14 ms). The
detached water film flows downstream, and the same behaviors
repeat for the second water droplet (t = 2.2 ms). For a even lower
aspect ratio, cf. Fig. 6 for aspect ratio 0.1, the water droplet touches
the top wall earlier (t = 0.2 ms) than the previous case. A spreading
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Fig. 4. Time evolution of the dynamic behavior of water droplet in a rectangular microchannel with aspect ratio 0.5.
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rectangular cases. These parameters characterize the capability of
water removal of a microchannel. The detachment time is mea-
sured from t = 0 to the moment the water droplet breaks up with
the original stream. The detachment diameter is the equivalent

Table 2
Detachment diameter, detachment time, and removal time for rectangular channels.

Channel geometry Detachment
time (ms)

Detachment
diameter (mm)

Removal
time (ms)

Rectangle (H/W = 2) 1.22 0.161 2.10a
Fig. 5. Time evolution of the dynamic behavior of water

ater film forms on the hydrophilic top wall and a mushroom neck
imilar to the aspect ratio 0.25 case appears (t = 1.0 ms). However,
ecause in this case the spreading rate of water film driven by sur-
ace tension and static pressure difference is lower than the water
upply from the pore, a continuous water film flow, rather than
ater detachment as show in Fig. 5, forms from the mushroom
eck (t = 2.0 ms). Thus, a long stream of film flow carries the water

rom the pore to leave the channel as time progresses (t = 3.0 ms).
he implication of this phenomenon is that water is directed away
rom the bottom GDL surface of the channel and blockage on the

DL surface by water is thus minimized.

Removal of water from its origin and minimum overall pressure
rop in the channel are two goals from fuel call design stand-
oint for channel geometry. Table 2 shows a comparison of the
etachment time, detachment diameter, and removal time for the
et in a rectangular microchannel with aspect ratio 0.25.
Rectangle (H/W = 1) 1.35 0.167 1.90
Rectangle (H/W = 0.5) 1.38 0.168 1.90
Rectangle (H/W = 0.25) 1.13 0.156 2.68
Rectangle (H/W = 0.1) – – 2.40a

a Time for the attached water film beginning to move out of the channel.
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Fig. 6. Time evolution of the dynamic behavior of water droplet in a rectangular microchannel with aspect ratio 0.1.
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surface coverage ratio Aw is defined as the ratio of the water area
on the bottom wall to the area of the bottom wall. The surface ratio
is a measure of the impact of liquid water may have on the mass
transport between the channel and the GDL. The channel water
ig. 7. Time variation of pressure drop for rectangular channels of different aspect
atio.

iameter of the volume of detached water droplet. The removal
ime is defined as the time when the detached water droplet leaves
he channel outlet completely. The detachment time is primarily
measure of the effect of the side/top walls as can be seen in the
revious discussion, which shows that because spreading of water
akes places as soon as its front touches the hydrophilic wall and
his spreading tends to lead to detachment of water from its origin.
he case of aspect ration 0.5 is found to have the longest detach-
ent time, hence the largest detachment diameter. The longest

emoval time, on the other hand, occurs in the case with aspect
atio 0.25. The pressure drop between channel inlet and outlet, �P,
s shown in Fig. 7 for different channel aspect ratios. The pressure
rop is very similar for the cases of aspect ratio 1.0 and 0.5 during
he same time period. The pressure drop for aspect ratio 0.1 case is
he highest at all time because it has the smallest hydraulic diam-
ter among all and also due to the increasing water film thickness
n the top wall that blocks the air path. It is noted that the pressure

rop for the cases with aspect ratio 2.0 and 0.25 are higher than
hat of the baseline case during most of the time due to the water
hat remains at the corner on the top wall.

The GDL surface coverage ratio and water saturation for chan-
els with different aspect ratios are shown in Figs. 8 and 9. The
Fig. 8. Time variation of coverage ratio for rectangular channels of different aspect
ratio.
Fig. 9. Time variation of water saturation for rectangular channels of different aspect
ratio.
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Fig. 10. Time evolution of the dynamic behavior of water d

aturation Sw is defined as the ratio of the water volume to the
hannel volume and is an indirect measure of water on pressure
rop. From Fig. 8 one can see that the coverage ratio increases
ith increasing aspect ratio before the water droplet attaches to

