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a b s t r a c t

The dynamic formation of water droplets emerging from a gas diffusion layer (GDL) surface in
micro-channels was simulated using the volume of fluid (VOF) method. The influence of GDL surface
microstructure was investigated by changing the pore diameter and the number of pore openings on the
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GDL surface. Simulation results show that the microstructure of the GDL surface has a significant impact
on the two-phase flow patterns in gas flow channels. For a non-uniform GDL surface, three stages were
identified, namely emergence and merging on the GDL surface, accumulation on the channel sidewalls
and detachment from the top wall. It was also found that if the pore size is small enough, the flow pattern
in the channel does not change with further reduction in the pore diameter. However, the two-phase
flow patterns change significantly with the wettability of the GDL surface and sidewalls, but remain the

w rat
OF simulation same when the liquid flo

. Introduction

Fuel cells, which directly convert chemical energy into elec-
ricity, show great potential as an alternative energy-conversion
evice. Although there are many types of fuel cells distinguished
y the different electrolyte used, polymer-electrolyte membrane
uel cells (PEMFCs) have been receiving the most attention for their
ower operating temperature (60–90 ◦C), simpler design and lower
ost. Water management is a key issue to improve the performance
f PEMFCs during the operation. The membrane should be well
umidified to maintain high ionic conductivity, but, excess liq-
id water, i.e., flooding, should be avoided, because it blocks the
iffusion pathway of reactants, causing a negative effect on the
erformance. The existence of liquid water in the flow channel
lso causes a higher pressure drop, resulting in increased parasitic
nergy loss. Thus, it is important to understand gas–liquid two-
hase flow behaviors in PEMFCs channels in order to avoid severe
ooding of the electrodes and mini flow channels.

Mathematical modeling and computational simulation are pow-
rful tools to understand the two-phase flow in PEM fuel cells due
o their low cost and easy implementation. Since 2000, two-phase
odels have begun to be incorporated into fuel cell modeling [1].
everal reviews on two-phase flow models and their applications in
EM fuel cells have been published in recent years [1–5]. Early two-
hase flow models always assumed the liquid water moving at the
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e is reduced by two orders of magnitude from the reference case.
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same velocity as the gas flow, i.e., mist flow (e.g. [6,7]). However,
in situ experimental results showed that at high current densities,
water emerged from preferential sites on the GDL surface forming
droplets rather than mists [8]. Other two-phase flow models, e.g.
mixture model [9] and multi-fluid model [10,11], are widely used
in modeling two-phase phenomena in PEM fuel cells, but are not
able to capture the liquid droplet shape. In recent years, the volume
of fluid (VOF) method has become popular in modeling gas–liquid
flow in PEM fuel cell channels due to its capacity to consider sur-
face tension and wall adhesion effects and its ability to track the
interface between the two phases. Therefore, liquid droplet behav-
iors can be captured explicitly. Several modeling papers based on
the VOF method have been published with both droplet forma-
tion and motion being investigated. [8,12,13] Parametric studies
on the effects of material wettability, gas or liquid velocity, con-
tact angle hysteresis and surface tension have also been reported
[12,14–19]. Novel channel designs have also been tested by the
VOF method [20–23]. VOF method was even coupled with electro-
chemical reaction, heat transfer and species transport to model a
PEM fuel cell unit [24,25]. However, most work only focus on sin-
gle droplet behavior or several droplets initially located in the gas
channel; but none have considered the effects of microstructure
of the GDL surface. The GDL surface has been treated either as a
homogenous surface or a surface with only 1-pore opening for liq-

uid water injection into the channel. The two-phase flow pattern
in the flow channels of a real operating fuel cell is likely quite dif-
ferent from that determined based on droplets emerging from a
uniform GDL surface, or from single droplet behavior. Therefore, it
is essential to consider the microstructure effects of GDL surface

dx.doi.org/10.1016/j.jpowsour.2010.05.059
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xbi@chbe.ubc.ca
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hile investigating gas–liquid two-phase flow patterns in PEMFCs
hannels.