ide/top walls. The coverage ratio reaches a maximum value for
he case with aspect ratio 2.0 at early time while it drops signifi-
antly once the water droplet attaches to the hydrophilic side wall.
imilarly, the coverage ratio drops once the water droplet attaches
o the hydrophilic top wall for the case with aspect ratio 0.25. How-
ver, for aspect ratios 1.0 and 0.5, the coverage ratio increases till
he detached water droplet leaves the channel, followed by a slight
ecrease in the middle due to the retraction of the triple-phase con-
act line of the detached water droplet. It is noted that the coverage
atio is near zero for aspect ratio 0.1 due to water attachment to
he top wall most of the time. The coverage ratios show a periodic
hange with the water droplet attaching to side/top walls or flowing
ut of the channels. The water saturation first increases and then
ecreases with time when the detached water starts to leave the
hannel. The longest removal time for the case with aspect ration
.25 leads to larger water saturation. For aspect ratios 0.1 and 2.0,
he resident water in the channel results in the largest saturation.
t is noted that for aspect ratios 0.5 and 1, the change of Sw is abrupt
ecause water droplet in both cases is carried away by a high pres-
ure drag due to the form of water as a spherical droplet as opposed
o a film for other cases.

.1.1. Rectangular microchannel with curved bottom wall
When a fuel cell is assembled, the compression force exerted

n the bipolar plates may cause deformation of the GDL. The GDL
aterial underneath the land is compressed while that functioning

s a wall of the channel is likely to intrude into the gas channel, and

herefore modify the channel cross-section. It should be pointed out
hat GDL intrusion into the channel can be expected in most channel
eometries when a fuel cell is assembled. For the sake of simplicity,
rectangular channel is chosen in the present study as an example

o show the effect of GDL deformation on water behavior in the
in a rectangular microchannel with a curved bottom wall.

channel. Fig. 10 shows the dynamics of the water droplet in the
rectangular microchannel with a curved bottom wall which mim-
ics the situation of intrusion of GDL material into the channel. The
height of the curved wall in this case is 51.78 �m, which is 21% of
the width of the rectangle. The pore where water is injected from
is located on the center line of the curved wall. Compared with the
baseline case, the emerging water droplet within the same grow-
ing time has less area of solid/liquid interface as well as shorter
triple-phase contact line due to the curved wall (t = 0.6 ms). As a
result, a significant deformation and a fast motion of the droplet
body dominated by shear stress and pressure force takes place eas-
ily and early, and a longer narrow neck is formed (t = 1.1 ms). Then
detachment of water droplet occurs (t = 1.2 ms) and the detached
water droplet, which has a footprint on the curved bottom wall
smaller than the baseline, moves out of the channel quickly with
the air flow (t = 1.4 ms).

3.2. Trapezoidal microchannel

Fig. 11 shows the time evolution of the water droplet in a trape-
zoidal microchannel. The emergence and formation of the water
droplet coming from the pore is similar to those observed in the
baseline case at early time (t = 0.6 ms). Also the air flow in the
microchannel is blocked by the growing water droplet as time pro-
gresses. However, the passage between the water droplet and the
top wall of the trapezoid is narrower than that in the rectangle
and this results in a higher air velocity around the water droplet,
hence a stronger shear stress and pressure force on the interface of
the water droplet dominating the droplet motion. As a result, the
water droplet is pushed quickly downstream and a narrow neck is
formed (t = 1.1 ms), followed by the earlier detachment of the water

droplet from the pore (t = 1.2 ms).

3.2.1. Upside-down trapezoidal microchannel
Although not easily to be fabricated in practical bipolar plate

manufacturing, an upside-down trapezoidal is of interest to be
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Fig. 11. Time evolution of the dynamic behav

ncluded in the simulation for comparison purposes. Fig. 12 shows
he time evolution of a water droplet in an upside-down trapezoidal

icrochannel. The results show a completely different dynamic
ehavior of the water droplet compared to the baseline case and
he trapezoid case above. The emerging water droplet grows higher
n the upside-down trapezoidal microchannel within the same
rowth time (t = 0.6 ms), which is primarily due to the limitation of
he narrow bottom of the trapezoid. However, as time progresses,
he water droplet grows to reach the side walls. It is then dragged
p to the side walls quickly by surface tension on the triple-phase
ontact line (t = 1.0 ms). Meanwhile, a concave gas/liquid inter-
ace is formed at the corners of the side walls and the bottom
all, which induces a surface tension gradient between the cen-

er and the corner of the channel. This gradient drives water from
he center to the side, and the liquid downstream on the bottom
all retracts, based on the rule of mass conservation, resulting in
saddle shape interface. Thus the bottom wall is covered by the

iquid and the spreading water droplet almost blocks the lower
alf channel (t = 1 ms). Furthermore, the water film keeps grow-

ng higher due to the constant injection water velocity and blocks
ore area of the channel. Then the blocked microchannel induces

ncreasing air flow velocity, hence increasing shear stress exerted
n the surface of the water film. This pushes the water film on
he bottom wall and both the side walls to move downstream to
hannel outlet. It is noted that a raised head of water droplet is
hown at the pore due to continuously entering water and a nar-
ow neck appears because of the motion of the body of the water
lm (t = 2.2 ms). Following this, further increasing shear stress and
ressure force resulted from higher air velocity passing through
he blocked channel overcome the surface tension to induce the
etachment of the water film from the head of the incoming water
t = 2.3 ms). The detached water film then moves downstream and

new water droplet forms again (t = 2.4 ms). It is noted that a peri-
dic motion occurs after this time, i.e., the water droplet grows to
ttach to the hydrophilic side walls and a saddle shape interface is
ormed again accompanying with the removal of the former water
lm to the outlet of the microchannel (t = 2.8 ms). One can see that
water droplet in a trapezoidal microchannel.

the hydrophilic side walls have significant impact to the dynamic
behaviors of the water droplet in the upside-down trapezoidal
microchannel.

3.3. Triangular microchannel

Fig. 13 shows the dynamics of the water droplet in a triangu-
lar microchannel. The simulation results reveal similar dynamic
behaviors of the water droplet to those in the baseline case
and trapezoid case, including emergence, growth, motion, and
detachment because that droplet encounters no effects from the
hydrophilic side walls. However, the process of deformation,
detachment, and removal of the water droplet is faster than the
baseline case. This can be explained by the different velocity pro-
file in the triangle case, which has the same width and height and
inlet air velocity as the baseline case. The higher center velocity
located close to the bottom wall for the triangle case induces a
stronger shear stress exerting on the interface of the water droplet,
which promotes the deformation (t = 0.6 ms) and the formation of
a narrow neck due to the motion of the water droplet (t = 0.8 ms).
As a result, early detachment of the water droplet takes place
(t = 0.9 ms), and then the detached water droplet flows out of the
channel quickly (t = 1.0 ms). This time is much shorter than that in
the rectangle and the trapezoid cases.

3.4. Semi-circular microchannel

The time evolution of a water droplet in a semi-circular
microchannel, cf. Fig. 14, are similar to that in the rectangular chan-
nel. A slight difference is noted in that a new water droplet forms at
the front of the trail due to the longer trail shrinking back after the

first droplet detaches, whereas in the rectangle case the new water
droplet forms just at the pore. The detachment time in the semicir-
cle case is longer and the removal time is shorter than the baseline
case, i.e., the motion velocity of the detachment water droplet is
faster for the semicircle case.
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Fig. 12. Time evolution of the dynamic behavior of w

.5. Quantitative comparison of simulation results from different
hannel geometry

Table 3 shows a comparison of the detachment time, detach-
ent diameter, and removal time of the water droplet in channels

f different geometry. For the cases tested, the detachment time,
emoval time and the detachment diameter are found to be

n this order: triangle < trapezoid < rectangle with a curved bot-
om wall < semicircle < rectangle < upside-down trapezoid, except
slightly different order in the last three for the detachment time,
hich is rectangle < semicircle < upside-down trapezoid. In addi-

able 3
omparison of detachment diameter, detachment time, and removal time for dif-

erent microchannels.

Channel geometry Detachment
time (ms)

Detachment
diameter
(mm)

Removal
time (ms)

Rectangle 1.35 0.167 1.9
Rectangle with curved bottom wall 1.2 0.160 1.62
Trapezoid 1.16 0.158 1.56
Upside-down trapezoid 2.25 0.199 3.1
Triangle 0.86 0.140 1.16
Semicircle 1.4 0.165 1.88
roplet in an upside-down trapezoidal microchannel.

tion to these quantities related to characteristics of the droplet
motion, another important parameter for fuel cell operation is the
friction coefficient of the gas flow, which determines the extent
of flow maldistribution or non-uniformity induced in a manifold
design due to partial flooding of one channel. The time evolution of
the flow friction coefficient, defined as [36]

f = �p

(1/2)�u2
a(L/DH)

(1)

is shown in Fig. 15, where ua and � are the inlet velocity and density
of air respectively, L and DH are the length and hydraulic diameter
of the channel respectively. The dimensionless time, �, is physical
time normalized by the time when the detached water droplet just
exits the channel. The air flow friction coefficient fa is the refer-
ence flow friction coefficient for air only flow through the channel.
The ratio of the wet friction coefficient f with respect to the dry
friction coefficient fa is a measure to assess the additional pump-
ing requirements due to the presence of liquid water. For all the
cases tested, the friction coefficient f increases as time progresses

due to increasing water volume blocking air flow, and drops back
after the detached droplet moves out of the channel. The smallest
increase in the friction coefficient is the semicircle channel, and
the upside-down trapezoidal channel achieves the highest relative
flow friction coefficient due to the attachment of two water droplets
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Fig. 13. Time evolution of the dynamic beha

ith side walls that severely blocks the air flow path. The triangular
hannel has the second highest increase in friction coefficient due
o its narrow air path in the upper part of the channel.