Full consideration of detailed microstructure of the GDL, the
o-called pore-scale model, needs extremely large computational
ime, and has been only employed for very small length scale sys-
ems [26–32]. The effect of GDL microstructure on the two-phase
ow pattern in the gas flow channel is still poorly understood. In
he present work, we simplified the microstructure of the GDL by
reating a number of representative pores on the 2D GDL surface.
roplet formation and motion were then simulated using the VOF
ethod. Different GDL surface structures were then simulated by

hanging the pore size and pore number. Parametric studies were
lso conducted to investigate the effect of GDL and channel walls
ettability and liquid velocity on the two-phase flow pattern and
ressure drop through the flow channel.

. Numerical model and boundary conditions

.1. Numerical method

In the VOF method, immiscible fluids can be modeled by solving
single set of momentum equations and then the volume fraction
f each phase and also the interface between phases are tracked
hroughout the domain. Conservation equations include,

Mass conservation is given by,

∂�

∂t
+ ∇ · (��v) = 0 (1)

here for gas–liquid flow, the mixture density is defined as,

= sl�l + sg�g (2)

here s is the volume fraction of each phase with subscripts l and
representing water and air, respectively. The volume fraction of

ach phase is given by the following relationship,

l + sg = 1 (3)

Momentum conservation is given by,

∂(��v)
∂t

+ ∇ · (��v�v) = −∇p + ∇ · (�(∇ �v + ∇ �vT) + ��g (4)

here p is static pressure and � is the dynamic viscosity given by,

= sl�l + sg�g (5)

nd the velocity of the mixture is defined as,

� = sl�l�vl + sg�g�vg

sl�l + sg�g
(6)

Volume fraction conservation is given by,

∂(sl�l)
∂t

+ ∇ · (sl�l�v) = 0 (7)

The surface tension effect is considered by the continuum sur-
ace force (CSF) model proposed by Brackbill et al. [33]. In this

odel, extra surface tension results in a source term in the momen-
um equation (4) given by,

vol = �

(
��l∇sl

1/2(�l + �g)

)
(8)
here � is the surface tension coefficient, and �l is the surface cur-
ature of the liquid droplet defined in terms of the divergence of
he unit normal, �nl given by,

l = ∇ · �nl (9)
Fig. 1. Three-dimensional computational domain.

The unit normal, �nl, is computed from local gradients in the
surface normal at the interface.

�nl = ∇sl∣∣∇sl

∣∣ (10)

Wall adhesion effects are considered by adjusting the curvature
of the surface near the wall, where the gas–liquid interface meets
the solid surface. The local curvature of this interface is determined
by the contact angle, �w, which is the angle between the wall and
the tangent to the interface at the wall. The surface normal, �n, at
the wall is given by,

�n = �nw cos �w + �tw sin �w (11)

where �nw and �tw are the unit vectors normal and tangential to the
wall, respectively.

The above governing equations are implemented in a commer-
cial software, FLUENT® 6.3.26 [34]. The geometric reconstruction
scheme of Youngs [35] is used to represent the interface between
two fluids, which is the most accurate one for interface tracking
[34].

2.2. Computational domain and Boundary Conditions

The three-dimensional computational domain is shown in Fig. 1.
This cuboid channel which was used in all the simulations has a
250 �m × 250 �m square cross section and a 1250 �m length with
a hydrophobic GDL surface on the bottom. Air flows into the chan-
nel from one end and liquid water was injected from several open
pores on the GDL surface. For the base case, 16 pores were located
within a 250 �m × 250 �m square on the GDL surface, each with a
pore diameter of 50 �m, which corresponds to typical GDL surfaces
with a porosity of 0.5 [36]. At the gas inlet, the velocity of air was
set at 10 m s−1, which is of the same order of magnitude as flows
encountered in automotive fuel cell stacks [17]. The theoretical cal-
culation of liquid generation rate for example at a current density of
800 mA cm−2 is 0.20 mg h−1. However, in order to shorten the time
for water accumulation in the channel, the liquid injection veloc-
ity was set at 0.0625 m s−1 for all the pores with a corresponding
mass flow rate of 7 g h−1. Quan and Lai reported [23] that devia-
tions introduced by amplifying the water generation rate by several
orders of magnitude are insignificant due to the large flow rate ratio
between gas and liquid water. Laminar flow and no-slip boundary
condition were assumed since the Reynolds number of each phase

is quite small (Reg = 171, Rel = 7.8). The static contact angle for the
GDL surface and channel wall surfaces were set at 140◦ and 45◦

respectively, based on typical values for PTFE treated carbon paper
GDL materials [36]. There are two sidewalls and one top wall in the
channel in addition to the bottom GDL surface. The time step for
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Fig. 2. Three stages of the emerging water droplet into a channe

he baseline simulation was set at 10−7 s to ensure that the global
ourant number is less than one. The mesh size was set to 10 �m,
ith 82,625 meshes in total for the base case. Smaller mesh sizes,

.g. 8 �m and 5 �m, were also tested, and the results showed no
bvious difference from the base case. Therefore, the mesh size for
ll the other cases was also set to 10 �m to save computational
ime.

. Results and discussion

Due to small length scale of the channel, the surface tension
ffects were more noticeable. For base case conditions, the capillary
umber (Ca), the Weber number (We), and the Bond number (Bo)
ere much less than one, which means the surface tension force
as the dominant force in comparison to the viscous force, inertia

orce, and gravity force in the mini flow channel.

.1. Two-phase flow pattern evolution

Fig. 2 clearly shows three stages of two-phase flow pattern evo-
ution in the channel: emergence and merging on the GDL surface,
ccumulation on the sidewall, and detachment on the top wall. In
he emergence and merging stage, small droplets emerging from

ach pore coalesce on the GDL surface, which generates a liquid
lm covering the injection area. At the same time, liquid water is
ontinually accumulating in the channel, and due to the wettability
ifference between the GDL surface and channel walls, liquid water
ends to accumulate on the sidewalls which results in the forma-
emergence and merging, (b) accumulation, and (c) detachment.

tion of large droplets. As these droplets “grow” larger and larger,
they begin to move slowly along the sidewalls. Once these droplets
reach the top wall, the liquid water rapidly spreads on the top wall,
resulting in a thin film on the top wall. As this liquid film moves
outward quickly, some of water on the sidewall is also dragged
away. In the last stage, the top liquid film detaches itself from the
droplets on the sidewalls due to its faster speed, and a new cycle
begins. It is worth noting that the emergence and merging stage
and the accumulation stage occur continuously in the channel, but
the detachment stage only occurs periodically.

These three stages of dynamic droplet behaviors can also be
identified by the time evolution of the water coverage ratio on
the different surfaces of the channel, the water volume fraction
and the total pressure drop (Fig. 3). The water coverage ratio is
defined as the ratio of the surface area covered by water to the
total surface area. In PEM fuel cells, reactants diffuse through the
GDL, hence, the GDL surface water coverage ratio is a key param-
eter that indicates the negative effects of liquid water on PEM fuel
cell performance. The water volume fraction or degree of satura-
tion indicates the degree of channel flooding. The pressure drop,
which is another important parameter, indicates the energy loss of
fluid flowing through the channel. For operating PEM fuel cells, a
lower GDL surface water coverage ratio, a lower water fraction, and

a lower pressure drop are preferred.