The GDL surface coverage ratio and the water saturation for dif-
erent channel geometries are shown in Figs. 16 and 17. Both water
aturation and coverage ratio increase with time due to the con-
inuous inflow of liquid water, and they drop dramatically when

ater leaves the channel. Both coverage ratio and water saturation

harply increase in the upside-down trapezoidal channel, and has
he maximum value among all cases. The rectangular channel with
curved bottom wall has the minimum coverage ratio and water

aturation, while diverse differences are seen among all other cases.

Fig. 14. Time evolution of the dynamic behavior of
f water droplet in a triangular microchannel.

It can be expected that the attachment of water droplet to the side
walls in the upside-down trapezoidal channel results in high resis-
tance and slow motion of the water. This is proved by the longest
detachment time and removal time as well as the largest detach-
ment diameter, cf. Table 3. The slow motion water dragged by the
hydrophilic side walls increases the triple-phase contact line of the
water, hence the high coverage ratio and water saturation. Indeed,

it is also noted that the upside-down trapezoidal channel, in which
the top wall has the same width as the rectangular channel, has a
minimum area of the bottom wall among all cases, and this should
be considered to be one of the reasons for the high coverage ratio.
However, for the rectangular channel with a curved bottom wall,

water droplet in a semicircle microchannel.
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Fig. 15. Time variation of normalized friction coefficient for channels of different
cross-section.
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ig. 16. Time variation of water volume saturation for channels of different cross-
ection.

ater droplet tends to grow upwards on the bottom wall due to

he hydrophobic protuberant surface inducing small detachment
iameter and short detachment time, hence the low coverage ratio
nd water saturation.

ig. 17. Time variation of coverage ratio for channels of different cross-section.
urces 195 (2010) 801–812 811

In our opinion, the criteria for a good cathode channel include
low flow resistance, low water saturation in the channel, and low
water coverage on the GDL surface. Based on these criteria and
our simulation results, the rectangular microchannel is found to be
a good choice among the channel geometries considered. In par-
ticular, the rectangular microchannel with an aspect ratio 0.5 is
recommended. It should be pointed out that GDL intrusion, the case
with a curved bottom wall in the present study, was found to be
beneficial for water evacuation as well.

4. Conclusions

The dynamic behaviors of water droplets emerging from a
pore into a straight microchannel are simulated using a three-
dimensional model in conjunction with the volume-of-fluid (VOF)
method. The effects of the channel geometry on the evolution and
motion of the water droplets, flow resistance, water saturation and
coverage ratio are investigated. The main findings and conclusions
of the study are:

(1) The geometry of the microchannel has a significant impact
on the dynamic behaviors and on the overall pressure drop.
For the wettable configuration (three hydrophilic walls and a
hydrophobic bottom wall), the movement of water changes
drastically when a droplet surface is in contact with the
hydrophilic walls. For a narrow channel (high aspect ratio), this
occurs on the side walls first. For a flatter channel (low aspect
ratio), this occurs at the top wall first.

(2) For the cases of rectangular channel geometry, the longest
detachment time and the largest detachment diameter occur
for aspect ratio 0.5, yet the longest removal time occurs for the
0.25 aspect ratio. The pressure drop for the case with aspect
ratio of 0.1 is the highest. The coverage ratio initially increases
with time as well as aspect ratio. It then drops once the water
droplet attaches to the side/top walls and moves out of the
channel. The rectangles with aspect ratio of 0.1 and 2.0 overall
have the higher water saturation.

(3) For microchannels with different cross-section geometry, the
detachment time, detachment diameter, and the removal time
of water droplet increase in this sequence: triangle < trapezoid
< rectangle with a curved bottom wall < rectangle < upside-
down trapezoid. The detachment time for semicircle channel
is longer than the rectangle, while its detachment diameter is
smaller and the removal time is shorter than the rectangle.

(4) The relative flow friction coefficient varies for different
microchannels and the presence of liquid water is found to
cause increase of friction coefficient by a factor of 2–4. The
upside-down trapezoid achieves the highest relative friction
coefficient, followed by the triangle case, whereas the semi-
circle is the lowest.

(5) Both coverage ratio and water saturation increase sharply in
the upside-down trapezoidal channel, and the maximum val-
ues occur for this case. For the cases with aspect ratio of H/W
around unity, the rectangular channel with a curved bottom
wall has the minimum coverage ratio and water saturation,
while diverse differences are seen among other cases. The rect-
angle case with 0.1 aspect ratio has the lowest coverage ratio
because most of the water from the GDL pore attaches to the
top wall and exits the channel from there, leaving almost no
water on the bottom wall.
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