From Fig. 3, it can be seen that the water coverage ratio on the
GDL surface continuously increases at the beginning (up to 4 ms),
due to the emerging small droplets. At the same time, liquid water
also accumulates on the sidewall, and the higher water coverage
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Fig. 3. Time evolution of water distribution and pressure drop.

n the sidewall is due to the different wettabilities between the
idewall and GDL the surface. The pressure drop also increases, cor-
esponding to the increase in the water volume fraction. After about
ms, a sudden drop in the GDL surface water coverage ratio occurs,

ollowed by a steep increase in the top wall water coverage ratio,
ndicating the droplet’s fast spread to the top wall. The pressure
rop also decreases rapidly, even though the level of water satu-
ation is still increasing. This is because the buildup of droplets on

he hydrophobic GDL surface occupies more cross-sectional area.
n the other hand, water on the hydrophilic channel walls forms a

hin film, which occupies much less cross-sectional area, imposing
ittle influence on the pressure drop even though the volume of this
iquid film is much higher than the droplets on the GDL surface. The

Fig. 4. Different water injection inlet structures representing the GDL: (a) uni
rces 195 (2010) 7278–7288 7281

liquid film on the top wall moves faster than the droplets on the
sidewalls, and soon (at 5.5 ms) this film detaches from the droplet,
resulting in a maximum top wall water converge ratio and a min-
imum GDL and sidewall water coverage ratio. Once the detached
liquid film is flushed out of the channel, a new cycle begins. From
the flow pattern shown in Fig. 3, it can be concluded that the pres-
sure drop does not correspond to the level of water saturation,
but to the size of the droplets located on the GDL surface. Thus,
these results indicate that most empirical equations which corre-
late pressure drop with water fraction, should not be applied to
PEM fuel cell channels.

3.2. Effects of water inlet structures

GDLs, which are typically fabricated from carbon fibers, con-
nect catalyst layers and gas flow field and provide a pathway for
electrons, gases, and liquid water to move to and from the cata-
lyst layers. The microstructure of the GDL plays an important role
in water management. In this section, several pore structures are
simulated to examine the effect of the microstructure of the GDL
surface on the flow patterns in order to identify a simple but rep-
resentative structure for future use in the simulation of large-scale
fuel cell stacks. Five structures, (uniform inlet, 1-pore inlet, 4-pore
inlet, 16-pore inlet, and 64-pore inlet), with the same open area
and liquid flow rate, were selected and are shown in Fig. 4.
The uniform inlet case (Fig. 4a) is a commonly used approxima-
tion in many CFD simulations. For this case, the microstructure of
the GDL is neglected, and a very distinct two-phase flow pattern is
observed in the channel, as shown in the three snapshots of flow
pattern evolution in Fig. 5a. Only one big droplet is formed during

form, (b) 1-pore, (c) 4-pores, (d) 16-pores (base case), and (e) 64-pores.
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configuration to investigate the droplet behavior in PEM fuel cell
micro-channels. Similar to the uniform inlet case (Fig. 5b), only
Fig. 5. Effects of water inlet configurations on the two-phase

he merging stage, and the liquid accumulation occurs simultane-
usly on the GDL surface and sidewalls. As a result, more liquid stays

n the hydrophobic GDL surface, which slows down the droplet
pread on the hydrophilic sidewalls and makes the liquid droplet
etach before it reaches the top wall, leading to the formation of

iquid slugs. The 1-pore case (Fig. 4b) is another commonly used

ig. 6. Effects of water inlet configurations on the time-averaged water distribution.
patterns: (a) uniform, (b) 1-pore, (c) 4-pore, and (d) 64-pore.
one droplet forms in the channel. However, this droplet is not big
enough to touch either the sidewalls or the top wall before detach-

Fig. 7. Effects of water inlet configurations on the time-averaged pressure drop.



Y. Ding et al. / Journal of Power Sources 195 (2010) 7278–7288 7283

Fig. 8. Effects of GDL surface wettabilities on the two-phase flow patterns: (a) � = 0◦ , (b) � = 30◦ , (c) � = 45◦ , (d) � = 60◦ ,(e) � = 90◦ , (f) � = 120◦ , and (g) � = 180◦ .
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For a hydrophilic GDL surface, the liquid water is more in the form
of a film. Increasing the GDL contact angle lifts up the water more
from the GDL surface to occupy more cross-sectional channel area,
hence facilitating liquid water being flushed out of the channel.
For a hydrophobic GDL surface, the flow pattern is similar to the
ig. 9. Effects of GDL surface wettabilities on time-averaged water distribution.

ent, leading to droplet flow in the channel. The two-phase flow
atterns with 4 pores and 64 pores (Fig. 5c and d) are very simi-

ar to the case with 16 pores, with three stages of water dynamic
ehavior present.

The effects of pore structures on the flow patterns can also been
een clearly from the time-averaged water distribution shown in
ig. 6. The uniform inlet and 1-pore cases have a higher water cov-
rage ratio on the GDL surface and a much lower coverage ratio
n the channel walls, compare to the 4-pore and 64-pore cases
hich have very similar water distribution with the base case of

6 pores due to the similar two-phase flow pattern in the channel.
he effects of pore structures on the time-averaged pressure drop
re shown in Fig. 7. The uniform inlet and 1-pore inlet cases show a
uch greater pressure drop than the three multi-pore cases which

ave a lower and similar pressure drop. As discussed previously, the
ressure drop is dominated by water residing on the GDL surface,
hich creates more blockage of the gas channel than water on the

ther channel walls. Thus, the pressure drop of both the uniform
nlet and 1-pore cases is much higher, which results in faster liquid
emoval, and thus lower average water volume fraction in the flow
hannel, as shown in Fig. 6.

In a real fuel cell, droplets emerge from preferential sites on the
DL surface. At the front of the channel, small droplets are formed
nd the flow pattern is mainly droplet flow as shown in the 1-pore
ase. As these small droplets move along the channel, droplets coa-
esce and form larger droplets which are able to touch sidewalls.
s a result, the flow pattern in this region would be similar to that
hown by the multiple pore cases. Since the GDL pores are quite
mall and non-uniform in size, and the pores are randomly dis-
ributed on the GDL surface, a full consideration of the detailed

icrostructure of the GDL surface is almost impossible. However,
he previous cases demonstrate that when the pore size is small
nough (e.g. 4-pore case), the flow pattern changes little with a
urther increase in the number of pores or a reduction in the pore
iameter. Thus, the 4-pore case could be considered as a minimum
equired number of pores in order to capture the two-phase flow
attern in the fuel cell mini channel at a reasonable computational
ime demand.

.3. Effects of GDL surface contact angles

The wettability of the GDL, which is characterized by the sur-
ace contact angle, can be altered by varying the PTFE content of

he GDL. Although the GDL wettability has been shown to have a
ignificant impact on the liquid water transport inside the GDL [37],
ts impact on the two-phase flow pattern in the gas channel is still
nclear. In this section, the effects of GDL surface wettability on the
rces 195 (2010) 7278–7288

flow pattern in the mini channel were investigated by varying the
water/GDL surface static contact angle from 0◦ to 180◦, i.e., 0◦, 30◦,
45◦, 60◦, 90◦, 120◦, and 180◦. Fig. 8 shows different two-phase flow
patterns in channels for different GDL wettabilities. When the GDL
surface contact angle is less than that of sidewalls (Fig. 8a and b),
a thin liquid film forms on the GDL, which covers almost all of the
GDL surface. For a hydrophilic GDL surface with a contact angle less
than 90◦ (Fig. 8c–e), a liquid water film still tends to be formed. This
liquid film blocks the diffusion pathway of gas reactants to the cata-
lyst layer, leading to decreased fuel cell performance. Since the GDL
is hydrophilic, some water may even flow back from the channel
towards the catalyst layer, which would further decrease the fuel
cell performance. As the contact angle of the GDL surface increases,
liquid water begins to accumulate on the sidewalls, and the higher
the contact angle, the more water moves from the GDL surface to
the sidewalls. When the GDL surface is hydrophobic with a contact
angle greater than 90◦ (Fig. 8f and g), liquid water droplets form
on the GDL surface, and grow until they are detached. It should be
noted that the flow patterns on hydrophobic GDL surfaces are all
similar to the base case in Section 3.1.

Fig. 9 shows that hydrophobic and hydrophilic GDL surfaces
show very different liquid distribution profiles. For the hydrophilic
GDL surface, the water coverage ratio on the sidewalls changes very
little with varying GDL contact angle, and no water is present on the
top wall, but the water coverage ratio on the GDL surface decreases
significant as the contact angle increases. That is because a higher
contact angle lifts the water up, i.e., move from a film to a droplet,
which is more conducive to water removal from the GDL surface.
For the hydrophobic GDL surface, the water coverage ratio on both
the GDL and side/top surfaces changes little with varying the GDL
contact angle, and a the stable flow pattern is formed as observed
in the base case. It is worth to note that for 90◦ case, the water cov-
erage ratio on the GDL surface is similar to that of hydrophilic GDL
surface but the water coverage ratio on the sidewall is close to that
of hydrophobic GDL surface, indicating that the flow pattern for this
case is in a transition state. The contact angle is big enough to lift
up the water, leaving less water on the GDL surface, but the lift is
not sufficient to make the liquid to reach the top wall. As a result,
the water coverage ratio on the sidewall is the highest among all
the cases.

The time-averaged water volume fraction is also shown in Fig. 9.
For both hydrophilic and hydrophobic GDL surfaces, the water vol-
ume fraction decreases a little with an increase in contact angle.
Fig. 10. Effects of GDL surface wettabilities on time-averaged pressure drop.
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Fig. 11. Effects of channel wall wettabilities on two-phase flow patterns: (a) � = 0◦ , (b) � = 30◦ , (c) � = 60◦ , (d) � = 90◦ ,(e) � = 120◦ , (f) � = 140◦ , and (g) � = 180◦ .
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the GDL is smaller, resulting in more area for the gas reactants to
ig. 12. Effects of channel wall wettabilities on time-averaged water distribution.

ase case, where increasing the contact angle helps the developing
roplet to reach the top wall, which also facilitates the liquid water
eing flushed out of the channel. The corresponding time-averaged
ffects of GDL wettability on pressure drop is shown in Fig. 10. As
iscussed previously, the pressure drop is mainly caused by the

iquid blockage of the gas channel. Thus, increasing the GDL sur-
ace contact angle should always increase the pressure drop. For
he hydrophobic GDL surface, however, the pressure drop varies
ittle with increasing the contact angle, since the water coverage
atio on the GDL surface almost remains the same as shown in
ig. 9.

It can be concluded from the above observation that increasing
he hydrophobicity of the GDL surface is helpful to expel liquid
ater from the GDL surface and also reduce the water fraction in

he channel, although the pressure drop only increases slightly. The
ettability of the GDL also affects the water transport inside the
DL. Thus, It is difficult to conclude whether high or low wettability

s beneficial for water management in the whole fuel cell system
ithout coupling the mass transfer and electrochemical reactions

nto the hydrodynamics.
.4. Effects of channel wall surface contact angles

Instead of changing the GDL surface wettability, one can also
hange the channel wall wettability for a given GDL to improve the

Fig. 14. Effects of liquid flow rates on two-pha
Fig. 13. Effects of channel wall wettabilities on time-averaged pressure drop.

water management in the gas channel. The effects of channel wall
surface wettability were investigated by varying the water/wall
surface static contact angle from 0◦ to 180◦. Fig. 11 shows the effects
of different wall surface contact angles, i.e., 0◦, 30◦, 45◦, 60◦, 90◦,
120◦, and 180◦, on the two-phase flow pattern. For hydrophilic
wall surfaces, three-stage flow patterns similar to the base case
are observed. More hydrophilic wall surfaces make the droplet
on the GDL easier to move to the top wall, and also decrease
the thickness of the liquid film on both side and top walls. For
hydrophobic wall surfaces, the flow pattern is similar to that of
the 1-pore case with the droplet flowing on the GDL surface only
and more hydrophobic wall surface prevents the formation of big
droplets.

The effects of channel wall surface wettability on water dis-
tribution is shown in Fig. 12. As discussed previously, the more
hydrophobic channel walls suppress liquid water removal from the
GDL surface. As a result, the water coverage ratio on the top and
sidewalls always decreases with increasing channel wall contact
angle. Although the water volume fraction in the channel is higher
for the more hydrophilic channel wall, the water coverage ratio on
diffuse through the GDL, leading to improved fuel cell performance.
The pressure drop with different channel wall wettabilities (Fig. 13)
also suggests that a more hydrophilic channel wall should be used
in fuel cells to reduce the energy loss.

se flow patterns: (a) 1/10th, (b) 1/100th.
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Fig. 15. Effects of liquid flow rates on time-averaged water distribution.
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Fig. 16. Effects of liquid flow rates on time-averaged pressure drop.

.5. Effects of liquid flow rates

As specified in the boundary conditions section, the liquid flow
ate used in the base case simulation, i.e., 7 g h−1, is much higher
han the theoretical values according to the reaction rates, e.g.
.2 mg h−1. The effects of liquid flow rates were thus investigated in
rder to make sure the previous simulation results reveal the flow
atterns in a real PEM fuel cell. In this section, two cases with liquid
ow rate reduced to 10% and 1% of base case flow rate are investi-
ated. Simulation results shown in Fig. 14 indicate the three-stage
ow pattern remains the same even when the liquid flow rate is
educed by two orders of magnitude.

Water distribution with respect to liquid flow rates in Fig. 15
lso shows that a lower liquid flow rate only results in a lower water
overage ratio on the top and sidewalls, but has little influence on
he water coverage ratio on the GDL surface. This is because at the
ower liquid flow rate, the liquid accumulation rate on the sidewalls
s much smaller, and the adhesive force between top wall liquid
hin film and sidewall droplets becomes weaker, which makes the
roplet detachment from the top wall much easier. As a result, the
ater coverage ratio on the top and sidewalls decreases rapidly
ue to the relatively rapid removal of liquid water from the top
all. Correspondingly, the time-averaged water volume fraction

nd time-averaged pressure drop (Fig. 16) also become lower.
. Conclusions

The following conclusions can be drawn from this simulation
tudy:
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(1) For a microstructured GDL surface, three stages of two-phase
flow patterns can be identified when water is injected through
the GDL into the gas channel, namely emergence and merging of
liquid water on the GDL surface, accumulation on the sidewalls,
and detachment from the top wall. The flow patterns can be
characterized by the channel cross-sectional water distribution
and coverage on the different walls. Water on the hydrophobic
GDL surface tends to form droplets, while water on any of the
hydrophilic surface tends to form a thin liquid film. The total
pressure drop in the flow channel is mainly caused by droplet
blockage of the channel by the droplet.

(2) The microstructure of the GDL surface has a significant impact
on the two-phase flow patterns in the flow channel. The uni-
form inlet case and 1-pore case, approximations commonly
used in previous studies, showed distinct flow patterns which
are quite different from those observed in multiple pores. For
the 4-pore, 16-pore and 64-pore cases, the flow patterns are
similar, suggesting that the 4-pore case may be a minimum
requirement to represent the microstructure of the GDL surface
with a reasonable CPU time.

(3) The wettability of both the GDL surface and channel walls also
has a significant influence on the two-phase flow patterns in
the flow channel. It was shown that more hydrophobic GDL sur-
face and/or more hydrophilic channel walls would be helpful to
remove the liquid droplets from the GDL surface to the channel
walls. Decreasing liquid water coverage of the GDL will facili-
tate the gas reactants diffusion through the GDL to the catalyst
layer and should improve the PEM fuel cell performance.

(4) A lower liquid water flow rate into the channel can facilitate
faster water removal due to the relatively faster detachment
of water from the top wall. However, simulation results also
show that the liquid flow rate has little influence on the two-
phase flow patterns formed in the channel. Thus, in order to
shorten the computational time, the liquid flow rates could be
amplified by several orders of magnitude in order to study the
flow characteristics qualitatively in operating fuel cells.
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